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Editorial

Introduction to the special issue: The global state of the ocean; interactions between
stresses, impacts and some potential solutions. Synthesis papers from the
International Programme on the State of the Ocean 2011 and 2012 workshops
This Special Issue publishes papers on ocean stresses, impacts
and solutions that underpinned the findings of workshops hosted
by The International Programme on the State of the Ocean (IPSO;
http://www.stateoftheocean.org) in partnership with the Interna-
tional Union for the Conservation of Nature (IUCN: http://http://
www.iucn.org/).

IPSO was founded to investigate anthropogenic stressors and
impacts on the global ocean and to define workable solutions to re-
duce or eliminate these problems. The distinguishing feature of
this programme is that it treats the effects of such stressors collec-
tively, taking a holistic view of marine ecosystems and impacts on
them. Recent research has emphasised that to assess the totality of
human impacts on the oceans, and the biodiversity it contains, and
the resultant negative effects on the goods and services provided
by marine ecosystems, the interactions between stresses must be
resolved. This is critical because many direct and indirect human
stressors act in a cumulative or synergistic fashion. A well-known
example of this is the over exploitation of algivorous fish species
on coral reefs leading to a decrease in reef resilience, with respect
to shocks such as mass coral bleaching, and promoting the phase
shift from coral-dominated to algal dominated systems (e.g.
Hughes, 1994; Mumby et al., 2006; Hoegh-Guldberg et al., 2007;
Hughes et al., 2007). Another example is the increasing recognition
of interactions between overfishing and nutrient pollution (eutro-
phication) in causing cascading changes in marine ecosystems via
food-web interactions (e.g. Daskalov, 2002; Daskalov et al., 2007).
Climate-change effects, including ocean warming, acidification and
hypoxia all potentially interact with each other and with other hu-
man impacts including overfishing, pollution and the establish-
ment of invasive species (e.g. Cheung et al., 2010; Johnson et al.,
2011; Doney et al., 2012).

Addressing the direct and indirect human impacts on the ocean
requires a holistic approach to develop viable and practical ap-
proaches to reduce or eliminate current degradation of marine eco-
systems. Such approaches must be joined up, for example, the
effectiveness of local action to reduce direct human stresses on
coral reefs must come with global-level actions to reduce CO2

emissions. Efforts to reduce fishing mortality to a point where fish-
ing should become sustainable (i.e. below MSY) is of little use if
essential fish habitat is eliminated by destructive fishing methods
and the resilience of the ecosystem eroded through bycatch of non-
target species. Such an approach, which aims to maintain ecosys-
tem health whilst enabling the provision of the goods and services
humankind requires, forms the basis for ecosystem-based manage-
ment (Thrush and Dayton, 2010). It is important to also bear in
0025-326X/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.marpolbul.2013.06.057
mind that the oceans are an integral part of the Earth system and
as such its functions in maintaining conditions for all life on the
planet are critical, a framework first put forward in the Gaia
hypothesis (Lovelock, 1979) and elaborated by others (e.g. Schel-
lnhuber, 1999).

In April 2011, and again in 2012, IPSO, in partnership with the
International Union for the Conservation of Nature (IUCN), con-
vened workshops at the Margaret Thatcher Conference Centre,
Somerville College, University of Oxford. The objectives of the
workshops were to:

� Review the latest information on ocean stresses and impacts
and the levels of confidence around what is being expressed.

� Summarise the likely consequence of existing stresses on the
ocean.

� Summarise the likely consequence of projected stresses from
2020 through to 2050.

� Determine the synergistic effects of multiple stresses on the
ocean and what this may mean for the future.

� Consider possible solutions that reduce or eliminate current
oceans stresses and impacts and which improve the current tra-
jectory of degradation of marine ecosystems towards a more
healthy ocean of the future.

The timeline for consideration was from today through 2020 to
2050.

Obviously addressing problems generated by human impacts on
the oceans requires not only scientific input on the nature and
cause of the impacts and their likely consequences but also the
identification of the socioeconomic drivers of damaging activities
and the gaps in management that allow them to take place. An
excellent example of this was the recent work on the state of fish
stocks on coral reefs in the Indian Ocean that demonstrated a U-
shaped or Kuznets-type relationship between the Development
Index of States and fish biomass on reefs (i.e. low biomass at inter-
mediate levels of socioeconomic development; Cinner et al., 2009).
Communication between the public, users, policymakers and scien-
tists is critical in the development of management strategies to
tackle human impacts on the oceans (e.g. Dietz et al., 2003). In
many cases, the scientific evidence that marine ecosystems are
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undergoing degradation as a result of human activities is
overwhelming. Even where the exact magnitude of impacts and
their precise effects are not fully understood there is often enough
information available to identify that human activities represent a
threat to marine species and ecosystems. The most obvious
examples of this relate to the impacts of fisheries on target species
(e.g. Rosenberg, 2003), or the impacts of ocean warming on coral
reefs through mass bleaching (e.g. Veron et al., 2009). In such cir-
cumstances the precautionary principle impels us to take action
in mitigation. Yet the public and policymakers fail to recognise
human impacts on marine ecosystems, the importance of the
consequences of such impacts on ocean goods and services in
social and economic terms, and also in terms of a healthy Earth
system, or they choose to ignore them. For all of these reasons the
IPSO/IUCN workshops drew together experts from a range of
different disciplines within marine science, but also from the legal
and policy arena and communications specialists from a range of
countries.

Through presentations, discussions and recommendations the
first workshop in 2011 documented and described the cumulative
effects of such impacts, how these commonly act in a negatively
synergistic way (Rogers and Laffoley, 2011). Overall it was con-
cluded that the overall risks to the oceans and the ecosystems they
support, have been significantly underestimated and that the
whole of marine degradation is greater than the sum of its parts
and is now happening at a much faster rate than predicted previ-
ously. To maintain the goods and services the ocean has provided
to humankind for millennia demands change in how we view,
manage, govern and use marine ecosystems. The scale of the stres-
ses on the ocean means that deferring action will increase costs in
the future leading to even greater losses of benefits. The second
workshop in 2012 focused on solutions to the problems identified
in the first and ranged from consideration of practical approaches
to reduce direct impacts (e.g. reducing fishing capacity) to large
scale reform of the systems of governance and law used to manage
the oceans and particularly the high seas. The papers in this vol-
ume synthesise the findings of the two meetings. With respect to
some of the major impacts on the oceans these include the effects
of climate change (Bijma et al., 2013), overfishing (Pitcher and Che-
ung, 2013) and pollution (Hutchinson et al., 2013) at a global scale.
Coral reefs form a focus in Ateweberhan et al. (2013) because they
are the most threatened and species rich marine ecosystems and
have an overwhelming socioeconomic importance. Solutions to
the problems faced in the oceans are also discussed. Here the high
seas form one notable focus (Gjerde et al., 2013) because it is a glo-
bal commons and as such has a unique status in terms of interna-
tional law and the management of its biotic and abiotic resources.

Bijma et al. (2013) describe three prime effects of climate
change referred to as the ‘‘deadly trio’’, ocean warming, ocean acid-
ification and deoxygenation. The reason for the nomination is that
evidence indicates that these three phenomena are partially or en-
tirely associated with the majority of the major extinction events
in Earth’s past (e.g. Erwin, 2006; Veron, 2008a,b; Veron et al.,
2009; Barnosky et al., 2011; Harnik et al., 2013). Already these ef-
fects are causing geographically wide-ranging shifts in the distri-
bution of species (e.g. Reid et al., 2009), episodes of large-scale
mortality of marine organisms (e.g. Chan et al., 2008) and they
are reducing available habitat for species (e.g. Stramma et al.,
2011). The paper points out that thermal limitations determining
the distribution of species and their shifts resulting from ocean
warming are related to organism oxygen supply and demand,
and that there are complex interactions between all three physical
manifestations of climate change and physiological response (Pört-
ner and Farrell, 2008; Pörtner, 2010). Species-level responses cas-
cade through marine ecosystems impacting on ocean
biogeochemical pathways through altering marine food webs and
the biological carbon pump. Physical processes such as increased
stratification in low to middle latitudes will likewise alter global
patterns of marine primary production (e.g. Steinacher et al.,
2010) with wide spread consequences for marine life and also for
the productivity of the oceans from a human perspective. The ef-
fects of ocean acidification are also discussed with potential im-
pacts, such as reduced calcification or erosion of calcium
carbonate structures such as shells, already being detected in the
ocean (Bednaršek et al., 2012). Other effects such as impacts on
photosynthetic organisms, influences on oxygen exchange, nitro-
gen fixation, species reproduction and navigation are less well
known. The occurrence of hypoxia or anoxia in marine ecosystems
is becoming more frequent and is associated with climate change
impacts or a combination of these and other human impacts such
as eutrophication (Doney, 2010; Hoegh-Guldberg and Bruno,
2010), and these are also described.

The problem of overexploitation of marine ecosystems is ad-
dressed in Pitcher and Cheung. They point out that despite recent
analyses that have claimed that fisheries ‘‘have turned the corner’’
(e.g. Worm and Branch, 2012), consideration of fisheries globally
suggests otherwise. Overexploitation and depletion of fish stocks
is continuing (e.g. Costello et al., 2012; Watson et al., 2012) and to-
gether with other human impacts such as ocean warming, acidifi-
cation and pollution pose a major threat to an important source of
human food security and economic activity. Overfishing and
destructive fishing practices are also a significant threat to marine
biodiversity and ecosystem structure and to date represent the
most important cause of extinction and decline in marine ecosys-
tems (e.g. Dulvy et al., 2003). The root cause of these problems
are described and clearly lie within inadequate management of
fisheries, particularly in the developing world, the very place
where climate change impacts are likely to be greatest. Pitcher
and Cheung put forward the argument that rather than aiming
for the gold standard of full stock assessment alternative methods
are required that are less data intensive but which can be em-
ployed in parts of the world and in States where the infrastructure
and finances do not exist for comprehensive fisheries science. Ap-
proaches using MSY coupled with a resilience parameter for the
species in question can be effective (e.g. Froese and Martell,
2012). Protection of biodiversity can be achieved through applica-
tion of ecosystem-based management principles aimed at main-
taining not only target fish stocks but also other species
dependent on those same stocks and on the ecosystems within
which they occur. Such approaches include the use of marine pro-
tected areas which have been repeatedly shown to enhance the
abundance, biomass and diversity of ecosystems as a result of pro-
tection from fishing, as well as a wider range of benefits both for
humankind and for nature (Angulo-Valdés and Hatcher, 2010;
Fox et al., 2012).

Hutchinson et al. (2013) describe the importance of chemical
contamination and pollution of the marine environment, in a re-
minder that this problem has not receded. As well as the existence
of so called ‘‘legacy’’ contaminants such as heavy metals and per-
sistent organic pollutants there are also many emerging chemical
contaminants and biotoxins. These latter chemicals include bromi-
nated flame retardents, microplastics, nanomaterials, recreational
drugs and a variety of other substances (see Hutchinson et al.,
2013, and references therein). Thus marine ecosystems are now
faced with a ‘‘cocktail’’ of chemical contaminants that potentially
may cause harmful effects to marine species and additionally pose
a threat to human health via the food chain. The challenges posed
by chemical contamination and pollution can be met by initiating a
programme of exposure assessments for priority chemicals, estab-
lishing a better understanding of the distribution of biological ef-
fects of such chemicals and to better understand the impacts of
complex mixtures of substances on physiology. The economic
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and infrastructural challenges posed by such a wide variety of
chemicals means that an effects-based strategy will be required.

Atweberhan et al. revisit the threats to coral reefs, a topic that
was addressed by a previous IPSO meeting (see Veron et al.,
2009). Coral reefs are singled out as an ecosystem that is probably
under more immediate threat from human impacts than any other.
More so than other ecosystems, the interactions between indirect
and direct human impacts have been demonstrated through obser-
vation and experiment (e.g. Hoegh-Guldberg et al., 2007). Atwe-
berhan et al. describe the impacts of ocean warming and
acidification on reef-forming Scleractinia and also on other reef-
associated groups such as soft corals, fish and non-calcareous al-
gae. These effects interact with overfishing, eutrophication, other
forms of pollution and also alteration of coastal areas through
development and dredging. Almost all of these direct impacts are
still increasing in many parts of the world where coral reefs exist
(Ateweberhan et al., 2013, and references therein). Most of these
impacts interact with climate change impacts leading to an overall
effect that is a sum of individual stressors or synergistic interac-
tions. Whilst effects of climate change on the reef-forming corals
themselves are well explored, and continue to be investigated, re-
sponses of other parts of reef ecosystems are less understood. Soft
corals appear to be less susceptible to climate change effects whilst
ocean acidification is likely to influence the behaviour of reef fishes
with as yet uncertain consequences. Non-calcifying algae are likely
to benefit from increased CO2 and higher temperatures and so may
increase the susceptibility of reefs to phase changes. There are
hopes that reef-forming corals and their symbionts will adapt to
climate change effects but the current rate of climate change (see
Bijma et al., 2013) is unprecendented and so such optimism may
be unfounded. Regardless, it is critical to reduce other direct im-
pacts on coral reefs, and overall what is required is concerted glo-
bal action to conserve coral reef ecosystems at local, regional and
global scales.

The final paper by Gjerde et al. (2013) addresses ocean ecosys-
tems beyond national jurisdiction, the so called high seas. This area
is referred to as the ‘‘common heritage of humankind’’ but its living
resources are exploited by vessels from developed States and it is
also subject to global problems of climate change, pollution and
also large-scale human activities such as shipping. The entire area
may be regarded as a frontier and there are signs that other forms
of exploitation are approaching a stage where technology and eco-
nomic conditions may allow them to develop rapidly, a prime
example being deep-sea mining. The high seas host some extre-
mely valuable fish stocks, most notably of tunas and billfishes,
but also species that have a much lower abundance and are distrib-
uted on fragile ecosystems such as seamounts. They have suffered
from the lack of management described in Pitcher and Cheung de-
spite legal obligations of States to sustainably manage fish stocks
and to conserve associated species and ecosystems. The technology
now exists to implement effective monitoring, control and surveil-
lance of fishing activities in the oceans and so an inability to man-
age fisheries on the high seas comes down to gaps in governance
and ineffectiveness of the organisations charged with managing
such fisheries. Gjerde et al. (2013) outline possible solutions for
addressing gaps in ocean governance as well as implementation
of effective measures to control fishing. These range from soft op-
tions, such as gaining further resolutions from the United Nations
General Assembly to promote better fisheries management, to re-
gional strengthening of management organisations and rules.
However, the most ambitious suggestion relates to the establish-
ment of a new UN body charged with ensuring the high seas are
managed sustainably which reports to the UN General Secretary
and which coordinates all UN bodies in establishing better man-
agement of the biotic resources of the high seas.
1. Concluding remarks

It is clear that human activities have led to intense multiple
stressors acting together in many marine ecosystems. Most nota-
bly these are arising from overexploitation of biotic resources, cli-
mate change effects forming the so-called ‘‘deadly trio’’ (ocean
warming, acidification and hypoxia/anoxia) and pollution. The
‘‘deadly trio’’ are associated with past extinction events but anthro-
pogenic pollution and resource overexploitation are obviously new
phenomena so in the present the oceans are influenced by a unique
set of stressors. Such stressors often interact in an additive or neg-
atively synergistic manner meaning that the combination of two or
more stresses magnifies the sum of each one occurring alone. This
is already resulting in changes in the ocean in all regions, at an
increasing rate, and in some cases has resulted in ecosystem col-
lapse. Here we define collapse to indicate a system that has be-
come extensively simplified in physical and biological structure,
where significant losses in biodiversity and/or reductions in mean
trophic level and/or resilience have taken place, so reducing eco-
system goods and services to humankind now and/or in the future.
It is also important to recognise that the changes in the ocean that
are coming about as a result of human CO2 emissions are perhaps
the most significant to the Earth system as they involve many feed-
backs that will accelerate climate change. For example, changes in
ocean stratification have a direct impact on primary production
and the biological carbon pump, feeding back to the rate at which
CO2 is absorbed from the atmosphere into the deep sea.

The continued expansion in global population exerts ever
increasing pressures on scarcer ocean resources through overex-
ploitation and on marine ecosystems through indirect impacts
such as pollution. It is therefore important to recognise that grow-
ing impacts on the ocean are inseparable from the population
growth and per-capita resource use, and tackling these issues
underlies the reduction of the footprint of humankind on all eco-
systems. Human interactions with the ocean must change with
the rapid adoption of a holistic approach to sustainable manage-
ment of all activities that impinge on marine ecosystems. The pa-
pers and report arising from the IPSO meetings outline some of
the important steps towards such a holistic ecosystem-based man-
agement approach. Ultimately, however, this has to be part of a
wider re-evaluation of the core values of human society and its
relationship to the natural world and the resources on which we
all rely.
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a r t i c l e i n f o a b s t r a c t

The ocean has been shielding the earth from the worst effects of rapid climate change by absorbing excess
carbon dioxide from the atmosphere. This absorption of CO2 is driving the ocean along the pH gradient
towards more acidic conditions. At the same time ocean warming is having pronounced impacts on
the composition, structure and functions of marine ecosystems. Warming, freshening (in some areas)
and associated stratification are driving a trend in ocean deoxygenation, which is being enhanced in parts
of the coastal zone by upwelling of hypoxic deep water. The combined impact of warming, acidification
and deoxygenation are already having a dramatic effect on the flora and fauna of the oceans with signif-
icant changes in distribution of populations, and decline of sensitive species. In many cases, the impacts
of warming, acidification and deoxygenation are increased by the effects of other human impacts, such as
pollution, eutrophication and overfishing.

The interactive effects of this deadly trio mirrors similar events in the Earth’s past, which were often
coupled with extinctions of major species’ groups. Here we review the observed impacts and, using past
episodes in the Earth’s history, set out what the future may hold if carbon emissions and climate change
are not significantly reduced with more or less immediate effect.

� 2013 Published by Elsevier Ltd.

1. Introduction

The anthropogenic carbon emissions caused by the burning of
fossil fuels, cement production and deforestation are having a ma-
jor impact on the world’s largest ecosystem – the oceans. Atmo-
spheric carbon dioxide is the highest it has been for at least the
last 15 Ma (Tripati et al., 2009; LaRiviere et al., 2012) and probably
longer (34 Ma; Hönisch et al., 2012). The effect is both a warming
of the atmosphere and of the oceans (Rayner et al., 2003; IPCC,
2007a; Belkin, 2009; Sherman et al., 2009; Reid and Beaugrand,
2012). Another direct impact of raised atmospheric CO2 is ocean
acidification, through its entry into marine surface waters and its
chemical reaction with the water (Caldeira and Wickett, 2003; Cal-
deira, 2007; Cao and Caldeira, 2008). The physical and chemical
impacts of CO2 emissions are not limited to the direct effects of
warming and a lowering of ocean pH. There are processes associ-
ated with warming and acidification, many of which are summa-
rised in this review, and these factors can combine to amplify the
impact of each other factor on ocean biology. For example, global
warming will increase surface ocean stratification, which in turn
will affect the surface-water light regime and nutrient input from
deeper layers. This will impact primary production (Fig. 1; Rost
et al., 2008). Oxygen transport to the deep sea by downwelling

water masses will be weakened by freshening because of increased
meltwater input from Greenland and high-Arctic glaciers, altering
patterns of ocean mixing, slowing down the conveyor belt and
leading to progressive depletion of the ocean’s oxygen inventory.
The potential effects of these factors are further exacerbated by
other anthropogenic stresses, such as pollution, eutrophication
and overfishing (see Pitcher and Cheung, this volume), which have
destabilised some ecosystems and significantly reduced many spe-
cies’ populations, thus limiting the potential for adaptation. The
geological record suggests that the current acidification is poten-
tially unparalleled in at least the last 300 million years of Earth his-
tory, and raises the possibility that we are entering an unknown
territory of marine ecosystem change (Hönisch et al., 2012). This
review summarises the observed impacts of the last century, and
the predicted impacts of a continued elevation of CO2 on the mar-
ine environment. The present paper argues that warming and acid-
ification are the major drivers behind oceanographic and biological
changes presently documented and projected to develop further
throughout all the world’s oceans.

Although the human-induced pressures of overexploitation and
habitat destruction are the main causes of recently observed
extinctions (Dulvy et al., 2009) climate change is increasingly add-
ing to this. Changes in ocean temperatures, chemistry and currents
mean that many organisms will find themselves in unsuitable
environments, potentially testing their ability to survive. Adapta-
tion is one means of accommodating environmental change,
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migration is another. However, global warming asks for a poleward
migration whereas ocean acidification would require an equator-
ward migration as colder waters acidify faster. Hence, the ‘‘green
pastures’’ become scarce and will experience stronger competition.
The recent IUCN Red List Assessment on shallow-water reef-form-
ing corals identified a dramatically increased threat to these organ-
isms posed by the climate change effect of mass coral bleaching
(Carpenter et al., 2008). Habitat suitability modelling has also iden-
tified a threat to deep-water corals from the shoaling of the arago-
nite saturation horizon, a further symptom of ocean acidification
(Tittensor et al., 2010). There are observed trends for some species
shifting ranges polewards and into deeper, cooler waters (Reid
et al., 2009), but range shifts within short time frames may be un-
likely for many species, such as long-lived, slow growing, sessile
habitat-forming species, leading to increased extinction risk. In
the case of coastal species, a poleward-shift in distribution may
be limited by geography as organisms simply ‘‘run out’’ of coastline
to migrate along and are faced with a major oceanic barrier to dis-
persal. Modelling studies have also indicated the likelihood of
range shifts, extinctions and invasions in commercial marine spe-
cies resulting from ocean warming with serious implications in
terms of food security, especially for developing states (Cheung
et al., 2010). In the present paper we examine the current and po-
tential future impacts of global climate change through tempera-
ture rise, ocean acidification and increasing hypoxia, 3 symptoms
of carbon pertubations. Carbon pertubations have occurred before
in Earth history and have left their fingerprints in the geological ar-
chive. We examine these changes in the light of the palaeontolog-
ical record to see if there are comparisons to be made to historical
climate change and mass extinction.

2. Temperature rise

The average temperature of the upper layers of the ocean has
increased by 0.6 �C in the past 100 years (IPCC, 2007b). There are
direct physical and biogeochemical consequences of the heat con-
tent changes that have been documented by many researchers.
These include: thermal expansion, sea level rise, increased meltwa-
ter, reduced salinity, increased storm intensity, and greater strati-
fication of the water column (IPCC, 2007a). Stratification has
affected nutrient availability and primary productivity (e.g. Hoe-
gh-Guldberg and Bruno, 2010). Whether overall trends of primary
production in the oceans are increasing or decreasing has been
controversial. Some observations suggest that annual primary pro-
ductivity has decreased (e.g. Gregg et al., 2003) whilst others sug-
gest that it has increased and is tightly coupled with climate
variability occurring interannually or over multidecadal timescales
(Behrenfeld et al., 2006; Chavez et al., 2011). Likewise, future pro-
jections of changes on global oceanic primary production have also
produced mixed results with some predicting a global decrease in
primary production (e.g. Moore et al., 2002), and others predicting
an increase (e.g. Sarmiento et al., 2004). The latest model projec-
tions of future change in global primary production, based on sev-
eral coupled carbon cycle-climate models that incorporate marine
biogeochemical–ecosystem models of different complexity and,
critically, explicitly consider the cycling of nutrients and nutrient
availability suggest an overall decrease in global primary produc-
tion and export of particulate organic carbon (Steinacher et al.,
2010). A common causative mechanism in models predicting such
declines of global primary and export production is the increased
stratification of the ocean in low to mid-latitudes and a slowing
of the thermohaline circulation, reducing nutrient availability in
surface water layers (Steinacher et al., 2010). Regardless of the cur-
rent controversy in resolving whether ocean primary production
has risen or fallen, it is clear that there are many unknown factors

in predicting future trends. These arise from a lack of understand-
ing of what drives interannual and multidecadal climatic variation
(Chavez et al., 2011), and the influence of species-specific re-
sponses to climate change effects (Chavez et al., 2011) and the
overall changes in biological and ecological processes with increas-
ing temperature (e.g. increasing metabolic rate and its influence on
pelagic foodwebs via the microbial loop; Taucher and Oschlies,
2011). In the tropics, increased stratification and reduced nutrient
supply have been associated with decreased productivity (Doney,
2010). However, regardless of whether primary productivity of a
given ocean basin changes, the composition of the phytoplankton
may well change, a phenomenon reported from many regions asso-
ciated with warming sea surface temperatures (e.g. Nehring, 1998;
Johnson et al., 2011; Polovina and Woodworth, 2012), and such ef-
fects are likely to propagate through ecosystems (Polovina and
Woodworth, 2012).

Range shifts and changes in the abundance of algal, plankton
and fish populations as well as benthic organisms in low to high
latitude oceans are associated with rising water temperatures
(e.g. Fischlin et al., 2007; Reid et al., 2009). Such shifts in latitudinal
species range are broadly following those expected from climate
envelope models predicting the effects of climate change on spe-
cies distributions (e.g. Cheung et al., 2009). Unifying physiological
principles provide access to explaining these effects (Fig. 2). All
organisms specialize on a limited range of ambient temperatures,
a phenomenon that has traditionally been linked to tradeoffs in
structural properties of enzymes or membranes and associated
functional adjustments to a range of temperatures. Further work
demonstrated that the earliest limits of thermal tolerance are
found at the level of whole organisms with thermal ranges nar-
rower here than at molecular or membrane levels (Pörtner,
2002). This reflects the integration of molecular functions into
organisms as high-complexity systems. Overall, the specialization
on limited temperature ranges implies functional disturbances set-
ting in at temperatures beyond these ranges. For aquatic ectother-
mic animals, the concept of oxygen- and capacity-dependent
thermal tolerance (OCLTT) became available to integrate the
various levels of specialization and functioning at molecular, cell
and tissue levels into a whole organism picture of temperature-
dependent performance (for review see Pörtner, 2010). Following

Fig. 1. Main putative physico-chemical changes in the oceanic ecosystem occurring
in this century (modified after Rost et al., 2008). Ocean acidification of the surface
ocean is expected to intensify. In addition, rising temperatures will impact surface
ocean stratification, which in turn will affect the surface water light regime and
nutrient input from deeper layers. Phytoplankton will be affected by these
environmental changes in many ways, altering the complex balance of biogeo-
chemical cycles and climate feedback mechanisms.
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this concept, the thermal window of performance in water breath-
ers matches their window of aerobic scope, as set by limitations in
tissue, especially cardiocirculatory functional capacity. As a conse-
quence, tradeoffs between oxygen supply and demand capacities
exist leading to limitations in oxygen availability to tissues at tem-
perature extremes. The resulting loss of performance thus reflects
the earliest level of thermal stress. In warm-adapted and temper-
ate zone animals, it becomes visible at both borders of the thermal
envelope as caused by limited functional capacity of oxygen supply
systems to match oxygen demand, leading to hypoxemia and then
use of anaerobic metabolism. Both capacity and oxygen limitations
are intertwined and form a primary link between organismal fit-
ness and its role and function at the ecosystem level. The OCLTT
concept is applicable to all water and most air breathers and has
successfully explained detrimental effects of rising temperatures
on the abundance of fishes in the field (Pörtner and Knust, 2007).
In organisms other than animals, thermal windows of performance
have occasionally been described but the processes shaping the
performance curve have not been identified (Pörtner, 2012). Again,
they will have to be identified at the highest level of functional
integration (i.e. the organisms performance) (Pörtner, 2002). In
general, the need to specialize on a limited temperature range re-
sults from temperature dependent trade-offs at several hierarchi-
cal levels, from molecular structure to whole-organism
functioning. Such specialization also supports maximized energy
efficiency. Therefore, thermal acclimatization between seasons or
adaptation to a climate regime involves shifting thermal windows
and adjusting window widths, in accordance with ambient tem-
perature variability. However, acclimation capacity is limited such
that a dynamic thermal niche results which covers the seasonal
temperature regime and determines the biogeography of a species.

Various environmental factors like CO2 (ocean acidification) and
hypoxia (reduced dissolved oxygen content constraining aerobic
organisms) interact with these principal relationships. Existing
knowledge for aquatic animals suggests that elevated CO2 levels
and extreme hypoxia elicit metabolic depression. Depending on
the physiological capacity of the organism in question such effects
may occur over the whole temperature range but may only set in at
thermal extremes. This is adaptive for some organisms, e.g. in the

intertidal zone, as metabolic depression supports passive tolerance
to such extremes but such tolerance is time-limited to periods of
hours to days. However, these effects also exacerbate hypoxemia
(deficiency of oxygen in blood), causing a narrowing of the temper-
ature window of active performance. Such effects are detrimental
on long time scales (weeks to months) and may also lead the organ-
ism prematurely to the limits of its thermal acclimation capacity
(Fig. 2). Overall, the relationships between energy turnover, the
capacities of activity and other functions and the width of thermal
windows lead to an integrative understanding of specialization on
climate and, of sensitivity to climate change including the addi-
tional drivers involved in the oceans such as CO2 and hypoxia (Pört-
ner, 2010). Such functional relationships might also relate to
climate-induced changes in species interactions and, thus, commu-
nity responses at the ecosystem level (Pörtner and Farrell, 2008).

There are cascading consequences of these impacts, notably for
marine biology, including altered food web dynamics, reduced
abundance of habitat-forming species, range shifts, and expansion
of pathogens (Hoegh-Guldberg and Bruno, 2010). Examples of
some of these processes have been identified. At high latitudes
analyses of population responses of predators to natural environ-
mental variation (often driven by interannual or multidecadal cli-
matic oscillations; e.g. Trathan et al., 2007; Le Bohec et al., 2008)
and modelling studies suggest that aquatic predators are threa-
tened by climate change (Ainley et al., 2010). Observations have
supported such contentions (e.g. Trivelpiece et al., 2011; Wass-
mann et al., 2011) but the exact mechanisms of such declines are
not always completely clear. The bottom-up effects of temperature
rise coupled with freshening of surface water layers resulting from
glacial melt or increased river discharge have been implicated in
forcing significant changes in lower/middle trophic levels of food
chains (particularly primary producers and grazers), with de-
creased supply of food to upper trophic levels (e.g. Moline et al.,
2008; Li et al., 2009; Wassmann et al., 2011). Changes in the timing
of the onset and melting of sea ice also has the potential to cause
both direct impacts through reduction of habitat for activities such
as breeding and hunting of ice-associated predators and indirect
impacts through changing the availability of ice associated algae
and zooplankton (e.g. Moline et al., 2008; Quetin and Ross, 2009;

Fig. 2. The window of optimal performance of many organisms is affected by temperature, ocean carbonate chemistry and hypoxia, the three direct symptoms of a massive
carbon perturbation. For animals, the concept of oxygen and capacity limited thermal tolerance (OCLTT) provides an explanation for the specialization of animals on specific,
limited temperature ranges and their sensitivity to temperature extremes. Furthermore, in allows integration of other stressors on a thermal matrix of performance (Pörtner
et al., 2005, 2010). Tcrit = Critical Temperature where there is an onset of anaerobic metabolism; Tpej = Pejus Temperature above and below which oxygen supplies to tissues
become sub-optimal; Topt = Optimal Temperature; Tden = Denaturation Temperature where molecules lose integrity.
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Wassmann et al., 2011). Reduction in sea ice duration may also al-
low an increase in the range of predators at high latitudes whose
distribution was previously restricted with consequent cascades
in food webs (e.g. increase in distribution of killer whales in Hud-
son Bay in the Canadian Arctic; Higdon and Ferguson, 2009). At low
latitudes coral bleaching is incontrovertibly linked to warmer sea
surface temperatures (Fischlin et al., 2007; Hoegh-Guldberg
et al., 2007). This phenomenon commenced in the late 1970s and
has increased in intensity and frequency in recent decades (Hoe-
gh-Guldberg et al., 2007). Whilst it is a direct effect of temperature
rise, the resilience of coral reefs to bleaching is influenced by other
human impacts, such as overfishing of reef grazers. These act
through the food web or on other elements of the reef ecosystem
to prevent reef recovery and drive a phase shift from a coral-dom-
inated to an algal-dominated system.

Warming is projected to have the following impacts on the
oceans to 2050:

� Accelerated warming of high latitudes and reduced seasonal
sea ice zones (Levitus et al., 2000, 2005; Gille, 2002; Vaughan
et al., 2003; Barnett et al., 2005; Meredith and King, 2005;
Turner et al., 2005; Trenberth et al., 2007; Arrigo et al., 2008;
Stammerjohn et al., 2008; Massom and Stammerjohn, 2010;
Wassmann et al., 2011).
� Increasing stratification of ocean layers (Behrenfeld et al.,

2006; Polovina et al., 2008), reducing biologically important
mixing zones and supporting oxygen depletion in mid-water
layers (Keeling et al., 2010; Stramma et al., 2011).
� Changes to winds and currents, potentially increasing the inci-

dence of hypoxic and anoxic conditions (Chan et al., 2008; Roeg-
ner et al., 2011).
� Decreasing surface oxygen concentrations, leading to more

frequent anoxic and hypoxic events (Diaz and Rosenberg, 2008).
� Large-scale, persistent, and slow changes to thermohaline cir-

culation (IPCC, 2007b).
� Disappearance of Arctic summer sea ice by 2037 or shortly

thereafter (Stroeve et al., 2007; Wang and Overland, 2009) will
have a major impact on high latitude ecosystems with direct
consequences for all species utilising this habitat (Wassmann
et al., 2011).
� Increased venting of the greenhouse gas methane from the

seabed along the Arctic continental margins (Westbrook et al.,
2009; Shakhova et al., 2010).
� Sea level rise of 0.5–1.2 m (2100), leading to 10–20% loss of

mangroves (Gilman et al., 2008), and a 32% loss of nesting habt-
itat for Caribbean Sea Turtles (Fish et al., 2005).

All of these oceanographic impacts will have biological
implications:

� Potential change in primary productivity, decreasing at low
latitudes, the North Pacific, and Southern Ocean; but increasing
in the North Atlantic and Arctic; with changes in global average
primary productivity currently uncertain.
� Range shifts and species invasions driven by changes in tem-

perature, wind patterns and productivity: range limits are pro-
jected to shift poleward by 30–130 km and to deeper waters by
3.5 m each decade (Cheung et al., 2010); species invasions are
projected to be greatest in the Arctic and Southern Oceans (Che-
ung et al., 2009). Such model predictions are supported by
observed shifts in distribution (e.g. in the North Atlantic, Ant-
arctic and Arctic; Beaugrand et al., 2003, 2010; Wassmann
et al., 2011; Weimerskirch et al., 2012).
� Redistribution of commercial fish and invertebrate species,

with a 30–70% increase in catch potential in high-latitude
regions and a 40% decrease in the tropics: catch potential

decreases are projected to occur in the Indo-pacific, Antarctic,
tropics, semi-enclosed seas and inshore waters, coastal regions
and the continental shelf; catch potential increases are pro-
jected for offshore regions of the North Atlantic, North Pacific,
Arctic, and parts of the Southern Ocean (Cheung et al., 2010).
� Species turnover (loss of 60% of present biodiversity of

exploited marine fish and invertebrates), leading to potential
ecological disturbances that may disrupt ecosystem services
(Cheung et al., 2009). A projection of the distributional ranges
of exploited marine fish and invertebrates for 2050, using a
dynamic bioclimate envelope model, predicts that climate
change may lead to numerous local extinctions in the sub-polar
regions, the tropics and semi-enclosed seas. Simultaneously,
species invasion is projected to be most intense in the Arctic
and the Southern Ocean.
� Increase in disease prevalence, driven by pathogen range

expansions, changes to host susceptibility, and expansion of
potential vectors (Lipp et al., 2002; Hoegh-Guldberg and Bruno,
2010).
� Increased extinctions: highest risk in ice-dependent polar spe-

cies such as seals and penguins (Fischlin et al., 2007), and sub-
polar regions, the tropics and semi-enclosed seas (Carpenter
et al., 2008; Cheung et al., 2009).
� Increased coral reef mortality as a result of mass coral bleach-

ing (Hoegh-Guldberg et al., 2007; Pandolfi et al., 2011), with
annual or bi-annual exceeding of bleaching thresholds for the
majority of coral reefs worldwide (Donner et al., 2007; Fischlin
et al., 2007; Van Hooidonk et al., 2013) and a predicted phase
shift to algal dominance on the Great Barrier Reef and Caribbean
reefs (Wooldridge et al., 2005).

3. Ocean acidification

Gas exchange between sea and air leads to equilibrium of atmo-
spheric CO2 and surface waters within a timescale of about a year.
The chemistry of CO2 absorption in the oceans is well understood
and results in the lowering of ocean pH (Doney et al., 2009). The
world’s oceans have absorbed one third of the CO2 produced by hu-
man activities. This has acidified the ocean surface layers, with a
steady decrease of 0.02 pH units per decade over the last 30 years
and an overall decrease of 0.1 pH units since the pre-industrial per-
iod (Hoegh-Guldberg and Bruno, 2010). The rate of change is 30–
100 times faster than the recent geological past. The largest rela-
tive changes are in the high latitudes where waters are coldest
and absorb most of the CO2 from the atmosphere (Doney et al.,
2009; Laffoley and Baxter, 2009). Recent acidification has resulted
in a substantial decline in carbonate ion concentrations (Hoegh-
Guldberg et al., 2007; Hoegh-Guldberg and Bruno, 2010) and ara-
gonite saturation states (Doney et al., 2009; Veron et al., 2009). A
24 year time series of sea water data from the Iceland Sea have re-
vealed 50% faster surface water rate of acidification in these Arctic
waters than in subtropical regions of the Atlantic. The aragonite
saturation horizon is currently at 1710 m and shoaling at 4 myr�1.
Based on this rate of shoaling and on the local hypsography, each
year another 800 km2 of seafloor becomes exposed to waters that
have become undersaturated with respect to aragonite (Olafsson
et al., 2009).

The observed biological impacts linked to ocean acidification
concern not only calcifying organisms but elevated CO2 levels af-
fect marine organisms in general (e.g. Pörtner et al., 2005). Ocean
acidification is a direct threat to marine organisms that build their
skeletons out of calcium carbonate, especially reef-forming corals
(Scleractinia) but also protozoans, molluscs, crustaceans, echino-
derms and some algae (Orr et al., 2005; Ries et al., 2009; Bednaršek
et al., 2012). Experiments and observations show that some
calcifying organisms have decreased calcification rates in more
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acid waters, but the response is not uniform and the reactions of
species differ (Ries et al., 2009; Langer et al., 2009; Doney et al.,
2009). Evidence from natural acidified environments clearly indi-
cates biodiversity loss not only among calcifying organisms but
also for non-calcifiers (Fig. 3).

The rate of ocean acidification is projected to accelerate in the
near future unless CO2 emissions are curbed dramatically (Doney
et al., 2009). Ocean acidification is projected to have the following
impacts on the oceans to 2050:

� Reduced pH by 0.2 units from pre-industrial baseline (Doney,
2010).
� Broad changes in seawater chemistry besides pH reduction.

These include changes in chemical speciation (e.g. Hoffmann
et al., 2012) and elemental stoichiometries (e.g. via increased
or decreased bioavailability because of pH reduction or
increased nitrogen fixation) and carbon storage in the ocean
interior via changes in ‘‘ballasting’’ and TEP (Transparent
Exopolymer Particles; ‘‘glue’’) production (Doney et al., 2009;
Millero et al., 2009). It is still unclear in which direction and
to what extent the biological pump will change (Passow and
Carlson, 2012).
� Decline in the aragonite and calcite saturation state: at atmo-

spheric CO2 concentrations of 560 ppm (projected to occur in
2050–2080), most ocean surface waters will be undersaturated
with respect to aragonite (Orr et al., 2005; Veron et al., 2009).

These chemical changes will directly impact marine biology caus-
ing the following:
� Reduced calcification rates of calcifying organisms such as

reef-building corals (Pandolfi et al., 2011): for atmospheric
CO2 concentrations of 450–500 ppm (projected to occur in
2030–2050), severely diminished reef-building processes
(Veron et al., 2009) with erosion exceeding calcification (Hoe-
gh-Guldberg et al., 2007), resulting in extinction of some species
(Laffoley and Baxter, 2009), decline in density and diversity of
corals and their dependent species (Hoegh-Guldberg et al.,
2007) (Fig. 4).
� Large parts of the ocean will cease to support cold-water corals

by 2100 (Fischlin et al., 2007; Tittensor et al., 2010).
� Increased stress on phytoplankton populations as a result of

decreasing uptake of iron in some areas of the ocean (Shi et al.,
2010). Alternatively, expected increasing flux of dust from con-
tinents might compensate for Fe-limitation.
� Other biotic impacts of acidification, including changes to pho-

tosynthesis, oxygen exchange, reproduction, nitrogen fixation
(decreasing pH will shift the balance from NH3 to NHþ4 with
important implications for phytoplankton) and navigation
(Doney et al., 2009; Laffoley and Baxter, 2009).

The synergistic effects of acidification and warming are likely to
lead to rapid and terminal decline of tropical coral reefs by 2050
(Hoegh-Guldberg et al., 2007; Anthony et al., 2008; Veron et al.,
2009). It should be noted that changes in the highly complex reef
ecosystem itself may accelerate the process when, for instance,
(macro)algae begin to dominate the assemblage.

4. Ocean deoxygenation

Evidence is accumulating that the oxygen content of oceans are
decreasing (Diaz, 2001; Keeling et al., 2010). This takes two main
forms, a general broad trend of declining oxygen levels in tropical
oceans and areas of the North Pacific over the last 50 years (Deutsch
et al., 2005; Stramma et al., 2008; Keeling et al., 2010) and the dra-
matic increase in coastal hypoxia associated with eutrophication

(Diaz and Rosenberg, 2008). The first relates to the impact of global
warming and regional freshening and the second to increased nutri-
ent runoff.

In terms of the broad trend in decreasing oxygen content of the
oceans a number of important factors related to climate change
such as decreased solubility of oxygen as waters warm, enhanced
respiratory oxygen demand at elevated temperatures, decreased
ventilation at high latitudes associated with increased ocean strat-
ification, may be involved. It is unclear whether the loss through-
out the basins in the open ocean is a long-term, non-periodic
(secular) trend related to climate change, the result of natural
cyclical processes, or a combination of both factors. The impacts
of this oxygen loss on marine species and ecosystems are varied.
For example, observed shoaling of the depth of the oxygen mini-
mum zone is associated with compression of habitat for large
ocean predators such as marlin which have a high metabolic rate
and oxygen demand (Stramma et al., 2011). This habitat compres-
sion is likely to alter the encounter rates between these predators
and their prey but also has the likely impact of increasing vulner-
ability of billfishes and many tuna species to fishing (Stramma
et al., 2011). Another symptom of climate change has been the
occurrence of the incursion of anoxic waters onto the inner shelf
adjacent to the upwelling zone along the west coast of North
America (Chan et al., 2008). This region showed no evidence of
severe inner shelf hypoxia prior to 2000 but in 2006 large-scale
mortalities of benthic marine animals and an absence of bottom-
dwelling fish occurred as a result of an anoxic event (Chan et al.,
2008). Events in 2006, 2007 and 2008 also caused the influx of oxy-
gen depleted waters into the Columbia River estuary with levels of
hypoxia sufficient to have negative impacts on the fauna (Roegner
et al., 2011). These waters are not only oxygen depleted but also
undersaturated with respect to aragonite (Roegner et al., 2011).
The occurrence of the upwelling of oxygen depleted waters along

Fig. 3. Change in diversity as a function of pH reduction for organisms living near
the Ischia CO2 vents. The biodiversity remaining (per cent of taxa that occur in areas
with no pH reduction, open square) is shown for calcifying taxa (51 taxa total, white
circles) and non-calcifying taxa (71 taxa total, black circles). Atmospheric pCO2

levels (ppmv CO2) that would be required to cause pH changes in ocean surface
waters equivalent to those observed at three locations along the pH gradient at
Ischia are indicated by dotted vertical lines. For calcifiers (short dashed curve), non-
calcifiers (long dashed curve), and all taxa combined (solid curve, data not shown),
exponential regressions explained 99%, 90%, and 88% of the variance, respectively.
Fitted regressions indicate a loss of biodiversity of �40% for non-calcifiers and all
taxa, and �70% for calcifiers, for a pH reduction corresponding to the atmospheric
pCO2 level expected by 2100. Data from Hall-Spencer et al. (2008).
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this coastline have occurred because of an increase in the strength
and frequency of upwelling inducing winds and evidence suggests
that such events are increasing in frequency and intensity (Chan
et al., 2008; Roegner et al., 2011). Major anoxic events in the
Benguela upwelling zone off South Africa has also been implicated
in large-scale shifts in the distribution of species and their preda-
tors generally from the western Cape eastwards towards the east-
ern cape region (Cury and Shannon, 2004; Cockcroft et al., 2008;
Crawford et al., 2008).

The other form of oxygen depletion in coastal regions results
from the release of large quantities of nutrients, mainly from runoff
of agricultural fertilisers, but also arising from sewage pollution.
The impacts of eutrophication include the generation of oxygen de-
pleted or ‘‘dead zones’’, the formation of harmful algal blooms
(HABs), increased occurrence of microorganisms pathogenic to
marine life and even humans and the promotion, usually in combi-
nation with other human stressors, of plagues of gelatinous zoo-
plankton. Dead zones may first manifest in coastal ecosystems as
a deposition of organic material which promotes microbial growth
and respiration creating a greater biological oxygen demand (Diaz
and Rosenberg, 2008). If accompanied by stratification of the water
column this can lead to oxygen depletion progressing to extreme
hypoxia along with mass mortality of marine organisms if the pro-
cess of eutrophication continues (Diaz and Rosenberg, 2008). Ex-
treme hypoxia is generally regarded as when the oxygen
concentration reaches < 2 ml l�1 at which point benthic infauna ex-
hibit stress-related behaviour, such as abandonment of burrows
with significant mortality occurring at levels of <0.5 ml l�1 (Diaz
and Rosenberg, 2008). However, recent meta-analyses of studies
of oxygen thresholds indicate that for sensitive taxa, such as fish
or crustaceans, lack of oxygen may be lethal at concentrations well
above 2 ml l�1 and there is considerable variability amongst taxa in
sensitivity to hypoxia (Vaquer-Sunyer and Duarte, 2008). Progres-
sive accumulation of organic material and nutrients can result in
seasonal hypoxia with regular mortality events of marine organ-
isms. In the worst cases, where nutrients continue to accumulate
in the system over several years, the hypoxic zone will expand
and anoxia may be established accompanied by release of H2S by
microbial communities (Diaz and Rosenberg, 2008). As well as di-
rect mass mortality of marine organisms, as with oceanic species,

hypoxia or anoxia can also cause habitat compression, potentially
affecting the life cycle, local movement and even large-scale migra-
tion of affected species. Over long periods of time hypoxia or
anoxia will eliminate almost all the benthic fauna with the result
that the ecosystem become progressively more dominated by
microorganisms with consequences for energy fluxes and ecosys-
tem services such as the nitrogen cycle. Oxygen depleted zones
have spread since the introduction of industrial fertilisers in the
late 1940s with a lag of about 10 years between their widespread
use and the occurrence of coastal hypoxia. Since the 1960s the
number of dead zones has approximately doubled every 10 years
with their occurrence correlated to centres of human population
and major watersheds (Diaz and Rosenberg, 2008). Areas where
exchange of water is restricted, such as inland seas or estuaries
are particularly prone to these effects for obvious reasons. Seri-
ously affected regions include the northern Adriatic Sea, the Black
Sea, the Kattegat, the Baltic Sea, the northern Gulf of Mexico and
Chesapeake Bay (Diaz and Rosenberg, 2008). Numbers of dead
zones are likely to be underestimated as their occurrence is prob-
ably unreported in many geographic regions.

Both climate induced- and eutrophication-induced hypoxia
may interact. Elevated temperatures enhance stratification and
are likely to increase the severity of eutrophication-induced coastal
hypoxia. Along natural zones of upwelling, occurring at the eastern
boundary of oceans, such as those off California, Peru, Chile and
Namibia and also that along the western part of the Indian Ocean,
expanding oxygen minimum zones, and the potential interaction
with eutrophication may further enhance hypoxic or anoxic events
occurring on inner continental shelves (Stramma et al., 2010).

Predictions for ocean oxygen content suggest a decline of be-
tween 1% and 7% by 2100 with the range of uncertainty linked with
both the biological and physical elements of the models including
varying assumptions of climate sensitivity (Keeling et al., 2010).
There are historical precedents for a link between oceanic warming
and decrease in oxygen. Records from the Pleistocene indicate that
ocean warming reduced the ventilation of thermocline waters and
an increase in oxygen minimum zones (Keeling et al., 2010). In-
deed, most of the ocean anoxic events in subsurface oceans in
Earth History occurred during times when both atmospheric
carbon dioxide and inferred temperature were high, and seem to

Fig. 4. The impacts of different levels of atmospheric carbon dioxide on coral reef environments from Turley et al., 2006.
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Table 1
While demonstrating ocean acidification in the modern is relatively straightforward, identifying palaeo-ocean acidification is problematic because the rock record is a
constructive archive while ocean acidification is essentially a destructive (and/or inhibitory) phenomenon. This is exacerbated in deep time without the benefit of a deep ocean
record (Greene et al., 2012a; Kershaw et al., 2012).

References Period Major cause Comment

Alegret et al. (2012) K/T Asteriod impact followed by OA Not a productivity collapse
Greene et al.

(2012b)
T/J OA very probable Short-term OA may have long term effects on ecosystems; T/J analogue

for modern OA
Greene et al.

(2012a)
T/J OA very probable Early diagenetic carbonate formation as a first step of carbonate

chemistry restoration after OA
Hautmann (2012) T/J CAMP volcanism resulting in anoxia, global warming, OA and

release of toxic compounds
Extensive comparison of scenarios

Trecalli et al. (2012) T/J OA Based on d13C
Suan et al. (2011) T/J Warming, poor oxigenation Carbon injection
McRoberts et al.

(2012)
T/J OA Based on macrofauna response

Shen et al. (2013) P/T Volcanically generated stresses (suboxia) Weakening marine ecosystem resilience
Winguth and

Winguth (2013)
P/T Periodic anoxia in near sfc-to-intermediate depth No widespread deep-sea anoxia

Beauchamp and
Grasby (2012)

P/T OA Global warming accelerated silicate weathering

Sano et al. (2012) P/T Anoxia Increase in primary productivity/weakened circulation induced by
global warming.

Zhao et al. (in
press)

P/T Suboxic to anoxic seawater conditions after Siberian Traps Based on Ce-anomaly and REE profiles from conodonts

Brand et al. (2012) P/T Extreme greenhouse, global warming Anoxia only briefly relevant
Kaiho et al. (2012) P/T Anoxia and OA Euxinic conditions
Song et al. (2012) P/T Anoxia Based on Ce-anomaly and Th/U ratios from conodonts
Hinojosa et al.

(2012)
P/T OA Based on Ca isotopes from conodonts

Zhou et al. (2012) P/T Anoxia Based on U/Mo and Mo isotopes
Payne and Clapham

(2012)
P/T Warming, OA, anoxia Ancient analogue for present

Georgiev et al.
(2011)

P/T Warming, OA, anoxia Based on 187Re/188Os and 187Os/188Os

Williams et al.
(2012)

P/T Reduction in O2 availability

Sun et al. (2012) P/T Extreme warming
Kershaw et al.

(2012)
P/T OA very likely Limited confidendence in comparisons between ancient and modern

OA
Speijer et al. (2012) PETM Carbon pertubation Not a mass extinction event; response of most marine invertebrates to

OA, deoxygenation virtually unknown
Zamagni et al.

(2012b)
PETM OA combined with moderately high nutrient levels;

significant shallow water OA questionable
Progressive reduction of reef building potential

Zamagni et al.
(2012a)

PETM No shallow water OA Based on d13C

Winguth et al.
(2012)

PETM OA, oxygen depletion in the deep sea, reduced food supply Model based

Harnik et al. (2013) General Most mass extinctions related to symptoms of carbon
pertubations

See Table 1

Rees (2012) Modern Carbon pertubations + other anthropogenic stressors Scope and extent of adaptation unresolved
Honisch et al.

(2012)
General Carbon pertubation

Kravchinsky (2012) Paleozoic Volcanism and anoxia Increasing agreement between volcanic eruptions, anoxia and mass
extinctions

Fig. 5. The palaeohistorical record of ocean pH demonstrates that present levels are unseen in the last 20 million years (Turley et al., 2006). Note that depending on the rate
(and magnitude) of a carbon perturbation, pH and the saturation state may be decoupled (slow rate) or change simultaneously (fast rate as today).
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be associated with massive tectonic and volcanic events (Falkowski
et al., 2011).

5. The deadly trio – warming, ocean acidification and
deoxygenation – in Earth history

As documented by a flood of recent literature, most, if not all, of
the Earth’s five global mass extinction events have left footprints
(Table 1), of at least one or more, of the main symptoms of global
carbon perturbations: global warming, ocean acidification and hy-
poxia (e.g. Pörtner et al., 2005; Knoll et al., 2007; Veron, 2008; Met-
calfe and Isozaki, 2009; Ridgwell and Schmidt, 2010; Barnosky et al.,
2011; Georgiev et al., 2011; Suan et al., 2011; Payne et al., 2010;
Zamagni et al., 2012a,b; Kravchinsky, 2012; Winguth et al., 2012;
Alegret et al., 2012; Harnik et al., 2013; Hönisch et al., 2012).
Although, it can be argued whether or not the end-Ordovician or
the end-Cretaceous event were driven by ‘‘big threeism’’, it can be
said that the end-Permian and end-Triassic almost certainly, and
the end-Devonian very likely (e.g. Bambach et al., 2004), as well as
a handful of smaller extinction events, are related to a carbon per-
turbation. Hence, we can call these three factors a ‘deadly trio’,
and worryingly these are all present in the ocean today. In fact,
the present day carbon perturbation and the concurrent ocean acid-
ification is unprecedented in the Earth’s history and occurring much
faster than at any time in the past 55 million years (Kump et al.,
2009) or even 300 million years (Hönisch et al., 2012; Fig. 5).

It is this combination of factors that seriously affects how
productive and efficient the ocean is (Fig. 1), as ocean temperature,
surface stratification, nutrient supply, ocean overturning and deep-
ocean oxygen supply are all affected. Even though some species are
shown to proliferate in a warmer and more acidic ocean, the pro-
cess of extinction may have already begun. Projecting geological
time scales onto human lifespan, mass extinctions happen over-
night, but on human time scales we may not even realize whether
we have entered such an event, even when keeping close track of
the ‘‘red list index’’ of species extinctions (Barnosky et al., 2011).

It is known, with a high level of confidence from geological evi-
dence, that ocean acidification occurred in the past. The most criti-
cal factor is the rate of the carbon perturbation. During the End
Permian mass extinction (ca. 251 million years ago), the carbon
perturbation is estimated to be on the order of 1–2 Gt CO2 per year
(Kump et al., 2009). For comparison, 1 gigaton is one billion tons, or
the equivalent of around one billion middle-sized cars. For the most
recent major extinction event – the Paleocene Eocene Thermal
Maximum extinction (PETM; ca. 55 million years ago is considered
the closest analogue to currently ongoing ocean acidification), esti-
mates of the rate of the carbon perturbation vary, but values of 0.3–
2.2 Gt CO2 per year during an estimated span of up to 20,000 years
have been proposed (Zeebe et al., 2009; Cui et al., 2011). Both these
estimates are dwarfed in comparison to today’s emissions of
roughly 30 Gt of CO2 per year (IPCC, 2007c). The current rate of car-
bon release is at least 10 times that which preceded the last major
species extinction. When comparing the rate of CO2 increase be-
tween today and the past, it is also important to realise that carbon
pertubations in Earth history, albeit slower than today, were sus-
tained over tens of thousands of years. Releasing similar amounts
of carbon on a much shorter timescale and causing a fast perturba-
tion adds two other important aspects: 1. This rate is exceeding the
Earth system’s capacity to buffer such changes; 2. It exposes organ-
isms to unprecedented evolutionary pressure.

At present, it can be said with certainty that the uptake of CO2

into the ocean is outstripping its capacity to absorb it, known as
buffering capacity, thereby coupling a reduction in pH tightly to
a lowering of its ‘‘saturation state’’ (Cao and Caldeira, 2008;
Ridgwell and Schmidt, 2010). It is this saturation state (‘‘buffering

capacity’’) of the ocean that mirrors the critical impact of unbuf-
fered acidification and hypercapnia on the functioning of most cal-
cifying organisms, such as tropical reef-forming corals but also
planktonic organisms that are at the base of pelagic food webs,
especially in the vulnerable Arctic and Antarctic regions. If the cur-
rent trajectory of carbon perturbation continues, we should expect
more serious consequences for the marine ecosystem than during
the PETM because of more severe acidification and carbonate dis-
solution in the present and near future. Evidence of impacts of this
event on marine ecosystems is restricted to analysis of microfossils
where 30–50% of benthic foraminferans were found to have gone
extinct (McInerney and Wing, 2011). Although, this marks the larg-
est loss of species in this group over the last 90 million years, the
interesting question of the PETM is why its long-term conse-
quences seem to have been so small for marine organisms, as
deep-sea benthic foraminiferans are ‘‘small potatoes’’ in the overall
diversity of life. Although, pelagic ecosystems also underwent sig-
nificant changes with tropical groups of pelagic foraminifera occur-
ring at high latitudes and an increase in warm-water groups
occurring in mid- and low-latitudes (McInerney and Wing, 2011),
this level of extinction was not reflected in any other group for
which data exist, such as the ostracods. Today, there are also ac-
counts of ‘‘winners and losers’’ but this may not reflect the overall
ecosystem change in action. Is it possible that the role of tempera-
ture and especially hypoxia may have been less during the PETM?

Last but not least, it is worth noting that the ocean’s chemical
restoration after the PETM took ca. 170,000 years (Cui et al.,
2011), which is equivalent to >5000 human generations (genera-
tion time of 30 years). For comparison, this is longer than many
estimates of the existence of species Homo sapiens, and the earliest
known hominid dates back only 4.4 million years. In addition, the
marine ecosystem as we know it today mainly evolved during a
time of low atmospheric CO2 and well-buffered seawater which
is no longer the case.

Regardless of whether or not an extinction event has started,
the current carbon perturbation will have huge implications for
humans. It is difficult to predict how a possible mass extinction
will affect society, but the current carbon perturbation might be
the most dramatic challenge faced by our exponentially growing
world population ever since the first hominids evolved. The devel-
oped society lives above the carrying capacity of the Earth and its
ocean and, more than ever, we need to reduce the pressure of all
stressors, especially CO2 emissions.

6. Conclusion

The appearance of the ‘‘deadly trio’’ of risk factors, ocean warm-
ing, acidification and deoxygenation are all consequences of a per-
turbation of the carbon cycle (fast release of carbon dioxide and/or
methane) and are a major cause of concern. Historically these fac-
tors have combined to contribute to mass extinction events. The
present rate of change is unprecedented. Perhaps most worrying
is that this is happening to ecosystems that are already under-
mined by many man-made stressors such as overfishing, eutrophi-
cation and pollution (Harnik et al., 2013). To re-emphasize one
example, the combination of temperature rise, increased frequency
and intensity of extreme events and acidification may irreversibly
destroy coral reefs, the most species-rich ecosystems in the ocean,
within 50–100 years (Veron et al., 2009).
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Recent work suggesting that fisheries depletions have turned the corner is misplaced because analysis
was based largely on fisheries from better-managed developed-world fisheries. Some indicators of status
show improvements in the minority of fisheries subjected to formal assessment. Other indicators, such as
trophic level and catch time series, have been controversial. Nevertheless, several deeper analyses of the
status of the majority of world fisheries confirm the previous dismal picture: serious depletions are the
norm world-wide, management quality is poor, catch per effort is still declining. The performance of
stock assessment itself may stand challenged by random environmental shifts and by the need to accom-
modate ecosystem-level effects. The global picture for further fisheries species extinctions, the degrada-
tion of ecosystem food webs and seafood security is indeed alarming. Moreover, marine ecosystems and
their embedded fisheries are challenged in parallel by climate change, acidification, metabolic disruptors
and other pollutants. Attempts to remedy the situation need to be urgent, focused, innovative and global.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Humans have exploited fish populations for food and profit for
thousands of years (Sahrhage and Lundbeck, 1992), but the last
150 years have seen huge increases in geographic reach and depth
range, an unprecedented fishing intensity through new technology,
and a global commoditization of fishery products (Lam and Pitcher,
2012a; Watson et al., 2012). For the past 10 years, fisheries world-
wide have been generally reported as being in an extremely poor
state, with almost no improvement in sight (e.g., Pitcher, 2001; Pauly
et al., 2002). Marine fisheries catches have not increased since the
1980s (FAO, 2012) and there is evidence of episodes of serial depletion
by location and depth (e.g., Morato et al., 2006; Swartz et al., 2010). At
the same time, marine organisms are challenged by warming, acidify-
ing seas (Sumaila et al., 2011; Doney et al., 2012) and by an increasing
spectrum of pollutants, raising questions as to whether we face major
reductions in ocean production and biodiversity: one such question
is, ‘‘We have drawn heavily from our oceans to feed millions but have
we done irreversible harm to the biodiversity of our seas?’’ (Dulvy, Si-
mon Fraser University, Canada, pers. commun.). Indeed, these trends
have led some to forecast the collapse of ocean fisheries as we know
them (Worm et al., 2006; Pauly, 2009). Recently, however, some
(including Worm) have raised a voice that things are improving in
fisheries, indeed may be better than we thought, and that previous
analyses were too pessimistic and biased (Branch, 2008; Worm
et al., 2009; Worm and Branch, 2012). Which of these perspectives
is nearer the truth? Based on IPSO workshops in 2011 and 2012
(see acknowledgments), this paper examines the status of world mar-
ine fisheries in the light of these issues and makes suggestions as to
what may be done to improve things.
2. Management quality

The quality of fishery management is one key issue that tests any
claim that things have improved. Management quality has been re-
cently assessed in some detail as being depressingly poor. For exam-
ple, since its adoption in 1995, Article 7 (Fishery Management) of the
FAO (UN) Code of Conduct for Responsible Fisheries has provided
well-regarded, synoptic guidelines for the management of sustain-
able fisheries. As a voluntary code, its efficacy is critically dependent
on compliance, but its parent body has failed to monitor effectively
despite being mandated to do so by the Code itself (Article 4.2). Re-
cently, compliance with the Code has been estimated for 53 coun-
tries landing 95% of the world fish catch using scores for 44
questions and validated by teams of experts (Pitcher et al., 2008a,
2009). Overall, compliance is low, over 60% of countries getting fail
grades and no countries being awarded an overall ‘good’ grade. Even
the top scoring countries barely reached a 60% compliance rating.
Other recent analyses of the quality of fishery management have
come to similar conclusions (e.g., Mora et al., 2009).

Analysis of Code of compliance scores shows that poorly-
addressed management issues world-wide (Fig. 1A) could be tack-
led reasonably easily. For example, catch issues that have fail
scores for Code of Conduct compliance in all ocean basins are the
use of environmentally damaging fishing gear such as bottom
0.1016/
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Fig. 1. Fishery management issues that were awarded fail scores in compliance
with the FAO (UN) Code of Conduct for Responsible Fisheries. Issues are grouped
into six topic areas: catch and fishing gear, assessment, management, monitoring
control and surveillance, economic and social. (A) compliance issues with fail scores
world-wide; (B) compliance issues with fail scores in the worst scoring ocean basins
(Indian Ocean and Mediterranean).
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trawls, high bycatch and discards, and ‘ghost fishing’ – lost fishing
gear that continues to kill fish. Dealing with these well-known con-
servation issues using cleaner fishing gear is relatively straightfor-
ward and can create more profitable fisheries in the long run as
depleted stocks are restored: another Code of Conduct issue that
failed in every ocean basin world-wide. Arranging for the retrieval
of lost fishing gear is more expensive, but this, and other costs of
moving towards compliance with Code, could legitimately be re-
couped from the industry that caused the problem. Economic is-
sues that get fail scores world-wide are the failure of the fishing
industry to pay for its own management costs, a hidden form of
subsidy, and a failure to reduce the vast overcapacity of the fishing
fleets (Sumaila et al., 2012; World Bank FAO, 2009). The good news
is that addressing both of these economic issues could recoup
money currently lost in these subsidies.

In ocean basins other than the North Atlantic, the list of fail
scores for Code of Conduct compliance grows much longer
(Fig. 1B). The Indian Ocean scored worst, closely followed by Med-
iterranean: the North and South Pacific were intermediate. Addi-
tional key management issues are a failure to implement marine
protected areas, to set limits beyond which emergency measures
are adopted, and to address conflict among fishery and other ocean
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user sectors. Two important social issues are to recognize the spe-
cial needs of indigenous peoples and to foster co-management of
marine resources with fishing communities and small-scale fisher-
ies, both features that are known to lead to more sustainable and
responsible fisheries (Gutierrez et al., 2011; Pomeroy and Andrew,
2011).
3. Are things improving?

A recent review of the main types of fishery management sug-
gests that most of the ‘silver bullet’ approaches of a single type of
management system (such as ‘property rights’, ‘MPAs’ or ‘co-man-
agement’) will not work well, and only combined management ap-
proaches (ecosystem and restoration-based) perform best (Pitcher
and Lam, 2010). However, despite many calls for its implementa-
tion (e.g., Hall and Mainprize, 2005), there has been a widespread
failure among the principal fishing countries to adopt the key fea-
tures of ecosystem-based fishery management (Pitcher et al.,
2008a,b). Nevertheless, there are some signs that the management
of some fisheries in the developed world is improving. For exam-
ple, countries with higher Code compliance scores showed
improvement in status between 1995 and 2005, according to an
ecosystem health index (Coll et al., 2012). Unfortunately, countries
with poor Code compliance had not changed, or had got slightly
worse. Poor governance in managing fisheries in developing coun-
tries is a hard problem to tackle: for many small-scale fisheries in
developing countries it is impractical to collect any data. In such
situations, it has been suggested that basic elements of ‘primary
fisheries management’ represent a practical solution (Cochrane
et al., 2011).

Is the current status in sustainability of fisheries better than had
previously been thought? Analysis of stock assessment data from
over 350 stocks by Worm et al. (2009) suggested that improved
management had led to increased biomass and that fishery stocks
were recovering. However, the analysis was based on fish popula-
tions that have conventional stock assessment procedures held in a
public database (the ‘‘Ram Myers legacy database’’: Ricard et al.,
2012). These fish stocks, however, comprise only 16% of the annual
world fish catch (only about 8% without just one stock, the US
North Pacific pollock), and moreover, most of them are from North
America and Europe (Worm and Branch, 2012). As one might ex-
pect for fisheries where costly modern stock assessment is carried
out, these fisheries are largely in countries of the developed world
with the top 15% of fishery management quality scores (Mora et al.,
2009). They all have a relatively high UN Human Development In-
dex and are at the upper end of the range of compliance with the
UN Code of Conduct for Responsible Fisheries (see Fig. 2: Pitcher
et al., 2009). In these assessed fisheries, biomass lies at about
32% of estimated unfished biomass, or about 90% of the MSY level
(Worm and Branch, 2012). Moreover, Froese et al. (2012) argue
that these assessed stocks are a fundamentally biased subset of
all fished stocks in that they represent high value, resilient stocks
that have survived fishing for decades, or centuries of fishing in
the case of some European ecosystems.

While there is indeed some evidence of small improvements to
fisheries management in the developed world (Coll et al., 2012),
over 80% of the world’s fish are caught elsewhere (Pomeroy and
Andrew, 2011) and so this does not support a message of confi-
dence. In fact, a statistical analysis of the status of the majority
of world fisheries (Costello et al., 2012) using a multiple regression
model to predict status (B/Bmsy) for unassessed fisheries, confirms
that, although fisheries for which stock assessment is available are
mostly in a reasonable shape, serious depletions are the norm
world-wide. This argues against Worm and Branch’s (2012) sug-
gestion that unassessed fisheries may ‘‘probably harbor higher
Hope or despair? Mar. Pollut. Bull. (2013), http://dx.doi.org/10.1016/
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Fig. 2. Correlation of compliance with the FAO (UN) Code of Conduct for
Responsible Fisheries (on a scale of zero to ten) with the UN Human Development
Index for 53 countries, representing 95% of the world fish catch. Countries are
grouped regionally – see key for symbols. Countries with at least one fish stock in
the RAM stock assessment database have outer circles. Coefficient of determination
is significant, but we do not imply that the relationship is necessarily linear.
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but declining fish biomass’’. Moreover, recent analysis suggests
that catch per effort is still declining (Watson et al., 2012). This evi-
dence suggests that the global picture is indeed alarming.
4. Overall status of world fisheries estimated from catches

Recent analyses of fishery catches indicate that 70% of all world
fish populations are unsustainably overexploited (defined as fish
biomass less than half of the biomass at MSY), while almost half
of these (30% overall) have biomass collapsed to less than 10% of
unfished levels (Fig. 3, FAO, 2012). Moreover, the trends in catches
forecast that more stocks will become overexploited and collapsed
(Worm et al., 2006; Pauly, 2008; Pauly et al., 2008). This contrasts
with the results of Worm et al. (2009), based on a restricted num-
ber of fisheries that have formal stock assessment in the developed
world (see below), which gives a more optimistic picture of only 8–
14% collapsed and 24–28% overexploited with trends that show
improvement and stability. There has been much recent discussion
as to which version is correct.
Fig. 3. History of the status of world fish stocks from the FAO catch database 1950–2008,
2012). Collapsed and overfished populations comprise almost 60% of world’s fisheries. Th
is constant and small (about 1%), both signals that, in converse, might be a beacon of h
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A collapsed fishery means that the fish biomass does not con-
tribute to the normal food web and other ecosystem services and
processes (Worm et al., 2006; Baum and Worm, 2009). In some
areas, for example the northern part of the South China Sea
(Cheung and Pitcher, 2008), fishery-caused depletions were ana-
lyzed with stock assessment methods and revealed reductions in
biomass of large fish species as high as 90%, compromising food
security, simplifying ecosystem structure and reducing resilience
in unpredictable ways. Similar issues are documented in the Gulf
of Thailand (Pauly and Chuenpagdee, 2003). Overfishing causes
the same serious problems in some specialized habitats, for
example coral reefs (Ainsworth et al., 2008; Newton et al., 2007)
and seamounts (Pitcher et al., 2010). Clearly, it is important to
determine which view of current fishery status and its likely path-
way in the near future is correct.

As a fishery develops, the early catch is low, rises, begins to de-
cline with overexploitation and then reduces to very low levels
when a fishery collapses. In the catch-based method (also called
the ‘‘stock status plot’’ method, SSP, Kleisner et al., 2012), these
simple trends have been employed to classify fishery status. There
have been a number of criticisms of this SSP use of catch time ser-
ies alone to determine status. For example, the method makes a
number of assumptions that market forces and other changes in
the fishery do not falsely bias the depletion signal, so things look
worse than they actually are. But bias in the opposite direction is
also possible, for example, serial depletion as a fishery moves fur-
ther from ports and into deeper water can mask a signal of collaps-
ing biomass, making things seem better than they are. Using
reported fish catches in the analysis is often misleading because
of illegal and unreported catches (of the order of 35%, Agnew
et al., 2009) and discarded fish (at least 35%): this can be overcome
in some cases where these extracted amounts have been
estimated.

In SSP, the peak catch year is important (Froese and Kesner-
Reyes, 2002) so that fish populations are classified as developing
in the years preceding the maximum catch, and as overexploited
or collapsed in years after the maximum catch. Branch et al.
(2011) show that SSP is a more pessimistic indicator of status
when compared to cases where full stock assessment is available,
and that SSP is biased by high unsustainable catches taken as the
fishery expanded. Moreover, random selections from simulated
stable fisheries produced SSPs that falsely indicated depletion
(Branch et al., 2011; Daan et al., 2011). Simulated fisheries showed
that estimates of status based only on the time series of annual
catches are not very good, providing a correct status assessment
only about 30% of the time (Carruthers et al., 2012: stock
using a catch-only algorithm revised to meet earlier objections (Martell and Froese,
e proportion of developing stocks is decreasing and the fraction of rebuilding stocks

ope (Redrawn from Martell and Froese (2012)).
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assessment methods, often considered as the gold standard, give a
correct status assessment of only 57–59%). We note, however, that
even the gold standard methods of stock assessment have a num-
ber of weak points, for example the estimation of unfished
biomass.

Most of these SSP issues have been addressed in two recent
revisions of the SSP catch method (Froese et al., 2012; Kleisner
et al., 2012) in which it is found that the Daan and Branch simula-
tions were subject to technical problems with the randomized
data. Adapting the original catch algorithm to deal with this and
other technical issues, results in a consistent picture of status
trends that matched other information where it was available.
The overall global status plot from Froese et al. (2012) is shown
in Fig. 3, and paints a picture as drastic for the future of fisheries
as any of its predecessors, especially in the demonstration of the
increasing numbers of collapsed fisheries, and this reinforces the
indictment of fisheries science and policy in failing to tackle the
overfishing problem. These recent demonstrations of the SSP ap-
pear to be solid, but we suspect that the SSP method is likely to
continue to be called into question.

Nevertheless, despite that the gold standard for fish status eval-
uation is full stock assessment, the data to support this will likely
be impossible to obtain for most world fish populations, and so a
promising technique is to improve the evaluation of status for data
poor populations by using additional information based on the life
history of the fish, or short cuts to estimating sustainable catches
(MSY) or unfished population biomass. For example, the current
status of a fishery can be indicated by the present catch in relation
to MSY or other suitable reference point. Martell and Froese (2012)
show how MSY can be estimated from catch time series, carrying
capacity (K) and rate of population increase (r). The authors show
how only a narrow range of values of r and K lead to stability of the
catch: they may be estimated using a Bayesian technique and a
resilience parameter for the species. The method also needs some
information on the depletion level at the start and end of the catch
time series, which can be problematic. However, tests on over 50
fish stocks show that the method works quite well and can be a
reasonable indicator of status.

There have been a number of similar methods suggested, for
example Thorson et al. (2012) use life history parameters to
extrapolate status from assessed to unassessed fish stocks. Another
method suggested by Dick and MacCall (2011) has been supported
by simulations (Wetzel and Punt, 2011). Intrinsic vulnerability to
fishing, estimated from life history parameters using a fuzzy logic
algorithm (Cheung et al., 2005), might also be employed for this
purpose (Cheung and Pitcher, 2008). A different approach esti-
mates unfished biomass directly using a novel trophic modeling
technique (Tremblay-Boyer et al., 2011, see below), leading to
the conclusion that predator fish have been severely depleted since
1950, especially in coastal areas of the northern hemisphere. We
are likely to see more work catalyzed by this type of approach.
5. Trophic level issues

Declining mean trophic level (MTL) of fishery catches has long
been identified as an indicator of ‘‘fishing down marine food webs’’
(Pauly et al., 1998), thought to be a world-wide phenomenon
expressing the serial replacement of higher trophic-level fish with
less valuable, lower trophic-level fish as the former become de-
pleted, with consequent effects on biodiversity and ecosystem sta-
bility. The phenomenon was brought into the policy arena by the
Convention on Biological Diversity as warranting ‘‘immediate test-
ing’’ as an index of the success of measures to stem biodiversity
loss (e.g., Shannon et al., 2009). Pauly and Palomares (2005) dem-
onstrated that the phenomenon is more extensive than had been
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previously thought, while Pauly and Watson (2005) rebutted a
number of early criticisms of the MTL issue.

A critical question for the MTL method, which is based on
catches, is whether the catch MTL trend is present in the ecosystem
or if the observed changes in trophic level of the fish catch are
brought about by changes in the fishery target species. Intentional
expansion of low trophic level species fisheries, for example,
expansion of high-value invertebrate fisheries driven by market
forces (Essington et al., 2006) for example, could do this. In this re-
spect, Essington et al. (2006) analyzed trends in catches for 48
large marine ecosystems worldwide, and demonstrated that the
expansion of lower trophic-level fish or invertebrate species in
the catch through market forces provided a reduction in MTL that
was not a result of changes in food web structure. Essington et al.
(2006) termed this ‘‘fishing through the food web’’. Another prob-
lem is where fisheries target low trophic level fish species such as
forage fish or herbivores, whose depletion can cause the ecosystem
and catch MTLs to rise rather than fall and the food web to change.
An example is the massive depletion of the main food fish of Lake
Malawi, ‘chambo’, a herbivorous tilapia (Bulirani, 2005), causing
the ecosystem MTL to rise.

Recently, Branch et al. (2012) have performed a thorough anal-
ysis of the MTL issue using a set of ecosystem simulation models
with fisheries constrained to simulate ‘fishing down’, ‘fishing
through’ or driven by profit (Sethi et al., 2010). Estimates of MTL
were made for 16 Large Marine Ecosystems from catches, surveys
and stock assessments. Results show that catch MTL trends usually
diverge from ecosystem MTL trends obtained from surveys and
assessments. Nevertheless, problems in using MTL seem to be mit-
igated by calculating an index based on higher trophic level species
only (trophic level >3.25, Pauly and Watson, 2005). Also, Stergiou
and Tsikliras (2011) consider that the theory of reducing MTL as
fisheries develop is valid ecologically irrespective of the problems
in estimating ecosystem MTL from catches. Moreover, evidence is
available for many regions of world where decline in MTL is caused
by fishing-induced depletion of predatory species (see www.fish-
ingdown.org/casestudies.aspx for a summary of published cases).
Furthermore, the use of an ‘‘Fishing-In-balance Index’’ or FIB, calcu-
lated by comparing the expected increase in potential catch by
fishing lower trophic level species and the actual catch, in parallel
to MTL, could help interpret the underlying reasons for MTL
changes (Pauly and Christensen, 1995). Irrespective of the debate
around the use of MTL, fishing is one of the major drivers depleting
predatory biomasses, altering aquatic food webs and biodiversity
in many regions (see below). Biodiversity loss continues, but the
use of the mean trophic level index alone as an indicator of ecosys-
tem change has been called into question.

Given that the efficiency of energy transfer to the next higher
trophic level is reasonably well known (the norm is about 10–
12%), it is possible to calculate the amount of primary production
from phytoplankton (and macrophytes) that is required to support
higher levels in the ecosystem. For fisheries, the average is about
8% around the world, but in coastal waters the value is as high as
35%, a figure which raised considerable concerns for sustainability
(Pauly and Christensen, 1995) and which is today likely even high-
er. In fact, primary production constrains fishery catches (for spe-
cies of similar trophic level to today) to an amount similar to the
present reported catch plus the known unreported and discarded
fish (Chassot et al., 2010). In a global analysis of the amount of pri-
mary production sequestered by fisheries, Watson et al. (2013)
show how highly mobile European and Asian fleets have moved
to ever more distant productive waters since the 1970s, leading
to spatial serial depletion. Alarmingly, this work shows that in
many geographic areas, today’s fisheries make demands on pri-
mary production well above their average primary productivity,
especially in the EEZs of developing countries.
Hope or despair? Mar. Pollut. Bull. (2013), http://dx.doi.org/10.1016/
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Recently, a variant of this technique that allows global esti-
mates of biomass for marine ecosystems has been estimated by a
novel ecosystem model that tracks fluxes through the various lev-
els in the food web using primary production, sea surface temper-
ature, transfer efficiency, fisheries catch and the trophic level of
exploited fish species (Tremblay-Boyer et al., 2011). Estimates of
unexploited biomass by trophic level and biomass were made from
1950 to the present. Although this is a new technique that may
have considerable uncertainty in absolute terms, comparisons are
likely to be robust and results suggest that predator biomass has
been heavily reduced, by more than 90% in half of the coastal areas
of the North Atlantic and the North Pacific. Moreover, fishing im-
pacts have expanded from north temperate to equatorial and
southern waters in the last 50 years: Fig. 4 maps some of the re-
sults showing major reductions in global biomass between 1950
compared to 2000.

The global human population has surpassed 7 billion and the
demand for seafood commodities is rapidly increasing (Lam and
Pitcher, 2012a,b; Delgado et al., 2003). One of the few sustainable
fishing options left that could maintain a supply of seafood may be
to deliberately fish lower trophic levels, in other words, to ‘‘delib-
erately fish down the food web’’. Today’s global fisheries operate at
an average trophic level of about 3.3, so reducing this to 2.3 would
theoretically increase the world’s seafood harvest ten-fold as the
transfer efficiency of a lower trophic level from primary production
is less. However, this amount is an upper bound, as changes to food
webs are unpredictable and some lower trophic level organisms,
known to bloom in trophic cascades (e.g., jellyfish, salps and toxic
phytoplankton), cannot be easily harvested or eaten by humans.
Estimates have been made of the amount of planktonic euphausi-
ids (‘krill’), providing good quality edible protein for humans,
which might be harvested sustainably and in a precautionary
manner from the world’s oceans. Using ecosystem modeling to
Fig. 4. Estimated global fisheries biomass from an Ecotroph model (in 19
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minimize risks to biodiversity and existing fisheries, preliminary
estimates suggest this could be 3–4 times the current world fish
catch (Pitcher, 2008). There is danger though that ecosystem sta-
bility and biodiversity might suffer, and given our poor track re-
cord, such expanded krill fisheries might not be well managed.

More broadly, it is demonstrated that productivity of 14 species
of seabirds in seven ecosystems became significantly reduced and
more variable after a reduction of lower trophic level forage fishes
(including invertebrates such as krill and squids, their food items),
to about one-third of the maximum observed abundance of these
forage species (Cury et al., 2011). This highlights the likely impacts
of fishing on ecosystems and biodiversity.

6. Biodiversity issues

Overfishing is considered the primary driver of biodiversity loss
in marine ecosystems (Dulvy et al., 2003; Baillie et al., 2010; Hoff-
mann et al., 2010). Of the 133 local, regional, and global extinctions
of marine species documented worldwide, mainly in the last two
centuries, with a few dating as far back as the 11th century, 55%
were caused by unsustainable exploitation, with the remainder
driven by habitat loss and other threats (Dulvy et al., 2003). In
areas where fisheries are well-managed, other human impacts
such as habitat degradation, pollution and invasive species, pose
great threats to biodiversity (Kearney, 2013). Currently, over 550
species of marine fishes and invertebrates are listed as threatened
(Critically endangered, Endangered, and Vulnerable) in the IUCN
Red List (Fig. 5). Of these species, the majority (80%) is threatened
by ‘‘fishing and harvesting of aquatic resources’’. This is an under-
estimate because only a small proportion of marine organisms
have been assessed for their conservation status and many species
do not have sufficient data (categorized as ‘‘data deficient’’) to be
classified under any threatened status. For example, recently, all
50 compared to 2000. Redrawn form Tremblay-Boyer et al. (2011)).
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the 163 species of extant groupers (Serranidae) were assessed by
the IUCN, of which 20 species (12%) are considered to be at risk
of extinction, while 22 species (13%) are considered near threa-
tened and 30% are listed as data deficient (Sadovy de Mitcheson
et al., 2013). These groupers are listed as threatened primarily be-
cause of overfishing. Overall, commercial fisheries pose the princi-
ple threat to biodiversity, but unsustainable exploitation also
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occurs in artisanal fishing (Garcia and Rosenberg, 2010). Species
with certain life history characteristics, such as large body size
and late sexual maturity, are particularly vulnerable to over exploi-
tation (Cheung et al., 2005). This includes many commercially
exploited species as well as species that are well represented in by-
catch, such as groupers, wrasses, sharks and rays. Moreover, spe-
cies that live in certain habitats, such as the deep sea, are also
particularly vulnerable to overfishing. Deep-sea fishes have a sig-
nificantly higher index of intrinsic vulnerability to fishing (sensu
Cheung et al., 2005) and lower estimated intrinsic population
growth rate than other fishes in general (Norse et al., 2012,
Fig. 6). The intensification of deep-sea fisheries in recent decades
(Morato et al., 2006), the challenges in managing many parts of
the deep sea that are outside of national jurisdiction, and the low
economic incentive to sustainably exploit these low productivity
deep-sea resources render conservation of these resources difficult
(Norse et al., 2012).

The use of destructive fishing practices further amplifies the im-
pacts of unsustainable fishing on marine biodiversity and habitats.
Destructive fishing practices can include: (1) the use of fishing
gears on the wrong habitat (e.g., bottom trawls on seagrass, macro
algal, or coral beds); and (2) the fishing methods that are univer-
sally considered ‘‘destructive and indiscriminate’’ in whatever cir-
cumstances, and therefore should be systematically banned (e.g.,
dynamite fishing). The maintenance of critical habitat or structural
features for marine biodiversity should underlie the main consid-
erations in assessing the destructiveness of fishing gears when ap-
plied to a particular marine ecosystem. Technology can play a
significant role in making fishing practices less destructive (e.g.,
development of devices and fishing strategies to reduce bycatch),
but it can also enhance the intensity and range of human impacts
on marine biodiversity (e.g., the use of sophisticated bottom
sounders, satellite navigation, and the widespread use of synthetic
fishing net/line fibers).
7. Bycatch and discard issues

The direct negative impacts of fishing on targeted fish popula-
tions are compounded by fishing’s effects on non-targeted species
in the form of bycatch (i.e., incidental catch and discards). A com-
prehensive worldwide preliminary review in 1994 of 800 papers
covering the period 1980–1990 resulted in an estimate of about
17.9–39.5 (average of 27) million tonnes of by-catch fish being dis-
carded by commercial fisheries each year (Alverson et al., 1994).
The fishing gears that generated most bycatch are shrimp trawls,
followed by bottom trawls, long lines, pots, Japanese high-seas
drift nets, Danish seines, purse seine targeting capelins, pelagic
trawls, small pelagic purse seines, and high-seas drift nets. Species
severely impacted as bycatch included marine mammals (e.g., the
now endangered vaquita of the Gulf of California, Indo-Pacific
humpback dolphins, bottlenose dolphins off the coast of South
Africa, harbor porpoise in the Northwest Atlantic, striped dolphins
in the Mediterranean), sea birds (e.g., 2–9% of gannet populations,
12% of razorbill populations, and 16% of the common guillemot are
estimated to be discarded by the gillnets off Newfoundland annu-
ally, based on 1980s data), and turtles (e.g., about 50,000 logger-
heads and 5000 Kemp’s ridley sea turtles were drowned annually
by the southeastern US and Gulf of Mexico trawl fishery, based
on 1980s data).

It is generally agreed that bycatch and discards are important
factors affecting biodiversity conservation and fisheries manage-
ment, although the magnitude of the problems are debated. A sub-
sequent FAO estimate, presented in The State of World Fisheries
and Aquaculture 2006, suggested a lower total bycatch estimate
of 20 million tonnes per year and 8% of the total world catch (about
Hope or despair? Mar. Pollut. Bull. (2013), http://dx.doi.org/10.1016/
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7.3 million tonnes instead of the previously reported 27 million
tonnes) were discarded (Kelleher, 2005). The highest quantities
of discards were noted in the Northeast Atlantic and Northwest Pa-
cific, jointly accounting for 40% of the world discards. The study
confirmed the large contribution of trawls, particularly tropical
shrimp trawls, to the discard problem. Indeed, in India over a mil-
lion tonnes of discards from trawlers have been identified, previ-
ously reported as zero (Pramod Ganapathiraju, pers. comm.).
Small-scale fisheries generally showed lower discard rates than
industrial ones, as expected, with an estimated discard rate of
3.7%. Besides the difference in the methodology used by Alverson
et al. (1994) and Kelleher (2005), other studies also suggested that
the apparent decline in discard between the 1990s and 2000s
might be an indicator of more rapid decline in the availability of
fish in the ocean (Zeller and Pauly, 2005). Subsequently, Davies
et al. (2009) estimated the quantity of unmanaged and discarded
bycatch at similar levels (>38.5 million tonnes) to the upper values
by Alverson et al. (1994) and point out that such figures were likely
to be an underestimate of actual values for various reasons. Gilman
et al. (2013) document a lamentable performance of most Regional
Fisheries Management organizations (RFMOs) in dealing with dis-
cards and bycatch. In addition, as mentioned earlier, abandoned
and lost fishing gears (e.g., pots, traps, gill nets, set nets, and tram-
mel nets) are having negative ecological consequences on marine
biodiversity (termed as ‘ghost fishing’), and although its large-scale
impacts have yet to be quantified, overall over 85% of countries
failed to deal adequately with this issue under the FAO Code of
Conduct and in the majority of case there was little or no mention
of the topic of ghost fishing in any of the available literature
(Pitcher et al., 2008a, p. 18).
8. Fishing effort issues

Despite the overall stagnation of global fisheries catches, a re-
cent study suggest that global fishing effort has been increasing
since the 1970s (Anticamara et al., 2011; Watson et al., 2012). A
global database of fishing effort was developed from available dat-
abases (e.g., from FAO), published and other literature (Fig. 7).
Analysis of the database shows that total engine power and num-
ber of fishing days of the global fishing fleets have been increasing
steadily from the 1970s to the present (Anticamara et al., 2011).
Trawlers and large fishing vessels (>100 GRT) contribute most to
global fishing effort. The largest contribution of global fishing effort
is from Europe, although Asia, which is a second contributor now,
Fig. 7. Global changes in reported fisheries catch (Sea Around US Project), nominal effort
increase in fishing efficiency, based on Pauly and Palomares (2010)).
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is projected to surpass Europe in the near future. Given the in-
crease in global fishing effort, the lack of increase in global fisheries
catch in the last decade and the fact that most productive areas
have now been exploited by fisheries (Swartz et al., 2010; Chassot
et al., 2010), it could be postulated that global exploited fish stocks
are likely to be in a decreasing trend.
9. Ecosystem-based management issues

Despite over 15 years during which ecosystem-based manage-
ment for fisheries has been widely advocated and supported at a
policy level (e.g., Larkin, 1996; Brodziak and Link, 2002; Pikitch
et al., 2004; Hall and Mainprize, 2005), implementation has been
very poor indeed (Pitcher et al., 2008b) and has mostly focused
on broad principles rather than specific goals (Pikitch et al.,
2012). This means that in most parts of the world there is very lit-
tle science-based action to conserve non-fished components of the
ecosystem, from top predators like gannets and billfish through
forage fish like smelts and anchovies, down to low trophic level
groups like copepods and euphausids. Even where many fisheries
are assessed, in the developed world, there is almost no explicit
inclusion of these factors in stock assessment, tipping us onto the
‘despair’ side of the hope/despair balance.

For forage fish, upon which many other species in the ecosys-
tem rely for food, ecosystem-based management has hardly grap-
pled with an important issue: single-species MSY may not be
enough to allow viable populations of top predators to survive,
especially in the face of environmental challenges to recruitment
success (Pikitch et al., 2012). For example, seabird breeding is ad-
versely affected when forage fish fall below 1/3 of their maximum
(Cury et al., 2011), Moreover, many forage fish are currently man-
aged to allow fishing when biomass reaches 20% of the unfished
abundance but a recent simulation study shows that 20% of pred-
ator groups were likely to be seriously impacted at this level. Even
with biomass at 50% of the unfished level (nominal MSY) 10% of
predators could be badly affected (Smith et al., 2011). Pikitch
et al. (2012) suggest taking these ecosystem issues into account
in forage fish assessment by borrowing a methodology from mar-
ine mammal conservation called Potential Biological Removal
(PBR), referred to as the ‘‘Forage Fish Control Rule’’. In fact, we
think that this approach may not be restricted to forage fish, since
large depletions at any trophic level from phytoplankton to top
predators like billfish can alter ecosystems through competition,
release and cascade effects.
(from Anticamara et al. (2011)) and estimated effective effort (assuming an annual
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Marine Protected Areas have generated controversy as to
whether fishery benefits can accrue (e.g., Hilborn et al., 2004; Sale
et al., 2005), but all will agree that they help protect fish and inver-
tebrates with restricted home ranges, spawning sites and sensitive
habitats as part of structured marine spatial planning and as one
tool in ecosystem-based management.
Fig. 8. Correlation of compliance with the FAO (UN) Code of Conduct for
Responsible Fisheries with an index of biodiversity (Sea Around US EEZ index) for
53 countries, representing 95% of the world fish catch. Bars indicate confidence
limits on estimates. Countries are grouped regionally – see key for symbols.
10. Climate change issues

A recent alarming finding for fisheries management is that,
apparently, many fish populations do not closely follow the quan-
titative fisheries theory developed over the past 50 years: the pro-
duction of a fish stock should be determined by its abundance in
relation to reference points such as unfished biomass, biomass at
MSY or the like. However, recent work by Vert-pre et al. (2013)
suggests that environmental fluctuations seem to easily mask this
process. Catches and estimated biomass (abundance) from 230
stock-assessed fisheries from a public database (Ricard et al.,
2012) were used to test four hypotheses: an abundance hypothe-
sis, where production determines population abundance; a re-
gimes hypothesis, where production shifts irregularly unrelated
to abundance; a mixed hypothesis, where a weak relation to pop-
ulation abundance has irregular changes; and a random hypothe-
sis, where production is random from year to year.
Disconcertingly for fisheries management and stock assessment,
which makes the fundamental assumption that abundance deter-
mines productivity, the abundance hypothesis was supported in
only 18% of the fish stocks, whereas 82% supported the other three
hypotheses, where no solid relationship was found.

Climate and ocean changes associated with anthropogenic
greenhouse gas emissions are expected to make fisheries manage-
ment more challenging. Shifts in distributions of exploited species
(generally poleward) that are attributed to ocean warming are
increasingly reported in many regions (Simpson et al., 2011; Suma-
ila et al., 2011), many of which from commercially important
stocks (Sumaila et al., 2011; Cheung et al., 2012a). Given that glo-
bal greenhouse gas emissions are already close to the high-end sce-
nario considered by the Intergovernmental Panel on Climate
Change (IPCC) Assessment Report Four (IPCC, 2007), it is expected
that such changes will continue in the next few decades (Cheung
et al., 2009, 2010, 2011).

Specifically, it is projected that species distribution shifts will
continue in the future, leading in increase diversity and fisheries
potential in high latitude regions and the opposite in the tropics
(e.g., Cheung et al., 2009, 2011, 2012b; Hobday and Evans, 2013;
Lindegren et al., 2010; Blanchard et al., 2005). Moreover, projec-
tions from the latest global earth system models suggest reduction
in ocean primary production of 2–13% by 2100 relative to 1860 un-
der the Special Report on Emissions A2 scenario (Steinacher et al.,
2010). Furthermore, because of the reduced aerobic scope of fishes
living in warmer waters that affect their growth, maximum body
size of fishes are projected to decrease by 14–24% by 2050 relative
to now under the SRES A2 scenario, potentially reducing their yield
per recruit (Cheung et al., 2013). The consequences of the com-
bined effect of these changes include large-scale redistribution of
fisheries catch (Cheung et al., 2010). These changes are expected
to lead to potential winners and losers through changes in fisheries
potential of commercial species. The tropics are identified as cli-
mate change losers in fisheries, because of the projected decrease
in fisheries catch potential and low adaptive capacity to environ-
mental changes (Allison et al., 2009; Cheung et al., 2010).

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) and these
may potentially further reduce fisheries catch potential (Cheung
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et al., 2011). Although sensitivities of exploited species to ocean
acidification vary between taxa, there is strong evidence suggest-
ing that some commercially important shellfish are particularly
vulnerable (Kroeker et al., 2010). For example, countries that are
strongly dependent on mollusc fisheries are vulnerable to ocean
acidification-driven decreases in fisheries (Cooley et al., 2012).
The bottom-up effects of global climate and ocean changes are
likely to interact with the top-down effects of fishing, exacerbating
the overall impacts (Ainsworth et al., 2011; Griffin and Woodward,
2011). For instance, despite the gaps in understanding climate
change effects on fisheries, there is sufficient scientific information
that highlights the need to implement climate change mitigation
and adaptation policies to minimize impacts on fisheries, and that
sustainable management of the ocean can increase the capacity of
marine ecosystems and fisheries to response to these global
changes (Rice and Garcia, 2011).
11. Conclusions

Some fishery scientists warn that we are living through a major
catastrophe (‘‘aquacalypse’’, Pauly, 2009) and see much of fisheries
science working to support a globalized commercial enterprise
marketing commoditized fish as biodiversity and conservation, as
well as long term food security issues, are ignored. Pauly likens
the process of destroying the oceans for profit as an illegal pyramid
or ‘‘Ponzi’’ scheme prosecuted by a ‘‘fishing-industrial com-
plex . . .an alliance of corporate fishing fleets, lobbyists, parliamen-
tary representatives, and fisheries economists . . .generating a
constant influx of new investments to generate ‘‘revenue’’ for
investors’’. In opposition to this view, many have argued that the
case is overstated, that many fisheries are reasonably well man-
aged and that the impacts of fisheries are not so serious (e.g., Daan
et al., 2012) or that fisheries represent ‘experiments’ from which
lessons for management may be expected to slowly emerge
(Jensen et al., 2012). The truth likely lies in between these two
poles, but that means that there are very serious concerns about
the current state and future prospects for world fisheries, espe-
cially in the developing world (Pomeroy and Andrew, 2011), where
commodity supplies are increasingly being sourced by a global
food industry (Lam and Pitcher, 2012a). In Europe, political influ-
ence on fishery regulations and corrupt and unregulated subsidies
(European Court of Auditors, 2011; Greenpeace, 2011) has led to
major depletions, including where fisheries are most vulnerable
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to climate change impacts (Allison et al., 2009). Worldwide, there
are serious concerns about the extent of illegal and unreported
fishing that has been estimated as at least 35% of global catches
(Agnew et al., 2009).

Fisheries are also faced with serious international equity issues.
Improved fishery management through reduction in effort and the
number of vessels in the developed world is a double-edged sword,
as it may not reduce global fishing pressure. It often has led to a
redistribution of effort into other countries in the form of vessel
sales and joint venture agreements, where it is often uncontrolled
(Worm and Branch, 2012), causing serious overexploitation and
the unethical sequestering of local benefits (Alder and Sumaila,
2004). Moreover, we present here a new finding that Code of Con-
duct compliance correlates negatively with biodiversity (Fig. 8),
supporting the need for international development efforts to focus
on ‘‘Fisheries-Conservation Hotspots’’ (Worm and Branch, 2012),
which are regions with poor management performance, high biodi-
versity, rapidly increasing human populations and a high depen-
dence on fishery livelihoods.

Adding to the challenge of fisheries management is the fact that
other human activities, such as climate change, pollution and
destruction of coastal habitats, are acting concurrently on marine
ecosystems. Particularly, there is growing evidence that climate
change will lead to large-scale shifts in distribution and productiv-
ity of fisheries resources, which may act synergistically to stressors
and exacerbate the ecological and socio-economic impacts of
overfishing. An additional challenge is that management actions
aimed at recovery or sustainable catch quotas may be swamped
by unpredictable environmental fluctuations. We think that these
factors of food, employment and income security, biodiversity loss,
production and location shifts from climate change, and pollution
are too urgent to be left to wait for an analysis of the results of fish-
eries as ‘experiments’. This means that the ‘‘Ponzi bubble’’ may
burst sooner than we might expect.

A fundamental solution to many of these problems is to ensure
effective implementation of community- and ecosystem-based
management, favouring small-scale fisheries. There is sufficient
scientific knowledge for developing these measures, many of them
are already embedded in national, regional and international legis-
lations and guidelines such as the FAO Code of Conduct. Examples
of the broad-scale solutions, which have been discussed in detail
elsewhere, include introducing true co-management with resource
adjacent communities, eliminating harmful subsidies that encour-
age high fishing effort, careful spatial marine planning and protec-
tion of vulnerable ecosystems eliminating fishing gear that give
rise to significant damage to marine habitats or have high bycatch,
combating illegal and unreported fishing and dealing with the food
web complexities of implementing ecosystem-based management.
The challenge is in effective and ethical implementation of these
measures (Lam and Pitcher, 2012b), which could be fostered in
several ways: provide economic incentives, foster the realization
of moral obligations and improve monitoring, control and surveil-
lance. These require effort from all levels from individual commu-
nities to international bodies. Some existing cases suggest that
these actions can potentially reverse the declining trend of fisher-
ies. Doing just that has clear benefits to us and to our future
generations.
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Natural and synthetic chemicals are essential to our daily lives, food supplies, health care, industries and
safe sanitation. At the same time protecting marine ecosystems and seafood resources from the adverse
effects of chemical contaminants remains an important issue. Since the 1970s, monitoring of persistent,
bioaccumulative and toxic (PBT) chemicals using analytical chemistry has provided important spatial and
temporal trend data in three important contexts; relating to human health protection from seafood con-
tamination, addressing threats to marine top predators and finally providing essential evidence to better
protect the biodiversity of commercial and non-commercial marine species. A number of regional con-
ventions have led to controls on certain PBT chemicals over several years (termed ‘legacy contaminants’;
e.g. cadmium, lindane, polycyclic aromatic hydrocarbons [PAHs] and polychlorinated biphenyls [PCBs]).
Analytical chemistry plays a key role in evaluating to what extent such regulatory steps have been effec-
tive in leading to reduced emissions of these legacy contaminants into marine environments. In parallel,
the application of biomarkers (e.g. DNA adducts, CYP1A-EROD, vitellogenin) and bioassays integrated
with analytical chemistry has strengthened the evidence base to support an ecosystem approach to man-
age marine pollution problems. In recent years, however, the increased sensitivity of analytical chemis-
try, toxicity alerts and wider environmental awareness has led to a focus on emerging chemical
contaminants (defined as chemicals that have been detected in the environment, but which are currently
not included in regulatory monitoring programmes and whose fate and biological impacts are poorly
understood). It is also known that natural chemicals (e.g. algal biotoxins) may also pose a threat to marine
species and seafood quality. Hence complex mixtures of legacy contaminants, emerging chemicals and
natural biotoxins in marine ecosystems represent important scientific, economic and health challenges.
In order to meet these challenges and pursue cost-effective scientific approaches that can provide evi-
dence necessary to support policy needs (e.g. the European Marine Strategy Framework Directive), it is
widely recognised that there is a need to (i) provide marine exposure assessments for priority contami-
nants using a range of validated models, passive samplers and biomarkers; (ii) integrate chemical mon-
itoring data with biological effects data across spatial and temporal scales (including quality controls);
and (iii) strengthen the evidence base to understand the relationship between exposure to complex
chemical mixtures, biological and ecological impacts through integrated approaches and molecular data
(e.g. genomics, proteomics and metabolomics). Additionally, we support the widely held view that (iv)
that rather than increasing the analytical chemistry monitoring of large number of emerging contami-
nants, it will be important to target analytical chemistry towards key groups of chemicals of concern
using effects-directed analysis. It is also important to evaluate to what extent existing biomarkers and
bioassays can address various classes of emerging chemicals using the adverse outcome pathway
(AOP) approach now being developed by the Organization for Economic Cooperation and Development
(OECD) with respect to human toxicology and ecotoxicology.

� 2013 Published by Elsevier Ltd.
1. Introduction
Across the modern world, synthetic chemicals have become
central to food production, drinking water disinfection, drug dis-
covery, family planning and in a wide range of manufacturing
industries. It is also striking that the pace of chemical discovery
dverse
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is growing rapidly, with the Chemicals Abstracts Service (CAS REG-
ISTRY) reporting in May 2011 registration of the 60 millionth
chemical substance. Coming after the CAS REGISTRY crossed the
50 million substance registration in only 2009, this second major
milestone showed the continued acceleration of synthetic chemi-
cal innovation globally (CAS, 2011). Historically, the development
of sensitive analytical monitoring methods has shown the poten-
tial for synthetic and natural chemicals (e.g. metals) to enter mar-
ine ecosystems as a result of human activities, in some cases being
linked with adverse health impacts on marine species or seafood
supplies (Clark et al., 1997; Walsh et al., 2008). Protecting marine
ecosystems and food resources from the adverse effects of chemi-
cal contaminants remains an important goal, reflecting one key as-
pect of the socio-economic value of the coastal zones (Martínez
et al., 2007) and oceans (Costanza, 1999). The Millennium Ecosys-
tem Assessment (2005) noted the important impact of marine pol-
lution (including eutrophication) and subsequently there have
been other estimates of economic losses resulting from marine pol-
lution. For example, the environmental losses in Spain because of
marine pollution from the Prestige oil spill were estimated to be
574 million Euros (Loureiro et al., 2009). Additionally, Cai and Li
(2011) reported that the economic losses from marine pollution
adjacent to the Pearl River estuary, China, were 5040 million US
dollars per year (accounting for 16.5% of the total economic value
of the marine ecosystem). More recently, the 2010 oil spill from
the Deepwater Horizon disaster currently has total estimated costs
of $37.2 billion (BBC, 2012), although others suggest costs could be
up to $63 billion (Wall Street Journal, 2010).

In a number of global areas, the monitoring of persistent, bioac-
cumulative and toxic (PBT) chemicals using analytical chemistry
has provided important spatial and temporal trend data for several
decades under the auspices of OSPAR (Oslo and Paris Convention
for the Protection of the Marine Environment of the North-East
Atlantic) and other regional conventions. A step-change in public
and scientific concerns regarding chemical pollution of the ocean
occurred in the 1970s with the outbreak of Minamata disease,
where eating of methylmercury contaminated shellfish in Mini-
mata Bay, Japan, led to mass poisoning of the local population that
was traced to effluent releases from a chemical factory (Harada,
1995). This was followed by the raising of awareness of the hazards
of dumping of wastes at sea, most notably by non-governmental
organisations in relation to radioactive materials (e.g. Ringius,
2000), and also studies on the bioaccumulation of persistent orga-
nochlorines in marine wildlife (e.g. Tanabe et al., 1994). Chemical
monitoring data have proven to be important and useful in the
contexts of human health protection from seafood contamination,
in threats to marine top predators vulnerable to PBT chemicals, and
also by giving essential evidence to protect ecosystems in terms of
their species biodiversity and organism health (Walsh et al., 2008).
For example, through the OSPAR Joint Assessment and Monitoring
Programme (JAMP) and parallels under the Barcelona Convention
(MEDPOL) and the Helsinki Commission (HELCOM), together with
the 1972 Stockholm Convention on controlling Persistent Organic
Pollutants (POPs) and other initiatives, the historic spotlight of
concern has focussed on certain priority metals and organic chem-
ical contaminants (e.g. cadmium, mercury and organic mercury
compounds, polycyclic aromatic hydrocarbons [PAHs], polychlori-
nated biphenyls [PCBs], etc.). In Europe, these PBT chemicals are of-
ten referred to as ‘legacy contaminants’ in the contexts of the
Marine Strategy Framework Directive and the Water Framework
Directive (EEA, 2011; ESF, 2011). Integrated with chemical moni-
toring, evaluation of the biological effects in fish and other marine
species of such legacy contaminants has also been a major activity
in Europe in recent years (e.g. Matthiessen and Law, 2002; Thain
et al., 2008; Law et al., 2010; Lyons et al., 2010). For example, for
the United Kingdom (UK), recent evidence indicated marked
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reductions in North Sea contaminant loads resulting from certain
legacy contaminants (e.g. cadmium, mercury, lindane and PCBs)
(Defra, 2010). However, this has not resulted in a continuing de-
cline in PCB concentrations in the blubber of harbour porpoises
around the UK – as an example. An earlier decline in PCB concen-
trations following regulation, in place from 1981, has now stalled,
with toxicologically significant concentrations in many animals
(Law et al., 2012). Additionally, reflecting the neurotoxic mode of
action (MOA) of certain PBT chemicals such as organochlorine
insecticides, there is also recent evidence from North America that
p,p’-DDT (and it’s metabolite p,p’-DDE) can contribute to health ef-
fects in aquatic animals when co-exposed to the natural neuro-
toxin domoic acid (Tiedeken and Ramsdell, 2009 & Tiedeken and
Ramsdell, 2010). The implications of such interactions between do-
moic acid impacts and latent xenobiotic residues in marine ani-
mals in Europe remain unstudied to our knowledge (Hall and
Frame, 2010).

More recently, the steadily increasing sensitivity of analytical
chemistry, growing databases on aquatic toxicity and other wider
factors has led to a growing scientific focus on emerging chemical
contaminants (sometimes termed ‘non-regulated chemicals’) in
both marine and freshwater environments around the world (Rich-
ardson et al., 2005; Field et al., 2006; Andresen et al., 2007; Balaam
et al., 2009; Jörundsdóttir et al., 2009; Arp, 2012). In Europe,
emerging contaminants are often defined as chemicals that have
been detected in the environment, but which are currently not in-
cluded in routine monitoring programmes at the EU level and
whose fate, behaviour and toxicological impacts are poorly under-
stood (la Farré et al., 2008). There are no strict boundaries to the
groups of chemicals often discussed in this context, with notable
examples including brominated flame retardants (Covaci et al.,
2011; Papachlimitzou et al., 2012), industrial chemicals (Wolschke
et al., 2011), microplastics (Cole et al., 2011), nanomaterials (Farkas
et al., 2010; Zhu et al., 2011) perfluorinated compounds (Haug
et al., 2010; Houde et al., 2011), personal care products (Brausch
and Rand, 2011), recreational drugs (Langford et al., 2011; Reid
et al., 2011) and medicinal pharmaceuticals (Weigel et al., 2002;
Roberts and Bersuder, 2006; Benotti and Brownawell, 2007;
Madureira et al., 2010; Claessens et al., 2013).
2. Ecosystem integration of chemical & biological evidence

While chemistry and biology data are essential in distinguish-
ing between chemical contamination and pollution (Chapman,
2007), it is widely recognised there are significant scientific and
financial challenges in applying analytical chemistry to assess the
spatial and temporal trends of large numbers of emerging contam-
inants (Coquery et al., 2005; Law et al., 2010; Laane et al., 2012).
Enhanced chemical monitoring methods such as passive sampling
can, however, play a beneficial role in the evaluation of legacy con-
taminants, emerging chemicals and natural toxins and also allow
comparisons with the potential for bioaccumulation in marine fau-
na (Namieśnik et al., 2005; Fux et al., 2009). Progress on the further
integration of chemical and biological assessment techniques for
marine environments is described by Thain et al. (2008), repre-
sented in Fig. 1. A key element in this integrated process is the
development and application of assessment criteria and this has
been advanced with the recent development of assessment criteria
for biological effect techniques, (see ICES/OSPAR, 2011).

Taking Europe as an example, this ecosystem approach is being
taken forward in principle under the Marine Strategy Framework
Directive (MSFD; (2008/56/EC) which has the overall objective of
achieving or maintaining Good Environmental Status (GES) in Eur-
ope’s seas by 2020. Eleven high-level qualitative Descriptors of
Good Environmental Status have been defined in Annex 1 of the
taminants and emerging chemicals in marine environments using adverse
013), http://dx.doi.org/10.1016/j.marpolbul.2013.06.012
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Fig. 1. Overview of the water, sediment and biota components for an integrated marine monitoring programme for the chemical identification and biological effects
assessment of contaminants (after Thain et al., 2008).
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MSFD, including Descriptor 8 which states that ‘‘Concentrations of
contaminants are at levels not giving rise to pollution effects’’ (Law
et al., 2010). As noted by Lyons et al. (2010), the MSFD will be one
of the key policy drivers shaping the future marine monitoring and
assessment requirements across European Union Member States,
adding to the European Union’s Water Framework Directive
(WFD; 2000/60/EC) which addresses rivers and transitional waters
(including estuaries and the inshore coastal zones) (Allan et al.,
2006). A central aspect of work in the first phase of the MSFD
implementation is the development of common criteria and stan-
dard methods so as to aim for consistency and comparability in
the determination of GES across Europe (Lyons et al., 2010).

In the context of contaminants, the EU’s Task Group recom-
mended that the assessment of achievement of Good Environmen-
tal Status under Descriptor 8 should be based upon monitoring
programmes covering the concentrations of chemical contami-
nants and also biological measurements relating to the effects of
pollutants on marine organisms in each of the assessment regions
(Law et al., 2010). They also concluded that the combination of
conventional and newer, effect-based, methodologies, with the
assessment of environmental concentrations of contaminants pro-
vides a powerful and comprehensive approach, with the following
specific recommendations for three core elements of data assess-
ment: (1) concentrations of contaminants in water, sediment
and/or biota are below environmental target levels identified on
the basis of ecotoxicological data; (2) levels of pollution effects
are below environmental target levels representing harm at organ-
ism, population, community and ecosystem levels; and (3) concen-
trations of contaminants in water, sediment and/or biota, and the
occurrence and severity of pollution effects, should not be increas-
ing (Law et al., 2010). Importantly, the Task Group for MSFD
Descriptor 8 also concluded that there are considerable benefits
to be gained from the international experience in programme de-
sign, measurement methodology and data interpretation available
from the existing programmes (e.g. WFD) adding that, marine
monitoring science continues to develop, and the implementation
strategy for MSFD should allow for programmes and procedures to
evolve with time so as to maintain and improve the level of protec-
tion for marine ecosystems (Law et al., 2010).

3. Chemical exposures, biological effects and adverse outcome
pathways

In terms of addressing complex mixtures of legacy contami-
nants, emerging chemicals and natural toxins and the optimisation
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of marine bioassays and biomarkers to meet the needs outlined
above, there are relevant lessons to be learned from research into
endocrine disrupting chemicals in aquatic ecosystems (e.g. DDT,
octylphenol, tributyltin, etc.) (Sumpter and Johnson, 2005). After
first taking into account the likely chemical exposure scenarios
(e.g. hydrophilic versus hydrophobic chemicals) and inherent bio-
logical characteristics of different marine organisms (e.g. reproduc-
tive physiology), in theory the adverse outcome pathway (AOP)
concept offers a useful approach to bioassay prioritisation (namely,
is one animal’s poison likely to also be toxic to a related species).
Supported by the OECD and increasingly used in other areas of hu-
man and wildlife toxicology, the central concept of the AOP ap-
proach is that while every mechanistic detail of toxicity may be
unclear for a given chemical class, the principal acute or chronic
mode(s) of toxic action can provide a qualitative guide towards
optimal bioassay selection. As zebrafish, molluscs and echino-
derms are increasingly used in biomedical research and drug dis-
covery, there is a rapidly expanding body of evidence from in
silico studies, in vitro and in vivo bioassays to support and critically
adapt the AOP approach to both aquatic vertebrate and inverte-
brates (Celander et al., 2011; Kramer et al., 2011), building on ear-
lier work on toxicological modes of action (Escher and Hermens,
2002; ECETOC, 2007). Key elements to be considered in such a
framework include the chemical toxicant’s overall pattern of
absorption, distribution metabolism, excretion and target sites
(Fig. 2).

Recently the AOP approach has been used successfully to under-
stand the mode of action and population effects of the class of
azole fungicides in fish, members of which include agrochemicals
and pharmaceuticals that have been detected in coastal ecosys-
tems (Volz et al., 2011). Celander (2011) has also highlighted the
importance of azoles in chemical mixture assessments in light of
their ability to modify enzyme functions in fish. The same princi-
ples are also likely to apply to aquatic invertebrates owing to the
evolutionary conservation of the cytochrome P450 enzyme system
(Rewitz et al., 2006). Clotrimazole (an OSPAR priority chemical)
can be used as an example of an azole fungicide known to affect
enzyme pathways in fish that are relevant to the reproductive
endocrine system as shown in Fig. 3. The upper left of Fig. 3 shows
cholesterol as a key molecule in the vertebrate steroidogenic hor-
mone pathway, with clotrimazole known to inhibit the enzyme
P450c17 which has implications for the downstream synthesis of
testosterone and 17b-oestradiol. However, vitellogenin (VTG) is a
well validated oestrogenic biomarker in fish (Allen et al., 1999;
Thain et al., 2008) and the VTG biomarker would be relevant to
taminants and emerging chemicals in marine environments using adverse
013), http://dx.doi.org/10.1016/j.marpolbul.2013.06.012
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Fig. 2. Adverse outcome pathways of chemicals fundamentally reflect patterns of absorption, distribution metabolism, excretion and target sites in either acute or chronic
exposure scenarios pertinent to marine contaminant monitoring.

Fig. 3. The vertebrate steroidogenic pathway illustrating both the steroid hormones and enzyme activities (adapted from Crain et al., 2000). Examples of legacy contaminants
and emerging chemicals which may interact with the enzyme pathways or the androgen and oestrogen receptors are shown in grey (�note that there is increasing debate
whether tributyltin may not only target the aromatase enzyme in molluscs but rather target the retinoid X receptor) (Matthiessen and Gibbs, 1998; Nishikawa et al., 2004;
Scott, 2012 & Scott, 2013).
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integrating exposure to azole fungicides as well as possible co-
exposures to various oestrogen receptor agonists (e.g. bisphenol
A, nonylphenol, octylphenol, etc.).

In the context of the importance of marine invertebrate bioas-
says for monitoring for complex mixtures of contaminants, it is
particular important to recognize from an AOP perspective that
there are profound evolutionary differences between the various
invertebrate phyla. Leading on from the vertebrate steroidogenic
pathway shown previously, it is clear that the targets for endocrine
disruption in crustaceans (primarily ecdysteroids and terpenoids)
Please cite this article in press as: Hutchinson, T.H., et al. Evaluating legacy con
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are very different to those for fish and other chordates (Fig. 4; after
LeBlanc, 2000). However, this does mean that MOA information
from studies in insects can be qualitatively linked to crustaceans,
a notable example being the ion channels protein target sites for
the brevetoxin (a natural biotoxin), pyrethroids (both natural and
synthetic insecticides) and organochlorine insecticides such as
DDT (Raymond-Delpech et al., 2005). From the practical perspec-
tive of deploying a suite of marine bioassays for monitoring com-
plex mixtures of chemicals, the information shown in Fig. 4
underlines the importance of considering a range of Protostome
taminants and emerging chemicals in marine environments using adverse
013), http://dx.doi.org/10.1016/j.marpolbul.2013.06.012
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Fig. 4. Phylogeny of hormone usage among chordates and invertebrates (after LeBlanc, 2000). Vertebrate-type sex steroids evolved to be responsible for regulating
development, growth and reproduction among the Deuterostomes, whereas these physiological processes appear to be principally controlled by ecdysteroids and terpenoids
in the Protostomes (e.g. crustaceans and insects). Recent studies in molluscs suggest a possible role for the retinoid X receptor in tributyltin-induced imposex in gastropod
molluscs (Nishikawa et al., 2004).
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and Deuterostome species (e.g. fish and invertebrates, especially
crustaceans, echinoderms and molluscs) according to the
biodiversity characteristics of a given ecosystem. The recent in-
crease in fundamental ‘omic studies in marine animals will likely
lead to further molecular toxicology insights in the future (e.g.
Kwon et al., 2012; Zhang et al., 2012).
4. Polycyclic aromatic hydrocarbons as an example of legacy
contaminants

PAH contaminants have been a cause for concern over many
decades in many regions. A notable example of success in reducing
PAH problems has been in Puget Sound and the Seattle area of the
USA, where the focus on decreasing PAH concentrations is associ-
ated with corresponding improvements in biomarker responses
such as fish health (Myers et al., 2008; Puget Sound Partnership,
2010). Many estuaries in the UK have high concentrations of PAH
in their sediments as a result of historical contamination from hea-
vy industries and power generation, including the Clyde, Medway,
Mersey, Tees, Tyne, Wear and Milford Haven (Woodhead et al.,
1999; Vane et al., 2007) and there is currently no evidence that
these are declining at a significant rate. Studies of offshore sedi-
ments undertaken within the UK Clean Seas Environment Monitor-
ing Programme around England and Wales show that, during the
period 2000–2010, only 2 of 15 sites showed statistically signifi-
cant declines in summed PAH (RPAH) concentrations (Rumney
et al., 2012). An ecotoxicological assessment indicated that the
estuaries of NE England and Milford Haven historically had such
high concentrations at some sites that they were likely to be
acutely toxic to certain sediment dwellers (Woodhead et al.,
1999). A wider range of industrialised estuaries contained enough
PAH in sediments to cause chronic effects, including the induction
of neoplastic liver disease in fish (Woodhead et al., 1999). This
assumption was supported by the findings of Stentiford et al.
(2003) who observed elevated frequencies of liver pathologies
including, foci of cellular alteration, cell and nuclear polymorphism
and adenomas in fish collected from a number of contaminated UK
estuaries. Vane et al. (2011) analysed seven cores from the middle
Clyde estuary with an aim of tracking the late Anthropocene and
generating temporal information on PAH inputs. Pre-Industrial
Revolution (deposited before about 1770) and modern non-
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polluted sediments had low PAH concentrations as well as a high
relative abundance of naphthalene and phenanthrene from bio-
genic sources. The increasing industrialisation of the Clyde gave
rise to elevated PAH concentrations and PAH isomeric ratios char-
acteristic of both grass/wood/coal and petroleum and combustion
(specifically petroleum combustion). A decline in PAH levels mir-
rored the lessening of coal use and increasing reliance on petro-
leum fuels from the 1950s. Although many PAH compounds are
strongly bound to sediment particles, they are not immobile and
can impact on biota. Ruddock et al. (2003) reported levels of bile
metabolites of PAH (primarily 1-hydroxy pyrene) and levels of
EROD induction in eels from five English estuaries. Normalised
metabolite concentrations were ranked in the order Tyne > Tees > -
Wear > Thames > Severn. A similar rank order was observed for
levels of EROD activity, and was also reflected in the rank order
of PAH concentrations in water and sediment reported for these
estuaries (Law et al., 1997; Woodhead et al., 1999). Elevated EROD
activity levels were also seen in flounder from the Clyde, Tyne and
Tees (Kirby et al., 2004). In the context of the AOP approach out-
lined in Fig. 2, many lower molecular weight PAHs are rapidly
metabolized and excreted in marine fish and to a lesser extent in
some invertebrates. However, PAHs such as benzo[a]pyrene may
be metabolized into genotoxins which would be detected by the
suite of bioassays described by Thain et al. (2008) and Lyons
et al. (2010). Field data confirm this hypothesis, with elevated
levels of DNA adducts detectable in the livers of European flounder
(Platichthys flesus) and viviparous blenny (Zoarces viviparous)
collected from some of the most heavily contaminated British estu-
aries, including the Tyne and Clyde (Lyons et al., 2004a; Lyons
et al., 2004b). Hence this emphasizes the need to consider the
likely AOPs for acute exposure to PAHs (narcosis) as well as chronic
exposure to certain PAHs (hepatic genotoxicity and potentially
liver cancer).
5. Decabromodiphenyl ether (BDE-209) as an emerging
chemical contaminant

Three different formulations of polybrominated diphenyl ethers
(PBDEs) have been used as flame retardants in a variety of applica-
tions. Two of these, the penta-mix and octa-mix products, were
banned from marketing and use in the European Union in 2004,
taminants and emerging chemicals in marine environments using adverse
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following a lengthy risk assessment process (Kemmlein et al.,
2009), and production has ceased within Europe. The deca-mix
PBDE product, which consists primarily of decabromodiphenyl
ether (BDE209), has continued in use, although restrictions were
placed on its use in electrical and electronic equipment in 2008
(Kemmlein et al., 2009). It is a general purpose flame retardant
and can be used in virtually any type of polymer including: poly-
carbonates, polyester resins, polyolefins, acrylonitrile butadiene
styrene (ABS), polyamides, polyvinyl chloride and rubber (Alaee
et al., 2003) and is also used in the manufacture of textiles.
BDE209 is a large molecule, with a molecular weight of 959.2 Dal-
tons and a logKow of 9.97 (Guerra et al., 2011). It has been detected
in a number of species of animals and birds, particularly in terres-
trial environments, and in humans (Leslie et al., 2011). A particular
concern is the possibility that the sediment reservoir of BDE209
may give rise to lower brominated congeners as breakdown prod-
ucts, which are more bioaccumulative and which may present risks
to the upper trophic levels of aquatic food webs, such as fish and
marine mammals (Ross et al., 2009; Lebeuf et al., 2006). Expressed
concerns regarding potential adverse effects in wildlife and hu-
mans have led the Bromine Science Environmental Forum, an
industry body, to fund a 10 year monitoring programme for
BDE209 in Europe (Leslie et al., 2011). BDE209 can be photode-
graded by UV light or sunlight (Stapleton and Dodder, 2007) to
yield lower brominated congeners in the laboratory, but the extent
to which such degradation occurs in the natural environment may
be limited by shielding effects (Domínguez et al., 2011). Eljarrat
et al. (2011) have suggested, however, that photochemical degra-
dation is the main transformation process for BDEs, including
BDE209, in the environment. BDE209 can also be metabolised to
yield lower brominated congeners in various fish species (Staple-
ton et al., 2004; Stapleton et al., 2006; Feng et al., 2010; He et al.,
2012) and by both aerobic and anaerobic bacteria (Eljarrat et al.,
2011). BDE209 frequently dominates the BDE profile in sediments,
and high concentrations (in the parts per million range) have been
reported from, for example, Belgium, China, Korea, Spain and the
United Kingdom (Law and Herzke, 2011; Law et al., 2008). The
dominance of BDE209 in sediments implies the occurrence of a
potentially large reservoir that puts at risk lower trophic level spe-
cies, especially benthos and their consumers (Ross et al., 2009; Cip-
aris and Hale, 2005). Although restricted in some uses in some
legislations, discharges of BDE209 to coastal waters are ongoing
Fig. 5. Proposed scheme for biological effects-directed analysis alongside chemical monit
of priority chemicals (adapted from Brack, 2003).
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because of the large inventory of equipment flame retarded using
this compound both still in use and in landfills following disposal.
Recently, BDE209 has been shown to disrupt reproduction (He
et al., 2011) and thyroid function in zebrafish larvae (Chen et al.,
2012), a model species highlighting a MOA relevant to marine tel-
eosts. The implications of these reports for development of marine
bioassays and biomarkers to assess the marine impacts are an
important consideration.

6. Complex mixtures require effects-directed analysis

There is increasing public and scientific interest in addressing
the impacts of complex chemical mixtures in the aquatic environ-
ment (Defra, 2010; EEA, 2011; ESF, 2011) and this has recently led
to a wide ranging consultation with a number of scientific expert
advisory committees to the European Commission (EC). EC scien-
tific advisors recognize that risk assessment of mixtures includes
testing of ‘‘real world’’ complex mixtures, together with investiga-
tions of the combined effects of selected pure chemicals that might
be expected to show an enhanced effect (SCHER, 2011). Again this
approach needs to consider what is known about the (eco)toxico-
logical MOA of certain chemicals or groups of chemicals that have
been detected or are suspected to occur in aquatic environments.
The EEA (2011) recently emphasized the value of the biological ef-
fects-directed analysis approach described by Brack (2003) and
subsequently applied in the marine environment (Grote et al.,
2005; Thomas et al., 2009; Grung et al., 2011) (Fig. 5).

Since the 1990s biological-effects-directed analysis (also termed
‘Toxicity Identification Evaluation’ or ‘TIE’) has been successfully
applied in the UK marine environment to isolate and identify organ-
ic toxicants associated with industrialized regions. For example,
Thomas et al. (1999) applied marine copepod tests to the dissolved
organic content of bulk water samples and where acute toxicity was
demonstrated, the extracts were fractionated using reverse phase
HPLC and screened further for acute toxicity. Each fraction showing
toxicity was then analysed by gas chromatography-mass spectrom-
etry, showing that much of the toxicity was associated with low to
medium polarity contaminants (including alkylphenols, alkyl-
substituted naphthalenes, alkyl-substituted fluorenes and dimethyl
benzoquinone). A similar approach has been successfully applied to
sediment porewaters using marine copepod toxicity tests (Thomas
et al., 2003) and also in vitro bioassays (Hurst et al., 2004).
oring to address spatial and temporal trends in single priority chemicals and groups
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7. Conclusions

In summary, a number of regional conventions have success-
fully led to reduced inputs and levels of certain PBT ‘legacy con-
taminants’ in many areas of the marine environment, although
problematic exposure scenarios may still exist (Law, 2009). Analyt-
ical chemistry continues to play a central role in evaluating to what
extent such regulatory steps have been effective in leading to re-
duced emissions of these legacy contaminants into marine envi-
ronments. However, in order to address the diverse mixtures of
legacy contaminants, emerging chemicals and natural biotoxins
in marine ecosystems it is recommended to pursue an integrated
approach using decision criteria for bioassays, biomarkers and tar-
geted analytical chemistry as summarized by Thain et al. (2008)
and Law et al. (2010). Linking passive sampling with biological ef-
fects-directed approaches offers a cost-effective strategy to iden-
tify latent chemicals of concern in complex mixtures. Although a
longer term goal, there is significant potential for an enhanced ap-
proach using AOPs and toxicological MOA of priority chemicals of
concern, especially where single biological endpoints (e.g. VTG)
can simultaneously capture toxic impacts across a range of cellular
targets (e.g. oestrogen receptor agonists such as bisphenol A, octyl-
phenol and nonylphenol) and metabolic targets (e.g. clotrimazole
and other azole fungicides). The recent adoption for the first time
of validated biomarkers into OECD ecotoxicology test guidelines,
together with OECD support for developing AOPs in mammalian
and wildlife toxicology is likely to help significantly advance this
area. Also of long term significance is the steady increase in molec-
ular knowledge of marine fauna (Veldhoen et al., 2012) and the
role of genomics (with phenotypic anchoring) in environmental
risk assessment of chemicals (Snape et al., 2004; Gunnarsson
et al., 2008; Zarbl et al., 2010; Altenburger et al., 2012). For exam-
ple, field studies with the non-model marine flatfish (P. flesus) ap-
plied a network biology approach using data generated by multi-
level omics techniques to identify network modules whose activity
was predictive of environmental exposure and represented a link
between molecular and morphometric indices (Williams et al.,
2011). Sub-networks were identified from both known and candi-
date novel Adverse Outcome Pathways (AOP) representative of
several aspects of liver disease, including liver hyperplasia, fibrosis,
and hepatocellular carcinoma. Biomedical and human drug discov-
ery research using aquatic organisms (from sea urchins to zebra-
fish) is also likely to provide data to support the development of
the AOP approach (Epstein and Epstein, 2005). In conclusion,
undoubtedly there will be significant technical challenges and sci-
entific surprises as AOPs are developed, and guidance on data
interpretation from validated methods will be essential (Thain
et al., 2008; Law et al., 2010). Providing such validation is always
kept in mind, AOP information could provide a valuable guide for
selecting bioassays and biomarkers to be used for effects-based
analysis of complex mixtures.
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 a b s t r a c t

Most reviews concerning the impact of climate change on coral reefs discuss independent effects of
warming or ocean acidification. However, the interactions between these, and between these and direct
local stressors are less well addressed. This review underlines that coral bleaching, acidification, and dis-
eases are expected to interact synergistically, and will negatively influence survival, growth, reproduc-
tion, larval development, settlement, and post-settlement development of corals. Interactions with
local stress factors such as pollution, sedimentation, and overfishing are further expected to compound
effects of climate change.

Reduced coral cover and species composition following coral bleaching events affect coral reef fish
community structure, with variable outcomes depending on their habitat dependence and trophic spe-
cialisation. Ocean acidification itself impacts fish mainly indirectly through disruption of predation-
and habitat-associated behavior changes.

Zooxanthellate octocorals on reefs are often overlooked but are substantial occupiers of space; these
also are highly susceptible to bleaching but because they tend to be more heterotrophic, climate change
impacts mainly manifest in terms of changes in species composition and population structure. Non-cal-
cifying macroalgae are expected to respond positively to ocean acidification and promote microbe-
induced coral mortality via the release of dissolved compounds, thus intensifying phase-shifts from coral
to macroalgal domination.

Adaptation of corals to these consequences of CO2 rise through increased tolerance of corals and suc-
cessful mutualistic associations between corals and zooxanthellae is likely to be insufficient to match the
rate and frequency of the projected changes.

Impacts are interactive and magnified, and because there is a limited capacity for corals to adapt to cli-
mate change, global targets of carbon emission reductions are insufficient for coral reefs, so lower targets
should be pursued. Alleviation of most local stress factors such as nutrient discharges, sedimentation, and
overfishing is also imperative if sufficient overall resilience of reefs to climate change is to be achieved.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Many excellent reviews exist concerning the impact of climate
change on coral reefs, although most discuss one or a few aspects
with less attention to interactions (Baker et al., 2008; Eakin et al.,
2008; Hoegh-Guldberg et al., 2007; Hughes et al., 2003; Munday
et al., 2008). This review combines current understanding of the
two most important climate change features affecting coral reefs
- ocean warming and ocean acidification, and, where possible,
how these interact with local factors of pollution and other ecosys-
tem-distorting effects such as overfishing and shoreline alterations
(Burke et al., 2011; McClanahan et al., 2012). Further, some previ-
ous reviews have considered a ‘general’ coral reef in understanding
climate change impacts, but today it is well understood that, while
many general principles apply, various factors and impacts may as-
sume different degrees of relative importance in different places.
For example, coral reefs within a wealthy country may suffer pri-
marily from coastal development, whereas those in an adjacent
poor country may be affected more from chemical or sewage dis-
charge, bringing both nutrients and pathogens (Burke et al.,
2011; McClanahan et al., 2012). Neither location may show much
effect from global climate change so far, as those effects could be
dwarfed by the more local direct impacts. In contrast, an uninhab-
ited and large no-take marine reserve may suffer none of the above
local impacts so that consequences of climate change may be the
ation,
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main effects observed there. In addition, much has been written
about the relative importance of ‘competing’ top-down vs. bot-
tom-up effects, the former being perhaps fishing of high trophic le-
vel animals and an example of the latter being fertilisation effects
from unconstrained sewage discharges, but either may be para-
mount in different locations.
Fig. 1. Current levels of threats from local stress factors in major coral regions of the
1.1. The two main climate change factors

Scientific evidence on potential risks from CO2 rise is over-
whelming, causing both warming and reduction of seawater pH
(Trenberth et al., 2007; Arndt et al., 2010). If global greenhouse
gas (GHG) emissions are not curbed, further increases in global
temperatures and acidification are expected, beyond levels tolera-
ble to corals and calcifying algae - the main reef builders (e.g. Ver-
on et al., 2009). Combined with rising seas and shifting weather
patterns, warming and acidification will have significant impacts
on global biodiversity, ecological functioning and on people (Bind-
off et al., 2007; Hansen et al., 2007, 2008). Much attention has been
placed on coral reefs because they are one of the most vulnerable
ecosystems to climate change impacts and because a substantial
number of the world’s poorest people depend directly on them
(Hoegh-Guldberg et al., 2007; Burke et al., 2011). The issue of food
security is paramount in many world forums, and the loss of reef-
supplied food in particular is generating considerable concern.

Concentration of CO2e1 in the atmosphere has now reached
400 ppm (http://www.co2now.org), rising at about 2.5 ppm CO2e
per annum; this rate is expected to accelerate (Meehl et al., 2007).
This 40% rise in CO2 levels since the industrial revolution (http://
www.esrl.noaa.gov/gmd/ccgg/trends; Orr et al., 2005), means that
CO2 levels are now far exceeding those seen in the past >1 million
years (Feely et al., 2004; Tripati et al., 2009). At current rates, the
average rise per annum will reach 3–4 ppm CO2e by the end of the
century, equivalent to a 50% likelihood of global mean temperature
exceeding the pre-industrial level by 5 �C (Meinshausen et al.,
2009). Aside from a warming global climate, this increase in CO2 is
also resulting in reduced ocean pH, carbonate ion concentration
and calcium carbonate saturation state, leading to increased carbon-
ate dissolution in the world’s oceans (Feely et al., 2004; Orr et al.,
2005).
world. (A) Local threat represents cumulative effects of overfishing and destructive
fishing, marine-based pollution and damage, coastal development, watershed-
based pollution. (B) Proportion of ‘very threatened’ reefs representing threat levels
of medium to very high’. (Modified from Burke et al. (2011)).
1.2. The main local factors

For many years the main causes of deterioration of coral reefs
were from industrial pollution, nutrient pollution from sewage
and land run off, and from direct disturbances such as dredging,
which liberates vast pulses of pollutants and sediments, as well
as overfishing and destructive fishing. In many areas, these con-
cerns have in no way diminished (Fig. 1). For example, in the Ara-
bian Gulf all these activities are increasingly present and causing
extensive harm to reef systems (Feary et al., 2012; Riegl and Purkis,
2012), and even in relatively well-managed seas, such as eastern
Australia, nutrient run-off is considered a major problem (Leon
and Warnken, 2008). Similarly, overfishing continues to be a major
problem in many places (Jackson et al., 2001; Hughes et al., 2007)
and marine diseases are increasing in extent in many locations
(Harvell et al., 2002). All these impacts on coral reefs are associated
directly with proximity to human activities (Lirman and Fong,
2007). In fact, until immediately before the 1998 global warming
event, ‘risk’ to reefs had a marked correlation with distance to hu-
man habitation, with remote reef systems presumed to be less at
risk (Bryant et al., 1998).
1 CO2e refers to all green house gases by converting concentrations of other green
house gases into CO2 equivalents.

Please cite this article in press as: Ateweberhan, M., et al. Climate change impa
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1.3. Climate change and local factors

Warming events changed the perception of where future prob-
lems might come from. For example, reefs in the Indian Ocean,
considered to be at ‘least risk’, turned out to be those most sub-
stantially impacted by the 1998 global warming event (Wilkinson
et al., 1999; Sheppard, 2006), but at the same time, some of those
most remote reefs, also seen as being at ‘least risk’ showed much
faster subsequent recovery (Sheppard et al., 2008; Ateweberhan
et al., 2011). The rise in global temperatures started in the 1970s
(e.g. Rayner et al., 2003; Reid and Beaugrand, 2012), a trend scar-
cely noticed until much later (Sheppard, 2006). Increasingly, risk
from warmer water was deemed as being of paramount impor-
tance, soon to be followed with increased emphasis on decreasing
seawater pH, to the extent that local pollution events were some-
times thought to be less important (Bongiorni et al., 2003; Szmant,
2002). Globally this may be the case, but local effects and distur-
bances remain critical (Fig. 1). Over recent years, climate change
and local stressors have both come to be seen as important but
to differing degrees in different places. Some may be easily fixed
cts on coral reefs: Synergies with local effects, possibilities for acclimation,
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locally, at least in principle (although too rarely is this achieved),
while climate effects appear much more intractable. Local factors
are also expected to interact with climate change and amplify their
effects (Knowlton and Jackson, 2008; Wiedenmann et al., 2012).
Here, aspects of possible increased resistance and tolerance to ef-
fects of climate change are examined, before some management
implications are addressed.

2. Direct impacts of climate change on corals

2.1. Warming effects of increased global CO2 levels on corals

Coral bleaching follows anomalously high seawater tempera-
tures, usually interacting with high levels of irradiation (Brown,
1997; Glynn, 1996; Hoegh-Guldberg, 1999). Such episodes have in-
creased steadily over the last three decades in both frequency and
intensity (Hoegh-Guldberg, 1999; Sheppard, 2003). Recurrences of
extreme thermal events are predicted to increase further (Shepp-
ard, 2003) and to become more frequent (Donner et al., 2005;
van Hooidonk et al., 2013).

There are numerous examples of extreme bleaching events
causing widespread coral mortality, declines in coral cover, and
changes in benthic and coral community structure and function
(Gardner et al., 2003; Bruno and Selig, 2007; McClanahan et al.,
2007c; Schutte et al., 2010; Ateweberhan et al., 2011; Wild et al.,
2011). However, patterns of change in coral reefs following bleach-
ing events differ considerably depending on location and the struc-
ture of the coral and benthic community. For example, severity
may vary markedly with depth (Sheppard, 2006), resulting in ‘refu-
gia’ coral populations within deeper reef sections or within lagoons
(Feary et al., 2012). In addition, some coral growth forms (e.g. mas-
sive and sub-massive forms) can be relatively more resistant to
bleaching effects than others (e.g. branching corals). Recovery from
bleaching effects, in terms of cover at least, may then differ mark-
edly depending on local environmental conditions and community
structure (McClanahan et al., 2007a,c; Ateweberhan and McClana-
han, 2010). Recovery may be severely retarded where there are
additional stressors and may take less time where direct impacts
are absent (Sheppard et al., 2008). Nearly a decade has been
needed for the recovery of coral cover in the Chagos Archipelago
(Sheppard et al., 2013) while it has not occurred at all in some
other areas of the Indian Ocean (Figs. 2 and 3). However, even
Fig. 2. Comparison of hard coral cover between Chagos and Seychelles, central-
western Indian Ocean. Both set of islands are situated in similar latitude-ranges and
suffered similar effects during the 1998 thermal stress event. (Data from Graham
et al. (2008), Ateweberhan et al. (2011), Wilson et al. (2012) and Sheppard et al.
(2013)).
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when coral cover recovers there may be a shift in the kinds of cor-
als that dominate different zones on a reef. This is seen par excel-
lence in the Arabian Gulf, for example, where the former
dominance of branching Acropora has changed over large areas to
dominance by faviids and Porites (Sheppard and Loughland,
2002; Purkis and Riegl, 2005). Ecological consequences of this
change in coral community structure have barely been examined
(but see Riegl and Purkis (2012).

2.2. Acidification and warming effects on corals

Reduced pH caused by higher CO2 concentrations occurs along-
side increased concentration of total dissolved CO2 ([CO2 and
[HCO3

-]), which in turn reduces carbonate concentration ([CO2�
3 ])

and aragonite saturation (Xarag) in seawater. Ocean acidification
represents a direct threat to corals and other calcified reef
organisms as they require aragonite supersaturated waters for cal-
cification, and increased bi-carbonate ([HCO�3 ]) drastically reduces
calcification (Andersson and Mackenzie, 2011). Dissolution of calci-
fied matter will also increase with increased acidification (Kleypas
et al., 2006). On average, global oceans now have seawater carbon-
ate ion concentrations 30 lmol kg�1 seawater lower than during
pre-industrial levels, and are more acidic by 0.1 pH unit (Bindoff
et al., 2007; Dore et al., 2007). This reduction in pH is expected to
reach 0.4, or a 2.5–3.0 times increase in [H+] by 2100 (Feely et al.,
2009). At a 2 �C rise (caused by 450 ppm CO2e), coral reef organ-
isms will exhibit very low calcification rates and will cease to grow,
and may start to dissolve at 560 ppm CO2e (�3 �C), (Silverman
et al., 2009). These values are larger than previous estimations of
40% reduction in calcification at 560 ppm CO2e (Kleypas et al.,
2006). The estimates of Silverman et al. (2009) were based on a lin-
ear relationship between calcification and Xarag (Langdon and
Atkinson, 2005). However, the process of calcification in corals
takes place inside the animal in isolation from the external envi-
ronment and the direct link between calcification and Xarag has
been questioned; [HCO�3 ] is believed to influence calcification more
than Xarag (Herfort et al., 2008; Jury et al., 2010). Thus coral species
may be better able to control pH and cope better with ocean acid-
ification than has been predicted by previous models.

The response of corals and other organisms to ocean acidificat-
ion varies with other environmental factors, temperature in partic-
ular, in non-linear ways, and is possibly synergistic (Langdon and
Atkinson, 2005). Most observations suggest that ocean acidificat-
ion reduces calcification rate independently of temperature and
bleaching, and calcification reduces with increasing temperatures.
Calcification, like many other biological processes, has a thermal
optimum which is exceeded during summer or extreme warm
events (Marshall and Clode, 2004). Thus, while some reports (see
below) have shown that calcification has increased with tempera-
ture in some areas, for corals the increase only occurs within the
narrow range up to the lethal limit for the organism, which may
be only a couple of degrees above their ‘normal’ exposure. For
example, increasing calcification rates are reported with rising
sea surface temperatures (SST) in Moorea (French Polynesia)
where coral skeletal extension has been investigated for almost
200 years; there skeletal extension increased by 4.5% for each
1 �C increase in SST (Bessat and Buigues, 2001). Likewise, in Wes-
tern Australia increases in calcification were reported, especially
in high latitude locations, such that temperature appeared more
important than acidification (Cooper et al., 2012). However, in gen-
eral, a further rise in SST is likely then to lead to increased stress
and potential death of the coral, with obvious cessation of calcifi-
cation. For example, corals within the Great Barrier Reef have de-
clined by about 14.2% since as recently as 1990 (seen as reduced
skeletal extension), which is unprecedented for the last 4 centuries
and is linearly correlated with SST increases (De’ath et al., 2009).
cts on coral reefs: Synergies with local effects, possibilities for acclimation,
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Fig. 3. Reefs of Chagos and Seychelles showing different trajectories of recovery. Top left: Dead table corals in Chagos in 2001, where mortality was very high especially in
shallow water and in mid depths. Top right: A shallow Seychelles reef in 2004 where corals are still all dead: the reefs around several of these granitic island had shown no
recovery and were disintegrating. Bottom: By that date, table corals were recovering throughout Chagos (photo February 2005).
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Lastly, coral growth has decreased by almost 11%, associated with
increased ocean acidification, during the last >30 years within the
Caribbean, despite high calcification rates observed in summer
months (Bak et al., 2009).

3. Interactive effects

Mediated by temperature and other environmental factors, the
above consequences of climate change may act independently but
also may interact with each other synergistically to amplify effects
(Table 1). They may also interact equally with local stressors that
occur in each different location (Table 2).

3.1. Acidification and coral bleaching

Ocean acidification has been identified as a potential trigger for
coral bleaching (Anthony et al., 2008; Thompson and Dolman,
2010) and may also slow down post-bleaching recovery (Logan
et al., 2010) and reduce calcification. Lowered pH could directly in-
duce stress and make corals susceptible to bleaching by influencing
several key physiological functions, such as photosynthesis, respi-
ration, calcification rates, and the rate of nitrogen-fixation (Eakin
et al., 2008; Crawley et al., 2010). Interaction with other stress
factors, such as temperature and disease, will produce much
larger impacts. For example, following coral bleaching, calcification
rates can be reduced to 37% of mean annual calcification
(Rodriguez-Román et al., 2006).

Ocean acidification can also affect different life-history pro-
cesses within corals, including reproduction, larval development,
settlement and post-settlement development (Kroeker et al.,
Please cite this article in press as: Ateweberhan, M., et al. Climate change impa
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2010; Suwa et al., 2010; Albright and Langdon, 2011; Nakamura
et al., 2011). Similarly, early life-history stages (larvae and juve-
niles) are thought to be more vulnerable to the effects of bleaching
(Edmunds, 2007; Pörtner, 2008). This implies that both acidificat-
ion and bleaching can negatively affect recruitment and the com-
petitive ability of corals, potentially facilitating a shift in benthic
community structure toward a dominance of fleshy algae and few-
er calcifying invertebrate forms (Perry and Hepburn, 2008; Nors-
tröm et al., 2009). Impacts of acidification and high temperatures
on reproductive and development processes also imply that even
a non-lethal disturbance event may have long-term impacts, with
re-establishment after a major disturbance potentially taking sev-
eral years to decades to occur (Wild et al., 2011).

3.2. Climate change and coral diseases

It is sometimes unclear whether the causes of the increasing
incidence of coral disease are because of an increased input of
pathogens (e.g. from increasing sewage) or to greater susceptibility
caused by, for example, raised seawater temperature, or other fac-
tors (Table 1). The fact that coral disease prevalence is associated
with poor environmental conditions resulting from sedimentation,
turbidity, nutrients, and algal overgrowth (Aeby and Santavy,
2006; Bruckner and Bruckner, 1997; Bruno et al., 2003; Nugues
et al., 2004; Voss and Richardson, 2006; Williams et al., 2010) sug-
gests these local factors play a significant role. For example, in the
Line Islands, proximity to habitation strongly controlled the abun-
dance of bacteria and virus-like particles, and this was associated
with lower coral cover and higher coral disease (Dinsdale et al.,
2008).
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Table 2
Interactive effects of local stress factors on climate change factors and marine diseases.

Climate change factor Relationship with climate change factors Reference

Coral bleaching Sedimentation and turbidity: increase coral susceptibility to
bleaching; decrease post bleaching recovery by smothering corals
and limiting settlement of coral larvae

(Fabricius, 2005; Carilli et al., 2009, 2010; Gilmour, 1999; Rogers,
1990; Crabbe and Smith, 2005; Nugues and Roberts, 2003a;
Nugues and Roberts, 2003b; Wolanski et al., 2004; Wooldridge,
2009)

Nutrients: increase coral susceptibility to bleaching through
imbalance of nutrients in surrounding water that induces
biochemical changes in cells; decreases post bleaching recovery
through reduced reproductive output and by promoting growth of
competitive algae, coral disease and increase of bioerosion and
breakage

(Koop et al., 2001; Fabricius, 2005; Carilli et al., 2009; Nordemar
et al., 2003; Nyström et al., 2008; Wiedenmann et al., 2012;
Wooldridge, 2009; Wooldridge and Done, 2009)

Overfishing: resistance to bleaching may decrease due to reduction
in biomass and functional diversity in reef fishes; post bleaching
recovery by promoting overdominance of fleshy macroalgae and
soft-bodied reef invertebrates, and loss of hard substrates due to
intensified bioerosion and expansion of ‘urchin barrens’ associated
with loss of keystone predators

(Bellwood et al., 2004; Tanner, 1995; Burkepile and Hay, 2008;
Burkepile and Hay, 2010; Foster et al., 2008; McClanahan, 2000;
Nyström, 2006; Nyström et al., 2008)

Destructive practices: physical destruction may result in partial
mortality and weakening, increasing susceptibility to bleaching;
reduces post bleaching recovery through reduced reproductive
potential, development and recruit survival

(Caras and Pasternak, 2009; Chabanet et al., 2005; Fox et al., 2005;
Davenport and Davenport, 2006 and references therein; Henry and
Hart, 2005; McManus et al., 1997; Mumby, 1999; Rogers and Cox,
2003; Ward, 1995; Zakai and Chadwick-Furman, 2002)

Sedimentation and turbidity: sedimentation stressed corals are
more likely to have reduced calcification

Ocean acidification and
reduced carbonate and
aragonite concentration

Nutrients: both positive and negative effects of elevated nutrient
levels are reported, however most studies suggest negative effects
on calcification, skeletal extension and density and even direct
mortality; promotes overgrowth of fleshy macroalgae, thus,
reduces competitive capacity of corals

(Fabricius et al., 2005; Gilmour, 1999; Nugues and Roberts, 2003a;
Nugues and Roberts, 2003b; Rogers, 1983, 1990; Wolanski et al.,
2004; Wooldridge, 2009; Wooldridge and Done, 2009)

(Anthony et al., 2011; Chauvin et al., 2011; Dunn et al., 2012;
Holcomb et al., 2010; Langdon and Atkinson, 2005; Marubini and
Davies, 1996; Renegar and Riegl, 2005)

Overfishing: promotes overgrowth of fleshy macroalgae and
bioeroders that could induce stress and diseases and thereby
lowered calcification

(Bellwood et al., 2004; Jackson et al., 2001; Hughes, 1994; Mumby
et al., 2006)

Destructive practices: physically damaged corals have lower
skeletal growth

(Bak and Steward-Van Es, 1980; Henry and Hart, 2005; Meesters
et al., 1997)

Coral diseases Sedimentation and turbidity: increase coral susceptibility to
diseases; promote growth of disease causing micro-organisms and
disease inducing fleshy macroalgae

(Bruckner and Bruckner, 1997; Nugues and Roberts, 2003a, 2003b;
Nugues et al., 2004; Voss and Richardson, 2006; Williams et al.,
2010)

Nutrients: induce proliferation of disease causing microorganisms
and bioeroders; intensify growth of fleshy macroalgae that induce
coral diseases

(Bruno et al., 2003; Dinsdale et al., 2008; Kuta and Richardson,
2002; Kuntz et al., 2005; Nugues et al., 2004; Voss and Richardson,
2006; Williams et al., 2010)

Overfishing: reduction of keystone predatory fishes promotes
population explosion of prey organisms that become vulnerable to
marine diseases; reduction of herbivorous organisms promotes
overgrowth of fleshy macroalgae that induce coral diseases

(Bellwood et al., 2004; Carpenter, 1990; Edmunds and Carpenter,
2001; Hughes et al., 2003; McClanahan, 2000; McClanahan et al.,
2002b; Jackson et al., 2001)

Destructive practices: corals suffering from mechanical damage are
more sensitive to diseases; damaged corals may have low capacity
of post disturbance recovery due to reduced reproductive potential
as a result of trade-off between recovery and reproduction

(Aeby and Santavy, 2006; Henry and Hart, 2005; Page and Willis,
2006; Oren et al., 2001; Rinkevich, 1996; Winkler et al., 2004)

Table 1
Interactive effects among the main climate change factors of warming and ocean acidification and coral diseases.

Climate change factor Interactive effect References

Warming Induces coral bleaching; bleached corals are more sensitive to
diseases and have lowered calcification rates; affects post-
disturbance recovery through negative impacts on reproduction,
development and recruitment

(Bourne et al., 2009; Crawley et al., 2010; Eakin et al., 2008;
Edmunds, 2007; Mydlarz et al., 2009; Pörtner, 2008; Rodriguez-
Román et al., 2006; Rodrigues and Grottoli, 2006; Ward et al.,
2007)

Extreme temperatures will reduce calcification (Bak et al., 2009; De’ath et al., 2009; Marshall and Clode, 2004)
Induces coral disease; disease stressed corals are more sensitive to
bleaching and have reduced calcification rates; affects post-
disturbance recovery through negative impacts on reproduction,
development and recruitment and expending of resources to
combat infection

(Bruno et al., 2007; Gil-Agudelo et al., 2004; Kuta and Richardson,
2002; Miller et al., 2009; Patterson et al., 2002; Rosenberg and Ben-
Haim, 2002; Zvuloni et al., 2009; Harvell et al., 2007)

Ocean acidification and
reduced carbonate and
aragonite concentration

Results in reduced calcification; corals with reduced calcification
are more sensitive to bleaching and diseases; affects post-
disturbance recovery through negative impacts on reproduction,
development and recruitment

(Albright and Langdon, 2011; Anthony et al., 2008; Kroeker et al.,
2010; Logan et al., 2010; Nakamura et al., 2011; Silverman et al.,
2009; Suwa et al., 2010; Thompson and Dolman, 2010)

Results in dissolution of aragonite and calcite skeleton; weakened
skeleton is more sensitive to the impact of bioeroders and storms

(Carricart-Ganivet, 2007; Gardner et al., 2005; Kleypas et al., 2006;
Sokolow, 2009; Tribollet et al., 2002; Sheppard et al., 2006).
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Infectious diseases in reef-building corals have been a major
cause of the recent increase in global coral reef degradation (Harv-
ell et al., 1999; Rosenberg and Ben-Haim, 2002; Bruno et al., 2007).
Diseases have increased in number of occurrences and severity, in
the number of coral species infected, and the geographical extent
of outbreaks (Harvell et al., 2004; Sutherland et al., 2004).

The first major noted coral disease impacts were in the Carib-
bean, where the huge, shallow stands of Acropora palmata were al-
most totally removed in most places by ‘white band disease’
(Garrett and Ducklow, 1975; Bourne et al., 2009). Affected areas
sometimes covered a quarter or a third of the entire planar coral
reef area (Sheppard et al., 1995; Sheppard and Rioja-Nieto, 2005).
The ecological effect of this was great, because these corals pro-
duced extensive ‘forests’ of 3-dimensional habitat which were
strongly wave resistant and provided the main ‘breakwater’ effect
in this region.

The outbreak of many other coral diseases, such as black band
(Kuta and Richardson, 2002; Zvuloni et al., 2009), white pox (Patt-
erson et al., 2002), dark spots and yellow band (Gil-Agudelo et al.,
2004), are positively associated with increased seawater tempera-
ture (Fig. 4). It is thought that elevated seawater temperature may
affect basic physiological responses of corals to these pathogens
(Rosenberg and Ben-Haim, 2002), such that many opportunist
and ‘normally’ harmless coral pathogens become virulent during
high SST periods. Such effects may be associated with a concomi-
tant weakening of the coral host with warming waters (Harvell
et al., 2007), making corals more susceptible to infection. Higher
susceptibility may then increase the rate of disease-transmissions
within and between coral communities, leading to increased epi-
demic potential (Zvuloni et al., 2009). In this way a small increase
in temperature might be enough to switch diseases to an epidemic
phase in tropical waters (Lafferty and Holt, 2003; Zvuloni et al.,
2009). Furthermore, warming may influence the seasonality of dis-
eases, interfering with disease suppression which may otherwise
occur in the cold season (Zvuloni et al., 2009) (Fig. 4). With the lat-
ter hypothesis, interestingly, an elevation of cool winter tempera-
tures could also play a role in disease dynamics.

As with bleaching, increased disease prevalence may be linked
to compromised immunity resulting from starvation conditions
(Wild et al., 2011). Additionally, incidence of coral diseases may in-
crease following coral bleaching events (Bruno et al., 2007; Harvell
et al., 2007; Miller et al., 2009). If bleached corals have reduced
immunity they may simply become too weak to respond to infec-
tion and injury (Bourne et al., 2009; Mydlarz et al., 2009). Corals
may also lose other essential microbial components that interact
with coral hosts and zooxanthellae to form an integral system
Fig. 4. Linear relationship between number of black band disease (BBD) infections
and seawater temperature. 21.6 �C is a temperature threshold for the appearance of
BBD infections. (Data from Zvuloni et al. (2009))
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(holobiont) so that they lose the ability to fight invasion by other
pathogenic microbes (Mullen et al., 2004; Bourne et al., 2009). A re-
cent modeling study found a temperature-dependent disease inci-
dence for white band disease, the main coral disease in the
Caribbean (Yee et al., 2011), which suggests that disease and
bleaching may not be independent but rather responses to stress
related to elevated SSTs and other interacting factors. These predic-
tions contrast with expectations of increased disease infection fol-
lowing bleaching and seem to support Rosenberg and Ben-Haim’s
(2002) suggestion of pathogens as a cause of coral bleaching.

The effect of ocean acidification on coral diseases is relatively
less known but it is expected to play a major role in coral reef com-
munity development by enhancing coral stress through interac-
tions with other stress factors (Sokolow, 2009). Considering the
high diversity of coral pathogens and their differing growth rates
in different pH conditions, varying outcomes of ocean acidification
and its interaction with other factors could be expected depending
on how much the growth of pathogenic bacteria is enhanced or
prohibited by reduced pH (Williams et al., 2010). Similarly, effect
of disease on calcification is less investigated, but corals stressed
and weakened by disease could have reduced calcification rates.
We hypothesise that disease dynamics are crucially influenced by
climate change, linked both to warming and pollution but could
also interact with coral bleaching and acidification with synergistic
interactions resulting in amplified effects.
4. Impacts of climate change on soft corals

Octocorals are a major component of shallow reefs and, in the
Indo-Pacific especially, most are zooxanthellate and so have
proved to be as susceptible as stony corals to warming and subse-
quent mortality. They are not reef builders and so are not depen-
dent upon aragonite saturation for calcification as are the more
tropical hermatypic Scleractinia although basal sclerites in the
genus Sinularia can be cemented together (Schulunacher, 1997).
They are thus more adaptable, diverse and widely distributed than
the Scleractinia (Fabricius and Alderslade, 2001). Their abundance
in the tropics varies and, like stony corals, zooxanthelate genera
are generally restricted to warm waters . Most shallow-water,
tropical zooxanthellate octocorals are bleaching-susceptible and
similarly affected by rising SSTs (Fabricius and Klumpp, 1995; Fab-
ricius and Alderslade, 2001; Celliers and Schleyer, 2002). Sub-
lethal effects of bleaching mediated by climate change have also
been recorded and include impaired reproduction and recruitment
(Michalek-Wagner and Willis, 2001). On the other hand, bleaching
itself creates opportunities for fast-growing fugitive species to
‘‘swarm’’ over newly-created open reef space providing a measure
of reef stabilization. Phase shifts from scleractinian to soft coral
dominance can thus occur. Reefs at Aldabra in the western Indian
Ocean, for example, underwent a partial replacement of hard corals
with soft corals following the 1998 bleaching event, the genus Rhy-
tisma attaining a cover of 28% (Norström et al., 2009). A similar ef-
fect involving Cespitularia has been observed on bleached reefs in
northern Mozambique (Schleyer, pers. obs). Once established, alle-
lopathy assists in maintaining such persistence (Sammarco, 1996).
This causes soft corals to become persistent along a climate gradi-
ent (Hughes et al., 2012). In areas such as Chagos vast expanses of
shallow reefs were almost completely denuded of both soft and
stony corals following the 1998 bleaching event. In some areas
where soft corals had formerly dominated, and because soft corals
left no skeletons, and perhaps because there were limited nutrient
inputs and no fishing on these atolls, and hence abundant herbi-
vores, there was no subsequent algal domination. Thus, these reefs
atypically became devoid of significant attached macro-biota for a
period of two to three years (Sheppard et al., 2008).
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Because of their greater plasticity and wider distribution and
range shifts, soft corals are expected to continue thriving with cli-
mate change, especially on high-latitude reefs. South African high-
latitude reefs, which are well-endowed with soft corals, have been
monitored since 1993 (Schleyer et al., 2008). About �6% reduction
in 10 years was observed and correlated with increasing SST during
the monitoring period. This reduction was accompanied by a slight
increase in hard coral cover (>1% in 10 years), possibly caused by
greater accretive competition associated with increasing SST
(Schleyer and Cellieris, 2003). Recent monitoring also indicated
that certain soft coral species that were previously prevalent fur-
ther south have vanished from the area (Schleyer, pers. obs.).
Pre- and post-1998 ENSO, comparison of principal octocorals col-
lected in the Chagos Archipelago shared many common taxa
(Schleyer and Benayahu, 2010), but a few discontinuities in their
diversity revealed subtle changes in more persistent genera
(Lobophytum, Sarcophyton); some fast-growing ‘fugitive’ genera
(e.g. Cespitularia, Efflatounaria, Heteroxenia) disappeared after the
ENSO-related 1998 coral bleaching. Such transient fugitives might
thus be eliminated from soft coral communities on isolated reef
systems in the long term where there are repeat ENSO events.
The appearance of Carijoa riseii, a species often considered fouling
and invasive, was a further indication of reef degradation during
the ENSO event in Chagos.

Some soft corals appear resilient to bleaching. The Caribbean
gorgonian Plexaura kuna, for example, is relatively unaffected by
bleaching and this may be true of other zooxanthellate gorgonians
in that region (Lasker, 2003). This may be because soft corals are
less dependent on zooxanthellar photosynthesis and more on het-
erotrophy (Fabricius and Klumpp, 1995) than Scleractinia. As with
stony corals, some soft corals are more bleaching resistant than
others.

Ocean acidification effects on soft corals are little studied, in
part because soft corals are not as reliant upon their sclerites for
support, as are the Scleractinia. One experimental study that com-
pared important biological traits of soft corals between acidic and
normal conditions found no statistically significant differences
(Gabay et al., 2012).

Extreme weather events are a companion to climate change,
affecting turbulence, turbidity and sedimentation (IPCC, 2007), fac-
tors limiting the distribution of fragile zooxanthellate soft corals
(Fabricius and De’ath, 2001; Fabricius and McCorry, 2006). Simul-
taneously, increased turbulence and sediment movement could
well promote the growth of slower-growing, persistent, more sed-
iment-tolerant soft corals (Schleyer and Celliers, 2003). Overall,
therefore, these important occupiers of reef space may exhibit ef-
fects of climate change through changes in species composition
and population structure related to variations in susceptibility to
warming and local stress factors.
5. Ocean acidification effects on non-calcifying macroalgae

Generally non-calcifying coral-reef autotrophs such as macroal-
gae (Hofmann et al., 2010; Anthony et al., 2011) and adjacent hab-
itats such as seagrass (Zimmerman, 2008; Hendriks et al., 2010) are
expected to respond positively to ocean acidification. This suggests
that dominance by macroalgae could further intensify under ocean
acidification scenarios. In model simulations that included temper-
ature, bleaching, water chemistry and herbivory, Anthony et al.
(2011) demonstrated that under IPCC’s fossil-fuel intensive sce-
nario, severe warming and acidification alone could reduce resil-
ience of reefs, even under high grazing and low nutrient
conditions. Reefs already stressed from overfishing and nutrient
pollution would become more susceptible to effects of ocean
Please cite this article in press as: Ateweberhan, M., et al. Climate change impa
and management implications. Mar. Pollut. Bull. (2013), http://dx.doi.org/10.1
acidification. This implies that comprehensive management that
reduces algal growth and promotes coral growth becomes critical.

Macroalgae are further believed to mediate microbe-induced
coral mortality via the release of dissolved compounds (Smith
et al., 2006; Rasher and Hay, 2010; Rasher et al., 2011). Coral stress
increases with proximity to algae, and presence of a positive feed-
back loop is expected whereby compounds released by algae en-
hance microbial activity on live coral surface, causing mortality
and further algal growth. In less fished reefs, intensive herbivory
on fleshy macroalgae could reduce disease prevalence by breaking
the feedback loop.
6. Climate change effects on reef fish

6.1. Direct effects of CO2 on coral reef fish

Direct effects of ocean acidification on coral reef fish are as-
sumed to be negligible at present, as fishes have evolved efficient
acid–base mechanisms to overcome increased metabolic CO2

(Melzner et al., 2009). Any direct effects of ocean acidification are
expected to be within internal calcifying elements, especially oto-
liths (earbones), because they are aragonite structures. Although
there is still little work looking at the direct effects of CO2 on coral
reef fishes, Munday et al. (2009a) found little change in embryonic
duration, egg survival and size at hatching in eggs and larvae of
Amphiprion percula reared in different CO2 concentrations. Munday
et al. (2010, 2011) also found that the development of otoliths
were relatively stable in high CO2 (1050 latm CO2) except in ex-
treme CO2 treatments (1721 latm CO2). However, such CO2 values
were more relevant within an extreme ocean acidification scenario
in a business-as-usual trajectory (encapsulating years 2100 and
2200–2300) (Munday et al., 2011).

6.2. Ocean acidification and reef fish behavior

One major effect of increased CO2 on reef fishes will be changes
in the success of olfactory cues, especially associated with preda-
tor–prey responses. For example, planktivorous damselfish
(Amphiprion percula) reared in high CO2 levels (1000 ppm CO2) be-
came attracted to water containing the smell of a coral reef fish
predator, as they lost their ability to discriminate between water
previously holding predators and non-predators (Dixson et al.,
2010; Munday et al., 2010; Ferrari et al., 2011). Similarly, high
CO2 can also result in reduced coral-reef fish predator feeding
activity, because of reductions in the ability of these predators to
detect coral-reef fish prey (Cripps et al., 2011). The underlying
mechanism for the reduction in olfactory response is poorly under-
stood, but may be associated with changes in neurotransmitter
functions (Nilsson et al., 2012) since these behavioral changes
could be successfully reversed by treatment with an antagonist
of the GABA-A receptor; thus high CO2 might effectively interfere
with neurotransmitter function.

6.3. Habitat change and coral reef fish communities

Although effects of habitat disturbance are clearly significant in
structuring benthic tropical communities (Hughes et al., 2003,
2012; Pandolfi et al., 2005; Pandolfi and Jackson, 2006; Graham
et al., 2011), reef fish fauna can also exhibit dramatic changes in
structure and loss of biodiversity in relation to declining coral cov-
er and this has been widely studied (Jones and Syms, 1998; Halford
et al., 2004; Jones et al., 2004; Graham et al., 2006; Wilson et al.,
2006; Feary, 2007; Munday et al., 2008; Pratchett et al., 2008;
Hixon, 2011;). Known changes in coral reef fish communities in
response to live coral loss (Jones et al., 2004; Garpe et al., 2006;
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Graham et al., 2006, 2009) suggest a widespread reliance on under-
lying reef habitat.

Tropical reef fishes have very different degrees of coral depen-
dency, from extreme coral specialists (Munday et al., 1997) to
those with highly flexible resource requirements (Guzman and
Robertson, 1989). Thus, responses to reductions in the structure
of benthic reef communities may be species-specific (Jones and
Syms, 1998; Wilson et al., 2006; Feary et al., 2007; Coker et al.,
2012). Those which are obligate associates of coral at any stage
in their life cycle are expected to decline most where there is re-
duced live coral cover (Bell and Galzin, 1984; Williams, 1986;
Pratchett et al., 2006; Feary et al., 2007; Bonin et al., 2009, 2011).
This may lead to an increase in species that do not have strong
associations with coral, or which exploit habitats that may become
more common as coral cover declines e.g. rubble, soft corals (Syms
and Jones, 2000; Feary et al., 2007; Wilson et al., 2006, 2008a,
2009, 2010). Where rapid growth of algae ensues (Hughes, 1994;
McClanahan et al., 2002a; McManus and Polsenberg, 2004), abun-
dances of herbivores, detritivores and invertivores may increase
(Jones et al., 2004; Bellwood et al., 2006a; Wilson et al., 2009,
2010).

6.4. Potential for synergistic effects of stressors on tropical fish
communities

Although there is a wealth of information on the role of partic-
ular stressors in structuring tropical fish communities, few, if any
stressors occur in isolation. This has produced a range of work
examining the importance of multiplicative stresses, where the
sum of two (or more) stresses exceeds the threshold that a single
stress would reach alone (McClanahan et al., 2002b). We can pre-
dict from this work that the response of tropical fish communities
to both abiotic (ocean acidification) and biotic stresses (habitat
change) will vary with other environmental factors, temperature
in particular, in non-linear ways, and is possibly synergistic (Mun-
day et al., 2008; Munday et al., 2012). The dramatic effect that ele-
vated CO2 can have on a wide range of behaviors and sensory
responses of tropical reef fishes (Munday et al., 2011; Munday
et al., 2012), suggest that interactive effects will have a much more
substantial impact on the demography of tropical fish communi-
ties than has been observed to date (Munday et al., 2011). One of
the most pervasive effects of such multiplicative stresses is ex-
pected to be on the success and survival of new settlers. The supply
of larvae and differential early post-settlement mortality are key
processes structuring adult coral reef fish assemblages (Doherty
& Fowler, 1994). Patterns established at settlement may be rein-
forced or markedly altered by habitat availability, with both the
physical and biotic structure of coral habitat being vital in deter-
mining settlement and survival of tropical fishes (McCormick and
Hoey, 2004; Feary et al., 2007).

There is increasing understanding of the importance of macro-
algae in shaping settlement patterns and early post-settlement
survival of coral reef fishes (Feary et al., 2007). Juveniles of some
reef fish species display a close association with macroalgal stands
on coral reefs (Wilson et al., 2010). In particular, high densities of
juvenile herbivorous fishes have been associated with macroalgal
stands in the absence of predators (Hughes et al., 2007). It can then
be predicted that the multiplicative effects of climate warming and
elevated CO2 may result in a substantial shift in the functional
composition of tropical fish communities, with assemblage struc-
ture becoming more likely dominated by fishes associated with
macroalgal resources.

Recent work has shown that the synergistic effects of elevated
CO2 and increasing water temperatures may have substantial neg-
ative effects on the aerobic capacity of tropical fishes, with O2 con-
sumption increasing in relation to increase in temperature and CO2
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acidification (Munday et al., 2009b). Although sensitivity to ele-
vated CO2 is expected to vary greatly among fish species, such re-
sults show that with increasing oxygen limitation resulting from
rising water temperatures in tropical regions (Pörtner and Knust,
2007; Nilsson et al., 2008), rising CO2 levels may compound this
problem, and lead to considerable range contractions and popula-
tion declines in tropical fish communities (Munday et al., 2012).
6.5. Can acclimation and adaptation mechanisms of coral-
zooxanthellae catch up with the fast changing environmental
conditions?

Stressful conditions on corals associated with climate change
and localized stress factors are manifested as specific physiological
responses involving the coral host and Symbiodinium, or a combi-
nation of both, collectively known as the ’holobiont’. A key ques-
tion is whether this symbiotic association can adapt to changes
in the environment, how this might happen, and whether it can
happen quickly enough to match demonstrated and predicted
changes in climate. Research on coral-zooxanthellae acclimation/
adaptation to climate change has focused almost exclusively on
the impact of warming. Responses to ocean acidification and its
interactive effects are less understood. With regards to bleaching,
the questions asked include: how many host and Symbiodinium
associations can acclimate? Which partner of the symbiosis will
be more effective in acclimating, or will it be a collective effort of
both the coral host and Symbiodinium?

It has been recognized that the Symbiodinium partner is the
main player in resistance mechanisms to thermal stress, however,
any success of the holobiont will depend on its ability to adapt
either with respect to its genetic make-up or association between
host and Symbiodinium over time, or acclimatise by physiological
processes and/or shuffling between Symbiodinium clades and/or
types (Bellantuono et al., 2012; Haslun et al., 2011; Wicks et al.,
2010). Thus, it has become increasingly important to identify holo-
biont systems that will or could have the ability to adapt (Lasker
and Coffroth, 1999; Middlebrrok et al., 2008; Weis, 2010) and accli-
matise (Gates and Edmunds, 1999). The response of holobionts to
ongoing global changes is largely dependent on whether coral-al-
gal symbioses can adjust to decadal rather than millennial rates
of climate change (Hoegh-Guldberg et al., 2002). Climate change
associated environmental change could lead to increase in the fre-
quency of occurrence of different kinds of zooxanthellae and, at the
same time, to more diverse radiations of Symbiodinium types (Ba-
ker et al., 2004). Responses to increasing episodic mass bleaching
and mortality events however, indicate that such adaptation has
not happened fast enough in the last 30 years to match the rate
and frequency of warming events (Sheppard, 2003; Baskett et al.,
2009). Considering the interactive effects of warming and ocean
acidification and their subsequent interactions with local stress
factors, acclimation and adaptation mechanisms of the coral holo-
biont will not be sufficient and fast enough for coping with the pro-
jected environmental change.
7. Management implications

It is widely recognized that the coupling of strong natural dis-
turbances with chronic anthropogenic disturbances has lead to
the degradation of many coral reefs globally (Hughes et al., 2003;
Hoegh-Guldberg et al., 2007). In many coral reefs the benthic struc-
ture is now characterized by low coral cover and diversity, and
dominance of seaweeds and soft bodied invertebrates (McClana-
han et al., 2002b; Hughes et al., 2003; Norström et al., 2009). Many
current management actions are intended to reduce local effects
related to resource extraction, pollution, and development
cts on coral reefs: Synergies with local effects, possibilities for acclimation,
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activities, but whether these localized actions are enough to pro-
mote ecosystem resilience to global change such as effects of coral
bleaching, acidification and diseases is less certain (Coelho and
Manfrino, 2007; Côté and Darling, 2010). However, given the com-
pounding, often synergistic effects of the different impacts affect-
ing reefs, alleviation of most of the local, direct stressors such as
nutrient discharges and overfishing is imperative if sufficient over-
all recovery of reefs is to be achieved. While in principle alleviation
of a local stressor might be a more simply achievable goal than
alleviation of the global stressors, these have not been addressed
for several reasons. Although it may seem futile to a local manager
to arrest problems of e.g. sewage, dredging or overfishing when
CO2 rise appears inexorable, in fact it may be as important in the
short term. In some areas, such as the uninhabited Chagos atolls,
we can see that recovery can occur from high temperatures where
there are no additional stressors, whereas in many Seychelles reefs,
which suffer from additional stressors, there has been, in many
cases, very low or no recovery from the collapse of 1998 (Graham
et al., 2008; Wilson et al., 2012) (Figs. 2 and 3b). In healthy reefs
recovery, at least in terms of coral cover, appears to take about a
decade at best, in the absence of any local stressors, but in most
cases, it takes much longer or has not happened at all to date
(Sheppard et al., 2012). The apparent inability of societies to re-
dress the various local impacts in many areas (Riegl and Purkis,
2012; Sheppard et al., 2010, 2012), means that much hope and reli-
ance is being placed on the ability of corals and their symbionts to
acclimate sufficiently quickly to climate change, but, as discussed
above, this hope might be misplaced.

7.1. Unrealistic global targets of carbon emission reduction

Despite the recognized need to reduce CO2 levels, achievements
in this respect remain elusive. Most countries have in principle en-
dorsed the goal of limiting global temperatures rises below 2 �C
(relative to pre-industrial time) with poignant exceptions from
the most vulnerable small island state nations that have urged
lower levels (Meinshausen et al., 2009). This temperature rise
(equivalent to a maximum of 450 ppm CO2) is considered as al-
ready dangerous (Hansen et al., 2008). According to (Hansen
et al., 2008), global SSTs higher than 1 �C relative to SSTs in 2000
(equivalent to 1.7 �C relative to pre-industrial time) would cause
irreversible ice sheet melting and biodiversity loss. Evidence from
paleoclimatic data indicates that average SST rise below 1 �C
(350 ppm CO2e) is critical for sustaining population function and
for coral reefs to avoid extreme effects of ocean acidification and
repeat bleaching events (Hansen et al., 2008; Veron et al., 2009).
The problem is magnified as there is a lag of several decades be-
tween atmospheric CO2 and CO2 dissolved in the world’s oceans
(Veron et al., 2009) and this lag creates a ‘legacy’ which is not evi-
dent to most policy-makers.

To constrain average global temperature within 2 �C, industrial
countries have pledged to cut emissions to 30% below the 1990
levels by 2020 and to 50–80% by 2050 (Rogelj et al., 2010). Rogelj
et al. (2010) concluded that the 25–40% reductions by industria-
lised countries by 2020 still has a high probability of exceeding
the recommended 2 �C levels. Even a 70% reduction in global green
house gas emissions by 2050 from the 2000 levels has a 25% prob-
ability of exceeding the 2 �C limit. The Copenhagen negotiations in
2009 targeted 30% reductions by 2020, which would also have a
higher than 50% probability of exceeding 2 �C (Rogelj et al.,
2010). Some socio-economic evaluations have indicated that the
cost of reducing emissions at the 2 �C level globally (450 CO2e
ppm) would be difficult to bear, so have pushed for stabilization
levels of up to 650 ppm CO2e (Meinshausen et al., 2009). Such eco-
nomic ‘compromises’ would be fatal to reefs as this is equivalent to
3.68 �C rise in temperature.
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Among calcifying coral-reef organisms, corals and calcifying al-
gae will be the most affected by ocean acidification (Kroeker et al.,
2010). Corals control the state of the reef through their influence
on important processes, such as productivity, bioerosion and recy-
cling of essential elements, making them critical in their contribu-
tion to reef functioning and services (Wild et al., 2011). Coralline
algae are also crucial, e.g. on reef crests, cementing calcified matter
to form reef framework and as settlement substrata for planulae.
These algae are especially sensitive to pH change, and increased
SSTs and ocean acidification may result in net carbonate dissolu-
tion exceeding net calcification and ultimately in reduced growth
and cover (Jokiel et al., 2008).

7.2. Fisheries closures

Fisheries closures are seen as an effective management tool as
they increase the biomass of herbivore fish populations that could
restore ecosystem structure and function by reversing fleshy algal
dominance (Mumby, 2006; Burkepile and Hay, 2008; Smith et al.,
2009). However, increased herbivory associated with long-term
closures may also result in dominance of fast-growing coral taxa
that are more susceptible to bleaching (Loya et al., 2001) so that
herbivory may not always confer resistance to the coral reef eco-
system (Côté and Darling, 2010). Marine protected areas (MPAs)
can even suffer higher bleaching impacts (McClanahan et al.,
2001; Graham et al., 2008;Ateweberhan et al., 2011) and may have
lower post-bleaching recovery (Graham et al., 2008). In the wes-
tern Indian Ocean, the few sites where strong post-bleaching
recovery has been observed are those in locations remote from hu-
man settlements with minimal or no fishing pressure and almost
no pressure from other stress factors (Sheppard et al., 2008). There
is also a possible relationship between species dominance and cor-
al disease incidence associated with increased disease transmis-
sion in high coral cover reefs (Bruno et al., 2007) as fast growing
acroporids tend to be more susceptible to disease (Green and
Bruckner, 2000; Miller et al., 2009; Page and Willis, 2006; Patter-
son et al., 2002; Williams et al., 2010). The reduced coral cover in
shallow Caribbean reefs is associated with the demise of the two
dominant Acropora sp. from white-band disease infection (Schutte
et al., 2010). Whether effects of ocean acidification may be medi-
ated by fisheries closures is less examined. However, considering
that fast growing branching corals are more sensitive to the effects
of ocean acidification than massive and sub-massive ones, closures
might even be more impacted by ocean acidification.

Fisheries closures by themselves may not be enough to promote
coral reef resilience to climate change induced disturbances. While
overfishing is a strongly ecosystem distorting activity, the capacity
of the reef system to recover from disturbance is probably shaped
at least as much by physiological responses (McClanahan et al.,
2007a,b; Obura, 2005), by community structure (McClanahan
et al., 2007c; Obura, 2001) and by disturbance history (Berkelmans
et al., 2004; Brown et al., 2002; Maynard et al., 2008). Thus, inter-
active processes including site-specific environmental resistance
related to local and regional hydrodynamics (Maina et al., 2008;
McClanahan et al., 2007a; Obura, 2005), resistance and tolerance
to bleaching resulting from coral and zooxanthellae community
structure (Baker et al., 2004; Loya et al., 2001; Marshall and Baird,
2000; McClanahan et al., 2007c) and local stress factors, such as
overfishing and pollution (Bellwood et al., 2006b, 2004; Hughes
et al., 2003; Lapointe et al., 2004; Mumby et al., 2006) all become
critical. Of likely importance too, but less researched, are the dy-
namic ecological linkages between reefs and adjacent ecosystems
such as seagrass beds and mangrove forests, and interactions with
other catchment areas and land use systems (Hughes et al., 2003;
Mumby et al., 2004; Hoegh-Guldberg et al., 2007; Hughes et al.,
2007; Mumby and Steneck, 2008).
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7.3. Reef erosion

While many consequences remain unseen by policy-makers,
one set of synergistic effects that can be seen by all is the increas-
ing erosion of coral shores, a consequence of immense importance
to many countries and island communities. Sea level rise, another
climate change consequence but a complex issue not discussed
here, is one such concern, but from the point of view of coral reefs
is probably not, by itself, of as much importance as are its interac-
tive effects with other interrelated factors.

One consequence of reduction in calcification rates is the forma-
tion of less dense skeletons in corals, making them more suscepti-
ble to rapid physico-chemical and biological erosion (Tribollet
et al., 2002; Carricart-Ganivet, 2007; Sokolow, 2009). Corals weak-
ened by acidification and diseases are more vulnerable to both
bioerosion (Sokolow, 2009) and the increasing destructiveness
associated with tropical storms (Gardner et al., 2005). However,
we can expect that variation in coral calcification will be related
to species-specific physiological, accretion rates and calcification
thresholds (Doney et al., 2009). There will also be marked varia-
tions in response associated with coral morphology and form
(Guinotte and Fabry, 2008; Loya et al., 2001).

At a macro level, coral mortality and subsequent bioerosion
may have marked consequences to shorelines, with huge economic
consequences to those countries affected. In Chagos, where there
are no ‘local’ effects, the 1998 warming caused almost total re-
moval of the shallowest ‘forest’ of 1.5 m tall Acropora palifera,
which may be responsible for much of the increasingly observed
shoreline erosion in those atolls (Sheppard, 2006). One study in
the Seychelles (Sheppard et al., 2005) showed that seaward zones
of fringing reefs – the natural breakwaters in these sites - were lar-
gely killed by warming in 1998, resulting in large expanses of dead
coral skeletons which then commenced disintegrating; some sub-
sequent modest recovery by new coral recruitment was then set
back by further mortalities during minor bleaching events in
2002 and 2004. From this, a model of wave energy reaching shore-
lines protected by coral reefs was developed, which estimated the
drop in reef height as erosion progressed, leading to a consequent
‘pseudo-sea level rise’ of increased depth between the remaining
reef surface and water surface as coral colonies disintegrated
(Sheppard et al., 2005). The increased wave energy reaching the
shores resulting from this explained the observations of erosion;
whereas energy reaching shores before mortality had averaged
7% of the offshore wave energy, it had risen to about 12% in
2004, threatening infrastructure on shore. It is predicted to rise
to 18% of the offshore wave energy given continued disintegration
of the dead corals and poor recovery from new recruitment
(Sheppard et al., 2005).
8. Conclusions

There is no single ‘most important’ stressor affecting coral reefs
in the immediate term, rather different factors assume dominance
in different areas and times. Continuing over-use or abuse of reef
systems has already led to the demise of an unacceptably high pro-
portion of reefs in all ocean basins, and reduction of many of the
local stressors in most reef areas is clearly urgently needed. While
it is common to refer to a certain percentage of the world’s or re-
gion’s reefs having suffered ‘degradation’ or similar, such state-
ments, common in policy documents for example, appear to
gloss over the fact that many reefs are already dead and probably
an irrecoverable state. Thus, comments like a certain region has
‘suffered a 30% decline in reefs’ may mean that 30% are dead and
irrecoverable, not that conditions on all of them have declined by
30%. The difference is critical. While CO2 rise is over-arching, it
Please cite this article in press as: Ateweberhan, M., et al. Climate change impa
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may be of little consequence to one of the approximately 25% of
reefs that are already dead from other factors, the reefs having
failed to ‘adapt’ to the stressors existing at those particular sites.

Without coordinated action at local, regional and global levels
to reduce local stress factors and combat climate change, there will
be continued decline of reefs, and of their ability to support human
communities. Present rates of deterioration, if continued, mean
that most reefs will be lost as effective systems in a few decades.
However, even if the local stressors can be averted, reduction of
CO2 levels remains of paramount importance for their long term
survival. The current global targets of carbon emission reductions,
including the targeted limit of a 2 �C rise (450 ppm), are unrealistic
and definitely not enough for coral reefs to survive, and lower tar-
gets should be pursued. Without such action then entirely new and
radical conservation strategies may be required to protect remain-
ing coral reefs (e.g. Rau et al., 2012), although in such a scenario
survival of these ecosystems is likely to be confined to a few inten-
sively-managed localities. A huge loss in biodiversity, and produc-
tivity which is of value to people, is inevitable in such a high CO2

world.
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This article presents the outcome of research aimed at assisting governments in meeting their
commitments and legal obligations for sustainable fisheries, based on increasing evidence that
global fisheries are in crisis. The article assesses the effectiveness of the existing legal and
institutional framework for high seas living resources. It focuses on: (1) the role of regional
fisheries management organizations (RFMOs); (2) tools for compliance and enforcement to stem
illegal fishing; and (3) mechanisms for habitat protection. The article further highlights a variety
of options for addressing key weaknesses and gaps in current ocean governance, including United
Nations General Assembly (UNGA) resolutions, reforms at the regional level, as well as a possible
new legal instrument, with a view to informing international discussions on ways to ensure
the sustainable use of high seas resources without compromising the health of the marine
environment.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Global fisheries are in crisis. The UN Food and Agriculture
Organization (FAO) estimates that about 87% of global fisheries
are either fully exploited or overexploited (FAO, 2012a). Increas-
ing technological effort and a global expansion of fisheries are
failing to further increase catches. Total landings peaked in the
1990s and have declined by about 9% to around 80 million met-
ric tons per year (FAO, 2012a; Worm and Branch, 2012). Target
species such as Atlantic southern bluefin, Pacific bluefin tuna, or-
ange roughy, and jack mackerel have been severely overfished as
a result of demand, overcapacity, and poor management, which
are further exacerbated by illegal, unreported, and unregulated
(IUU) fishing (FAO, 2012a). Excessive by-catch of non-target fish,
sea turtles, sharks, marine mammals, and seabirds, and destruc-
tion of habitats, particularly deep-sea coral and sponge ecosys-
tems, have added to the cumulative impact of fishing. (FAO,
2012a). The historical global trend in biomass across species is
overwhelmingly one of decrease, with very few exceptions (Cul-
lis-Suzuki and Pauly, 2010). Substantial reductions in exploitation
rates are necessary, with maximum sustainable yield being
understood as an upper target rather than a management target
(Worm et al., 2009).

In 2012, the FAO reported that the fraction of fully exploited,
overexploited and depleted fish stocks was 87% – the highest
ever, and up from 85% in 2010, 80% in 2008 and 77% in 2006
(FAO, 2007, 2009a, 2010, 2012b). The percentage of overex-
ploited and depleted stocks is far worse for many fish stocks
caught largely in the high seas (areas beyond national jurisdic-
tion), where one third of highly-migratory tuna and other
tuna-like species are overexploited or depleted, and more than
half of the highly-migratory oceanic sharks and nearly two-
thirds of the straddling stocks and other high-seas fishery re-
sources are overexploited or depleted (FAO, 2007). The FAO pre-
dicts these trends will worsen unless significant changes are
made to improve management and decrease capacity (FAO,
2007). Estimates of the cost of IUU fishing have ranged from
$2.4 billion to $9.5 billion (Marine Resources Assessment Group,
2005) to as high as $23.5 billion (Agnew et al., 2009). It has been
estimated that up to half of illegal fish catches in terms of value
ational
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take place in the high seas (Marine Resources Assessment Group,
2005).
Pl
ju
BOX 1

� The high seas are defined as ‘‘all parts of the sea that are

not included in the exclusive economic zone (EEZ), in the

territorial sea or in the internal waters of a State, or in

the archipelagic waters of an archipelagic State’’ (UNCLOS

article 86; see Fig. 1). Marine areas beyond national juris-

diction also include the seabed and subsoil beyond the

limits of national jurisdiction (UNCLOS article 1). In simple

terms, the high seas are the water column whereas the

Area is the seabed. As the legal continental shelf of States

can extend beyond the 200 nautical mile limit of the EEZ,

(UNCLOS article 76), in some places the high seas may

overlay the legal continental shelf. It is therefore important

to bear in mind the distinction between the high seas, con-

tinental shelves, EEZs and the Area.
Mismanagement by regional fisheries management organiza-
tions (RFMOs; e.g. Cullis-Suzuki and Pauly, 2010), combined with
excessive government subsidies spurring overcapacity in open-ac-
cess fisheries, have contributed to overfishing and IUU fishing
(FAO, 2012b). Out of total fishing subsidies of about US$27 billion
in 2003, harmful fishing subsidies represented $16.2 billion (Suma-
ila et al., 2010). Together with lax enforcement, these problems
undermine efforts of responsible States and fishers to pursue sus-
tainable fisheries.

The consequences of these open-access fisheries are evidenced
by the recent collapse of a once highly productive jack mackerel
fishery in the South Pacific. The fishery was depleted by a rush to
fish, both while an agreement for a South Pacific Regional Fisheries
Management Organization (SPRFMO) was under negotiation, as
well as after the Convention had been signed, but had not yet en-
tered into force. In less than two decades – while the Convention
was under negotiation and interim measures were in place– stocks
dropped from an estimated 30 million metric tons to less than 3
million metric tons. According to the SPRFMO Science Working
Group, by 2011 the spawning biomass had declined to as low as
10 % of levels which would have existed had no fishing occurred
(SPRFMO, 2011). At the January 2012 Preparatory Conference for
the SPRFMO, countries adopted an interim measure allowing for
catches up to 50% higher than the level the Scientific Working
Group showed as necessary to ensure that the stock would rebuild
(SPRFMO, 2012a,b).

The challenges facing a modern RFMO with state-of-the-art sci-
ence (e.g., the race to fish, the lack of cooperation, and the failure to
follow scientific advice, resulting in collapsed fish stocks) show
that significant reforms are needed to strengthen the legal and
institutional framework for high-seas fisheries. The commitments
adopted by government leaders at the 2012 UN Conference on Sus-
tainable Development (Rio+ 20) reflect a concern and broad under-
standing of the need for fundamental reform of oceans
management among the leadership of various countries (United
Nations Conference on Sustainable Development, 2012). The ques-
tion, now, is whether this time momentum for the necessary
changes can be maintained to stem and even reverse current
trends.

To assist governments in meeting their commitments and legal
obligations for sustainable fisheries, this article assesses the
effectiveness of the existing legal and institutional framework for
high-seas living resources. It focuses on: (1) the role of RFMOs in
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unsustainable fishing; (2) tools for compliance and enforcement
to stem illegal fishing; and (3) mechanisms for habitat protection.
Based on the analysis, the article highlights a variety of options for
addressing key weaknesses and gaps including United Nations
General Assembly (UNGA) resolutions, reforms at the regional le-
vel, as well as a possible new legal instrument, with a view to
informing international discussions on ways to ensure the sustain-
able use of high-seas resources without compromising the resil-
ience and health of the marine environment.
2. Reforming the rule makers

In essence, responsible fisheries practices can be described as
those that faithfully implement the various conventions, agree-
ments, arrangements, voluntary codes and guidelines, and UNGA
resolutions that provide a legal and institutional context for
responsible fisheries. Conversely, irresponsible fisheries activities
are those undertaken by either nationals or vessels flying the flags
of States that allow vessels or nationals over which they have juris-
diction or control to fish in contravention of any of the applicable
instruments. ‘‘Sustainable fisheries’’ are fisheries whose fishing
practices can, in theory, be maintained indefinitely without reduc-
ing the targeted species’ ability to maintain its population at levels,
which can be sustained over the long-term, and without causing
unsustainable impacts on other species within the ecosystem.

RFMOs are the institutions charged with managing high seas
fisheries under the UN Convention on the Law of the Sea (UNCLOS)
(United Nations, 1982) and the UN Agreement relating to Strad-
dling Fish Stocks and Highly Migratory Fish Stocks (the UN Fish
Stocks Agreement; UNFSA) (United Nations, 1995). RFMOs are of-
ten considered to have a central role in solving the international
fisheries crisis, on the assumption that they provide a forum where
States can agree on effective conservation and management mea-
sures for high-seas fish stocks within their geographic area of
responsibility. Yet two thirds (67%) of all stocks under RFMO man-
agement for which the status is known are depleted or being over-
fished (32 out of 48) (Cullis-Suzuki and Pauly, 2010).

With respect to the high seas, of the 18 RFMOs covering various
high-seas areas, many are also failing, on two counts: first, in fail-
ing to comply with performance standards expected of RFMOs un-
der international agreements; and second, in failing to prevent
unsustainable fishing of the fish stocks under their management.

High-seas fisheries are managed on a regional basis, with each
RFMO governed by a different underlying convention or agreement
and, being an autonomous body, answerable in law to their mem-
ber States — the rules and decisions adopted by each RFMO only
apply to those countries that are members of each RFMO. Further,
most RFMOs were initially designed primarily to divide up the
quota of fish available in the areas covered by their respective con-
ventions. Countries that are not members of an RFMO are strongly
encouraged by international law, including by article 17 of the UN-
FSA, to co-operate and abide by the rules set by the relevant agree-
ment to an area. However, they are not bound by the RFMO rules
and if their vessels fish in such areas, their activities are considered
as ‘‘unregulated’’ and often proceed without RFMO or effective flag
State controls. In a few regions, unregulated vessels may risk being
blacklisted and/or their catches banned from import to some coun-
tries or the European Union (EU). For instance, fishing activities in
high-seas areas covered by a RFMO and carried out by vessels reg-
istered under a flag State which is a non-contracting or non-coop-
erating Party to the RFMO, and in a manner contravening the rules
issued by that organization, would be subject to the EU regulation
to prevent, deter and eliminate IUU fishing (European Commission,
2008). However, the catch could nonetheless be imported into
many other countries and markets.
the management of global ocean living resources in areas beyond national
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The standards expected from all RFMOs are set forth in articles
8–14 of UNFSA (United Nations, 1995) and other legal instruments,
including the FAO Code of Conduct (FAO, 1995) and various FAO
Guidelines (e.g. FAO, 2009b) and International Plans of Action,
and are widely supported. Fundamental standards include the
application of science and precaution to develop comprehensive
conservation and management measures to ensure long-term sus-
tainability of stocks (United Nations, 2010a), and an ecosystem ap-
proach to resource management rather than a species-by-species
approach. Also essential are transparent decision-making proce-
dures that facilitate the adoption of conservation and management
measures in a timely and effective manner, mechanisms for
obtaining data, information and scientific advice, and procedures
for ensuring compliance with and enforcement of conservation
and management measures (e.g. Mora et al., 2009). Further, as part
of the application of an ecosystem approach, measures are also to
be adopted to protect biodiversity, including vulnerable habitats
and species (articles 5 and 6 of UNFSA (United Nations, 1995)).

RFMOs are ultimately responsible only to their own member
States, which themselves are responsible for decisions and actions
taken or not taken by the RFMO in question. This results in a wide
discrepancy in levels of performance and effectiveness. Reviews of
best practices adopted by RFMOs, including the Commission for
the Conservation of Antarctic Living Marine Resources (CCAMLR),
indicate that positive results can be achieved where political will
and/or political pressure exists (Mooney-Seus and Rosenberg,
2007; see Fig. 2). Performance assessments, on the other hand,
show wide variability, with one RFMO (the International Commis-
sion for the Conservation of Atlantic Tunas (ICCAT)) described as
‘‘being largely considered an international disgrace’’ for its mis-
management of eastern Atlantic and Mediterranean bluefin tuna
(Hurry et al., 2008). Other performance reviews, while less scath-
ing, also have revealed significant shortcomings (North East Atlan-
tic Fisheries Commission, 2007; Indian Ocean Tuna Commission,
2009).

Common RFMO shortcomings identified include: (i) many
RFMO conventions need updating to incorporate the provisions
of the UNFSA and other internationally agreed upon standards
and modern principles of fisheries management; (ii) a failure of
RFMOs to require and States to provide timely and accurate catch
and by-catch data; (iii) lack of efforts to promote compliance by
RFMO members with the rules and recommendations of RFMOs;
Fig. 1. Map of the global ocean showing Exclusive Economic Zones (EEZs) in dark shadin
the ‘‘Sea Around Us’’ Project, modified from data of the Maritime Boundary Database at
Columbia.
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(iv) a lack of transparency in decision making; (v) failure to estab-
lish management measures consistent with scientific information
and advice; (vi) decision making structures which allow one or
more States to block or ‘opt out’ of compliance with needed regu-
lations; (vii) inability to agree on participatory rights such as allo-
cations of allowable catch or levels of fishing effort; and (viii)
inadequate funding (Gjerde and Freestone, 2005). In its review of
the implementation of the UNFSA in 2005, the UNGA made several
key recommendations to address these shortcomings, and stressed
the need for performance reviews of RFMOs (United Nations,
2010a).

While some progress has been made, the pace of reform has
been slow and uneven. At its resumed review of the implementa-
tion of the UNFSA in late 2010, the UNGA called for further efforts
by RFMOs to strengthen and modernize their mandates, including
performance reviews that include some element of independent
evaluation not later than 2012 and to make follow-up information
publically available. It further called for RFMOs to implement mod-
ern approaches to fisheries management, including by: (1) relying
on the best scientific information available; (2) applying the pre-
cautionary approach; and (3) incorporating an ecosystem approach
to fisheries management and biodiversity considerations. Specific
note also was given to the need to address conservation and man-
agement of ecologically related and dependent species and protec-
tion of their habitats (United Nations, 2010b).

Criteria for assessing RFMO performance now exist that can
serve as a model for improved governance of RFMOs, prepared
by an independent panel of experts based on the requirements of
international fishery instruments and best practices in their appli-
cation (Lodge et al., 2007b). Criteria also have been developed spe-
cifically for RFMOs engaged in tuna fisheries, in the Kobe Action
Plan (Japan, 2007), but these pre-date the 2010 UNFSA Review
Conference recommendations, and lack specificity and recommen-
dations on implementation. Even so, the Kobe Action Plan did rec-
ommend performance reviews every 3–5 years, which still have
not fully been implemented. It is time to ask why. The 2009 ICCAT
performance review observed that with respect to bluefin tuna, the
Commission objectives were not being met, yet at its 17th meeting
in November 2010, ICCAT delegates could agree only to a 4% reduc-
tion in the total allowable catch (TAC) for bluefin tuna (Hurry et al.,
2008; ICCAT, 2010). The Rio+ 20 Conference outcome document,
The Future We Want, encouraged implementation of the recom-
g and the high seas or areas beyond national jurisdiction in light shading. Map from
the Flanders Marine Institute, Belgium, courtesy of Dirk Zeller, University of British
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Fig. 2. The Koryo Maru No. 11 moored in Cape Town, December 2011. This vessel is licensed by CCAMLR to fish toothfish (Dissostichus eleginoides and D. mawsoni) in the
Southern Ocean. � Alex David Rogers, NERC-IUCN Seamounts Expedition.
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mendations of performance reviews and further recommended
that the comprehensiveness of those reviews be strengthened over
time (UNCSD, 2012).

It may be that the current system of regional fisheries manage-
ment by RFMOs is an inherently difficult vehicle through which to
promote any true reform. Fundamental weaknesses exist that inhi-
bit progress.

First, RFMOs can only be as effective as their members agree
that they should be. Nearly all RFMOs are comprised primarily of
States with a direct economic interest in a fishery. This is perhaps
best evidenced by the fact that many national RFMO delegates rep-
resent commercial fishing interests. Conservation interests are, on
the whole, poorly represented on delegations, and NGO participa-
tion is often tightly constrained. The main exception is CCAMLR,
Fig. 3. The Tomimaru No. 58 hauling nets in the early morning over a seamount on the So
although a new RFMO is in the process of being established, the Southern Indian Ocean
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which includes States with a scientific interest in the region. How-
ever, even in this case, only one NGO has been granted Observer
status. Thus, interests geared toward an ecosystem approach are
frequently under-represented, resulting in the short-term eco-
nomic interests of a few overriding broader (and generally long-
er-term) ecological concerns as well as the concerns of the
international community. This also means that national delega-
tions either have inconsistent positions or even a conflict of inter-
est, working to maximize revenue for their fishing industry while
at the same time obligated to ensure that fishing is sustainable.

As RFMOs generally operate with a consensus-based decision
making process, whether as a formal requirement or a standard
practice, a determination of even one member to block a conserva-
tion measure stemming from a perceived conflicting national
uth West Indian Ridge in the high seas, December, 2011. The fishery is unregulated
Fisheries Agreement (SIOFA). � Leighton Rolley, NERC-IUCN Seamounts Expedition.
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interest can prevent important management measures from being
adopted for an entire fishery or area. This is further complicated
when key decisions are made in closed sessions, avoiding the need
for delegates to openly justify decisions that do not reflect scien-
tific advice.

Second, there are insufficient consequences for poor RFMO per-
formance. At present, there are no sanctions for failure to conform
to minimal best-practice standards and no penalties for depleting
fish stocks, other than lost fishing opportunities. The only system-
atic global level review of RFMOs occurs during the UNFSA Review
Conference, which has met twice in the 15 years of UNFSA’s exis-
tence, and will not meet again until at least 2015 (United Nations,
2010). The FAO Committee on Fisheries (COFI), which meets bien-
nially, in 2012 requested the FAO to initiate performance reviews
of regional fisheries bodies under its auspices that had not yet been
assessed (FAO, 2012b). What, if any, consequences such reviews
might have for RFMOs that perform poorly remain undecided.

Third, many of the presumed advantages of a regional and sec-
tor-specific approach may no longer be relevant in a globalized
world. The expected benefits of regional cooperation are the rela-
tively small number of players with presumed historical and lin-
guistic similarities, and who are dependent on a common
resource and a shared interest in its long-term sustainability
(McConnell, 2010). However, the globalized nature of modern
high-seas fishing fleets, trading patterns and illegal activities mean
that while fish stocks may be local or regional, the States, fishers,
true owners of the vessels and the fisheries involved are often glob-
ally interlinked. The flag vessels of distant water fishing nations
that are free to roam different oceans may have vastly different
interests than adjacent coastal nations (Hanich, 2012), and neither
necessarily have the same interests in the conservation of key spe-
cies and habitats that non-fishing nations might have. Global fish-
ing fleets can (and do) take advantage of flags of convenience to
avoid more effective regulation and to maximize fishing opportu-
nities (Gianni and Simpson, 2005).

Fourth, the default position is that States can fish until they
reach agreement not to fish (see Fig. 3). This consideration implies
that there is a built-in incentive not to reach an effective agree-
ment. States can (and do) fail to reach agreement, since any agree-
ment would limit the amount of fishing their flagged vessels can
pursue. As in the case of jack mackerel in the South Pacific, limits
on fishing are often agreed only after stocks have been depleted,
and other impacts to the ecosystem, such as by-catch or environ-
mental damage, have already occurred (Hughes et al., 2005). In
the South Pacific, a 40% cut in catches of jack mackerel was agreed
only after the spawning stock had been reduced to 10% of its origi-
nal un-fished size.

If RFMOs are to remain the primary forum for managing global
fish stocks in the high seas, fundamental reforms may be needed.
At the outset, this would include new mechanisms to: (1) open
participation in fisheries management to reflect international com-
munity interests in sustainable fisheries and protection of marine
biodiversity; (2) induce individual RFMOs and their State members
to apply modern conservation standards, principles, and criteria
through performance reviews and audits with teeth; (3) address
the fragmented and inconsistent management measures across
the global ocean by rebalancing the interplay between global and
regional responsibilities; and (4) shift the presumption that fishing
can continue in the absence of effective conservation and manage-
ment measures.
3. Closing the net on irresponsible fishing

Efforts to improve regional fisheries management will also need
to tackle IUU fishing activities. IUU fishing not only has a direct
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effect on target stocks and the species associated with them, but
also undermines the effectiveness of measures adopted nationally,
regionally, and globally to rebuild stocks for the future.

IUU fishing is a global phenomenon, affecting both domestic
waters and the high seas, and involving many types of fishing ves-
sels. As noted above, one estimate suggests that annual financial
losses from illegal fishing can reach USD $23.5 billion globally (Ag-
new et al., 2009). Since information on precisely how much IUU
fishing takes place is difficult to ascertain, these figures may even
be higher. Governments have recognized the negative impacts of
IUU fishing on resource sustainability, biodiversity and economic
and social sustainability for a number of years; however, raising
this issue to the forefront of the policy agenda remains a challenge
that the international community still has to address (Lodge et al.,
2007a).

A major factor enabling IUU fishing to persist is the traditional
reliance on flag States as the primary enforcers of regionally agreed
measures. This is based on a legal fiction that a ship is a floating
piece of national territory over which the flag State exerts control.
This tradition allows the few irresponsible flag States to evade their
commitments and allows unscrupulous fishers to thrive (Gjerde,
2011).

Poor enforcement systems facilitate IUU fishing because indi-
viduals undertaking or contemplating IUU fishing will more readily
engage in this kind of activity if they think they will not get caught.
It is often easy to alter logs, disable vessel monitoring systems (if
installed), and for fishing vessels to tranship catches at sea or off-
load them at fishing ports which do not exercise rigorous port State
controls. While at sea, vessels can easily change names, ownership
and flag registry to evade enforcement. Beneficial (true) owners are
frequently not required to reveal themselves or their vessel’s his-
tory before reflagging a ship. This issue does not apply solely to
non-RFMO members—vessel owners from States that belong to
an RFMO can reflag their own vessels to other non-member States
and continue to fish in the same waters, but not under the same
rules as their fellow nationals (Rayfuse, 2005). Some RFMO mem-
bers also use their voting power to block the adoption of more
effective compliance and enforcement measures for vessels flagged
to their States, such as blocking listing of their vessels on IUU lists.

The control of IUU fishing is an area where the advantages of a
global approach are already acknowledged. The recent adoption of
the FAO Port State Measures Agreement (FAO, 2009c) sets the stage
for a consistent international standard of port state inspection of
vessels and their catch. It is to replace the current ad hoc system
of regional approaches with disparate standards that simply shift
IUU fishing activities to regions and ports with the weakest inspec-
tion system. However, much more needs to be done beyond bol-
stering port-state inspections to achieve effective compliance and
enforcement.

With respect to enhancing compliance, much has already been
written (e.g. Sumaila and Pauly, 2006) about the driving role of po-
sitive and negative incentives and the need to eliminate perverse
subsidies (Munro and Sumaila, 2002; Khan et al., 2006) that stim-
ulate overcapacity and overfishing (Munro and Sumaila, 2001),
adopt market mechanisms to document legal catch (Bush and
Oosterveer, 2012), and support certification schemes that reward
legal fishers (Jacquet and Pauly, 2007).

Additional mechanisms may be needed to ensure that States
exercise their responsibilities as flag States in an accountable man-
ner and that their access to high seas resources can be conditioned
upon effective supervision and control of flagged vessels and
nationals. Performance criteria for flag States have been proposed,
but efforts to actually implement them have languished within the
FAO process charged with developing them. Many treaties, such as
the Convention on International Trade in Endangered Species
(CITES) (CITES, 1975) and the Montreal Protocol on Ozone
the management of global ocean living resources in areas beyond national
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Depletion (Montreal, 2007), have built in compliance mechanisms
that annually review the performance of Contracting Parties and
can issue sanctions if necessary. UNCLOS, UNFSA and many other
sectoral ocean treaties lack similar compliance mechanisms.
Lessons can be learned and applied from more effective multilateral
environmental agreements.

With respect to enforcement (including detection, interception,
and arrest), the necessary technical tools already exist, but their
effectiveness may be hampered by inconsistent and patchy appli-
cation, the lack of capacity for implementation (particularly by
developing country States), and/or cooperation.

Tools include, but are not limited to (Mooney-Seus and
Rosenberg, 2007; Kuruc, 2010):

� Vessel registration and licensing for authorized vessels, nation-
ally, regionally and globally with an internationally consistent
system of unique vessel identification numbers, such as Inter-
national Maritime Organization (IMO) numbers, that cannot
be changed for the duration of the life of the vessel.
� Data collection and reporting, through logbooks or other reports

of activity and data.
� Satellite-based systems such as vessel monitoring systems

(VMS) to provide information on vessel position, speed and
heading, complemented by vessel detection systems (VDS) to
stymie tampering with VMS.
� Mandatory Automatic Identification Systems (AIS) (radio and/or

satellite transponders) on all fishing vessels to ensure identifi-
cation and tracking of fishing and fishing support vessels any-
where in the world.
� A global and public registry of fishing vessels.
� Real-time 100% observer monitoring for all vessels fishing on

the high seas.
� Forensic techniques to investigate and resolve suspected illegal

activity.
� Catch and trade documentation schemes (prohibitions on land-

ings and transshipments from non-contracting parties) with
established mechanisms for exchanging data among RFMOs.
� Joint inspection schemes (Contracting Parties and independent

inspectors).
� An at-sea presence through vessels and aircraft to enable the

inspection and apprehension of perpetrators of non-compliant
activities.
� Blacklists and trade restrictions/sanctions to publicly identify

and sanction operators and/or States which undertake fishing
operations that contravene RFMO conservation and manage-
ment measures.
� Whitelists of vessels that are authorized to fish in an area.

The effectiveness of any of these enforcement tools depends on
intense cooperation at the national, regional and global levels. Cur-
rent capacity as well as cooperative mechanisms are insufficient at
all levels and need to be significantly bolstered through networks
such as the International Monitoring, Control and Surveillance
(IMCS) Network for fisheries-related activities.

Nevertheless, efforts focused only on IUU fishing activities may
not have the ability to address larger transnational criminal prob-
lems, of which illegal fishing is often a part. IUU operations involve
a range of people in the financing, control, and execution of a fish-
ing operation, as well as distribution of the fish and laundering of
proceeds. Traditionally viewed as a fisheries management problem
and treated as just one of many ‘‘environmental crimes,’’ an
increasing number of experts suggest marine living resource crime
(United Nations Office on Drugs and Crime, 2011) needs to be inte-
grated into wider efforts to suppress piracy, drug trafficking, ter-
rorism, organized crime, smuggling, and illegal transport of
weapons and people across the high seas. Examples of linkages
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across these issues abound: the terrorists responsible for the
2008 Mumbai attacks arrived on a hijacked fishing vessel; drug
smugglers hide cocaine and other high value drugs inside fish car-
casses; illegal fishers exploit laborers who work under appalling
conditions; and impoverished fishers in Somalia turned to piracy
when their waters were fished out by illegal foreign fishing fleets
(United Nations, 2003). France has observed that IUU fishing goes
hand in hand in many instances with physical and economic
exploitation of the crew, which is approaching a system of slavery
– vessels are badly maintained and badly manned by unqualified
crews, who are often ill, under-fed and living in indescribably
unhygienic conditions (International Tribunal for the Law of the
Sea, 2000).

It is possible to use already existing regional and international
police organizations like EUROPOL and INTERPOL to engage the
policing community in combating illegal fishing. Some have sug-
gested that a global ‘‘INTERPOL for the ocean’’ may be needed, gi-
ven the range of ocean environmental, safety and security issues,
including illegal fishing, piracy, smuggling, intentional pollution,
and any associated drug and human trafficking (Stølsvik, 2012).
Additional possibilities include adding capacity and utilizing polic-
ing strategies that identify high-risk activities and potential illegal
actors, rather than spending resources chasing vessels at sea.

Improving monitoring, control, surveillance, compliance and
enforcement is achievable if sufficient political will and resources
are committed to the establishment of cost-effective structures
and mechanisms that level the playing field and significantly shift
IUU fishing from a low risk, high reward activity to one that has
high risks with few rewards for those who choose to engage in it.
4. Sustaining the seascape

Governments have accepted the need to modernize fisheries
management through ‘‘ecosystem-based’’ and ‘‘precautionary’’ ap-
proaches to fishing activities (UNCED, 1992; United Nations, 2002).
However, to date most RFMOs have paid scant attention to fish-
ing’s impact on dependent and associated species or the wider
marine environment and biodiversity it contains.

The legal foundation for conserving marine ecosystems and
protecting marine habitat and vulnerable species is strong. UN-
CLOS, in article 192, the UNFSA, in article 5(g), and the Convention
on Biological Diversity (CBD, 1992) in articles 4 and 5 contain ex-
plicit duties to conserve, protect and preserve the marine environ-
ment (UNCLOS), protect its biodiversity (UNFSA), and cooperate for
the conservation and sustainable use of biological diversity, includ-
ing in areas beyond national jurisdiction (CBD). Additionally, UN-
CLOS, in article 194(5), contains a specific duty to protect rare
and fragile ecosystems as well as the habitat of depleted, threa-
tened and endangered species and other forms of marine life,
and UNFSA, in article 5, calls on States and RFMOs to take measures
to reduce the impacts of fishing on non-target species. The CBD, in
articles 3, 4, 7 and 14, also reiterates the duty of States to ensure
that activities under their jurisdiction or control do not cause dam-
age to areas beyond the limits of national jurisdiction and to mon-
itor and control any activities likely to cause significant harm.

Because of global pressure on States and RFMOs, some progress
has been made to implement these duties with respect to deep-sea
ecosystems vulnerable to damage by bottom contact fishing. With
strong language in 2006 in UNGA resolution 61/105 (United Na-
tions, 2006a) and again in 2009 (United Nations, 2009), the UNGA
called for States and RFMOs to prevent ‘‘significant adverse im-
pacts’’ to ‘‘vulnerable marine ecosystems.’’ States were specifically
called upon not to authorize high seas bottom fisheries unless ac-
tion had been taken to prevent significant adverse impacts on
the management of global ocean living resources in areas beyond national
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deep-sea corals, sponges, hydrothermal vents and other features
vulnerable to bottom-contact gear (United Nations, 2009).

A review of progress on implementation of the measures of the
UNGA resolutions was held in 2009 and again in 2011. As a result
some RFMOs have updated their mandates to encompass biodiver-
sity concerns, have closed vulnerable seabed areas, frozen the cur-
rent footprint of bottom fishing (SPRFMO, 2007), required prior
assessment of potential fishing impacts and adopted other mea-
sures to regulate deep-sea bottom fishing (United Nations, 2011).
However, the latest assessment of progress by non-governmental
experts indicates that many RFMOs have failed to adopt measures
that fully comply with the UNGA resolutions, or to effectively
implement them (e.g. Rogers and Gianni, 2010), with some ocean
basins still essentially unregulated (Gianni et al., 2011). A growing
number of States, scientists and NGOs are calling for either the clo-
sure or phase out of high-seas bottom fisheries where the required
measures have not been implemented, and for continued interna-
tional scrutiny via the UNGA. The European Commission itself has
proposed to phase out the use of bottom trawl nets (European
Commission, 2012).

The situation is even worse with respect to impacts on tuna and
other open ocean (pelagic) fisheries on the high seas. While some
tuna RFMOs have adopted measures to reduce by-catch, none have
adopted requirements for impact assessments or measures to pre-
vent significant adverse impacts. Little is known of the ecological
consequences for fish stocks and the broader ecosystem of the
use of Fish Aggregating Devices (FADs) (Dempster and Taquet,
2004; Morgan, 2011). Moreover, area-based or temporal closures
to protect vulnerable species or habitats are still resisted despite
agreement by government leaders at the World Summit on Sus-
tainable Development in 2002 to facilitate the establishment of
marine protected area (MPA) networks by 2012. Only one agree-
ment –CCAMLR—shows what is possible when a conservation
mandate and fisheries management role is combined. In 2009,
CCAMLR designated its first high seas MPA in the South Orkneys
(CCAMLR, 2009). In 2011, it further adopted a conservation mea-
sure to establish a network of protected areas in the marine area
under its remit (CCAMLR, 2011).

It has long been argued that too little is known about the open
ocean to identify key habitats for species such as tuna, sea turtles
or whales that are in constant motion. But through scientific efforts
such as the 10 year Census of Marine Life, this is no longer the case
(Reeve et al., 2012).

Building on this recent knowledge, Parties to the CBD have en-
gaged in a process to consolidate information on areas of ecological
or biological significance in the open-ocean and deep sea within
and beyond national jurisdiction (CBD, 2008). In 2008, the CBD de-
fined and adopted seven criteria for ecological and biologically sig-
nificant areas (EBSAs): (1) uniqueness or rarity; (2) special
importance for life history of species; (3) importance for threa-
tened, endangered or declining species and/or habitats; (4) vulner-
ability, fragility, sensitivity, slow recovery; (5) biological
productivity; (6) biological diversity; and (7) naturalness (Id., An-
nex I). Additionally, five properties were stipulated for MPA net-
works: (1) Ecologically and biologically significant areas; (2)
representativeness; (3) connectivity; (4) replicated ecological fea-
tures; and (5) adequate and viable sites (Id. Annex II). When the
criteria were adopted, CBD parties were urged to apply them with
a view to assist processes within the UNGA, in particular its Ad Hoc
Open-Ended Working Group on Marine Biodiversity beyond na-
tional jurisdiction, and to implement conservation and manage-
ment measures, including the ‘‘establishment of representative
networks of marine protected areas in accordance with interna-
tional law’’ (CBD, 2008).

To help States and competent organizations identify EBSAs, the
CBD has been charged with facilitating scientific workshops in
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cooperation with Parties and non-party governments, competent
organizations, and regional initiatives (CBD, 2010). Workshops
have taken place for the North-East Atlantic, the Western South Pa-
cific, the Wider Caribbean and Western Mid-Atlantic, the Southern
Indian Ocean and the Eastern Tropical and Temperate Pacific and
more recently the North Pacific and South-Eastern Atlantic. After
review by the CBD’s subsidiary body on scientific, technical and
technological advice, the results of the workshops will be submit-
ted to the CBD Conference of the Parties (COP) for consideration.
The findings will be distributed to relevant international bodies,
including RFMOs, as well the UNGA and particularly its Ad Hoc
Open-Ended Working Group on Marine Biodiversity (CBD, 2012).
As the CBD has no competence to regulate activities, the adoption
of conservation and management measures is a matter for States
and competent intergovernmental organizations (Kimball, 2005).
The question remains as to whether organizations with the compe-
tence to adopt such measures for high seas areas will do so, if a
higher global mandate is absent.

The CBD process for describing EBSAs could provide helpful
information to States and RFMOs on significant habitats in need
of protection. However, unlike VMEs, there is no direct obligation
for RFMOs to protect EBSAs or to incorporate CBD recommenda-
tions into their own decision-making processes. While instances
of cooperation between regional conservation bodies and RFMOs
exist, there are few direct incentives to do so. As such, CBD parties
must rely on the good will and cooperative nature of the relevant
RFMO to pursue protective measures.

The CBD is also developing voluntary guidelines for environ-
mental impact assessments (EIAs) and strategic environmental
assessments (SEAs). EIAs and SEAs are important components of
an ecosystem approach that seeks to protect significant habitats
from the impacts of potentially destructive or extractive activities.
UNCLOS (article 206) further requires States to assess the potential
effects of planned activities under their jurisdiction or control that
may cause significant harmful changes to the marine environment.
Currently, just a handful of activities in the high seas and interna-
tional seabed Area are subject to prior environmental assessment
(including seabed mining (ISA, 2000), waste dumping (London Pro-
tocol, 1996) and high-seas bottom fishing (through UNGA resolu-
tions 61/105 and 64/72 and consequent RFMO measures), despite
the requirement for assessments in article 206 of UNCLOS and arti-
cle 15 of the CBD. To date, similar requirements have not been im-
posed for pelagic fishing (Dunn, 2011).

There is an urgent need for global action both to compel RFMOs
to adopt measures to prevent significant adverse impacts to vul-
nerable high-seas species, habitats and ecosystems, to conduct
prior assessments and to cooperate in the design and establish-
ment of a comprehensive network of MPAs and reserves. Such
requirements are consistent with the preexisting duty and com-
mitment of States to adopt ecosystem approaches and the precau-
tionary approach to high seas fisheries management, but appear to
be in need of external stimulus to prompt action.

5. Towards a sea change for global ocean governance: possible
solutions for consideration

Ongoing discussions concerning improvements to the global
system of ocean governance have spurred a wide range of pro-
posed institutional and legal reforms. While some stakeholders
are comfortable with the status quo, others are concerned that if
no change is made this may lead to:

� Continued dysfunction of RFMOs as members argue over alloca-
tions and block decisions that might secure longer-term sus-
tainability but negatively affect their share of the total catch
or quota.
the management of global ocean living resources in areas beyond national
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� Continued fishing by irresponsible flag States which face little
pressure to improve their control of illegal fishers, while at
the same time some major fishing States continue to block
effective compliance and enforcement measures through
RFMOs.
� Expanded IUU fishing as demand for remaining fish rises while

supply dwindles.
� Impoverishment of local communities dependent on fishing as

straddling and highly migratory stocks disappear through
overfishing in the high seas and illegal incursions from the high
seas into national waters.
� Commercial extinction of an increasing number of fish stocks,

with many vulnerable pelagic species creeping closer to ecolog-
ical extinction, and the destruction of unique and irreplaceable
deep-seabed habitats.
� Deterioration in the health of the ocean beyond national juris-

diction as more areas are targeted for fishing or other extractive
activities, which may weaken ecosystem function, resilience
and adaptive capacity to further environmental change, and
thereby exacerbate the effects of other stressors to marine life,
such as climate change and ocean acidification.

To counter this trajectory, we assess three possible avenues for:
(1) ‘‘soft’’ change through a series of UNGA resolutions; (2) an en-
hanced regional approach focusing on the reform of RFMOs and
other regional institutions; and (3) a more ambitious structural
overhaul of the system.

5.1. ‘‘Soft’’ change through a series of UNGA resolutions

As noted above, UNGA resolutions in the past have been used
with some effectiveness to change the behavior of States and
RFMOs. Though non-binding, the UNGA resolutions to place a mor-
atorium on high-seas driftnet fishing and to reform high-seas bot-
tom fishing are two well-known examples. However, many
resolutions by the UNGA produce little by way of results. For
example, every year the UNGA in its resolution on sustainable fish-
eries calls on flag States to suspend their registries if they are un-
able to control their flag vessels, to no avail. Many believe the
key to achieving some success with the deep-sea bottom fishing
resolution was the continued scrutiny of RFMOs by the UNGA, an
accumulation of scientific evidence of damage to deep-sea ecosys-
tems by deep-sea bottom trawling (e.g. Althaus et al., 2009), and
pressure from civil society, along with its public reviews of pro-
gress every 2 or 3 years (e.g. Rogers and Gianni, 2010).

A new UNGA resolution could realistically call for the following:

� For all States and RFMOs to require prior assessments and the
adoption of measures to prevent significant adverse impacts
to EBSAs and VMEs as a condition for granting vessels authori-
zation to fish.
� A biannual performance audit of RFMOs conducted by indepen-

dent expert teams under UNGA auspices, based on transparent
criteria.
� A regularly convened UNGA workshop open to all stakeholders,

including NGO observers, to review and discuss RFMO and flag-
State performance, including recommendations for
improvement.
� Enhanced global coordination of enforcement efforts through

organizations such as INTERPOL and the IMCS Network, and
an improved Global Registry of Vessels together with a financ-
ing mechanism for developing countries for the implementation
of the Port State Measures Agreement.

With such provisions, a UNGA resolution could strengthen the
transparency and accountability of RFMOs and performance of flag
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States, and ensure the application of best practice standards on a
consistent global basis. The advantage of such a resolution is that
it could be passed without the need to amend existing agreements.
Additionally, it could enhance coordination for enforcement and
provide a clear and authoritative voice on what organizations
and States should do to conserve high seas biodiversity. To be
effective, however, the resolution would also need to stimulate
systemic reform of RFMOs as institutions, including their deci-
sion-making processes, the uptake of scientific advice, increased
transparency and rules for equitable allocation.

The disadvantage of such a soft approach is that negotiation of a
new substantive resolution may consume years of effort and polit-
ical capital, yet lack the authority needed to overcome the tradi-
tional hurdles of conflict of interest and inconsistent RFMO
performance across regions. Further, while the UNGA represents
the full range of national interests and not just those with a direct
economic stake, UNGA resolution negotiations themselves are con-
sensus-based, non-transparent processes that are closed to civil
society and other stakeholders. Hence, the final resolution could
be watered down and momentum for reform lost. In addition,
the UNGA lacks the power to suspend mismanaged RFMOs, indi-
vidual fisheries, or sanction non-compliant flag States. Currently
the UNGA has power in its resolutions only to recommend action
for implementation by States.

Finally, this approach would leave RFMOs as institutions fo-
cused primarily on fisheries. It would not enhance the capacity of
regional institutions to more fully integrate management that also
addresses other sectors and uses (including biodiversity conserva-
tion) as well as increasing environmental challenges and new or
emerging activities. Nor would it change the operational roles of
current international and regional institutions.

5.2. An enhanced regional approach

An enhanced regional approach could focus on strengthening
RFMO performance and capacity for sustainable ecosystem-based
management of marine living resources. At the same time, other
regional initiatives (e.g., UNEP Regional Seas Programmes) could
be strengthened to enhance coordination and address other activ-
ities impacting high-seas biodiversity based on modern conven-
tions and procedures to ensure effective governance,
transparency and accountability.

Regional reform efforts could include:

� Strengthening RFMOs in line with current ‘‘best practice’’ rec-
ommendations, genuinely conducting independent perfor-
mance reviews, and implementing the outcomes.
� Building the capacity of flag States and port States to inspect

and control fishing activities.
� Crafting and implementing catch and trade documentation

schemes and matching market – State measures to control the
import of unsustainable or illegally caught fish.
� Bolstering regional efforts for on-the-water monitoring, control,

surveillance and enforcement via cooperative agreements
between national coast guards and navies.
� Developing and strengthening the capacity of regional oceans

management organizations, for example by building upon,
expanding and/or providing for greater coordination among
UNEP Regional Seas Programmes and other regional bodies to
deliver integrated ecosystem-based management, enhancing
their capacity as needed, and assigning to them primary respon-
sibility for integration and coordination, MPAs, EIAs and marine
spatial planning.

The advantage of such a regional approach is that it could sup-
plement a global process, and be simpler to agree and implement
the management of global ocean living resources in areas beyond national
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by involving fewer States with a more direct interest in the exploi-
tation of regional and local resources and biodiversity. It also could
build on success in a few regions and gradually be expanded to
others (Druel et al., 2012).

The disadvantage of focusing solely on regional approaches is
that it would create new regional silos for ocean management that
would not account for the many interests, features and activities
that transcend ocean basin boundaries to encompass the global
ocean. Without some form of globally agreed goals, oversight and
assistance, regional governance may result in inconsistent pro-
gress, as some regions may be slower than others in building effec-
tive institutions and governance regimes with resulting
overexploitation in less well-managed areas. Moreover, without a
global imprimatur or legal basis for imposing restrictions on non-
parties to an agreement, regional agreements may not necessarily
address problems of non-compliance. Further, without raising the
global profile of IUU fishing and its links to transnational crime
and potential impacts on national security and food security, ef-
forts to combat it may not receive the required level of support.

5.3. Fundamental reform

A more ambitious agenda could combine the two prior ap-
proaches with a global infrastructure to coordinate, ensure consis-
tency and accountability, and supervise, sanction and enforce. This
could entail a number of changes, including:

� Transform the UN Ad Hoc Open-ended Informal Working Group
to study issues relating to the conservation and sustainable use
of marine biological diversity beyond areas of national jurisdic-
tion, currently discussing marine biodiversity in areas beyond
national jurisdiction, into a formal preparatory committee for
the negotiation of a new agreement under UNCLOS to imple-
ment its articles to protect and preserve marine life in areas
beyond national jurisdiction, and to address the systemic weak-
nesses and gaps that undermine ocean health and security.
� Establish a ‘‘reverse burden of proof’’ paradigm whereby fishing

and other extractive activities are not permitted unless and
until precautionary, ecosystem-based conservation and man-
agement measures have been agreed and implemented.
� Create a UN Department for Oceans and Law of the Sea and desig-

nate an Under-Secretary General for Oceans, to both raise the pro-
file on ocean issues and provide a high-level coordinating
mechanism and direct-reporting line to the UN Secretary-General.
� Place UN-Oceans under the proposed UN Department for

Oceans and Law of the Sea with a specific mandate to foster bet-
ter coordination amongst UN agencies and to ensure participa-
tion and transparency, which is currently lacking.
� Establish a global high-seas enforcement agency to provide

integrated and coordinated monitoring, control, surveillance,
and enforcement for the full range of ocean security threats.

The potential advantages of a new UNCLOS implementing
agreement are significant. An implementing agreement (which
would be the third such agreement to implement key elements
of UNCLOS) could consolidate in one instrument the fundamental
principles that should be applied to all aspects of oceans manage-
ment and governance, and provide the basis for a global ecosys-
tem-based and precautionary management regime. It could be
interpreted and applied together with UNCLOS as a single instru-
ment, and give a broad mandate to States Parties and international
organizations to establish and maintain a representative network
of MPAs and reserves, and to utilize EIAs and SEAs as part of wider
ecosystem-based and precautionary management. An implement-
ing agreement could, at the same time, address another issue of in-
tense interest, especially to developing countries—access to and
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the fair and equitable sharing of benefits of marine genetic re-
sources obtained from areas beyond national jurisdiction.

The burden of proof under UNCLOS could be clearly stated to re-
quire that those utilizing resources or engaging in activities that af-
fect the high-seas water column or the seabed Area beyond
national jurisdiction must demonstrate that their activities are in
compliance with the law and will not cause significant adverse im-
pacts, alone or in combination with other activities.

To tackle the root causes of fisheries mismanagement and IUU
fishing, an implementing agreement could also set forth clear
requirements for RFMO and flag-State performance and account-
ability. Flag States could be required to exercise adequate control
of their vessels, beneficial owners registered to do business under
their jurisdiction, and their nationals. Mechanisms could be intro-
duced for encouraging responsible flag State performance through
performance assessments, combined with a clear articulation of
the consequences for failure to do so. Such measures might include
closure of ports, denial of services, denial of flag-State privileges to
participate in particular fisheries or RFMOs, and levying of penal-
ties. It could also include provisions for non-flag State enforcement
and joint monitoring, control, surveillance, compliance and
enforcement action.

To provide consistency as well as flexibility to respond to new
issues and threats, such an agreement could also provide a regular
process for review of the effectiveness of UNCLOS and related
agreements.

To enhance implementation, the agreement could establish a
compliance commission charged with reviewing the performance
of States, RFMOs and other regional entities and related institu-
tions, and with reviewing EIAs and SEAs to ensure consistency with
modern conservation norms. In circumstances where there is no
RFMO or the RFMO is suspended, the Commission would have
the power to assume management responsibility or designate an-
other body for that purpose, following the example of the 1958
Geneva Convention (United Nations, 1958).

To enable effective enforcement, a dedicated enforcement
agency could be empowered to employ sophisticated technologies
and a tool-box of measures that are only inconsistently applied at
present. An internationally-agreed enforcement agency could have
the power to conduct investigations, initiate judicial proceedings
on an expeditious basis, and apply sanctions in respect of viola-
tions that are adequate in severity to secure compliance and dis-
courage violations.

Such an ambitious programme could be costly and time-con-
suming to negotiate. It could be opposed by some States who wor-
ry that a comprehensive agreement would have the effect of re-
opening key provisions and/or the balance of UNCLOS. It would re-
quire significant investments of time and resources and effort to
move some key countries to support it. Further, the problem of
securing universal acceptance may still exist.

However, the costs of inaction, or only addressing some of the
issues now impacting marine life on the high seas, could be far
higher to the health and well-being of humanity and our ocean pla-
net in the long-term. Moreover, such an ambitious approach would
also be more efficient, as it would provide the most direct route to-
wards addressing systemic weaknesses and gaps by:

� Confronting the root causes of inadequate implementation by
providing a framework for comprehensive, cross-sectoral inte-
grated protection, modern management approaches and tools,
as well as effective compliance and enforcement powers.
� Providing common overarching principles and objectives and a

process for review of implementation and progress.
� Fixing the current lack of cooperation and coordination, coher-

ency and consistency across global, sectoral and regional
regimes.
the management of global ocean living resources in areas beyond national
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� Preventing duplication of effort and enhancing exchange of best
practices and information amongst regional and sectoral
organizations.

6. Conclusion

The current system of high-seas governance that tolerates the
mismanagement and misappropriation of high-seas living re-
sources is placing our ocean in peril. The downward spiral of ocean
health resulting from the combined and cumulative impacts of var-
ious human activities – from those that take place directly on the
ocean, such as fishing, to those that have indirect impacts, such
as pollution from land-based sources – means that it is time for a
new paradigm that promotes ocean health, resilience and integrity,
and places fishing in the wider context of the earth processes and
life-systems that a healthy marine environment supports. To ad-
dress the negative impacts that result from mismanaged fisheries,
this can be most efficiently achieved through a new political impe-
tus that would call for the reform of RFMOs, the development and/
or strengthening of complementary regional bodies to promote
conservation, cooperative mechanisms for compliance and
enforcement, and a strengthened global role for coordination and
oversight. A fundamental linchpin is a new implementing agree-
ment for the conservation and sustainable use of biodiversity in
areas beyond national jurisdiction. While RFMOs can be strength-
ened and their accountability improved without a new instrument,
a more ambitious approach is essential to secure the well-being,
diversity and productivity of the ocean for the benefit of present
and future generations.
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