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■ Abstract With continuing influx of large numbers of people into coastal regions, human
stresses on coastal ecosystems and resources are growing at the same time that climate
variability and change and associated consequences in the marine environment are making
coastal areas less secure for human habitation. The article reviews both climatic and
nonclimatic drivers of the growing stresses on coastal natural and human systems, painting
a picture of the mostly harmful impacts that result and the interactive and systemic
challenges coastal managers face in managing these growing risks. Although adaptive
responses are beginning to emerge, the adaptation challenge is enormous and requires not
just incremental but also transformative changes. At the same time, such “wicked”
problems, by definition, defy all-encompassing, definitive, and final solutions; instead,
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temporary best solutions will have to be sought in the context of an iterative, deliberately
learning-oriented risk management framework.

Keywords wicked problems, extreme events, sea-level rise, nonclimatic stressors,
adaptation, transformative change

1. PRESENT CHALLENGES AND FUTURE PRESSURES ON COASTAL REGIONS
Coastal regions of the world face wicked challenges. In a nutshell, with continuing influx of
large numbers of people into coastal regions, human stresses on coastal ecosystems and
resources are growing at the same time that climate variability, climate change, and
associated changes in the marine environment are making coastal areas less secure for
human habitation. Wicked problems (1) are ones that defy complete definition and easy or
final solutions owing to the inherent and constantly evolving complexity of the system at
stake. Every intervention in such problems generates further challenges, suggesting that
wicked problems do not have unambiguously good or bad solutions, only temporary best
answers. Wicked problems---even in a relatively static environment---may continue to
plague managers with diabolic challenges, but adding global climate change with all its
ramifications, deep-seated causes, and systemic uncertainties will guarantee them (2, 3).
This review aims to frame these wicked challenges as emerging at the interface of the
impacts of climate change on already vulnerable, already stressed coastal environments
(Figure 1, see color insert). We begin below with a brief sketch of the proximate and
deeper causes underlying the current trends at “land’s end” to set the stage for the
exploration of coasts and global environmental change. We then turn to a review of global
climate change, its causes and impacts, including a discussion of the potential implications
of projected impacts on human systems and the natural systems on which they depend. We
conclude with a discussion of the wicked challenges involved in coastal zone management
and adaptation in the context of converging stresses.
Figure 1 Climate change will impact the coastal system---made up of a natural and a
societal subsystem---via changes in sea level, storms and wave regimes, temperature,
precipitation and runoff, atmospheric and seawater concentrations of carbon dioxide, and
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pH. These drivers of change will interact with preexisting conditions and vulnerabilities at
land’s end to create changing climate-related risks.

1.1. Human Pressures on Coastal Environments
About 40% of the world’s population lives in the 5% of the world’s land area located within
100 km of the coastline, and there, population growth is continuing (4). Population
concentration in this relatively narrow strip of land thus serves as a simple first indicator of
human pressure on coastal air, waters, and ecosystems. Population concentration goes hand
in hand with ongoing extraction of economic value from these productive ecosystems and
attractive environments through high-intensity land development and construction; tourism
and recreation; fishing and aquaculture; agriculture and fuelwood; shipping, transportation,
and trade; energy and minerals development; waste disposal; military uses; and other
industrial economic activities (5). Although not new, these pressures are continuing or
accelerating the observed degradation of coastal ecosystems despite various national and
more localized efforts to halt habitat or species loss, water and air quality declines, shoreline
hardening, and threats to human health and security (6, 7).
Positive feedback effects among population growth, economic growth and securing
viable livelihoods, globalization, food production, energy, resource and land use, the
growing gap between rich and poor, and escalating consumption make sustainable
development difficult anywhere on Earth, but particularly in urban concentrations. The
majority of near-coastal populations still live in relatively densely populated rural areas and
small- to medium-sized cities (8), but almost two-thirds of urban settlements with
populations greater than 5 million are, at least partly, in areas less than 10 m above sea level
(4, p.17). Indeed, 15 of the current 26 megacities (>10 million people) are in the immediate
coastal zone (8a, 9, 10). Such concentrations of people require an influx of external
resources and place enormous demands on local resources and ecosystem services to
support human needs, economic activities, and accommodate disposal of waste and
emissions. Demographic trends in coastal areas suggest that rapid population growth will
continue through in-migration and reproduction, as well as with temporary visitation by
tourists.
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1.2. Coastal Ecosystem Degradation and Human Vulnerability
Over the past decade and more, there have been improvements in tracking and assessing the
effects of human disturbance on coastal ecosystems (11). The Millennium Ecosystem
Assessment (7, 12) used available data and indicators to conclude that coastal and island
ecosystems are already among the most highly threatened systems in the world. As all
coastal ecosystems are downstream of upland land uses and pollution sources, some of the
most vulnerable ecosystems---such as coral reefs, estuaries, wetlands, and mangrove
forests---are greatly degraded, and their ecosystem services (e.g., fisheries, water filtering,
flood protection, carbon capture in wetlands, and aesthetic value) are already compromised.
Ecological degradation has been the price or unintended consequence of continued
human development in the coastal zone. The wealth generated has not been shared equally.
In many developing nations in particular, exposure of the poor and disadvantaged segments
of urban populations to flooding and storm surge hazards, lack of sanitation, and access to
only the most marginal resources and degraded ecosystems is all too common (7). Even in
developed nations like the United States, wealth is not distributed equally in coastal areas,
leading to significant differences in social vulnerability (13). When combined with the
exposure to physical threats, such as climate change (14) and the degradation of local
environments, complex pictures of social-ecological vulnerability can arise (15). A
particular challenge lies in the cross scalar connections between the drivers of socialecological vulnerability and resilience which, therefore, makes it difficult to identify
effective levers to affect systemic change (16, 17).
1.3. The Emerging Threat of Global Climate Change
The unequivocal global temperature increase (18) and other climatic changes are already
beginning to add pressures on coastal environments. Global sea-level rise (SLR), a major
long-term and---on human timescales---permanent effect of climate warming is impacting
coasts now and will have increasingly significant social and economic impacts on coastal
and low-lying regions worldwide (19--21). The effects of SLR on coasts are not uniform,
however, but vary considerably regionally and over a range of temporal scales (19, 21). The
effects will be greatest on low-relief, low-elevation coasts, such as deltas, coastal plains, and
islands, many of which are also subsiding, as well as on densely populated and vulnerable
urbanized coasts (10). Thus, the ~600 million people in coastal regions below 10 m
30
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elevation are increasingly at risk from the interactive hazards of SLR, storms, flooding,
rising temperatures, reductions in sea ice, changes in freshwater runoff, increasing
variability and extremes in weather, and acidification of coastal waters that are being
exacerbated by global climate change (4, 9, 10, 22).
Understanding and predicting with confidence how these global environmental changes
will affect coastal regions is a major challenge for scientists and engineers. Meanwhile,
policy makers together with affected stakeholders must determine how society chooses to
address these emerging challenges in addition to those already faced, ideally in ways that
are cost-effective and sustainable. Yet, deep-seated drivers behind the draw of humans to
the coast, the inherent complexity of coastal systems, the plethora of environmental
challenges affecting the coasts, and their synergistic and cumulative effects on humans
make place-specific, decision-relevant forecasts difficult. Such limits to understanding
combined with a relative lack of awareness among decision makers and the public of the
growing threats from climate change to coastal populations, ecosystems, and resources; the
insufficiency of compartmentalized solutions; and differing perspectives among
stakeholders on them make global environmental change in coastal areas truly a wicked
problem (23).

2. CLIMATE CHANGE: GLOBAL TRENDS AND REGIONAL VARIABILITY
2.1. Temperature Increases
2.1.1. OBSERVED AND PROJECTED COASTAL WATER TEMPERATURES. Global climate change is
being driven predominantly by the accumulation of carbon dioxide (CO2) and other greenhouse
gases (principally methane, nitrous oxide, halocarbons, and tropospheric ozone) in the
atmosphere. For example, the concentration of CO2 has increased by more than 40% since the
start of the Industrial Revolution. The heat-trapping characteristics of these greenhouse gases
result in increasing temperatures in Earth’s lower atmosphere and oceans. Analyses of
temperature data collected on land, at sea, and via satellite sensors demonstrate that average land
and ocean temperatures warmed by 0.8C from the first decade of the twentieth century to the
first decade of the twenty-first century, with the most pronounced warming over the past three
decades (24). This warming was not geographically uniform, with greater warming in northern
latitudes. Nor has the warming been monotonic, with the El Niño/Southern Oscillation (ENSO),
30

5

volcanic aerosols, and solar variability playing important roles in year-to-year variations. Once
these are accounted for, the various surface and satellite-based records agree remarkably,
indicating a warming trend of 0.14C to 0.18C per decade for the period 1979--2010 (25).
Surface ocean waters have warmed slightly less than the lower atmosphere over land;
still, the oceans have accumulated most of the heat generated during this warming period,
with heat penetrating to the ocean depths (26). The warming trend in the ocean has also not
been uniform (e.g., the northern Indian Ocean warmed more than the central North Pacific).
The few coastal regions from which reliable, long-term temperature records are available
also show consistent warming trends: 0.4C per decade between 1970 and 2002 at Woods
Hole, Massachusetts (27); 0.35C per decade between 1970 and 2005 in Chesapeake Bay,
United States (28); and an average of 0.28°C per decade between 1965 and 2009 at 13 sites
on the North Sea coast of Great Britain (28a).

Coastal water temperature is influenced by local air temperature, but it may also be
affected by the temperature of the source of coastal ocean water. For example, Shearman &
Lentz (29) attributed the rapid warming of coastal surface temperatures in the Gulf of Maine
and Middle Atlantic Bight to the warming of the Arctic and Labrador source waters rather
than to the local air-sea exchange of heat.
Projections for future coastal water temperatures can be made from the general
circulation models used to project global changes in temperature and other climate
parameters; however, these global models do not resolve coastal currents well. Nonetheless,
inferences can be made on the basis of the surface air temperature changes projected from
the models used in the Intergovernmental Panel on Climate Change’s (IPCC’s) Fourth
Assessment Report (30). As is the case with recent temperature trends, warming is projected
to be substantially greater toward the Arctic and in inland areas of land masses than in nearcoastal areas and on the surface of ocean waters. Increases in coastal air temperatures are
likely to exceed an additional 1C by midcentury and 3C by the end of the century,
depending on the greenhouse gas emissions trajectory. Greater warming is expected in polar
regions, with much geographic variability elsewhere.
2.1.2. CONSEQUENCES OF TEMPERATURE CHANGES ON COASTAL AND MARINE ECOSYSTEMS.
The consequences of this level of warming on coastal ecosystems are numerous and profound
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(31). One of the direct consequences is the reduction in the extent and duration of near-shore seaice coverage in polar and subpolar regions. This is already occurring, leading to increased wave
exposure of shorelines and substantial changes in sea-ice-dependent ecosystems (32, 33),
including shifts in food chains that support seabirds and mammals, as well as challenges for
walruses and polar bears that use ice floes. These changes are happening at the same time that
greater ice-free conditions allow expansion of maritime transportation and Arctic nations
increase their exploitation of oil and gas resources.
At the other end of the latitudinal spectrum, reef-building corals are known to be
particularly sensitive to temperatures that only slightly exceed mean summer maximum
temperatures, wherein stressed corals release most of their pigmented microalgal symbionts
in a phenomenon known as coral bleaching (34). If the thermal stress is severe and
persistent, corals may die. As the climate warms, the thresholds for bleaching are likely to
be exceeded more substantially and frequently. There is considerable variation in tolerance
among coral species, and some adaptation to the warmer temperatures may occur (35). As a
consequence, coral reefs are expected to change in composition and distribution rather than
disappear as a result of warming alone. However, warming in combination with other
human stressors and, as discussed below, ocean acidification present more formidable
challenges to the continued existence of coral reefs (36).
Temperature increases and shifts in seasonal temperature patterns will affect important
physical processes, such as the density stratification of the water column, that have
substantial consequences for organisms and biogeochemical cycling. Increased sea surface
temperatures have been implicated in declining phytoplankton biomass in the major ocean
basins, probably by increasing water column stability, which limits nutrient supply from
below (37). Biological processes and structure can be affected by increased temperature in
terms of physiological responses, population and community dynamics, and ecosystem
structure and function (32). As temperatures increase, organisms are challenged to adapt in
place or move to track changes in the environment in space and time. Burrows et al. (38)
found that both the velocity of thermal change and the shift in seasonal timing observed
over the past 50 years were higher in the ocean than on the land at some latitudes, despite
the slower ocean warming. Areas of high marine biodiversity often had greater velocities of
change and seasonal shifts, raising conservation concerns. Some species will shift ranges
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faster than others, which will result in new species combinations, trophic structures, foodweb dynamics, changes in biogeochemical cycling, species invasions, and increased
prevalence of marine diseases (32). These changes have substantial implications for
ecosystem-based fisheries management and conservation and restoration of coastal
ecosystems (22).
2.2. Precipitation Changes and Their Consequences for Coastal Areas
Precipitation is substantially affected by the warming of Earth’s atmosphere and ocean.
Warmer temperatures increase evaporation from ocean and land surfaces, resulting in
increased precipitation elsewhere to balance the water cycle (39). IPCC projections indicate
increased precipitation along the equator and at higher latitudes and decreased precipitation
along lower to midlatitudes (30)---changes that seem to be occurring more rapidly already
than predicted (40). Several semienclosed seas with important coastal zones fall within the
zone of projected decreases in precipitation, including the Gulf of California, Gulf of
Mexico, Caribbean Sea, and Mediterranean Sea. Changes in precipitation within the
catchments draining to coastal waters have substantial consequences for coastal ecosystems,
affecting salinity, density stratification, and the delivery of sediments and nutrients.
However, it is not straightforward to translate increases or decreases in precipitation into
changes in delivery of freshwater into coastal waters. Warmer temperatures increase
evapotranspiration and affect whether precipitation falls as rain or snow, thus altering the
timing of delivery; and in many regions, precipitation is expected to come in more intense
events, separated by longer dry periods (14, 41).
Changes in freshwater discharge and temperature in coastal systems will interact with
changes in other atmospheric and oceanic conditions and sea level to create new sets of
conditions that alter coastal ecosystems as we know them. These new conditions require
adjustments to how these systems are being managed. Modeling the effects these interactive
forces over this century for California’s San Francisco Bay-Delta-River System has
demonstrated how key indicators of hydrology and habitat quality can change substantially
(42).
2.3. Sea-Level Rise
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Coastal landforms are modified by a variety of dynamic processes with cumulative effects,
which exhibit great regional variability. The driving forces that influence the evolution that
coasts undergo include the geologic framework and character of the area, relative sea-level
change, major tropical and extratropical storms, coastal oceanographic processes (i.e., wind,
waves, currents), sediment supply, and effects of human activity altering sediment
movement (43).
2.3.1. OBSERVED TRENDS. Sea-level change is a dominant driving force of coastal change as
observed in the geologic record of coastal landforms and experienced in historic times. Sea-level
rise is likely to increase in importance as a hazard for all coastal regions because of predicted
acceleration in rise rates and increased risk to vulnerable coastal regions, such as cities, deltas,
islands, and low-lying coastal plains. As the global climate continues to warm and ice sheets
melt, coasts will become more dynamic, and coastal cities and low-lying areas will be
increasingly vulnerable.
The geologic record shows that sea levels have been highly variable with levels 6 to 8 m
higher than present during the last interglacial warm period and about 120 m lower during
the Last Glacial Maximum period (44, 45). Regional to local-scale land subsidence, owing
to geologic processes and human activities, and uplift often contribute significantly to
relative SLR, affecting local erosion, accretion, and changes to sediment budgets. These
processes are complex, cumulative, and often difficult to distinguish but typically result in
increased human vulnerability to hazards.
The global sea level has been rising at variable rates in concert with warming and glacier
and ice-sheet melting since the end of the Last Glacial Maximum. The average rate of rise
has been modest for the past several millennia with evidence of both accelerations and
decelerations on timescales of several decades or longer, but large increases are projected
by AD 2100 and beyond. The complexity of methods for studying SLR has been reviewed
by several researchers (44, 46, 47). Analyses of tide-gauge records worldwide indicate that
the twentieth-century global rate averaged 1.7 mm/year (48), with decadal fluctuations (49).
Since the early 1990s, both satellite altimeter (Figure 2) and tide-gauge observations
indicate that SLR increased to more than 3 mm per year (48, 50). There is now emerging
evidence of acceleration in SLR caused by climate warming (51), with the increase likely
the result of equal contributions from ocean thermal expansion and glacier and ice-sheet
30
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melting and long-term shifts in ocean circulation along the US mid-Atlantic region (47, 51).
Regional and local effects of the recent rise are becoming increasingly evident by more
frequent flooding of urban roadways, docks, storm drains, and coastal lands during routine
astronomical spring high tides.
<COMP: PLEASE INSERT FIGURE 2 HERE>
Figure 2 The highly variable spatial distribution of the rates of sea-level change, plotted
about the globally averaged rate of rise for the period 1992 to 2011, as measured from
satellite altimeter data in mm/year. Source: NOAA Laboratory for Satellite Altimetry
(180).
Church et al. (47) examined global sea-level change and energy budgets from 1961 to
2008 and showed that of the 1.8 mm/year observed rise, ocean expansion accounts for 0.8
mm/year, melting glaciers and ice caps account for 0.7 mm/year, and the ice sheets of
Greenland and West Antarctica account for 0.4 mm/year. Over the same time period, ice
melt contributions increased as did thermal expansion, but less rapidly. Groundwater
depletion increases SLR, whereas water retention behind dams decreases SLR over decadal
time periods; together these affect the global sea level by ‒0.1 mm/year (47, 52).
2.3.2. PROJECTIONS OF FUTURE SEA-LEVEL RISE. A fundamental and important question is
whether there is evidence of SLR acceleration, and if so, whether it can be linked to observed
global warming? Credible analyses suggest global acceleration started in the mid-nineteenth
century to a current rate of more than 3 mm/year, a 50% increase in the past two decades (53-56). In contrast, Houston & Dean (57) claim to have found evidence of deceleration; however,
subsequent papers by Rahmstorf & Vermeer (58) and Rignot et al. (59) have essentially
discredited those claims.
The IPCC’s Fourth Assessment Report (18) included model-based projections of SLR by
the end of the twenty-first century. It reported that sea level could rise 18 to 59 cm but did
not include potential additional rise owing to the melting of major land-based ice masses on
Greenland or West Antarctica because of the limits in modeling capability at the time. The
fifth IPCC climate assessment will include refined model results of ice-sheet dynamics and
change, and it may report higher SLR projections on the basis of improved model results
and more observations.
As shown in Figure 3, many studies since the Fourth Assessment Report (10, 21, 58--67)
suggest that SLR in decades ahead is likely to be considerably greater than the IPCC’s 59
30 10

cm upper limit. Ice-sheet melting in Greenland and West Antarctic is likely to be more rapid
than assumed in the IPCC projection (46, 67a). Average global SLR is thus expected to be
in the range of 0.5 to 2 m (Figure 3) by AD 2100; however, the rates of rise will have high
regional and temporal variability. For example, some modeling studies conclude that
gravitational effects and shifts in ocean currents are likely to result in nonuniform rise in sea
levels, possibly with an additional 30 to 51 cm rise along the northeast coast of the United
States and Canada (46, 51).

<COMP: PLEASE INSERT FIGURE 3 HERE>
Figure 3 Graphic summary of the range of average global sea-level rise (SLR) projections
by end of century (2090--2100) from the peer-reviewed literature (60--63, 67, 182, 184) as
compared to the National Research Council’s (181) and Intergovernmental Panel on
Climate Change’s (IPCC’s) (30) projections. Notations B1, A2, and A1Fi refer to IPCC
emissions scenarios (18). Details on the methods used and assumptions are in the original
references.
With continued warming, accelerated melting of the Greenland and West Antarctic ice
sheets could lead to SLR of ~6 to 8 m over several hundred years on the basis of the levels
recorded from the last interglacial warm period (68). Jevrejeva et al. (62) suggest SLR of
1.8 to 5.5 m is possible by AD 2500. At the extreme, a maximum rise of up to 70 m is
possible, but unlikely, if global warming continues such that all ice sheets melt. Total
melting has happened in the geologic past, but this would require centuries of global
temperatures higher than present. However, temperatures at such levels (4C or more) are
within the range projected by IPCC (18).
2.4. Changing Storminess and Effects on Coasts
Although SLR will bring increasing risk to vulnerable coastal regions by itself, major
storms (i.e., cyclones) have more immediate impacts to both landforms and human
development. Storms, by means of waves, currents, wind, and elevated surge, provide the
kinetic energy to transport sediment, thereby causing erosion and land loss. These coastal
changes may be temporary for natural coasts that are able to recover during fair weather;
however, for highly developed coasts, storms can be devastating in terms of loss of life and
property damage (69).
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Data on storm impacts to coastal regions are limited. Historic records go back a century,
and the geologic storm record goes back several centuries, but the best records cover just
the past 50 years. In the United States, weather events caused more than $500 billion in
damages from 1980 to 2005, and storms account for approximately 35% of these damages
(70). Since then, storm damages have increased greatly. The U.S. National Oceanic and
Atmospheric Administration reported that in 2011 there were 12 billion-dollar disasters for
a total loss of about $53 billion in the United States. Several were coastal storms, and the
2011 losses were greater than in 2008, the previous record year (70a).
Climate change also affects storm characteristics such as intensity, frequency, and tracks,
as well as changes in precipitation patterns, including seasonal and annual amounts, and
variability. In turn, they affect runoff, flooding, erosion, sedimentation, water quality,
vegetation, navigation, and many other factors important to coastal ecosystems and human
welfare. According to IPCC (14), there is high confidence that, in some places, climate
change has the potential to substantially affect the risk of flooding and associated impacts to
human health, infrastructure, and agriculture.
Moreover, the IPCC (14) concluded that because hurricanes are powered by the release of
moisture and heat from warm oceans, increases in sea temperatures are expected to result in
stronger storms. Acknowledging that warmer temperatures can trigger a shift toward weak
El Niño-like conditions, which reduce hurricane activity, the IPCC expects increases in
average tropical cyclone maximum wind speed and a possible decrease or no change in
global frequency of cyclones, confirming earlier findings (18, 71, 72). The IPCC (14) also
noted that storms can be expected to continue to shift north, exposing higher-latitude
regions to more coastal erosion, flooding, and property damage, and lower-latitude regions
to less.
In addition to the direct impacts on physical landforms and human development, major
storms can also cause ecosystem changes superimposed on those resulting from nonclimatic
stressors. Salt marsh wetlands, mangrove swamps, and coral reefs are particularly
vulnerable to impacts of major coastal storms (73, 74).
2.5. The Changing Ocean
Coastal ecosystems are influenced by the conditions in the adjacent ocean as well as on land
and along the coast. Climatic oscillations (such as ENSO) will be affected in ways that are
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presently poorly understood yet can have profound consequences for marine ecosystems
and fish populations (75). Along the coast, climate change will affect thermal gradients,
water column stratification, winds, precipitation, boundary currents, and upwelling.
Warming intensifies pressure gradients between land and sea; thus, upwelling winds are
expected to intensify in Eastern Boundary Current systems (76), and coastal upwelling
intensity seems to have increased already during the late twentieth century (77). Since 2002,
changes in wind forcing along the northwestern United States coast have resulted in an
upwelling regime that moves water severely depleted in dissolved oxygen onto near-shore
habitats, resulting in mass mortalities (78). Changes in wind forcing that modify coastal
currents, upwelling intensity, and surface temperature also influence the recruitment of
marine species that utilize estuaries as nursery habitat in San Francisco Bay, California (79).
The pH and calcium carbonate saturation are being reduced as the rising atmospheric
CO2 concentrations equilibrate with surface ocean waters (80). This decline in pH of ocean
surface waters during the past 30 years and an overall decrease from the preindustrial period
of 0.1 pH units is already well documented. The pH is projected to decrease further by 0.3-0.4 units by the end of the century if CO2 emissions continue to grow at recent rates (81). In
short, the process of ocean acidification will continue unless atmospheric CO2
concentrations are stabilized through dramatic reduction of emissions.
Ocean acidification undermines the formation of shells and skeletons by planktonic and
benthic organisms, including mollusks and corals (80). In coastal ecosystems, the effects on
shellfish production are of direct human concern. Decreased calcification rates for mussels
and oysters exposed to higher CO2 have been demonstrated (82), and upwelling of deep
CO2-enriched waters have been implicated in mortalities of oyster larvae in Washington,
United States (83). Similarly, declining pH in waters in the lower Chesapeake Bay could
reach levels that limit calcification and increase shell dissolution (84). Reef-building corals
are particularly susceptible to ocean acidification (36). Declining calcification rates have
been observed for corals on the Great Barrier Reef coincident with the reduction in pH,
although thermal and additional stresses may also have played a role (85). Evidence to date
indicates that ocean acidification will severely affect reefs by midcentury and will have
reduced many of them to ecologically collapsed carbonate platforms by century’s end if
atmospheric CO2 concentrations are not soon stabilized (86). The tremendous biodiversity
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and ecosystem services associated with coral reefs are at serious risk, but not all marine
organisms are negatively affected by ocean acidification. Some sea grasses increase in
biomass and reproductive output if provided more dissolved CO2 (87), although the stress of
warmer temperatures may counteract this stimulatory effect.
Coastal ecosystems experience more widely fluctuating pH levels than open ocean
systems mainly because of the high rates of photosynthesis that deplete CO2 and raise pH,
and because of the high rates of decomposition of organic matter that release CO2 and lower
pH (88). The oxygen-poor bottom waters of the Gulf of Mexico “Dead Zone” thus
experience even lower pH than the open waters of the Gulf (89). Moreover, inputs of the
dissociation products of strong acids (nitric and sulfuric acid) and bases (ammonia)
resulting from fossil-fuel combustion and agriculture can also decrease pH (80).

3. CHANGES IN LAND-SEA INTERACTIONS
The rich and productive coastal ecosystems and population centers at the interface between
land and ocean are largely the result of abundant living opportunities for humans and other
organisms along the coast and of the fluxes of materials and energy across this interface.
For human societies these fluxes are mediated by maritime commerce, food supplies, and
the flux of people. Coastal ecosystems in turn are greatly influenced by the fluxes of water,
sediments, and dissolved substances from the land, as well as stimulating intrusions from
the sea, such as coastal upwelling of nutrient-rich waters.

3.1. Dynamic Fluxes at the Land-Sea Interface
The fluxes from the land into coastal ecosystems have been greatly affected by human
activities (see Section 3.2). Freshwater flows have often been reduced, and soils have
eroded. Moreover, the land-based loads of important chemical constituents, ranging from
toxic manufactured chemicals to nutrient elements essential to life, have often increased
(Section 3.3). Where changes in these fluxes have resulted in too little freshwater, too much
or too little sediments, or water pollution entering estuaries and coastal waters, they have
become critical concerns for coastal management.
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As climate change alters patterns and amounts of precipitation and river discharge, the
amounts of sediment and dissolved substances carried into coastal areas will add additional
complexity to the management challenge. Two pervasive management challenges are
considered here: alterations of sediment transport and nutrient over enrichment.
3.2. Changes in Sediment Transport to and along the Coast
Human activities, particularly land clearing and cultivation, the construction of dams for
flood control and freshwater retention, and levee construction and other river alterations
have greatly altered the delivery of sediments by rivers to the coast with substantial
consequences to estuaries, shorelines, and deltas (90). Human-induced soil erosion
increased the sediment transport through global rivers by about 2.3 billion metric tons per
year, yet the flux of sediment reaching the world’s coasts from land has been reduced by
about 1.4 billion metric tons per year because of retention within reservoirs (91). Both
sediment erosion and retention present coastal management challenges. Historically, erosion
filled in estuaries and bays, resulting in the loss of valuable ecosystems and abandonment or
relocation of ports. Some coastal systems still receive far more sediment loads than they did
before pervasive human alteration of their catchments.
At the other end of the sediment transport spectrum are regions experiencing rapid
shoreline retreat and land loss because of the deficiency of sand-size sediments in rivers
carrying sediment to the coast or deficiencies in the coastal alongshore sediment transport
system. These sediment deficits have increased over the past century and result from a
variety of human activities, such as sand mining in rivers and at the coast, sediment trapping
by dams and reservoirs, loss of coral reefs, and coastal engineering structures that disrupt
transport processes and cut off natural sediment sources.
The challenges are even more substantial for coastal deltas, which are low-lying and rely
on periodic sedimentation from river floods. As most of the world’s deltas experience
further SLR, their vulnerability is heightened because of continued land subsidence owing
to sediment compaction and consolidation; the removal of oil, gas, and water from
underlying geologic formations; the trapping of sediments in upstream reservoirs; and
floodplain engineering that constrains river flooding and alters tidal exchange. Syvitski et
al. (92) found that over a decade 85% of the world’s deltas experienced severe flooding,
resulting in the temporary submergence of 260,000 km2. They also conservatively estimated
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that such vulnerable delta surface area would increase by 50% as sea level rises during the
twenty-first century. Only by alleviation of the capture of sediments upstream or their
entrainment within the delta, and cessation of other human activities causing local land
subsidence, could this inundation of the world’s deltas be lessened.
A particular case is the Mississippi River Delta, United States, where 4,900 km2 of
coastal land (mostly wetlands) has been lost since 1900, and ambitious efforts are underway
to stem the losses and, where possible, restore the landscape both for natural resources and
protection from storm surges (93). Sediment loads have been reduced by more than 50%
through dam construction and Blum & Roberts (94) estimated that the present sediment load
of the river is less than the historical rate of sediment storage in the delta, when the sea level
was rising at a third of the present rate. Even so, very little of the present sediment load
escapes the flood-control levees that confine the lower river. They estimated that an
additional 10,000--13,500 km2 of wetland area would be submerged by AD 2100, but some
of this landscape could be sustained with strategic diversions of much of the remaining
sediment load in the river through engineered breaks in the levee system.
3.3. Nutrient Enrichment
Human activities have also greatly increased the availability of plant nutrients, particularly
forms of nitrogen and phosphorus, in coastal ecosystems. This is not only the result of direct
disposal of wastes into coastal waters, but also because of diffuse source runoff from
agricultural and urban systems and, in the case of nitrogen, atmospheric deposition of fossilfuel combustion by-products. Although increasing nutrient loads enhance primary
production, there are often deleterious consequences that result from increasing the supply
of organic matter (eutrophication) of coastal ecosystems. These include decreased water
clarity often resulting in the loss of bottom vegetation; alteration of food chains supporting
desired species and some toxic or otherwise harmful algal blooms; and depletion of
dissolved oxygen in bottom waters, or hypoxia (95). The frequency, extent, and severity of
these deleterious effects of eutrophication virtually exploded after the 1960s, commensurate
with the rapid increase in the use of manufactured nitrogen fertilizers, the intensification of
livestock production, and the generation of nitrogen oxides through combustion of fossil
fuels (95). Known areas of recurrent hypoxia that develop as a result of the degradation of
excess production in stratified bottom waters have grown dramatically (96). Nutrient over
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enrichment has been an important cause of the accelerating loss of sea grass across the
globe, contributing to a 29% reduction of their known areal extent (97).
Reversing the effects of eutrophication through reducing land-based nutrient inputs is one
of the major objectives of coastal environmental management in the developed world, while
symptoms of eutrophication are increasingly being observed in the developing world.
Commitments to reversing eutrophication have been made, and substantial resources are
being directed to reduce nutrient inputs into large coastal ecosystems, such as the
Chesapeake Bay (98), the northern Gulf of Mexico (99), and in many smaller systems.
However, climate change is likely to transform conditions in the catchments and in coastal
waters that make the alleviation of the effects of eutrophication more challenging. Increased
precipitation and runoff expected in temperate regions are likely to increase the delivery of
nutrients and sediments during the spring, intensify density stratification of receiving
waters, and exacerbate hypoxia (28, 100).
Climate change may be intensifying the effects of eutrophication already. Carstensen et
al. (101) found for several coastal ecosystems in Europe and North America that
phytoplankton biomass decline with decreasing nutrient loading was slower than the pace of
biomass growth when loadings were increased. They suggested that these shifting baselines
were possibly a result of global climate change and increasing human stress on coastal
ecosystems.

4. COMPOUNDING IMPACTS OF CLIMATE CHANGE ON HUMAN SYSTEMS
4.1. Overview
The combined impacts of SLR, changing coastal storm regimes, ocean acidification,
saltwater intrusion in coastal aquifers, air and water quality degradation, and changing
interactions between upland and downstream regions will add to the stresses confronting
coastal ecosystems and human population centers (Figure 1) (101). Climate disruptions,
shifts in species abundance and distribution, as well as direct and indirect impacts on the
economic resource base of coastal regions will in many instances further degrade
ecosystems and the services they provide, undermining locally viable, sustainable
economies and posing significant challenges to human health, well-being, and security (10,
21, 102--104).
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Studies of climate change impacts on coastal regions to date have generally not
considered the interacting global and more localized environmental changes in an
integrative fashion, nor have they fully accounted for the existing state of environmental
degradation and human vulnerability (22, 105). Most existing studies instead have focused
on individual impacts (e.g., sea-level rise, acidification, storms, or saline intrusion in
groundwater) rather than the sum of interacting climate change--driven stressors (for an
interesting exception see Reference 69). Different assumptions about climate scenarios,
demographic changes, and economic development produce ranges of projected impacts that
are insufficient for smaller-scale coastal planning or decision making (106). Moreover,
studies have taken either a global or megaregional focus (107--109) or a smaller-scale and
local focus (110--113). Different approaches and methodologies make such assessments
difficult to integrate. Although these limitations are easily explained by data limitations,
methodological and computational challenges, and knowledge gaps, existing impact
assessments possibly underestimate the actual severity of future impacts on coastal
environments, communities, and economies when viewed synergistically.
These limitations notwithstanding, a synthetic reading of existing studies suggests a very
challenging future for coastal regions. The effects seem predominantly negative. Of course,
the exact pace and ultimate severity of local impacts very much depend on regional climatic
changes, feedbacks, threshold crossings, and also on the interactions with the geological
processes, the nature and health of ecosystems, the intensity of human development, and
whatever adaptive strategies are taken to minimize these effects.
4.2. Synthesis of Impacts
Overarching findings include the following:


Coastal erosion, inundation, and flooding from the combined impacts of SLR and
storms will become even more pervasive along most of the world’s coastlines.
Increasing impacts from more frequent and intense extreme weather on coastal
infrastructure, services, and particularly harbors and ports are expected (114, 115).
Heavier rainfall, combined with SLR and storm surge, is expected to substantially
increase the frequency of flooding in major metropolitan areas around the world (19,
116--121).
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Examining the changing global flood risk under the IPCC’s emissions scenarios (not
accounting for any changes in storminess), Nicholls & Lowe (108) found that SLR
increases the flood impacts under all climate change scenarios, with significant impacts
becoming apparent later in the century when large additional numbers of people (2--50
million annually) could be flooded during storms. A more recent analysis found that if
the increase in global mean temperature exceeds 4C the associated SLR of up to 2 m
by 2100 could lead to the forced displacement of up to 187 million people (~2.4% of
global population) from at-risk areas (10).



Low-lying coastal environments dominated by rapid subsidence (deltas, estuaries,
coastal floodplains, islands) are not only often the most heavily settled but also the
most vulnerable to abrupt and extensive impacts from SLR and coastal storms (122-124).



As coastal populations are increasingly subjected to more frequent or extensive coastal
hazards, demands for basic necessities will increase, and populations may be displaced
from low-elevation regions. There is considerable debate in the scientific and
practitioner communities as to whether such disruptions and displacements will create
political destabilization and thus raise security concerns (24).



The only coastal regions exempted from growing impacts and stresses from SLR and
related coastal hazards are those that experience uplift at rates faster than the expected
SLR or fewer coastal storms in the future (e.g., resulting from a poleward shift of
extratropical storms), and regions that have abundant sediment along the coast.



Coastal groundwater resources are threatened universally from saline intrusion by the
encroaching sea and landside withdrawal (often overdraft) of water for human uses
(125--127).



Studies of the economic impacts of SLR impacts vary widely by region, climate
scenario, and differences in coastal development (108, 128). Recent economic
assessments have found that shoreline protection can be cost-effective (129). Finerresolution studies reveal that economic costs of protecting coastlines against the
growing risks from climate change tend to be significantly higher than coarser
resolution studies suggest. For example, in a study of the cost of adaptation to SLR for
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the full coastline of the continental United States, Neumann et al. (130) found that the
economic cost of SLR is much larger than prior studies suggested: The cumulative cost
was more than $63 billion (discounted at 3%) (or $230 billion undiscounted) for a
rather modest SLR scenario of 68 cm by 2100. This added cost, however, amounted to
only a quarter of the total value of low-lying property that would be at risk without
protective measures.


Although the coastlines of developed nations have more infrastructure and economic
assets at risk in absolute terms, and thus are expected to experience significant losses
from future combined impacts of SLR and coastal storms, the relative socioeconomic
vulnerability to current and future coastal impacts is likely greater in developing
nations (14, 122).



In the United States, extreme weather events caused more than $500 billion in damages
from 1980 to 2005, and storms account for approximately 35% of these damages (70),
with economic impacts in coastal regions dominated by recent hurricanes.



Ecosystem services will change and often become further diminished (7). Provisioning
services, such as the production of seafood, will face shifts in species composition, food
chains, and productivity as well as diminution of critical habitats, such as coral reefs,
mangroves, and coastal marshes. Regulating services, for example, the control of
climate, will be influenced by changes in the pressure gradients between land and ocean
that moderate regional climate, and by the ability of wetlands and other coastal
ecosystems to sequester carbon. Supporting services, such as nutrient cycles, will be
affected by changes in river flows and increased stratification. Cultural, spiritual, and
recreational benefits will be affected by shoreline retreat and loss of historical coastal
landscapes and habitats. However, a lack of understanding of the connections between
ecosystem services and human well-being inhibits clear quantification and conclusions
(131).

This unsettling picture is not a future that should be fatalistically accepted. Rather,
humans have always and will continue to adapt and change their behavior, modify, and--where possible---minimize coastal risks. The concentration of wealth and brain power in
coastal areas may well assist in finding adaptive solutions to climate change. Many of past
interventions in coastal problems, however, have led precisely to the situation we find
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ourselves in at present: increasing human concentration and lucrative economic activity in
coastal areas, albeit at the expense of extensive ecosystem loss and degradation. An added
challenge at present is that global population is above seven billion and continuing to grow,
with many migrating to vulnerable coastal areas. To address the wicked challenges that
coastal areas will face under global climate change, a more integrated, forward-looking, and
comprehensive management of coastal risks is necessary if coastal occupancy and
sustainable coastal resource use are to be achieved. At the same time, it will be impossible--as with all wicked problems in dynamic environments---to wait for perfect, fully thoughtout solutions. Instead, a deliberately learning-oriented, adaptive governance approach that
supports iteration and works with temporary best solutions is needed as management
interventions are determined.

5. MORE SYSTEMIC AND ADAPTIVE COASTAL MANAGEMENT
5.1. Adaptation Approaches and Options
Given the growing challenges expected in coastal areas under climate change, we see a clear
imperative to successfully prepare for and minimize the growing risks: Coastal management
must better account for the cumulative, synergistic, and mounting stresses arising from
climate change and concurrent human activities. Adaptation to these interacting changes
will occur mainly in the context of existing governance and social-ecological systems.1 It is
unrealistic to think that adaptation would begin outside of these historical institutional
arrangements; at best, these institutions will be modified themselves as part of adaptation.
Thus, this governance context and any legacies of past management both enable and
constrain the possibilities for future human responses to climate change.
The key issues for policy makers, planners, and engineers are to identify how, where, and
when to adapt to the changes resulting from SLR and other climate changes using methods
that minimize impacts to both the natural environment and human populations, or create
benefits for them.
1

Coastal governance involves the legal and institutional context of coastal management, disaster
management, resource management, and species and water protection; the ownership rules
related to coastal land and resources (e.g., private property versus public trust); a wide range of
actors and stakeholders involved in coastal decisions; as well as the social norms, rules, power
dynamics, and personal relationships that guide their interactions (185).
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For adapting to the impacts of SLR, a common distinction is made between (a) hard (e.g.,
seawalls, revetments, and breakwaters) or soft structural protection measures (e.g., beach
replenishment); (b) nonstructural measures that accommodate coastal risks while continuing
coastal occupancy and land use (e.g., flood insurance, stricter building codes, elevating
structures, and diverting river sediments to enhance wetlands); and (c) relocation away from
the coastal fringe (planned retreat using construction setbacks, buy-outs, and active
relocation from the shoreline) (122). Decisions on which means are employed depend on
the rate of SLR, the value of development, and the total cost-benefit of the adaptation
method over the long term.
In most countries, shore protection policies have been developed in response to shoreline
retreat that threatened property or coastal wetland losses. Although it is often recognized
that SLR is an underlying cause of these changes, there is limited policy and regulation to
date in the United States that explicitly addresses or incorporates accelerating SLR into the
decision-making process (74, 132). Assessments of alternative coastal policies, such as
planned retreat, coastal easements, buy-outs, ecosystem restoration, and others, are now
being investigated in the United States (133, 134), the United Kingdom (135, 136), Canada
(137), and Australia (138) among others. These illustrate the growing need for management
alternatives that go beyond historic approaches to managing coastal hazards (139--141).
Along highly developed shorelines, structural protection has historically been the
preferred option, given the amount of investment at stake. However, hardening of erosive
shorelines typically involves the loss of beaches and wetlands in front of protective
structures (e.g., seawalls, groins, bulkheads), thus negatively affecting ecosystem services,
such as fish nurseries, bird habitat, recreation and tourism, storm buffers, and water filters
(74, 142). In the short term (10 to 50 years), an acceleration of SLR may simply increase the
cost of current shore protection practices (143). For longer-term (>50 years) planning,
policy makers will have to evaluate whether current approaches and justifications for
coastal protection need to be modified to reflect increasing vulnerabilities (74). The use of
rolling easements (144) to both accommodate SLR and maintain public access to the coast
might have application for regions where development is limited and open space is available
to accommodate marine transgression.
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More generally, whether or not structural protection (including repeated beach
replenishment, which tends to be only a short-term solution, albeit one with temporary
recreational benefits) will be financially or physically feasible will depend on society’s
competing priorities, cost-benefit analyses, the ability of various governance levels to
finance continued protection, and managers’ consideration of broader impacts (e.g.,
ecological or aesthetic impacts). Additional strategies are needed to address saltwater
intrusion into coastal aquifers, inundation of wetlands, and other habitat changes.
Coastal management strategies to adapt to the consequences of climate change beyond
SLR and acidification are less well developed. One common suggestion is to ensure the
resilience of present ecosystems by alleviating other anthropogenic stresses (e.g., those
caused by overfishing, pollution, and habitat loss) that have degraded them. This amounts to
a “no regrets” management strategy that would produce benefits in any case (31). Similar
suggestions have been made for management of coral reefs as they confront both warming
and acidification (35, 36). Noting that both eutrophication and land-based acidic inputs
presently lower pH in coastal ecosystems, Kelly et al. (145) argue that enforcement of water
and air pollution laws, controlling coastal erosion, and managing land use can provide some
level of protection from acidification resulting from increased atmospheric CO2
concentrations. Fisheries managers also have a variety of risk-averse and adaptive strategies
that can improve resilience and help fisheries adjust to climate variability and change. It is
unclear, however, whether concerns about climate change and acidification are sufficient to
help overcome existing obstacles for implementing such no regrets strategies. Other
adaptation strategies, such as providing warnings to oyster hatcheries when low pH waters
are upwelled (83), may have to be pursued. Finally, networks of marine protected areas are
being assessed for their ability to preserve biodiversity under a changing climate, including
considerations of size, spatial layout, spreading risk, critical areas, and connectivity (146).
Thus, a variety of adaptation approaches should be considered and integrated at the local
and regional level as indicated by coastal sediment and water dynamics, bringing together
managers from heretofore often separately operating departments and agencies (e.g., landuse planning, public health, natural resource management, emergency management,
transportation, water management, and economic development). Future coastal management
approaches would benefit from acknowledging that coastal environments are dynamic and
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involve uncertain, long-term trends and shifting baselines. This would involve recognizing
and accounting for the long time horizons of decisions, longer time frames for planning
(typically >30 years), time lags in the climate and ocean systems, potential physical and
ecological thresholds or tipping points, and the long lead times often required for effecting
socioeconomic responses. Such shifts in thinking and practice would go a long way toward
improving adaptive coastal management.
5.2. Barriers to Adaptation and Sustainability
There is emerging evidence from all regions of the world that coastal communities are
beginning to adapt (122). Even case examples from highly developed nations and some of
the richest communities there suggest, however, that adaptation is still in the very early
stages (132, 147, 148). The reason is that communities face considerable obstacles to
adaptation, both in developed and developing nations (122), and our understanding of these
barriers has significantly improved in recent years (22, 149--152).
Social, economic, institutional, informational, cultural, and other barriers---those mutable
obstacles that delay adaptation or make it less cost-efficient or effective but that can be
overcome with concerted effort, creative management, change of thinking, and
prioritization, as well as with related shifts in resources, land uses, and institutions (153)--have been examined specifically in the coastal sector (154--157).
Among the most important challenges repeatedly found are intra- and cross institutional
or governance barriers, impediments related to the attitudes of involved actors (policy
makers, planners, and affected stakeholders), values, and motivations, and budgetary
constraints. Informational, communicational, political, and public support barriers also play
important roles (155). Although information is clearly important, it matters differently at
certain times in the adaptation process. Studies of lay individuals and unplanned, reactive
adaptation show a predominance of psychosocial (place attachment, social support, social
norms, identity), cultural-cognitive (beliefs, worldviews, values, awareness, education), and
economic (livelihood, job mobility, investment) barriers (158).
Another common finding is that barriers occur not alone but in “bundles.” Lack of staff
time is related to an overall lack of resources for planning and implementation, and lack of
awareness is often related to a lack of experience and lack of communication or education
(156, 159). Social resistance to certain adaptation options is influenced by attitudes,
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worldviews, cultural norms, place attachment, historical investments, and available
adaptation options (160).
Some factors act as either enablers or barriers, depending on circumstances (155, 161,
162). For example, strong leadership can help motivate and advance adaptation in some
cases (the efforts of London, New York City, and the Southeast Florida Regional Climate
Change Compact are leading examples), while hindering broad ownership of the challenges
and responsibilities to plan and implement adaptation in others (162). Thus, barriers are not
absolute but are context-specific obstacles, and their importance varies accordingly.
5.3. Improved Decision Support for Adaptive Coastal Risk Management
To facilitate adaptation decisions over time, policy makers at certain times in the adaptation
planning and implementation process need credible scientific information. Predicting SLR
impacts, such as shoreline changes, wetland losses, and other ecosystem consequences, with
a high degree of confidence and place-based accuracy is still limited, although the general
direction of change is well understood. Other effects of climate change add to the difficulty
of providing place-specific, accurate, and reliable information. This lack of reliable
information and forecasts has led to the general call for an adaptive approach to managing
and reducing climate change--related risks (24, 132). Such an adaptive risk management
approach typically entails (a) careful risk identification; (b) vulnerability assessment and
evaluation; (c) systematic development and assessment of adaptation strategies; (d) iterative
decision making combined with deliberate learning; (e) decisions with long time horizons
that maximize flexibility, enhance robustness, and ensure durability; and (f) a portfolio of
approaches rather than single technological fixes or market mechanisms (24). Frequently,
adaptive decision making for an uncertain future also involves investments in no regrets and
“low-hanging fruit” options that are beneficial to society and the environment regardless of
future climate change but are useful for reducing climate risks, relatively easy to implement,
and may not cost much. In addition, many communities have begun the adaptation process
by building their adaptive capacity through developing a better understanding of the
problem, educating and building awareness among stakeholders, establishing collaborative
ties with scientists and various levels of government, improving data sharing and
communication, or developing funding mechanisms (155).
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To improve the scientific basis for iterative decision making, predictive models can be
used to forecast where erosion hazards are highest. Existing models that forecast shoreline
response to SLR include geometric models, such as the Brunn Rule, empirical models based
on historical water level data, or more simply extrapolation of historic shoreline change
rates. These methods provide deterministic predictions, but they often do not account for the
potential acceleration of trends, the spatial and temporal variability of coastal processes, or
the fact that erosion is episodic and does not necessarily respond immediately to forcing.
Furthermore, the response may depend on the influence of previous events. The use of
semiquantitative geomorphic models to predict coastal change (163) offers promise as does
incorporating probabilistic methods, such as Bayesian Networks (164, 165), to account for
the complexity of coastal change.

6. TOWARD A SUSTAINABLE COEXISTENCE AT LAND’S END
Coastal management in many countries has been successful in ameliorating or adapting to
stresses, even multiple stresses. Eutrophication has been reduced and significant ecosystem
recovery has been achieved in some places, e.g., Boston Harbor, Massachusetts (166), and
Tampa Bay, Florida (167). Depleted fish stocks are being managed for recovery (168).
Coastal hazards, such as SLR, storms and tidal flooding, are increasingly recognized as
significant risks, and in North America, Europe, Asia, and in many other regions, planning
is underway to assess vulnerability and develop adaptation plans. Effective hazard
mitigation is well understood in principle (169), and best-practice examples for improving
community resilience to coastal hazards are being implemented selectively (170).
However, this review of environmental changes already underway and further expected
as a result of anthropogenic climate change interacting with local stresses clearly illustrates
the enormous challenges ahead. The wicked nature of problems facing coastal areas lies in
the fact that they are virtually impossible to solve once and for all owing to incomplete,
sometimes contradictory, and changing conditions, and---given the wide range of affected
stakeholders involved---the always contested understanding of causes and preferences for
solutions (23, 171). Coastal management under climate change is bound to become even
more formidable in the future: More people flock to the coast, and climate change makes
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coastal habitation more dangerous, and climatic and nonclimatic changes further undermine
the health of coastal waters and ecosystems.
A variety of overlapping coastal management approaches have been offered and tried
over the past several decades to meet these growing challenges, including integrated coastal
zone management, ecosystem-based management, adaptive management, disaster risk
management, community-based adaptation, and others (141, 172--174). Fundamentally,
these approaches focus on improvements in various aspects of governance (175--177).
The above-cited reviews of these approaches show that a far greater effort has to be made
to realize their potential in practice. This requires both changes in science (e.g., more truly
transdisciplinary science) and in practice (e.g., effective cross scale and cross sector
integration, meaningful stakeholder education and engagement, longer decision-making
horizons, stronger legal and institutional arrangements to manage coasts sustainably, better
science-practice interactions, and sustained political will) (178). In short, “tinkering on the
margins” is unlikely to be insufficient to meet the challenges of the twenty-first century.
Instead, truly transformative change is required (179).
Such transformative change would certainly involve improvements in the scientific basis
for decision making but more importantly would require a shift toward actually using
science more effectively in the decision-making process. Moreover, science is only one
input into coastal decision making and frequently not the most important one. Thus, changes
are equally needed in the political and organizational cultures of coastal decision making
and in public understanding of the risks unfolding and the response options available and
necessary for continued safe and prosperous occupation of coastal areas.
As economic, cultural, and population centers in some of the most beautiful and resourcerich environments on Earth, coasts will continue to attract people. In those parts of the
world where this aggregation along the coastal margins occurs in largely uncontrolled ways,
the transformative change involves, at minimum, building governance systems that can
direct the flow of people toward less hazardous areas, construct and maintain functional
infrastructure, and thus better protect coastal environments and support economic activity.
In parts of the world where more effective governance systems are in place, the
transformative change involves, at minimum, reorientation toward ecosystem protection and
restoration, and (re)development out of harm’s way. Involving stakeholders in scenario
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planning and visioning of a desirable future, fostering the political will to invest in hazard
mitigation now rather than pay for losses and damages later, strengthening legal instruments
for protection of the commons and market instruments (e.g., insurance) to better reflect the
true and growing risks are just some of the available tools. Nowhere, however, are there
clear, unambiguous, or simple solutions. Instead, in a complex and highly dynamic
environment, these solutions will necessarily be temporary and partial, but they can be
significantly better than the narrowly sectoral ones sought in the past. Financial and
institutional commitment to ongoing observation, a systems approach in science and
governance, vigilance, an institutionalized ability to reflect and learn, and a far greater will
to change than evident in the past constitute crucial prerequisites for remaining alert to
unsuspected problems and unimagined solutions that may well come.
SUMMARY POINTS


Coastal regions of the world face “wicked” problems as a result of the interactions among
continuing influx of large numbers of people into coastal regions, human stresses on
coastal ecosystems and resources, and the growing threats from climate variability and
change.



Continued ecological degradation, differential social vulnerability, and exposure to
physical threats create a complex picture of social-ecological vulnerability in coastal
regions of the world.



Climate change poses growing threats too coastal areas from air and coastal water
temperature increases, precipitation and runoff changes, possibly significant sea-level
rise, uncertain changes in coastal storminess, changing ocean currents, acidification,
changing freshwater and sediment flows to the coast, and nutrient enrichment of coastal
streams and waters.



The resulting impacts on natural and human systems on the coast will require that
individuals, businesses and communities find creative ways to adapt and change their
behavior so as to modify, and---where possible---minimize coastal risks.



In the course of developing adaptation strategies, coastal management must better
account for the cumulative, synergistic, and mounting stresses arising from climate
change and concurrent human activities.
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The wicked nature of coastal management problems under climate change lies in the fact
that they are virtually impossible to solve once and for all owing to incomplete,
sometimes contradictory, and changing conditions, and the always contested
understanding of causes and preferences for solutions.



Transformative changes in science and in practice are required for remaining alert to
unsuspected problems and unimagined solutions that may well come, and thus for
continued safe and prosperous occupation of “land’s end.”

FUTURE ISSUES
Sample research needs to support coastal management in a rapidly changing climate include
the following:

1. Improved monitoring of coastal environments through expanded networks of
basic observing systems, developing time series data on environmental and
landscape changes, and assembling baseline data for the coastal zone.
2. Improved understanding of natural and human-influenced coastal systems
through use of historic and geologic records of coastal change that increase
knowledge of SLR and coastal change over the past few millennia, identifying
thresholds or tipping points, and more closely relating past changes in climate to
coastal change.
3. Increases in predictive capabilities through improved quantitative assessment
methods and integration of the past and present data into predictive models.
4. Improved place-based understanding of the societal drivers of vulnerability and
impacts of SLR and related coastal changes through improved data collection and
integration and communication with decision makers.
5. Research on adaptation, hazard mitigation, and avoidance measures (cost,
feasibility, side effects, barriers, and acceptability) to support adaptation planning
and decision making.
6. Improved access to data, resources, and integrated assessments for decision
makers, thus facilitating the transfer of knowledge about risks, vulnerabilities, and
adaptation choices, and education of the public about consequences and
alternatives (24, 74, 178).

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

30 29

ACKNOWLEDGMENTS

The authors would like to thank Jane Hawkey (University of Maryland Center for
Environmental Science) for help with Figure 1 and Theresa Burress (US Geological
Survey) for assistance with the references. In addition, several anonymous reviewers
provided comments that have helped improve this review. All remaining mistakes,
omissions, interpretations, and opinions are ours alone.

LITERATURE CITED

1. Rittel HWJ, Webber MM. 1973. Dilemmas in a general theory of planning. Policy Sci. 4:155-69
2. Brown VA, Harris JA, Russell JY. 2010. Tackling wicked problems through the
transdisciplinary imagination. London: Earthscan. 312 pp.
3. Hulme M. 2009. Why We Disagree About Climate Change: Understanding Controversy,
Inaction, and Opportunity. Cambridge, UK: Cambridge Univ. Press
4. McGranahan G, Balk D, Anderson B. 2007. The rising tide: assessing the risks of climate
change and human settlements in low elevation coastal zones. Environ. Urban. 19:17--37
5. Hinrichsen D. 2011. The Atlas of Coasts and Oceans: Ecosystems, Threatened Resources,
Marine Conservation. Chicago, IL: Univ. Chicago Press. 128 pp.
6. UN Environ. Program. 2007. Global Environmental Outlook 4: Environment for Development.
Valletta, Malta: UNEP/Progress Press
7. Agardy T, Alder J, Dayton P, Curran S, Kitchingman A, et al. 2005. Coastal systems. See Ref.
183, pp. 513--49
8. Small C, Nicholls RJ. 2003. A global analysis of human settlement in coastal zones. J. Coast.
Res. 19:584--99
8a. City Popul. 2012. The Principal Agglomerations of the World. http://www.citypopulation.de
9. Crossett KM. 2004. Population trends along the coastal United States: 1980--2008. Silver
Spring, MD: Natl. Ocean. Atmos. Adm./Natl. Ocean Serv.
10. Nicholls RJ, Marinova N, Lowe JA, Brown S, Vellinga P, et al. 2011. Sea-level rise and its
possible impacts given a ‘beyond 4 degrees C world’ in the twenty-first century. Philos.
Trans. R. Soc. A 369:161--81

30 30

11. Burke LM. 2001. Pilot Analysis of Global Ecosystems: Coastal Ecosystems. Washington,
DC: World Resour. Inst. 94 pp.
12. Wong PP, Marone E, Lana P, Fortes M, Moro D, Agard J. 2005. Island systems. See Ref.
183, pp. 663--80
13. Martinich J, Neumann J, Ludwig L, Jantarasami L. 2012. Risks of sea level rise to
disadvantaged communities in the United States. Mitig. Adapt. Strateg. Glob. Change
doi:10.1007s11027-011-9356-0. In press
14. Field CB, Barros V, Stocker TF, Dahe Q, Dokken DJ, et al., eds. 2012. Special Report:
Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation
(SREX). Cambridge, UK: IPCC/Cambridge Univ. Press. 594 pp.
15. Eakin H, Luers A. 2006. Assessing the vulnerability of social-environmental systems. Annu.
Rev. Environ. Resour. 31:365--94
16. Birkmann J, von Teichman K. 2010. Integrating disaster risk reduction and climate change
adaptation: key challenges---scales, knowledge, and norms. Sustain. Sci. 5:171--84
17. Adger WN, Arnell NW, Tompkins EL. 2005. Successful adaptation to climate change across
scales. Glob. Environ. Change Part A 15:77--86
18. Solomon S, Qin D, Manning M, Chen Z, Marquis KB, et al., eds. 2007. Climate Change
2007: The Physical Science Basis: Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK:
Cambridge Univ. Press
19. Weiss JL, Overpeck JT, Strauss B. 2011. Implications of recent sea level rise science for
low-elevation areas in coastal cities of the conterminous U.S.A. Clim. Change Letters
105:635--45
20. Williams SJ, Gutierrez BT. 2009. Sea-level rise and coastal change: causes and implications
for the future of coasts and low-lying regions. Shore Beach 77:1--9
21. Nicholls RJ, Cazenave A. 2010. Sea-level rise and its impact on coastal zones. Science
328:1517--20
22. Miles EL. 2009. On the increasing vulnerability of the world ocean to multiple stresses.
Annu. Rev. Environ. Resour. 34:17--41
23. Levin K, Cashore B, Bernstein S, Auld G. 2010. Playing it forward: path dependency,
progressive incrementalism, and the “super wicked” problem of global climate change. IOP
30 31

Conf.

Ser.:

Earth

Environ.

Sci.

6

502002.

http:environment.research.yale.edudocumentsdownloads092010_super_wicked_levin_cashore_bernstein_auld.pdf
24. Natl. Res. Counc. 2010. America’s climate choices: Advancing the science of climate
change. Washington, DC: Natl. Acad. 528 pp.
25. Foster G, Rahmstorf S. 2011. Global temperature evolution 1979--2010. Environ. Res. Lett.
6:4
26. Meehl GA, Arblaster JM, Fasullo JT, Hu A, Trenberth KE. 2011. Model-based evidence of
deep-ocean heat uptake during surface-temperature hiatus periods. Nat. Clim. Change 1:360-64
27. Nixon SW, Granger S, Buckley BA, Lamont M, Rowell B. 2004. A one hundred and
seventeen year coastal water temperature record from Woods Hole, Massachusetts. Estuar.
Coasts 27:397--404
28. Najjar RG, Pyke CR, Adams MB, Breitburg D, Hershner C, et al. 2010. Potential climatechange impacts on the Chesapeake Bay. Estuar. Coast. Shelf Sci. 86:1--20
28a. Joyce, AE. 2006. The coastal temperature network and ferry route programme: long-term
temperature and salinity observations. Science Series, Data Report no. 43, Cent. Environ.,
Fish., Aquac. Sci. 2012. http://www.cefas.defra.gov.uk/publications/files/datarep43.pdf
29. Shearman RK, Lentz SJ. 2010. Long-term sea surface temperature variability along the U.S.
East Coast. J. Phys. Oceanogr. 40:1004--17
30. Meehl GA, Stocker TF, Collins WD, Friedlingstein P, Gaye AT, et al. 2007. Global climate
projections. See Ref. 18, pp. 747--845
31. Hoegh-Guldberg O, Bruno JF. 2010. The impact of climate change on the world’s marine
ecosystems. Science 328:1523--28
32. Doney SC, Ruckelshaus M, Duffy JE, Barry JP, Chan F, et al. 2012. Climate change impacts
on marine ecosystems. Annu. Rev. Mar. Sci. 4:11--37
33. Mueter FJ, Litzow MA. 2008. Sea ice retreat alters the biogeography of the Bering Sea
continental shelf. Ecol. Appl. 18:309--20
34. Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, et al. 2003. Climate change,
human impacts, and the resilience of coral reefs. Science 301:929--33

30 32

35. Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL. 2011. Projecting coral reef futures under
global warming and ocean acidification. Science 333:418--22
36. Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenfield P, et al. 2007. Coral
reefs under rapid climate change and ocean acidification. Science 318:1737--42
37. Boyce DG, Lewis MR, Worm B. 2010. Global phytoplankton decline over the past century.
Nature 466:591--96
38. Burrows MT, Schoeman DS, Buckley LB, Moore P, Poloczanska ES, et al. 2011. The pace
of shifting climate in marine and terrestrial ecosystems. Science 334:652--55
39. Giorgi F, Im ES, Coppola E, Diffenbaugh NS, Gao XJ, et al. 2011. Higher hydroclimatic
intensity with global warming. J. Clim. 24:5309--24
40. Durack PJ, Wijffels SE, Matear RJ. 2012. Ocean salinities reveal strong global water cycle
intensification during 1950 to 2000. Science 336:455--58
41. Trenberth KE. 2011. Changes in precipitation with climate change. Clim. Res. 47:123--38
42. Cloern JE, Knowles N, Brown LR, Cayan D, Dettinger MD, et al. 2011. Projected evolution
of California’s San Francisco bay-delta-river system in a century of climate change. PLoS
ONE 6:e24465
43. FitzGerald DM, Fenster MS, Argow BA, Buynevich IV. 2008. Coastal impacts due to sealevel rise. Annu. Rev. Earth Planet. Sci. 36:601--47
44. Church J, Aarup T, Woodworth P, Wilson WS, Nicholls R, et al. 2010. Sea-level rise and
variability: synthesis and outlook for the future. In Understanding Sea-Level Rise and
Variability, ed. JA Church, PL Woodworth, T Aarup, WS Wilson, pp. 402--19. Oxford, UK:
Wiley-Blackwell
45. Kopp RE, Simons FJ, Mitrovica JX, Maloof AC, Oppenheimer M. 2009. Probabilistic
assessment of sea level during the last interglacial stage. Nature 462:863--67
46. Woodworth PL, White NJ, Jevrejeva S, Holgate SJ, Church JA, Gehrels WR. 2009. Evidence
for the accelerations of sea level on multi-decade and century timescales. Int. J. Climatol.
29:777--89
47. Church JA, White NJ, Konikow LF, Domingues CM, Cogley JG, et al. 2011. Revisiting the
Earth’s sea-level and energy budgets from 1961 to 2008. Geophys. Res. Lett. 38:L18601
48. Bindoff NL, Willebrand J, Artale V, Cazenave A, Gregory JM, et al. 2007. Observations:
oceanic climate change and sea level. See Ref. 18, pp. 384--432
30 33

49. Jevrejeva S, Moore JC, Grinsted A, Woodworth PL. 2008. Recent global sea level
acceleration started over 200 years ago? Geophys. Res. Lett. 35:L08715
50. Cazenave A, Llovel W. 2010. Contemporary sea level rise. Annu. Rev. Mar. Sci. 2:145--73
51. Sallenger AH, Doran K, Howd P. 2012. Hotspot of accelerated sea-level rise on the Atlantic
coast of North America. Nat. Clim. Change. Published online June 24, 2012 [DOI:
10.1038/NCLIMATE1597]
52. Konikow LF. 2011. Contribution of global groundwater depletion since 1900 to sea-level
rise. Geophys. Res. Lett. 38:L17401
53. Gehrels R. 2010. Sea-level changes since the Last Glacial Maximum: an appraisal of the
IPCC Fourth Assessment Report. J. Quaternary Sci. 25:26--38
54. Hamlington BD, Leben RR, Nerem RS, Han W, Kim KY. 2011. Reconstructing sea level
using cyclostationary empirical orthogonal functions. J. Geophys. Res. C: Oceans
116:C12015
55. Merrifield MA, Merrifield ST, Mitchum GT. 2009. An anomalous recent acceleration of
global sea level rise. J. Clim. 22:5772--81
56. Yin J, Griffies SM, Stouffer RJ. 2010. Spatial variability of sea level rise in twenty-first
century projections. J. Clim. 23:4585--607
57. Houston JR, Dean RG. 2011. Sea-level acceleration based on U.S. tide gauges and extensions
of previous global-gauge analyses. J. Coast. Res. 27:409--17
58. Rahmstorf S, Vermeer M. 2011. Discussion of: Houston, J.R. and Dean, R.G., 2011. Sealevel acceleration based on U.S. tide gauges and extensions of previous global-gauge
analyses. J. Coast. Res. 27:784--87
59. Rignot E, Velicogna I, van den Broeke MR, Monaghan A, Lenaerts J. 2011. Acceleration of
the contribution of the Greenland and Antarctic ice sheets to sea level rise. Geophys. Res.
Lett. 38:L05503
60. Grinsted A, Moore J, Jevrejeva S. 2009. Reconstructing sea level from paleo and projected
temperatures 200 to 2100 AD. Clim. Dyn. 34:461--72
61. Horton RM, Herweijer C, Rosenzweig C, Liu J, Gornitz V, Ruane AC. 2008. Sea level rise
projections for current generation CGCMs based on the semi-empirical method. Geophys.
Res. Lett. 35:L02715

30 34

62. Jevrejeva S, Moore JC, Grinsted A. 2009. How will sea level respond to changes in natural
and anthropogenic forcings by 2100? Geophys. Res. Lett. 37:L07703
63. Pfeffer WT, Harper JT, O’Neel S. 2008. Kinematic constraints on glacier contributions to
21st-century sea-level rise. Science 321:1340--43
64. Price SF, Payne AJ, Howat IM, Smith BE. 2011. Committed sea-level rise for the next
century from Greenland ice sheet dynamics during the past decade. Proc. Natl. Acad. Sci.
USA 108:8978--83
65. Rahmstorf S. 2007. A semi-empirical approach to projecting future sea-level rise. Science
315:368--70
66. Siddall M, Stocker TF, Clark PU. 2009. Constraints on future sea-level rise from past sealevel change Nat. Geosci. 2:571--75
66a. Siddall M, Stocker TF, Clark PU. 2009. Retraction: Constraints on future sea-level rise from
past sea-level change. Nature Geoscience 3: posted only online: 21 February 2010,
http://eis.bris.ac.uk/~glyms/Siddalletalnatgeo10.pdf
67. Vermeer M, Rahmstorf S. 2009. Global sea level linked to global temperature. Proc. Natl.
Acad. Sci. USA 106:21527--32
67a. Natl Res Counc. 2012. Sea-Level Rise for the Coasts of California, Oregon, and
Washington: Past, Present, and Future. Committee on Sea Level Rise in California, Oregon,
and Washington, Board on Earth Sciences and Resources and Ocean Studies Board, Division
on Earth and Life Studies. Washington, DC: National Academies Press
68. Overpeck JT, Otto-Bliesner BL, Miller GH, Muhs DR, Alley RB, Kiehl JT. 2006.
Paleoclimatic evidence for future ice-sheet instability and rapid sea-level rise. Science
311:1747--50
69. Dawson RJ, Dickson ME, Nicholls RJ, Hall JW, Walkden MJA, et al. 2009. Integrated
analysis of risks of coastal flooding and cliff erosion under scenarios of long term change.
Clim. Change 95:249--88
70. Lott N, Ross T. 2005. Billion dollar United States weather disasters, 1980—2004. Asheville,
NC: Natl. Ocean. Atmos. Adm./Natl. Clim. Data Cent.

30 35

70a. NOAA. 2012. Billion Dollar Weather/Climate Disasters. Asheville, NC: Natl. Ocean. Atmos. Adm./Natl.
Clim. Data Cent. http://www.ncdc.noaa.gov/billions/
71. Knutson TR, McBride JL, Chan J, Emanuel K, Holland G, et al. 2010. Tropical cyclones and
climate change. Nat. Geosci. 3:157--63
72. Bender MA, Knutson TR, Tuleya RE, Sirutis JJ, Vecchi GA, et al. 2010. Modeled impact of
anthropogenic warming on the frequency of intense Atlantic hurricanes. Science 327:454--58
73. Bertness MD, Ewanchuk PJ. 2002. Latitudinal and climate-driven variation in the strength
and nature of biological interactions in New England salt marshes. Oecologia 132:392--401
74. Titus JG, Anderson KE, Cahoon DR, Gesch DB, Gill SK, et al. 2009. Coastal Sensitivity to
Sea-Level Rise: A Focus on the Mid-Atlantic Region. U.S. Climate Change Science Program
Synthesis and Assessment Product 4.1. Washington, DC: US Environ. Prot. Agency/Natl.
Ocean. Atmos. Adm./US Geol. Surv. http://www.climatescience.gov/Library/sap/sap41/final-report/sap4-1-final-report-all.pdf
75. Overland JE, Alheit J, Bakun A, Hurrell JW, Mackas DL, Miller AJ. 2010. Climate controls
on marine ecosystems and fish populations. J. Mar. Syst. 79:305--15
76. Bakun A, Field DB, Redondo-Rodriguez A, Weeks SJ. 2010. Greenhouse gas, upwellingfavorable winds, and the future of coastal ocean upwelling ecosystems. Glob. Change Biol.
16:1213--28
77. Narayan N, Paul A, Mulitza S, Schulz M. 2010. Trends in coastal upwelling intensity during
the late 20th century. Ocean Sci. 6:815--23
78. Chan F, Barth JA, Lubchenco J, Kirincich A, Weeks H, et al. 2008. Emergence of anoxia in
the California current large marine ecosystem. Science 319:920
79. Cloern JE, Hieb KA, Jacobson T, Sansó B, Di Lorenzo E, et al. 2010. Biological
communities in San Francisco Bay track large-scale climate forcing over the North Pacific.
Geophys. Res. Lett. 37:L21602
80. Doney SC, Fabry VJ, Feely RA, Kleypas JA. 2009. Ocean acidification: the other CO 2
problem. Annu. Rev. Mar. Sci. 1:169--92
81. Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, et al. 2005. Anthropogenic ocean
acidification over the twenty-first century and its impact on calcifying organisms. Nature
437:681--86

30 36

82. Gazeau F, Quiblier C, Jansen JM, Gattuso JP, Middelburg JJ, Heip CHR. 2007. Impact of
elevated CO2 on shellfish calcification. Geophys. Res. Lett. 34:L07603
83. Barton A, Hales B, Waldbusser GG, Langdon C, Feely RA. 2012. The Pacific oyster,
Crassostrea gigas, shows negative correlation to naturally elevated carbon dioxide levels:
implications for near-term ocean acidification effects. Limnol. Oceanogr. 57:698--710
84. Waldbusser GG, Voigt EP, Bergschneider H, Green MA, Newell RIE. 2011. Biocalcification
in the Eastern Oyster (Crassostrea virginica) in relation to long-term trends in Chesapeake
Bay pH. Estuar. Coasts 34:221--31
85. Cooper TF, De’ath G, Fabricius KE, Lough JM. 2008. Declining coral calcification in
massive Porites in two nearshore regions of the northern Great Barrier Reef. Glob. Change
Biol. 14:529--38
86. Veron JEN. 2011. Ocean acidification and coral reefs: an emerging big picture. Diversity
3:262--74
87. Palacios SL, Zimmerman RC. 2007. Response of eelgrass Zostera marina to CO2
enrichment: possible impacts of climate change and potential for remediation of coastal
habitats. Mar. Ecol. Prog. Ser. 344:1--13
88. Borges AV, Gypens N. 2010. Carbonate chemistry in the coastal zone responds more
strongly to eutrophication than to ocean acidification. Limnol. Oceanogr. 55:346--53
89. Cai WJ, Hu X, Huang WJ, Murrell MC, Lehrter JC, et al. 2011. Acidification of subsurface
coastal waters enhanced by eutrophication. Nat. Geosci. 4:766--70
90. Magoon OT, Williams SJ, Lent LK, Richmond JA, Treadwell DD, et al. 2004. Economic
impacts of anthropogenic activities on coastlines of the United States. Proc. 29th Int. Conf.,
Coastal Engineering 2004, ed. JM Smith, pp. 3022--35. Lisbon, 19--24 Sept. Reston, VA:
ASCE/World Sci.
91. Syvitski JPM, Vörösmarty CJ, Kettner AJ, Green P. 2005. Impact of humans on the flux of
terrestrial sediment to the global coastal ocean. Science 308:376--80
92. Syvitski JPM, Kettner AJ, Overeem I, Hutton EWH, Hannon MT, et al. 2009. Sinking deltas
due to human activities. Nat. Geosci. 2:681--86
93. Day JW, Boesch DF, Clairain EJ, Kemp GP, Laska SB, et al. 2007. Restoration of the
Mississippi Delta: lessons from Hurricanes Katrina and Rita. Science 315:1679--84

30 37

94. Blum MD, Roberts HH. 2009. Drowning of the Mississippi Delta due to insufficient
sediment supply and global sea-level rise. Nat. Geosci. 2:488--91
95. Boesch DF. 2002. Challenges and opportunities for science in reducing nutrient overenrichment of coastal ecosystems. Estuaries 25:886--900
96. Diaz RJ, Rosenberg R. 2008. Spreading dead zones and consequences for marine
ecosystems. Science 321:926--29
97. Waycott M, Duarte CM, Carruthers TJB, Orth RJ, Dennison WC, et al. 2009. Accelerating
loss of seagrasses across the globe threatens coastal ecosystems. Proc. Natl. Acad. Sci. USA
106:12377--81
98. Boesch DF, Goldman EB. 2009. The evolution of ecosystem-based management of the
Chesapeake Bay over three decades. In Managing for Resilience: New Directions for Marine
Ecosystem-Based Management, ed. K McLoed, H Leslie, pp. 268--93. Washington, DC:
Island Press
99. Scavia D, Rabalais NN, Turner RE, Justić D, Wiseman WJ Jr. 2003. Predicting the response
of Gulf of Mexico hypoxia to variations in Mississippi River nitrogen load. Limnol.
Oceanogr. 48:951--56
100. Justić D, Rabalais NN, Turner RE. 2005. Coupling between climate variability and coastal
eutrophication: evidence and outlook for the northern Gulf of Mexico. J. Sea Res. 54:25--35
101. Carstensen J, Sánchez-Camacho M, Duarte CM, Krause-Jensen D, Marbà N. 2011.
Connecting the dots: responses of coastal ecosystems to changing nutrient concentrations.
Environ. Sci. Technol. 45:9122--32
102. Adger WN, Hughes TP, Folke C, Carpenter SR, Rockström J. 2005. Social-ecological
resilience to coastal disasters. Science 309:1036--39
103. Adger WN. 2010. Climate change, human well-being and insecurity. New Polit. Econ.
15:275--92
104. Anthony A, Atwood J, August P, Byron C, Cobb S, et al. 2009. Coastal lagoons and climate
change: ecological and social ramifications in US Atlantic and Gulf coast ecosystems. Ecol.
Soc. 14:8
105. Bernatchez P, Fraser C, Lefaivre D, Dugas S. 2011. Integrating anthropogenic factors,
geomorphological indicators and local knowledge in the analysis of coastal flooding and
erosion hazards. Ocean Coast. Manag. 54:621--32
30 38

106. Torresan S, Critto A, Valle MD, Harvey N, Marcomini A. 2008. Assessing coastal
vulnerability to climate change: comparing segmentation at global and regional scales.
Sustain. Sci. 3:45--65
107. Hinkel J, Nicholls RJ, Vafeidis AT, Tol RSJ, Avagianou T. 2010. Assessing risk of and
adaptation to sea-level rise in the European Union: an application of DIVA. Mitig. Adapt.
Strateg. Glob. Change 15:703--19
108. Nicholls RJ, Lowe JA. 2004. Benefits of mitigation of climate change for coastal areas.
Glob. Environ. Change 14:229--44
109. Vafeidis AT, Nicholls RJ, McFadden L, Tol RSJ, Hinkel J, et al. 2008. A new global
coastal database for impact and vulnerability analysis to sea-level rise. J. Coast. Res. 24:917-24
110. Awuor CB, Orindi VA, Adwera AO. 2008. Climate change and coastal cities: the case of
Mombasa, Kenya. Environ. Urban. 20:231--42
111. Dickson ME, Walkden MJA, Hall JW. 2007. Systemic impacts of climate change on an
eroding coastal region over the twenty-first century. Clim. Change 84:141--66
112. Richards JA, Mokrech M, Berry PM, Nicholls RJ. 2008. Regional assessment of climate
change impacts on coastal and fluvial ecosystems and the scope for adaptation. Clim. Change
90:141--67
113. Woodroffe CD. 2010. Assessing the vulnerability of Asian megadeltas to climate change
using GIS. In Coastal and Marine Geospatial Technologies, ed. DR Green, pp. 379--91.
Dordrecht, Neth.: Springer
114. Hanson S, Nicholls R, Ranger N, Hallegatte S, Corfee-Morlot J, et al. 2012. A global
ranking of port cities with high exposure to climate extremes. Clim. Change 104:89--111
115. Oh CH, Reuveny R. 2010. Climatic natural disasters, political risk, and international trade.
Glob. Environ. Change 20:243--54
116. Ciavola P, Ferreira O, Haerens P, Van Koningsveld M, Armaroli C. 2011. Storm impacts
along European coastlines. Part 2: Lessons learned from the MICORE project. Environ. Sci.
Policy 14:924--33
117. Ciavola P, Ferreira O, Haerens P, Van Koningsveld M, Armaroli C, Lequeux Q. 2011.
Storm impacts along European coastlines. Part 1: The joint effort of the MICORE and
ConHaz Projects. Environ. Sci. Policy 14:912--23
30 39

118. Kebede A, Nicholls R. 2012. Exposure and vulnerability to climate extremes: population
and asset exposure to coastal flooding in Dar es Salaam, Tanzania. Reg. Environ. Change
12:81--94
119. Kirshen P, Watson C, Douglas E, Gontz A, Lee J, Tian Y. 2008. Coastal flooding in the
northeastern United States due to climate change. Mitig. Adapt. Strateg. Glob. Change
13:437--51
120. Mousavi ME, Irish JL, Frey AE, Olivera F, Edge BL. 2011. Global warming and
hurricanes: the potential impact of hurricane intensification and sea level rise on coastal
flooding. Clim. Change 104:575--97
121. Tebaldi C, Strauss BH, Zervas CE. 2012. Modelling sea level rise impacts on storm surges
along US coasts. Environ. Res. Lett. 7:014032
122. Nicholls RJ, Wong PP, Burkett VR, Codignotto JO, Hay JE, et al. 2007. Coastal systems
and low-lying areas. In Climate change 2007: Vulnerability, Impacts and Adaptation:
Contribution of Working Group II to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change, ed. ML Parry, OF Canziani, JP Palutikof, PJ van der Linden, CE
Hanson, pp. 315--56. Cambridge, UK: Cambridge Univ. Press. 976 pp.
123. Nicholls RJ, Wong PP, Burkett V, Woodroffe CD, Hay J. 2008. Climate change and coastal
vulnerability assessment: scenarios for integrated assessment. Sustain. Sci. 3:89--102
124. World Bank. 2010. Climate Risks and Adaptation in Asian Coastal Megacities: A Synthesis
Report. Washington, DC: Int. Bank Reconstr. Dev./World Bank. 97 pp.
125. Barlow PM, Reichard EG. 2010. Saltwater intrusion in coastal regions of North America.
Hydrogeol. J. 18:247--60
126. Ranjan P, Kazama S, Sawamoto M. 2006. Effects of climate change on coastal fresh
groundwater resources. Glob. Environ. Change 16:388--99
127. Ranjan P, Kazama S, Sawamoto M, Sana A. 2009. Global scale evaluation of coastal fresh
groundwater resources. Ocean Coast. Manag. 52:197--206
128. Nicholls RJ, Tol RSJ. 2006. Impacts and responses to sea-level rise: a global analysis of the
SRES scenarios over the twenty-first century. Philos. Trans. R. Soc. A 364:1073--95
129. Anthoff D, Nicholls RJ, Morgenroth ELW, Tol RSJ. 2010. The economic impact of
substantial sea-level rise. Mitig. Adapt. Strateg. Glob. Change 15:321--35

30 40

130. Neumann J, Hudgens D, Herter J, Martinich J. 2011. The economics of adaptation along
developed coastlines. WIREs Clim. Change 2:89--98
131. Raudsepp-Hearne C, Peterson GD, Teng M, Bennett EM, Holland T, et al. 2010.
Untangling the environmentalist’s paradox: Why is human well-being increasing as
ecosystem services degrade? BioScience 60:576--89
132. Natl. Res. Counc. 2010. America’s Climate Choices: Adapting to the Impacts of Climate
Change. Washington, DC: Natl. Acad. 292 pp.
133. Grannis J. 2011. Adaptation Tool Kit: Sea-Level Rise and Coastal Land Use. How
Governments Can Use Land-Use Practices to Adapt to Sea-Level Rise. Washington, DC:
Georgetown Clim. Cent.
134. Natl. Ocean. Atmos. Adm. 2010. Adapting to Climate Change: A Planning Guide for State
Coastal Managers. Silver Spring, MD: NOAA Off. Ocean Coast. Resour. Manag.
http://coastalmanagement.noaa.gov/climate/adaptation.html
135. Dawson RJ, Ball T, Werritty J, Werritty A, Hall JW, Roche N. 2011. Assessing the
effectiveness of non-structural flood management measures in the Thames Estuary under
conditions of socio-economic and environmental change. Glob. Environ. Change 21:628--46
136. Turner RK, Burgess D, Hadley D, Coombes E, Jackson N. 2007. A cost-benefit appraisal of
coastal managed realignment policy. Glob. Environ. Change 17:397--407
137. Drejza S, Bernatchez P, Dugas C. 2011. Effectiveness of land management measures to
reduce coastal georisks, eastern Québec, Canada. Ocean Coast. Manag. 54:290--301
138. Abel N, Gorddard R, Harman B, Leitch A, Langridge J, et al. 2011. Sea level rise, coastal
development and planned retreat: analytical framework, governance principles and an
Australian case study. Environ. Sci. Policy 14:279--88
139. Kittinger JN, Ayers AL. 2010. Shoreline armoring, risk management, and coastal resilience
under rising seas. Coast. Manag. 38:634--53
140. O’Riordan T, Nicholson-Cole SA, Milligan J. 2008. Designing sustainable coastal futures.
Twenty-First Century Soc. 3:145--57
141. Tobey J, Rubinoff P, Robadue D Jr, Ricci G, Volk R, et al. 2010. Practicing coastal
adaptation to climate change: lessons from integrated coastal management. Coast. Manag.
38:317--35

30 41

142. Natl. Res. Counc. 2007. Mitigating Shore Erosion Along Sheltered Coasts. Washington,
DC: Natl. Acad. 188 pp.
143. Nordstrom KF. 2000. Beaches and Dunes of Developed Coasts. Cambridge, UK:
Cambridge Univ. Press
144. Titus JG. 2011. Rolling easements. Rep. EPA 430R11001. Washington, DC: Environ. Prot.
Agency
145. Kelly RP, Foley MM, Fisher WS, Feely RA, Halpern BS, et al. 2011. Mitigating local
causes of ocean acidification with existing laws. Science 332:1036--37
146. McLeod E, Salm R, Green A, Almany J. 2009. Designing marine protected area networks to
address the impacts of climate change. Front. Ecol. Environ. 7:362--70
147. Finzi Hart JA, Griffman PM, Moser SC, Abeles A, Myers MR, et al. 2012. Rising to the
challenge: results of the 2011 California adaptation needs assessment. Univ. South. Calif. Sea
Grant Tech. Rep. USCSG-TR-01-2012, Los Angeles, CA
148. Tompkins EL, Adger WN, Boyd E, Nicholson-Cole S, Weatherhead K, Arnell N. 2010.
Observed adaptation to climate change: UK evidence of transition to a well-adapting society.
Glob. Environ. Change 20:627--35
149. Adger WN, Dessai S, Goulden M, Hulme M, Lorenzoni I, et al. 2009. Are there social
limits to adaptation to climate change? Clim. Change 93:335--54
150. Adger WN, Lorenzoni I, O’Brien KL. 2009. Adapting to Climate Change: Thresholds,
Values, Governance. Cambridge, UK: Cambridge Univ. Press
151. Amundsen H, Berglund F, Westskogh H. 2010. Overcoming barriers to climate change
adaptation-a question of multilevel governance? Environ. Plan. C 28:276--89
152. Ekstrom JA, Moser SC, Torn M. 2011. Barriers to adaptation: a diagnostic framework.
Rep. CEC-500-2011-004, Calif. Energy Comm., Sacramento, CA
153. Moser SC, Ekstrom JA. 2010. A framework to diagnose barriers to climate change
adaptation. Proc. Natl. Acad. Sci. USA 107:22026--31
154. Lata S, Nunn P. 2011. Misperceptions of climate-change risk as barriers to climate-change
adaptation: a case study from the Rewa Delta, Fiji. Clim. Change 110:169--86
155. Moser SC, Ekstrom JA. 2012. Identifying and Overcoming Barriers to Climate Change
Adaptation in San Francisco Bay: Results From Case Studies. Sacramento, CA: Calif.
Energy Comm.
30 42

156. Mozumder P, Flugman E, Randhir T. 2011. Adaptation behavior in the face of global
climate change: survey responses from experts and decision makers serving the Florida Keys.
Ocean Coast. Manag. 54:37--44
157. Storbjörk S, Hedrén J. 2011. Institutional capacity-building for targeting sea-level rise in the
climate adaptation of Swedish coastal zone management. Lessons from Coastby. Ocean
Coast. Manag. 54:265--73
158. Adger WN, Barnett J, Chapin FS, Ellemor H. 2011. This must be the place:
underrepresentation of identity and meaning in climate change decision-making. Glob.
Environ. Polit. 11:1--25
159. Moser SC, Tribbia J. 2006. Vulnerability to inundation and climate change, impacts in
California: coastal managers’ attitudes, and perceptions. Mar. Technol. Soc. J. 40:35--44
160. Barnett J, Campbell J. 2010. Climate Change and Small Island States: Power, Knowledge
and the South Pacific. London: Earthscan
161. Burch S. 2010. Transforming barriers into enablers of action on climate change: insights
from three municipal case studies in British Columbia, Canada. Glob. Environ. Change
20:287--97
162. Storbjörk S. 2010. ‘It takes more to get a ship to change course’: barriers for organizational
learning and local climate adaptation in Sweden. J. Environ. Policy Plan. 12:235--54
163. Moore LJ, List JH, Williams SJ, Stolper D. 2010. Complexities in barrier island response to
sea level rise: insights from numerical model experiments, North Carolina Outer Banks. J.
Geophys. Res. 115:F03004
164. Borsuk ME, Stow CA, Reckhow KH. 2004. A Bayesian network of eutrophication models
for synthesis, prediction, and uncertainty analysis. Ecol. Model. 173:219--39
165. Gutierrez BT, Plant NG, Thieler ER. 2011. A Bayesian network to predict coastal
vulnerability to sea level rise. J. Geophys. Res. 116:F02009
166. Taylor DI. 2006. 5 years after transfer of Deer Island flows offshore: an update of waterquality improvements in Boston Harbor. Rep. ENQUAD 2006-16, Mass. Water Resour.
Auth., Environ. Qual. Dep., Boston, MA
167. Johansson JOR, Lewis RR III. 1992. Recent Improvements of water quality and biological
indicators in Hillsborough Bay, a highly impacted subdivision of Tampa Bay, Florida, USA.
In Marine Coastal Eutrophication: The Response of Marine Transitional Systems to Human
30 43

Impact: Problems and Perspectives for Restoration. Proc. Int. Conf., Bogota, Italy, 21--24
March 1990, ed. RA Vollenweider, R

Marchetti, R Viviani, pp. 1199--215.

Amsterdam/London/New York/Tokyo: Elsevier
168. Nat. Mar. Fish. Serv. 2012. Status of Stocks: Annual Report to Congress on the Status of
U.S.

Fisheries.

Silver

Spring,

MD:

Natl.

Ocean.

Atmos.

Adm.

http://www.nmfs.noaa.gov/stories/2012/05/05_14_12status_of_stocks_rollout.html
169. Mileti DS. 1999. Disasters by Design: A Reassessment of Natural Hazards in the United
States. Washington, DC: Henry Press
170. Beatley T. 2009. Planning for Coastal Resilience: Best Practices for Calamitous Times.
Washington, DC: Island Press
171. Lazarus RJ. 2009. Super wicked problems and climate change: restraining the present to
liberate the future. Cornell Law Rev. 94:5. http:ssrn.comabstract1302623
172. Coll A, Ash N, Ikkala N. 2009. Ecosystem-Based Adaptation: A Natural Response to
Climate Change. Gland, Switz.: Int. Union Conserv. Nat.
173. Cummins V, McKenna J. 2010. The potential role of sustainability science in coastal zone
management. Ocean Coast. Manag. 53:796--804
174. Dumaru P. 2010. Community-based adaptation: enhancing community adaptive capacity in
Druadrua Island, Fiji. WIREs Clim. Change 1:751--63
175. Falaleeva M, O’Mahony C, Gray S, Desmond M, Gault J, Cummins V. 2011. Towards
climate adaptation and coastal governance in Ireland: Integrated architecture for effective
management? Mar. Policy 35:784--93
176. Milligan J, O’Riordan T, Nicholson-Cole SA, Watkinson AR. 2009. Nature conservation
for future sustainable shorelines: lessons from seeking to involve the public. Land Use Policy
26:203--13
177. van Aalst MK, Cannon T, Burton I. 2008. Community level adaptation to climate change:
the potential role of participatory community risk assessment. Glob. Environ. Change
18:165--79
178. Morss RE, Wilhelmi OV, Meehl GA, Dilling L. 2011. Improving societal outcomes of
extreme weather in a changing climate: an integrated perspective. Annu. Rev. Environ.
Resour. 36:1--25

30 44

179. Kates RW, Travis WR, Wilbanks TJ. 2012. Transformational adaptation when incremental
adaptations to climate change are insufficient. Proc. Natl. Acad. Sci. USA 109:7156-7161
180. NOAA Laboratory for Satellite Altimetry. 2012. Sea-level rise: Global mean sea level from
TOPEX/Poseidon, Jason-1 and Jason-2. NOAA Satellite and Information Service
http://ibis.grdl.noaa.gov/SAT/SeaLevelRise/
181. Natl. Res. Counc. 1987. Responding to Changes in Sea Level: Engineering Implications.
Washington, DC: Natl. Acad.
182. Rohling EJ, Grant K, Hemleben C, Siddall M, Hoogakker BAA, et al. 2008. High rates of
sea-level rise during the last interglacial period. Nat. Geosci. 1:38--42
183. Hassan RM, Scholes RJ, Ash N, eds. 2005. Ecosystems and Human Well-Being: Current
State and Trends: Findings of the Condition and Trends Working Group of the Millennium
Ecosystem Assessment. Washington, DC: Island
184. Natl. Res. Counc. 2011. Climate Stabilization Targets: Emissions, Concentrations, and Impacts over
Decades to Millennia. Washington, DC: Natl. Acad.
185. Moser SC.

2009. Whether our levers are long enough and the fulcrum strong? -- Exploring

the soft underbelly of adaptation decisions and actions. In Adapting to Climate Change:
Thresholds, Values, Governance, ed. WN Adger, et al., pp. 313-43. Cambridge, UK:
Cambridge University Press

30 45

