








influences have the potential to substantially
modify ocean food web dynamics, from coastal
to open-ocean ecosystems.

Reduced Habitat Complexity
Among the most clear and profound influences
of climate change on the world’s oceans are its
impacts on habitat-forming species such as cor-
als, sea grass, mangroves, salt marsh grasses, and
oysters. Collectively, these organisms form the
habitat for thousands of other species. Although
some resident species may not have absolute
requirements for these habitats, many do, and
they disappear if the habitat is removed. For ex-
ample, mass coral bleaching and mortality, the
result of increasing temperatures, is already re-
ducing the richness and density of coral reef
fishes and other organisms (23).

Coastal angiosperms such as mangroves, sea
grass, and saltmarsh communities also face es-
calating threats from both local and global stresses

(table S2). Although mangrove deforestation (1
to 2% per year) represents a greater near-term
threat, risks from sea level are increasing, with
expected losses of 10 to 20% of mangroves by
2100 (38). Impacts on mangrove habitats vary
with location; areas with steep coastal inclines or
coastal human infrastructure that limit landward
migration are most at risk. Mangroves in many
areas can adapt to sea level rise by landward mi-
gration, but these shifts threaten other coastal
habitats such as saltmarsh, which have other
important biogeochemical and ecological roles.

Sea ice, like coral reefs and kelp forests, plays
a critical role in structuring the biodiversity of
polar oceans. The spring melt has a major role in
determining the timing of phytoplankton blooms
and consequently influences polar marine food
web dynamics. In addition, the loss of sea ice will
drive additional changes through reductions in
food webs that are dependent on sea-ice algae
(39), which may explain the recent 75 ± 21% per

decade decrease in krill (40). Sea ice also plays a
critical role for a wide range of birds and mammals,
functioning as a temporary or permanent
platform from which crucial predatory, repro-
ductive, or migratory activities are carried out
(41). Many arctic mammals face serious declines,
with polar bears projected to lose 68% (~700,000
out of 1 million km2) of their summer habitat by
2100. Ice-dependent Antarctic organisms such as
penguins and seals are declining and, in some cases,
face an escalating risk of extinction under the cur-
rent projections for Antarctic warming (42).

Ecologically Novel Assemblages, “Exotic”
Species, and Disease
One of the inevitable outcomes of differing tol-
erances for changes in the environment among
marine organisms is the development of novel
assemblages of organisms in the near future.
Such communities will have no past or contem-
porary counterparts (43) and consequently are

Box 1.  Marine ecosystems are already responding to the rapid pace of change in 
the physical and chemical conditions that surround them (see table S2 for summary 
of recent literature). One of the most important impacts has been on the organisms 
and physical processes that create habitat for millions of other species. (A) Heron 
Island, southern Great Barrier Reef. Coral Reef ecosystems are declining because of 
anomalously warm sea temperatures, which are driving an increased frequency of 
coral bleaching and mortality. These impacts are combining with local impacts, as 
well as the slowing of reef accretion due to the impact of ocean acidification. 
Complex coral-dominated reef ecosystems like this one are likely to be rare by 2050. 
(B) Kelp forest (Macrocystis pyrifera, with California bat ray, Myliobatis californica) 
near San Clemente Island, California, USA. Warming ocean temperatures are driving 
a major contraction in the distribution of kelp forests worldwide. (C) Daintree River, 
northeastern Australia. Mangroves are critically important coastal habitat for 
numerous coastal species. The loss of 10 to 20% of mangroves is projected if sea 
levels rise by 1 m above today. (D) The loss of summer sea ice by 2040 in the Arctic 
will have a strong impact on a range of dependent organisms, both above and below 
the ice. [Credits: (A) and (C) O. Hoegh-Guldberg; (B) Philip Colla, www.Oceanlight.com;
(D) Daniel J. Cox, www.NaturalExposures.com]
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likely to present serious challenges to marine
resource managers and policy makers. The ris-
ing number of “exotic”marine species (table S2)
provides some insight into the challenges ahead.
Over the past several hundred years, the move-
ment of ships and other transport vehicles around
the globe has enabled the spread of a large
number of marine species. Successful establish-
ment, however, depends on conditions at the
destination matching the tolerance range of
invading organisms. Recent accelerated warming
of high-latitude environments has increased the
chances that species being transported from
lower latitudes are able to establish themselves
and spread (44). A rising number of species are
expanding their ranges, often with large-scale
impacts on ecosystems at the destination. For
example, the southeastern Australian sea urchin

Centrostephanus rodgersii (Diadematidae) has re-
cently expanded its range into Tasmanian waters,
where it has transformed macroalgal commu-
nities into taxonomically impoverished “urchin
barrens” (22). Although barrens are a prominent
feature of the southeastern Australian mainland
normally occupied by C. rodgersii, they are rel-
atively novel in Tasmanian waters (22).

Climate change has been implicated in recent
variation in the prevalence and severity of disease
outbreaks within marine ecosystems (45). These
influences are likely to be a consequence of sev-
eral factors, including the expansion of pathogen
ranges in response to warming, changes to host
susceptibility as a result of increasing environ-
mental stress, and the expansion of potential vec-
tors. There are numerous examples that illustrate
this effect, including the spread of the oyster par-

asite Perkinsus marinus across a 500-km range
of the northeastern United States during pro-
nounced warming in 1990 and 1991 (46). Other
examples are the strong association of thermal
stress and coral cover in predicting disease within
reef-building corals (47) and the temperature
susceptibility of red abalone in California to a
fatal rickettsial infection (48). A growing number
of studies show a rise in marine diseases and has
prompted some to conclude that “a warmer world
would be a sicker world” (45). That said, there
are large uncertainties about the interplay be-
tween ecological dynamics and potential vectors
or disease-causing agents, making it difficult to
predict whether the incidence of particular dis-
eases will increase or decrease in a warmer and
more acidic world. The potentially large costs of
an increasing incidence and prevalence of dis-
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Fig. 3. Effects of climate change on biological processes in the ocean. (A to D)
Experimental mesocosm results demonstrating the effect of temperature on differ-
ent food web properties. Solid symbols indicate supplemental nutrient addition;
open symbols indicate ambient (low) nutrient concentration; dashed horizontal
lines denote initial conditions; error bars denote SE. (E andF) Relationship between
temperature and abundance of small phytoplankton (E) and total phytoplankton
biomass (F) from large-scale field sampling of the North Atlantic. Black lines are

regression lines. (G) Relationship between water temperature and planktonic larval
duration from published experimental laboratory studies of 72 species (six phyla,
including six fish and 66 invertebrates). (H and I) The predicted effects of tempera-
ture on larval dispersal distance (H) and larval survival (I). In (G) to (I), black lines
represent the population-averaged responses; brown lines represent species-
specific trajectories. [Credits: (A) to (D) from (34); (E) and (F) from (35); (G) to (I)
from (28); all figures reprinted with permission of authors and journal]
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ease, however, make a compelling reason for un-
derstanding and limiting these changes.

Local-Global Interactions, Synergies,
and Thresholds
Although most of the ocean is undergoing im-
pacts from multiple anthropogenic stressors (49),
little is known about the potential for large-scale
synergisms (or antagonisms) (50). Even additive
effects have great potential to overwhelm key
species and entire ecosystems. Coral reefs repre-
sent a prominent example where increasing mass
coral bleaching and reduced calcification as a
result of increasing atmospheric CO2 are com-
bining with the increasing inputs of sediments,
nutrients, and pollution from disturbed coast-
lines to reduce the ability of these ecosystems to
recover from natural and anthropogenic distur-
bances (47). Another example is that of open-
ocean ecosystems, where a wide range of factors,
including overfishing, increased ultraviolet light
exposure, as well as warming and stratifying sur-
face waters, are driving complex changes in com-
munity structure and food web dynamics.

Recent evidence suggests that there is now
a growing risk that several thresholds will soon
be exceeded (51). For example, increasing ocean
temperatures and acidities associated with atmo-
spheric CO2 concentrations of 450 parts per mil-
lion (ppm) represent a serious threat to ecosystems
such as coral reefs. In the latter case, tempera-
tures that exceed 2°C above pre-industrial tem-
peratures are very likely to drive an unsustainable
frequency of mass coral bleaching and mortality,
whereas ocean acidification associated with
atmospheric CO2 above 450 ppm will push coral
reefs into a negative carbonate balance (23).
Similar thresholds (400 to 450 ppm or a +2°C
increase in average global temperature above
pre-industrial values) have been identified for
key ocean components such as aragonite under-
saturation of the Southern Ocean (52), loss of
polar sea ice (24), and the melting of the Green-
land (53) and Western Antarctic (54) ice sheets.
Specific thresholds (or tipping points) are pre-
dicted to have large-scale consequences for
coastal and oceanic ecosystems, as outlined above.
These drivers add to the complex behavior of
ecological systems, increasing the chance of trig-
gering amplifying feedback loops and domino
effects. Given the growing evidence that relatively
small increases in the concentrations of atmo-
spheric carbon dioxide will trigger a wide array of
irreversible changes to critically important marine
ecosystems, avoiding any further increases and
aiming to reduce the atmospheric concentration
of CO2 below 350 ppm in the long term must
be an international imperative (55, 56).

Managing Risk in a Changing World
The rapid ecological shifts that are occurring
in the world’s oceans present major challenges
for managers and policy makers. Understanding

and reducing risk exposure will become increas-
ingly important as conditions change and the
likelihood of major ecological shifts increases.
These changes will decrease the relevance of cur-
rent models and practices for managing ecolog-
ical resources and fisheries stocks, leading the
management of many marine resources into “un-
charted waters.” Nonetheless, “no regret” manage-
ment strategies that reduce the impact of local
stresses while maintaining ecological resilience
will play an increasingly important role as the
climate changes. Actions that reduce the flow
of nutrients and sediments from coastal catch-
ments, for example, as well as those that reduce
activities such as the deforestation of mangroves
and the overfishing of key ecological species
(e.g., herbivores), will become increasingly impor-
tant as the impacts of climate change mount.
Natural resource management must also remain
flexible in order to absorb the sudden and
nonlinear changes that are likely to characterize
the behavior of most ecosystems into the future.
Overall, however, reducing greenhouse gas
emissions remains the priority, not only because
it will reduce the huge costs of adaptation but
also because it will reduce the growing risk of
pushing our planet into an unknown and highly
dangerous state.
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