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An Adaptation Portfolio for the United States Coastal
and Marine Environment

David Kling and James N. Sanchirico”

Introduction

ince the beginning of the industrial revolution, the concentration of carbon dioxide (COz) in the

atmosphere has risen approximately 35 percent (Forster 2007). This change has had a number

of effects on marine and coastal environments. The additional atmospheric CO; has intensified
the “greenhouse effect,” warming both the air and the oceans (Le Truet et al. 2007). Estimates are
that the global mean surface temperature has increased by approximately 0.74°C between 1906
and 2005 (Trenberth et al. 2007).1 In just the last four decades, temperatures in the 0- to 700-meter
layer of the ocean have increased by 0.1°C (Bindoff et al. 2007; Levitus et al. 2005). Current
projections indicate that these trends will continue (Solomon et al. 2007). Second, the increased
CO; in the atmosphere is changing the chemical composition of the ocean environment. Recent
estimates indicate that the pH of the upper ocean decreased by 0.1 between 1750 and 1994
(Bindoff et al. 2007).

The goal of this paper is to discuss a portfolio of adaptation policies, which we define as the
actions taken to enhance the resilience of human and natural systems to the effects of climate
change and variability for marine and coastal environments within the United States and its
territories. Associated with each policy in this portfolio are questions regarding the applicability
(and need) in particular locations and the spatial scale, timing, and type of instrument to employ.
For example, are adaptation policies best left to state and local governments (Tol 2005)? In light of
current institutional realities in the United States, we agree in principle with Tol (2005) who
argued that, compared with mitigation efforts, the federal government has a lesser role to play in
adaptation policies than local governments. However, the answer to this question in the marine and
coastal environment depends critically on the context. Unlike other settings, a role for government
intervention is more likely because many of the natural resources impacted by climate change have
public good characteristics.

" David Kling, Department of Agricultural and Natural Resource Economics, University of California, Davis;
kling@primal.ucdavis.edu. James N. Sanchirico, Department of Environmental Science and Policy, University of California, Davis;
jsanchirico@ucdavis.edu; and University Fellow, Resources for the Future. This report was prepared for the Resources for the
Future project on adaptation to climate change. For more information, see www.rff.org/adaptation.

We thank Marissa Baskett (University of California, Davis), Louis Botsford (University of California, Davis), Kenny Broad
(University of Miami), Susan Bricker (NOAA), Dan Brumbaugh (American Museum of Natural History), Tom Dahl (U.S. Fish and
Wildlife Service), Ray Kopp (Resources for the Future [RFF]), Fiorenza Micheli (Stanford), Rex Rowley (CReSIS), Andy Solow
(Woods Hole Oceanographic Institution), Caroline Wicks (NOAA), John Wilson (EPA), and participants at RFF’s adaptation
workshop in October 2008 in Washington, DC, for their help and advice in preparing the manuscript. Funding for this research
was provided by RFF.

! Likely range 0.74 + 0.18°C (Trenberth et al. 2007).

£ RFF | KLING AND SANCHIRICO



Understanding the context, in turn, requires a number of steps. First, the anticipated physical
changes associated with climate change and the likely impacts of those changes need to be
downscaled to particular locations. The set of physical and chemical impacts discussed in the
“Climate Change Impacts” section includes ocean and air temperature, acidification, upwelling,
glaciers, Arctic sea ice, freshwater runoff, and thermohaline circulation (THC). The “Effects on
Marine and Coastal Ecosystems” section discusses how these changes are predicted to affect the
land-sea margin, marine and coastal ecosystems, and the availability of mineral and natural
resources in the Arctic. For example, as we discuss below, acidification of the oceans will probably
increase the natural mortality of calcifying organisms (e.g., corals), lead to a greater frequency of
marine disease and less resistance to biological invasions, and reduce the ecological benefits from
upwelling events.

Second, whether a particular region or natural resource is more vulnerable can depend
critically on the near-term state of the ecosystem. For example, is the environment in a particular
location degraded or in a relatively pristine state? In the Caribbean, for example, the potential
increase in the natural mortality of corals due to acidification is an additional threat to a system
that is already stressed by bleaching events, habitat destruction, and overfishing (Hoegh-Guldberg
etal. 2007). In the “Additional Stressors on Marine and Coastal Systems” section, we discuss the
effects of non-climate change stressors on species abundance and diversity and coastal
communities. Additional stressors to coastal communities include an increasing population and the
aging of that population, antiquated stormwater and wastewater management systems, demands
for freshwater, and current socioeconomic conditions that make a particular area less likely to be
able to adapt.

After mapping the impacts and additional stressors, we discuss the potential suite of adaptation
policies in the “Adaptive Capacity and Resilience” section. A sample of federal, state, and local
policies we consider includes investments in habitat restoration, the purchase of coastal lands,
reductions in the incentives for landowners to build in low-elevation and coastal areas subject to
flooding and storm surges, controls for reducing nonpoint and point source pollution upstream of
intertidal estuaries, the inspection and prevention of invasive species, the designation of marine
protected areas (MPAs), and incentive-based fishery management policies.

Although each of these policies has been discussed and implemented to address a particular
concern, an adaptation framework shifts the emphasis toward a risk management portfolio
approach as opposed to an approach focused on a single issue at a time. Questions arise as to
whether and how the instruments in our regulatory toolkit need to be redesigned to account for the
scale, severity, timing, and uncertainty associated with climate change impacts. For example, the
design and implementation of many of these tools has been carried out under the assumption of a
relatively stable environment. How important that assumption is for the design and performance of
a policy in a particular place will depend on the context, but it is becoming more evident that the
underlying assumption is tenuous at best. Adaptive policies will need to be flexible with a balance
between the use of incentives versus prescribed rules and “local” control over the choice of which
mechanisms in the portfolio best fit the needs and risk management approach of a particular place.
Too rigid a regulatory structure will lead to unnecessary costs and will be unable to respond
efficiently to the changing conditions. Because there will also be many opportunities to learn along
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the way, policymakers at all levels should focus on policies that are designed to facilitate learning
about the system.

What we consider as an undesirable that requires some level of government intervention might
also need to be reconsidered. For example, we currently treat sedimentation in river systems as a
pollutant and we attempt to eradicate invasive species. Sedimentation, however, is needed to
maintain the height and extent of coastal wetlands that will be our first barrier to rising sea levels
and sea level extremes, and a growing number of invasive species are likely to be species adapting
to climate change by changing their geographic ranges.2

The framework also needs to consider the cumulative impacts of the stressors and the ability of
the ecosystem to respond to potentially abrupt as well as gradual changes. From a climate change
perspective, this is akin to preventive medicine rather than trauma care. In many cases, however,
the historical mismanagement of the additional stressors has already put many of these resources
on life support, such as coral reefs, coastal wetlands, and slow-growing commercially harvested
species. Advocates for coastal and marine ecosystem-based management (EBM) have been calling
for exactly this type of regime change in governance (McLeod et al. 2005).

Climate Change Impacts

In this section, we discuss a sample of the direct and indirect impacts of atmospheric CO;
emissions on coastal and marine ecosystems, including changes in ocean and air temperature,
acidification, upwelling intensity, glaciers and freshwater runoff, arctic sea ice, and ocean
circulation. These impacts are illustrated in Figure 1. The likely direction of causality is illustrated
with arrows, and the effects with more than one arrow illustrate the potential feedbacks in the
system. For example, the loss of ice and snow cover is expected to generate further warming as a
result of reduced albedo, or capacity to diffusely reflect sunlight, in northern latitude regions.

Figure 1 does not reflect information on which of these feedbacks and linkages is more likely for
different ranges of ocean and air temperatures, the severity of the different effects, or the
timescales over which these feedbacks are likely to occur. The likelihood, severity, and timing are
critical information when deciding the nature of public policy responses, and we approach these
issues in the next sections. For the purposes of this section, however, we focus on the potential
linkages and feedbacks.

2We thank John Wilson from the U.S. Environmental Protection Agency for pointing this out to us.
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Figure 1. Physical and Chemical Changes from Increased CO,
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Ocean and Air Temperature

In the Northern Hemisphere, mean land surface temperature has risen by about 0.9°C, while sea
surface temperature (SST) has increased by close to 0.7°C over the same period (Trenberth et al.
2007).3 The Intergovernmental Panel on Climate Change (IPCC) projects that the global average
land and sea surface temperature is likely to rise by 0.2°C over the next two decades, with a low-
greenhouse gas (GHG) emissions scenario seeing an increase of 1.8°C (likely range of 1.1-2.9°C)
over the 1990-1999 mean by the end of the century and a high-GHG projected increase of 4°C
(likely range of 2.4-6.4°C; IPCC 2007; Solomon et al. 2007).4 Average temperatures in the upper
oceans are also projected to rise, with the greatest increase expected in the Arctic and in the eastern
Pacific at the equator.

Increases in ocean and air temperatures have both direct and indirect impacts on a number of
processes in coastal and marine environments. For example, the warming of the oceans has
implications for the carbon cycle. Atmospheric carbon concentrations today would be significantly
higher were it not for the operation of land and ocean carbon sinks for anthropogenic CO.. Between
1980 and 2005, the ocean absorbed 30 * 7 percent of net CO; emissions (Bindoff et al. 2007).5
Because the solubility of carbon decreases as the temperature of water increases, ocean warming

3 Figures calculated by multiplying 1901-2005 decadal trends by 10.5, retaining significant digits, and then rounding to the
nearest tenth of a degree Celsius. We use estimated decadal trends published in Trenberth et al. (2007), based on original
Northern Hemisphere land surface temperature data presented in Brohan et al. (2006) and Northern Hemisphere SST data from
Rayner et al. (2006).

* These estimates correspond to the low-carbon scenario (scenario B1, 983 gigatons carbon [GtC] emitted between 1990 and
2100) and high-carbon scenario (A1FI, 2189 GtC, 1990-2100), respectively (see IPCC 2007 and, e.g., Pfeffer et al. 2008).

® Net of terrestrial biosphere response to emissions. See Bindoff et al. (2007).
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will gradually reduce the potency of the seas as a carbon sink, leading to higher atmospheric carbon
concentrations. An example of an indirect effect is the impact of warming on coastal inundation of
wetlands via the increase in sea level.

Acidification

The ocean’s service as a carbon sink has in turn led to adverse changes in seawater chemistry.
Human activity since the industrial revolution has increased the concentration of dissolved
inorganic carbon (DIC) in the ocean by increasing atmospheric CO; (Denman et al. 2007; Kleypas et
al. 2006).6 The carbonate chemistry of the ocean is centered on the total alkalinity and the DIC level
and composition.”8 From the beginning of the industrial revolution to 2005, ocean pH has fallen
(acidity has increased), and the composition of DIC has shifted toward bicarbonate to a degree not
observed for approximately 420,000 years (Hoegh-Guldberg et al. 2007).

Atmospheric CO; is also a determinant of the depth of the aragonite saturation horizon (ASH),
which is the limit between the layers of the sea that are saturated and those that are
undersaturated with respect to calcium carbonate (CaCO3). For example, between 1750 and 1994,
the ASH is thought to have shoaled by as much as 200 meters in some parts of the ocean (Bindoff et
al. 2007).9 Orr et al. (2005) project that under a “business-as-usual” IPCC emissions scenario (CO:
concentrations at 780 ppm by 2100), the ASH in the Southern Ocean and a region of the subarctic
Pacific will rise to the surface, leaving those regions undersaturated, whereas in the North Atlantic
the horizon may shoal by as much as 2,485 meters.10 Figure 2 illustrates the potential patterns and
shoaling of the supersaturated and undersaturated waters with specific attention to the Atlantic
ocean.

® DIC is the total molar sum of dissolved carbon dioxide, carbonic acid, bicarbonate, and carbonate, or CO,, H,CO3, HCO; and
C032_l respectively.

” Total concentration of all bases that can accept H" when a titration is made with hydrochloric acid to the H,CO; endpoint (Le
Quere et al. 2007).

8 CO, absorbed by the ocean reacts with water to form H,CO3, which then dissociates into an H" ion and HCO3, or loses another
H* to form carbonate (CO32_). As more CO, is dissolved in water, the balance between CO32_ and HCOj is shifted in favor of
HCO; (Feely et al. 2004).

9 Aragonite and calcite are two CaCO; minerals. Calcite has a substantially deeper saturation horizon.

©0orretal. (2005) base these projections on the IPCC 1S92a scenario.
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Figure 2. Acidification and the Aragonite Saturation Level

Aragonite saturation
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Source: In United Nations Environment Programme (UNEP)/GRID-Arendal Maps and Graphics Library.11

Sea Ice, Glaciers, and Ice Sheets

Warming in the past century has contributed to a decrease in the extent and thickness of Arctic
sea ice. According to recent IPCC findings, mean Arctic ice extent has declined by 2.7 + 0.06 percent
per decade since 1978, whereas the summer minimum extent has decreased by 7.4 + 2.4 percent
per decade since 1979 (Lemke et al. 2007). The mean September 2007 ice coverage of 4.28 million
square kilometers was the lowest on record up to that point (National Snow and Ice Data Center
2007). Some projections show a near total loss of summer sea ice as early as 2040 (Serreze et al.
2007; Holland et al. 2006). One recent study finds that between 1979 and 2006, 47-57 percent of
the downward trend in summer Arctic sea ice extent was due to GHG forcing (Stroeve et al. 2007). 12

Climate change is the likely cause of the observed shrinking of the ice sheets covering
Greenland and Antarctica; however, the dynamics of ice melting and accumulation in these regions

! Retrieved 00:13, October 1, 2008, from http://maps.grida.no/go/graphic/acidification-due-to-climate-change-impacts-for-
oceans-and-coral-reefs.

21 the climate change literature, forcing typically refers to both the direct and indirect effects of a particular agent on global
mean temperature. See Leggett (2007).
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are poorly understood (Leggett 2007). Between 1993 and 2003, the Greenland Ice Sheet is thought
to have lost mass at an average rate representing 0.14-0.28 millimeter per year sea level equivalent
(SLE) (Lemke et al. 2007).13 Estimates of mass change for the Antarctic Ice Sheet during 1961-1993
range from a gain of -0.28 millimeter per year SLE to a loss of 0.55 millimeter per year SLE.

Land ice outside of Greenland and the Arctic has exhibited a clearer pattern of melting due to
warming and changes in precipitation, accounting for the majority of observed ice loss (Lemke et al.
2007). During 1993-2003, glaciers and icecaps worldwide lost mass at a rate of 270 * 79 gigatons
per year (Solomon et al. 2007).14 Close to 13 percent of the world’s glaciers are located in Alaska.
These bodies are among the most rapidly declining ice formations of a significant size. Using remote
sensing data, Arendt et al. (2002), found that from mid-1995 to 2001, Alaskan glaciers lost volume
at nearly twice the rate as the Greenland Ice Sheet. Loss of ice and snow cover is expected to lead to
further warming as a result of reduced albedo in affected regions.

Sea Level Rise and Extremes

Thermal expansion of the oceans and the inflow of freshwater from glaciers arising from global
warming have contributed to a rise in average sea levels during the 20th century. The IPCC places
global mean sea level rise (SLR) during 1961-2003 at 1.8 + 0.5 millimeter per year (Bindoff et al.
2007). Underlying the increase in the global average is considerable regional variability, with the
western Pacific and eastern Indian Ocean seeing the largest increases. IPCC projections place the
increase in the average sea level during 2090-2099 relative to 1980-1999 between 0.18 and 0.38
meter under a low-carbon scenario and between 0.26 and 0.59 meter under a high-carbon scenario
(Meehl et al. 2007).15 Because of modeling uncertainties, these estimates did not factor in possible
accelerated melting of the Greenland and Antarctic Ice Sheets, although recent melting of the
Greenland sheet is thought to have contributed to rising oceans during the 1990s and early 2000s
(Solomon et al. 2007). A recent effort by Pfeffer et al. (2008) to include ice flow dynamics in sea
level rise projections produced a central estimate of a 0.8-meter increase by 2100.

In addition to changes in global mean sea level, research suggests that the magnitude and
frequency of sea level extremes might increase (Bindoff et al. 2007; Woodworth and Blackman
2004). Using data aggregated from 141 tidal gauge time series from around the world, Woodworth
and Blackman (2004) find evidence that between 1975 and 2004, the magnitude of high-water
events, defined as levels in the 99th percentile of within-year values, increased globally. In some
areas, the projected increase in mean sea level over the next century may be accompanied by
elevated and more frequent extreme sea levels. Cayan et al. (2006; 2008) find that, in certain mean
sea level rise scenarios for the California coast, potentially damaging high-water events in the San
Francisco Bay exceed those observed in the past two centuries.

131 millimeter SLE = 360 gigatons. See Alley et al.(2005).

1 Range was calculated by taking published figures and equating 1 millimeter SLE to 360 gigatons ice mass, adjusting for
significant digits.

13 Scenarios B1 and A1FI, respectively. See supra, note 2.
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Freshwater Runoff

Warming is also expected to alter the global water cycle, although considerable uncertainty
complicates efforts to forecast changes in precipitation and continental runoff. In certain areas, an
increase in runoff levels and changes in the timing of the major spring runoff is anticipated. Runoff
and river discharge has increased in northern latitude (e.g., Alaska) systems in the latter half of the
20th century (Trenberth et al. 2007; Huntington 2006). General circulation model projections show
declining snow cover sustaining this pattern during the next several decades (Meehl et al. 2007).

Thermohaline Circulation

Current climate models forecast that freshening of the North Atlantic resulting from increased
runoff and ice loss (lower salinity content) will lead to a slowdown of the THC. The THC is the large-
scale ocean circulation conveyor belt that transports heat within the Atlantic northward via the Gulf
Stream in the process warming Northern Europe (Broecker 1997). Stouffer et al. (2006) use a
climate model ensemble to study the effects of a North Atlantic freshening episode similar to that
anticipated as a result of climate change. Within a century after the perturbation, the THC weakens
by 30 percent, leading to moderate cooling in the Northern Hemisphere.

Climate scientists appear to have reached consensus in positing that a collapse or near-collapse
of the THC in the next 100 years is highly unlikely (Meehl et al. 2007). The interplay between
broader climate forcing and the cooling feedback associated with likely THC changes are uncertain.
In the study by Stouffer et al. (2006) and in similar efforts, the cooling effect of a THC slowdown at
best only mitigates the effects of anthropogenic forcing in certain regions, such as Northern Europe.

Effects on Marine and Coastal Ecosystems

Figure 3 maps the potential physical and chemical changes in ocean conditions to the potential
effects on marine and coastal ecosystems. We focus in particular on ecological impacts in terms of
changes in net primary productivity, survival of calcifying organisms, changes in species
distribution and diversity, increased frequency of coral bleaching, diseases and species invasions,
and changes to arctic ecosystems. Specific impacts on the land-sea margin include the erosion of
beaches, inundation of coastal wetlands, and property damage.

The arrows in Figure 3 represent the likely direction of the impact, and the lines connecting
different impacts illustrate the feedbacks in the system. As an example of a feedback, the loss of
coastal wetlands affects the distribution and diversity of species, as do invasions and coral
bleaching events. Unlike Figure 1, however, Figure 3 also illustrates cumulative impacts. The
ecological benefit from net primary productivity is directly affected by the frequency, timing, and
duration of upwelling events, which are driven in part by differentials in land and sea surface
temperatures and the acidity of the ocean.
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Figure 3. A Sample of the Impacts and Potential Feedbacks in Oceans
and Coastal Systems from GHG Emissions
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Net Primary Productivity

Phytoplankton account for close to half of the earth’s net primary production (NPP) and form
the base of marine food webs (Behrenfeld et al. 2006). Using ocean color data obtained from
satellites, Behrenfeld et al. (2006) provide evidence that increased SST and water column
stratification near the equator associated with El Nifio-Southern Oscillation cycles (ENSO) have
caused a reduction in ocean NPP. This finding suggests that marine primary production may be
permanently reduced in equatorial and midlatitude regions as a result of global warming. NPP,
however, will not be uniformly negatively impacted. For example, in colder regions (lower
latitudes) where opportunities for photosynthesis rather than the supply of nutrients are binding
(i.e., light-limited settings), increased stratification will probably aid phytoplankton growth.

The eastern margins of major ocean basins, including the West Coast of the United States, are
highly productive because of the upwelling of nutrient-rich cold waters driven by alongshore
winds. Coastal upwelling is expected to increase as a result of increasing surface air temperature-
to-SST differentials brought about by global warming (Bakun 1990; McGregor et al. 2007).16
Whether this increase leads to higher NPP in those areas, however, is not immediately evident. For
example, although the intensity might increase, there is the potential that the timing of upwelling-
favorable winds in coastal areas will shift to different times of the year. For example, in 2005, the
California Current Large Marine Ecosystem (LME)!7 experienced a delayed upwelling event that
depressed primary production at critical stages in the lifecycles of many dependent organisms.

18 As Harley et al. (2006) discuss, the increases in air temperature over land masses are likely to be greater than those over the
ocean, and thus the pressure gradient will increase; this in turn could intensify wind fields along the ocean margin, which might
lead to the greater intensity in upwelling events.

7 The California Current LME spans from the Canadian border with Washington to slightly beyond the southern tip of Baha.
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Barth et al. (2007) focused on the specific impacts to mussels and barnacles but concluded that
these effects will probably move up the food web to impact other species, such as crabs and
shorebirds. The poor recruitment of Cassin’s auklet (see Figure 4) is attributed to the event (Barth
etal. 2007). Researchers are also investigating whether the 2005 event, which included the delayed
onset of upwelling with anomalously high SST and very low plankton biomass, is a potential cause
of the abnormally low levels of coho and chinook salmon returns along the West Coast in 2008 (see
Figure 4). The low returns led to a complete closure of the salmon fishery. Delayed and stronger
upwelling events are forecast by some climate models.

Evidence has emerged that upwelling and ocean acidification combine to expose coastal marine
life to undersaturated waters. The implication, as discussed by Feely et al. (2008), is that ocean
acidification can cause the upwelling events to consist of water with lower pH, which can lead to a
decline in the biological benefits from the strong upwelling events. Therefore, although the
upwelling-favorable winds that were predicted for the eastern margins might turn out to be
stronger than usual—which would normally imply greater NPP levels—a delay in the timing and a
decrease in the pH levels of the mixing water can reduce the potential biological benefits.18

Species Distribution and Diversity

Ocean and terrestrial temperatures are fundamental drivers in the timing of events during the
lifecycle of marine and coastal organisms and their location both vertically (depth) and horizontally
(along the coastline; Parmesan 2006). For example, changing ocean and surface temperatures have
prompted numerous species to shift their distributions either locally (e.g., a zonal shift of a benthic
organism with a region) or across broad areas (thermoregulating fish; Harley et al. 2006).

The ability of biogeographically shifting populations to adapt to climate change depends on
their spatial extent and the rate over which the changes occur. For example, species could be
squeezed out, especially when the changes cause significant physiological stress on organisms that
are adapted to live within a specific, often narrow, range of environmental conditions (Harley et al.
2006).

18 still another potential issue is that increased stratification of the coastal water (depths at which the temperature changes)
will cause the upwelling to consist of less colder water than it might otherwise and thereby reduce its benefit.
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Figure 4. Species That Will Probably Be Affected by the Changes
Due to Increased GHG Emissions

Note: Top left panel, Cassin’s auklet (source: National Oceanic and Atmospheric Administration [NOAA]); top
right panel, coho salmon (source: NOAA); lower left panel, shelled pteropods (source: Gulf of the Farallones
National Marine Sanctuary); lower right panel, red sea urchin (source: NOAA; photo by Susan Scott).

Heterogeneity in phonological responses to climate change can lead to a mismatch in the
development of species that in turn affects their survival. Costello et al. (2006), for example, present
a study of two competing zooplankton species, Acartia tonsa and Mnemiopsis leidyi, in Narragansett
Bay, Rhode Island. During 1951-2003, increasing temperatures induced M. leidyi to appear
increasingly early in the Bay, by as much as two months before the long-term mean emergence
date. The first occurrence of A. tonsa remained unchanged during the same period. The shift in
timing provided M. leidyi with a considerable advantage, allowing it to prey on A. tonsa at a
vulnerable developmental phase. The dominance of M. leidyi over A. tonsa in the Narragansett Bay
ecosystem also had effects higher up the food chain, as fish species dependent on A. tonsa were
placed at a disadvantage.

In general, migration in response to rising temperatures is expected to proceed toward the
poles. Observations from a long-term study of an intertidal community in Monterey Bay, California,
lend support to the poleward migration theory (Barry et al. 1995). Comparing resident invertebrate
species during 1931-1933 with documented occurrences of these species at the same location
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between 1993 and 1994, Barry et al. (1995) find that the populations of eight out of nine southern
species had increased significantly, whereas the populations of five out of eight northern species
had decreased significantly. Climate change, along with ENSO events, brought an increase in mean
winter and summer temperatures to the study site that lead to favorable conditions for the
dispersal of southern species larva (Barry et al. 1995).

Anticipated changes in the carbonate chemistry of the ocean could have extremely negative
implications for many forms of marine life. Calcifying organisms—such as coral, planktonic species
(shelled pteropods), benthic classes including echinoderms (e.g., sea cucumbers, urchins, and sea
stars), varieties of mollusks (e.g., mussels and clams), and crustaceans (e.g., Dungeness and Tanner
crabs)—build their skeletons by combining calcium ions (Ca2*) and carbonate (CO32-) to form
CaCOz minerals (Fabry et al. 2008; Kleypas et al. 2006; see Figure 4). This process must take place
in seawater supersaturated with both Ca?+ and CO3?-; otherwise, calcareous structures will dissolve
(Royal Society 2005). The shoaling of the ASH, therefore, may soon place species adapted to
supersaturated conditions in seas that are increasingly undersaturated.

Juvenile stages of calcifying benthic species, such as mollusks, starfish, sea cucumbers, and sea
urchins (Echinodermata), which form highly soluble forms CaCO3z during development, have been
shown to be highly susceptible to acidification (Fabry et al. 2008). Physiological processes for
combating excess CO; in the body (hypercapnia) in a broad range of marine life may also be
susceptible to acidification and may lead to reduced growth rates and metabolism in some species
in the future. Changes in carbon concentrations may also represent an additional factor altering
species distributions in the future; however, its relative importance as a driver of species migration
is uncertain (Fabry 2008; Kleypas et al. 2006).

Marine Disease and Invasion

Temperature-related stress has the potential to render some organisms more susceptible to
parasites (Mydlarz et al. 2006). Mortalities during widespread coral bleaching episodes in the late
1990s are thought to have been exacerbated by opportunistic infections (Harvell et al. 2002).
Increased terrestrial temperatures and SST have been linked to expansions in the range of some
marine parasites. One well-known example is the Perkinsus marinus (Dermo) endoparasite, which
has caused high mortality in eastern oyster populations (Crassostrea virginica). A period of elevated
maximum winter ocean temperatures enabled the tropical parasite to successfully spread north
along the New England coast (Cook et al. 1998; Harvell et al. 2002).

Differences in migration patterns across shifting species along with alterations in phenological
responses due to changes in water temperature are expected to result in more frequent episodes of
invasion and transitional interspecies relationships (Walther et al. 2002). According to Harley et al.
(2006, 234), “climatically driven changes in species composition and abundance will alter species
diversity, with implications for ecosystem functions such as productivity and invasion resistance.”

Coral Health

Coral reefs, among the most biologically diverse ecosystems on earth, provide a range of
services to humans and are one of the marine habitats most threatened by global climate change
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(Buddemeier et al. 2004). One concern is the impact of rising ocean temperatures on warm-water,
reef-building corals. Recent episodes of mass, regionwide coral bleaching!® have been linked to
episodes of ocean temperatures exceeding summer maxima by just 1-2°C for three to four weeks
(Hoegh-Guldberg et al. 2007). Bleaching is indicative of significant stress that can lead to
diminished growth and reproductive capacity or death of the coral. Such periods of extreme high
ocean temperatures are expected to occur frequently over the next 50 years (Hughes et al. 2003).

Acidification represents another threat to reef-building corals. A doubling of preindustrial
atmospheric CO is expected to reduce warm-water coral calcification by as much as 40 percent
(Hoegh-Guldberg et al. 2007). In addition to reduced growth and colony density, declining
calcification may lead corals to reduce skeletal density and divert energy away from other
processes, such as reproduction, and toward calcification. The net effect would be a reduced
capacity to survive and repopulate reefs following natural disturbances such as storms.

Cold-water corals, which do not obtain energy from photosynthesis through symbiotic algae,
are expected to be adversely affected as well. Current projections indicate that only 30 percent of
known cold-water coral reefs will be in supersaturated waters as the ASH shoals in response to
climate change, with most of these in North Atlantic. Very few data exist on the effects of
acidification on cold-water corals; however, they are expected to behave similarly to warm-water
species (Guinotte et al. 2006). A reduction in primary productivity in regions where shell-building
plankton are dominant may place further strains on cold-water corals by reducing the supply of
suspended organic matter and the zooplankton on which they feed.

Corals are also likely to be impacted by the change in distribution and intensity of disease in a
warming environment.

Arctic Ecosystem

Current trends in sea ice coverage in the Arctic have a number of implications for the
environment, international trade, and security. First, the loss of ice has, in turn, led to further
warming due to the lower albedo of the open ocean: between 1979 and 2005, the amount of solar
energy absorbed has increased in much of the Arctic, in some regions by as much as 4 percent
(Perovich et al. 2007).

Ice coverage and its seasonal variability is a defining aspect of the Arctic environment, and
warming is likely to have an impact on the ecology of the region. One prominent example is the
polar bear (Ursus maritimus), which was recently named a threatened species by the United States
under the Endangered Species Act (Eilperin 2008, A1). The listing came as evidence emerged that
warming may already be affecting the species. A study of a South Arctic polar bear population in
Western Hudson Bay, Canada, attributed a decrease in juvenile polar bears to an increasingly early
spring that results in earlier breakup of sea ice (Regehr et al. 2007). Largely as a result of the

9 Warm-water coral species are characterized by the symbiotic relationship between the coral animal and the zooxanthellae
algae they recruit and house. The presence of the algae enables the composite organism to sustain itself from both feeding and
photosynthesis, allowing it to survive in low-nutrient tropical regions. Coral bleaching occurs when the coral animal ejects its
algae, either because it experiences a reduced ability to serve as a host or because the algae are subject to stresses or are
unable to photosynthesize.

£ RFF | KLING AND SANCHIRICO

13



reduction in sea ice, the U.S. Geological Survey (USGS) projects that subpopulations comprising
two-thirds of the species in the wild may be eliminated by 2050 (Amstrup et al. 2007).

The loss of Arctic sea ice raises a number of new issues relating to resource extraction and
shipping. Arctic conditions in the coming decades are expected to allow for increasingly long
periods of unfettered circumpolar navigation through the Northeast Passage (NEP) over the
northern edge of Europe and Asia and the Northwest Passage (NWP) through the North American
Arctic (Rayfuse 2007). Transpolar shipping during the summer months may become feasible by
midcentury. Unlike the Antarctic, much of the Northern Ocean is subject to conflicting territorial
claims by eight states, and at present the status of both the NEP and NWP are in dispute;20 fishing
waters and vast mineral deposits are at stake. A recent analysis estimates the undiscovered oil and
gas deposits at 90 billion barrels of oil, 1,669 trillion cubic feet of natural gas, and 44 billion barrels
of natural gas liquids (Gautier et al. 2008).

Coastal Land Use and Erosion

Rising sea levels will be accompanied by more intense erosion of beaches and barrier islands
and increasing salinity of some freshwater aquifers, taxing coastal population centers and sandy
shore ecosystems in the United States (Scavia et al. 2002; Titus 1990; Brown and McLachlan 2002).
Coastal marshes in the United States will also be subjected to erosion and inundation in the coming
century, threatening the highly productive communities they support (Poff et al. 2002). Coastal
wetland plants have adapted to survive in the intertidal zone within a narrow elevation band. This
specialization makes most species vulnerable to regular short-term inundation with seawater,
suggesting that wetlands may experience substantial stress and losses even if they escape being
submerged. Threatened wetlands unable to migrate further ashore because of steep terrain or
other impediments will need to display a high vertical accretion rate to remain, and this depends
critically on the supply of sediment (Poff et al. 2002). A recent study for the Northern Gulf Coast of
Florida found that, although marsh elevation was increasing over time, it was increasing at a slower
rate than SLR because of low sediment supply (Ladner et al. 2000).

Additional Stressors on Marine and Coastal Systems

According to the IPCC (2007), ecosystems and coastal environments are highly vulnerable to
the changing climate. This is especially true of ecosystems at the ice-sea margin (e.g., the Bering
Sea) and that include both warm- and cold-water coral reefs (see Figure 9 for a map that illustrates
the known distribution of warm- and cold-water coral reefs).

In this section, we focus on the cumulative impacts of non-climate change stressors that
contribute to an area or resource being more or less vulnerable to climate change. Specifically, we
discuss marine and coastal species diversity and abundance and coastal communities (see Figure
5). Additional stressors on species diversity and abundance include coastal habitat loss and
deterioration of habitat quality, commercial and recreational fishing, destruction of coral reefs, and

% The Arctic states include Canada, Denmark (through Greenland), Finland, Iceland, Norway, Russia, Sweden, and the United
States.

£ RFF | KLING AND SANCHIRICO 14



biological invasions. With respect to coastal communities, we focus on population and demographic
pressures, stormwater and wastewater treatment, water demands, and social vulnerability.

Figure 5. Mapping the Cumulative Impacts of Climate Change and Additional Stressors
in Coastal and Marine Ecosystems
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Species Diversity and Abundance

Many researchers point to five threats to marine and coastal ecosystems, including climate
change, habitat loss, overfishing, water and marine pollution, and invasive species. We have already
discussed the potential effects of climate change. In this section, we focus on the other threats in
turn. A ranking of the severity of the threats is not immediately clear and will probably vary from
one system to the next. What is clear, however, is that the cumulative impact places considerable
stress on the living biological resources within these environments.

Coastal Habitat Loss and Deterioration

Estimates indicate that, since European colonization of North America, roughly half of inland
freshwater and coastal wetlands have been lost. Within the past decade, the area of the United
States covered by intertidal estuarine wetlands, which include salt and brackish marshes, flats and
beaches, mangrove, and shrub forests, has continued the downward trend (Dahl 2006).21 The most
biologically productive classes of the intertidal marshes (vegetative estuaries) experienced the

“IThe reduction between 1998 and 2004 is estimated to be 114 square kilometers out of a total of 21,527 square kilometers.

These data do not include the estuaries on the West Coast because of issues with data availability and the nature of the
systems.
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largest reduction (Dahl 2006). The total for all intertidal marshes, however, was slightly higher than
the loss in vegetative estuaries because of a small increase in flats and beaches (nonvegetative
estuaries). According to Dahl (2006), these losses are mainly due to submersion by open water (93
percent) and coastal development (7 percent), where the former is caused by water control (e.g.,
levees), dredging, and commercial and recreational boating activities along with changes in natural
flow patterns and inundation by storms.

Figure 6 illustrates the losses in intertidal wetlands along the eastern coast of the United States
and in the Gulf of Mexico (Dahl 2006). The losses are scattered along the entire eastern seaboard,
but the greatest frequency and size of losses occur in Louisiana. These measurements are probably
underestimates as they do not include the losses due to Hurricanes Rita and Katrina.

In addition to the loss in coverage, the quality of much of what remains has been degraded as a
result of seasonal runoff emanating from industrial agriculture and other sources of pollution (Poff
et al. 2002). This has led to a sharp increase in the level of nutrients (eutrophication), principally
nitrogen (N) and phosphorous (P), in estuaries and coastal areas (Buck 2007; Diaz and Rosenberg
2008). The resulting increase in primary production from seasonal runoff and subsequent die-off
leads to reduced (hypoxic) or total (anoxic) oxygen depletion toward the bottom of the water
column as oxygen-consuming bacteria break down the dead plant matter. In the absence of oxygen,
mobile marine life unable to adapt flee the area, whereas sedentary species die, creating a “dead
zone” nearly devoid of life. Low-oxygen zones also have the effect of limiting recruitment time for
resident organisms, and chronic hypoxic conditions typically eliminate almost all microorganisms
that use organic compounds for their survival and persistence (Buck 2007; Diaz and Rosenberg
2008).
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Figure 6. Loss of Intertidal Wetlands along the Eastern Seaboard and the Gulf of Mexico
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Note: The figure is adapted from Dahl (2006). The data only include Estuarine Emergent Wetlands, where
emergent wetlands have perennial plants, such as eel grass. The insert is an enlargement of the Louisiana
area.

Figure 7 illustrates the distribution of eutrophic conditions throughout the coastal areas of the
United States.. Projections for 2008 placed the maximum area of the Gulf of Mexico dead zone at
approximately 20,700 square kilometers, propelled by nutrients brought down the Mississippi
River at three times their 1960 level (Achenbach 2008, A2; Buck 2007). Although the evidence is
mixed on the potential for stronger and more frequent storms, one potential beneficial impact of
the storm surges would be increased mixing of the waters in the coastal environment. Depending
on the timing of the storms relative to the summer, the storms could decrease the length and extent
of eutrophic conditions.
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Figure 7. Eutrophic Condition in 1999
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The U.S. biofuel mandate has resulted both in agricultural lands being taken out of retirement
and air and water pollution issues at the biofuel plants. The type of crop used—whether corn or
switchgrass—and the geographic location of the farm will result in different requirements for N
and P. These additional lands, which are more likely to be marginal and therefore require additional
fertilizers to make them profitable to farm, are likely to worsen the eutrophic conditions
throughout the United States. With respect to the manufacturing process, a newspaper column from
the Des Moines Register (Beeman 2007) highlights the types of violations from biofuel plants:

The biggest problem at the plants is meeting sewage pollution limits and preventing
wastes from spilling into waterways. There were 276 violations in that category,
involving 11 plants, one-third of all lowa’s plants in operation during the analysis
and covered in the documents. Much of the sewage trouble came from too much
iron in water withdrawn from local aquifers.
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Elevated nutrients can also lead to blooms of certain types of toxic algae which, combined with
hypoxia-causing events, fall under the heading of harmful algal blooms (HABs; Anderson et al.
2002; Horner et al. 1997). Toxic HABs can lead to substantial damage to fisheries through fish kills
and contamination, and some varieties are poisonous to people (Knap et al. 2002). For example, a
red tide diatom that occurs in shellfish in the Northwest Atlantic has a 4 percent mortality rate
(Knap et al. 2002). During the period 1987-2000, a study estimated that the costs of HABs in the
United States—including the public health costs from seafood poisoning, costs of cessation of
commercial and recreational fishing during the blooms, and management costs—averaged $75
million per year (Hoagland and Scatasta 2006). According to NOAA, pathogens led to 20,000 beach
closures in 2005.22 One such HAB event that occurred along the New England Coast led to shellfish
closures from Maine to Rhode Island and was the largest on record since 1972.

A recent assessment of the estuaries within the National Estuary Program evaluated their
health across four indices: water quality, sediment quality, benthic conditions, and fish tissue
contaminants (Dahl 2006). Table 1 is adapted from the assessment, where the indices are on a scale
of 1 to 5, with 5 representing the highest quality. The assessment found variation within regions
across the indices and across the regions. Although not represented in the table, it also found
variation within regions and across the different estuaries. A simple average of the scores shows
that Southeast Coast estuaries in the National Estuary Program are some of healthiest, whereas the
Northeast Coast and San Juan Bay estuaries are in the worst condition.

Table 1. National Estuary Program 2007 Assessment of Estuarine Condition
Northeast Southeast Gulf West SanJuan Bay Estuary

Index Coast Coast Coast Coast Puerto Rico
Water quality index 3 5 3 3 3

Sediment quality index 1 4 2 1 1

Benthic index 1 3 2 5 1

Fish tissue 1 4 4 1 1
Contaminants index

Overall condition 1.5 4.0 275 25 1.5

Note: The Gulf Coast assessment excludes the dead zone.
Source: Dahl 2006.

Fisheries

In 2007, commercial fishermen landed at U.S. ports more than 4.8 metric tons of finfish (e.g,,
pollock, cod, and halibut) and non-finfish (e.g., shrimp, crab, kelp, and lobster) at a value of
approximately $2.4 billion (NOAA 2007).23 The distribution of these landings and returns at the
regional and state levels are illustrated in Figure 8, panels A and B. Alaska, Louisiana, Virginia,
California, and Massachusetts are the top five states in terms of volume landed, and the West Coast

2 The source for this information is the NOAA Coastal and Marine Economics web page (available at
http://www.economics.noaa.gov).

2 The value is the total gross revenue from the catch and does not net out the costs of fishing.
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region—including Hawaii and Alaska—had the greatest catch in terms of volume. The gross
revenue per pound (panel B) shows a wide distribution ranging from $2.50 in Hawaii to 0.175 cents
in Mississippi. These figures are driven by the set of commercially viable species residing within a
certain distance of the ports. For example, Hawaii catches include high-valued stocks, such as
swordfish and tuna, shrimp are landed in Texas and Alabama (low weight, high value), and lobsters
from the Long Island Sound are landed in Connecticut. In some cases, we would expect the
distribution of these and other species to change as a result of the changing climate and oceanic
conditions (Perry et al. 2005; Murawski 1993).

Some of the most productive fishing grounds are in the Bering Sea in Alaska, where the major
commercial species include pollock, crabs, Pacific cod, halibut, and salmon. The changes in the sea
ice boundary, both its spatial extent and the timing of melting and freezing, is likely to lead to
changes in the productivity of the system by shifting the location and abundance of predators and
prey (IPCC 2007). These fisheries, however, are relatively healthy and are therefore not as likely to
be vulnerable as fisheries with overexploited stocks.

Overall, the ecological and economic record of fisheries within the U.S. exclusive economic zone
(EEZ)—including migratory species that spend part of their cycle within U.S. territorial waters—is
mixed with signs of improvement on both fronts. Of the 190 species monitored by the U.S. National
Marine Fisheries Service (NMFS) in 2007, 24 percent were “overfished,”24 or had a biomass below
their minimum sustainable level (NMFS 2007). An additional set of stocks were subject to
overfishing; this does not necessarily mean that the stocks are currently overfished, but rather that
if exploitation continues at the current rate, the stocks will become overfished. Figure 8, panel C
illustrates the number of vulnerable fish stocks in the U.S. EEZ. Although depleted species can be
found throughout the U.S. EEZ, the highest concentration is found in the Northwest Atlantic
fisheries off of New England. Some examples include bigeye tuna in the Pacific, cod in the Gulf of
Maine, and red snapper, both along the Southeast Coast and in the Gulf of Mexico (Figure 8, panel
D).

24 overfished stocks are those in which the fish stock has fallen below a prespecified sustainable target set by NMFS, and a
stock subject to overfishing occurs when the fishing mortality rate exceeds the overfishing threshold set by NMFS.
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Figure 8. U.S. Commercial Fishery Statistics for 2007
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Note: In panel C, the West Coast includes the Alaska region (one stock) and the Pacific region (two stocks). In
all panels, the East and Gulf Coasts of Florida are in the Southeast region. In terms of fisheries management,
the Atlantic Coast of Florida is part of the Southeast Fishery Management Council, and the Gulf Coast of
Florida is part of the Gulf of Mexico Fishery Management Council. The landings data from NMFS are not
complete, as data can be excluded because of confidentiality (one company landing at a single port), and we
are only plotting the landings from major ports throughout the United States. The 2007 commercial catch
data set is available from the National Marine Fisheries Service web site (www.nmfs.noaa.gov).

In addition to impacts on the abundance of the species being targeted, commercial and
recreational fishing has resulted in changes to many harvested species and the ecosystems they
occupy. For example, (limited) evidence supports the potential for rapid evolutionary shifts toward
smaller size and earlier maturation in response to long-term exploitation (Fenberg and Roy 2008;
Olsen et al. 2004). Bycatch—the mortality or maiming of animals other than the targeted animal
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within a fishery—is a significant threat to a number of bird, mammal, and sea turtle species (Read
2008; Tasker et al. 2000). Although marine bycatch is necessarily underreported as there are often
no formal requirements to measure and record the information, Read et al. (2005) estimated a
lower bound on the mean annual marine mammal bycatch in U.S. waters between 1990 and 1999 at
6,215 metric tons. For marine life that naturally exists in small and isolated populations, moderate
bycatch tonnage can be harmful. Extremely high bycatch rates have had an adverse effect on what
were at one time abundant species. Pelagic long-line fishing, for example, kills several thousand
black-footed albatrosses (Phoebastria nigripes) annually, a situation that recently prompted the
United States to consider listing the species as endangered or threatened (U.S. Fish and Wildlife
Service 2007).

In some fisheries, removing commercially valuable top-level predatory species can have
negative ecological effects. Frank et al. (2005) provide evidence that severe and persistent
depletion of top-level predatory benthic fish species in the eastern Scotian Shelf—principally cod—
caused a trophic cascade, or thorough restructuring of the food web. In response, the number of
native grey seals (Halichoerus grypus) rose exponentially, and the size and abundance of
zooplankton, as well as the populations of local crab and shrimp species, increased. Recent work
has shown, however, that the pattern of fishing known as “fishing down the marine food web”
(Pauly et al. 1998) is not as common as it was once thought to be (Essington et al. 2006). In
addition, after a more detailed and rigorous analysis of the economic, ecological, and regulatory
seascape, de Mutsert et al. (2008) show that previous estimates (Worm et al. 2006) of the health of
the Gulf of Mexico and the area south of the Chesapeake Bay were too pessimistic.

The responses of marine ecosystems affected by industrial-scale fishing are not fully
understood. However, a growing consensus suggests that exploited populations are likely to be
more susceptible to changes in SST and primary production. Using data on exploited and
unharvested species in the southern portion of the California Current system, Hsieh et al. (2008)
find that the distribution of harvested populations tracked changes in climate to a greater degree
than did bycatch species. Ottersen et al. (2006) similarly find that Barents Sea cod recruitment has,
in recent decades, exhibited a higher degree of correlation with sea temperature as both the age
and size profile of the stock have decreased.

For a long time, conventional wisdom held that recreational fishing, including charter boats,
private boat anglers, and shore-based fishermen, did not have a significant impact on marine fish
stocks. Coleman et al. (2004), however, illustrate that the sector takes, on average, about 4 percent
of the total marine fish landed and as much 10 percent when commercial fishing on pollock and
menhaden are excluded. They also showed that the effects are not uniform across the United States;
in particular, recreational fishing accounted for more than 60 percent of the total landings in the
Gulf of Mexico and almost 40 percent in the South Atlantic. Private boat anglers, who compose the
largest segment of recreational fishers and whose numbers are increasing, are one of the hardest
sectors to manage and monitor because the set of anglers is so large and diffuse (Sutinen and
Johnston 2003).
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Coral Reefs

Significant warm- and deep-water (cold-water) coral ecosystems exist throughout the U.S. EEZ
(Lumsden et al. 2007; Waddell and Clarke 2008). Algae-bearing zooxanthellate coral communities
are found in the in the warmer waters of the Pacific, Gulf of Mexico, the Atlantic off of Florida, and
the Caribbean (see Figure 9, red dots). Although the full extent of shallow-water coral ecosystems in
U.S. territory is unknown, estimates place the total area capable of supporting them at
approximately 36,813 square kilometers (Rohmann et al. 2005).25 Deep-water coral communities
are still being discovered in U.S. territory (see Figure 9, blue dots). Although fewer deep-water
species are reef- or structure-building, many, including Gorgonians, form dense communities
(“coral gardens”) that serve as crucial habitat for marine populations, including groundfish and
crab fisheries off of Alaska (Stone 2006).

Globally, warm-water coral ecosystems are in decline. Carpenter et al. (2008) found that, of the
704 reef-building species for which data were sufficient to make a determination, 231 were either
vulnerable, endangered, or critically endangered according to International Union for Conservation
of Nature criteria. In U.S. waters, outbreaks of disease, coastal runoff and pollution, and
overexploitation threaten reefs (Bruckner et al. 2005). Caribbean corals, including those found near
the U.S. Virgin Islands (USVI), are of particular concern, in part because of their relative lack of
biodiversity and the weakening of reefs by major bleaching events in 1998 and 2005 (Bellwood et
al. 2004; Jeffrey et al. 2005; Rothenberger et al. 2008).

Figure 9. Worldwide Distribution of Warm- and Cold-Water Corals
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Source: In UNEP/GRID-Arendal Maps and Graphics Library. Retrieved 00:08, October 1, 2008 from
http://maps.grida.no/go/graphic/distribution-of-coldwater-and-tropical-coral-reefs.

In recent decades, the makeup of coral reef ecosystem in the USVI and other areas of the
Caribbean has transitioned from communities based around framework-building corals, such as
members of the Acropora genus, to non-framework building opportunistic species. The loss of the

% Zooxanthellate corals generally cannot survive at depths greater than 30 m below the surface (Stachowicz et al. 2002).
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urchin population as a result of a disease outbreak has also left Caribbean coral reefs in a
vulnerable state (Gardner et al. 2003; Knowlton 2001). As Mumby et al.(2007) demonstrate, a
reduction in the Caribbean of parrotfish, which graze on macroalgae, can cause the reefs to revert to
an algae-dominated system. Both of these changes may make Caribbean reefs more vulnerable to
shocks associated with climate change (Mumby et al. 2007), such as storm patterns and pollution.
An example of the latter is the 2005 HAB event off the Gulf Coast of Florida that killed vast areas of
coral reefs.

Cold-water corals are also under threat. Although it is difficult to assess the full extent of the
impact of human activities, evidence suggests that fishing practices—particularly bottom
trawling—are damaging cold-water corals in the Gulf of Alaska, Aleutian Islands, and Bering Sea.
Between 1997 and 1999, coral bycatch amounted to approximately 81.5 metric tons annually in the
region, with bottom trawls accounting for at least 87 percent of the total (Lumsden et al. 2007).

The portion of the U.S. EEZ extending out from the Florida coast contains major deep-water
coral ecosystems, including communities on the continental shelf edge near eastern Florida
dominated by the structure-forming Oculina varicose (ivory tree coral) and concentrations of
Lophelia pertusa on the Blake Plateau (U.S. Fish and Wildlife Service 2007). Oculina reefs typically
occur in the 0- to 200-meter layer of the ocean, whereas the majority of Lophelia-dominated
assemblages occur at depths greater than 300 meters. Both habitats have seen physical destruction
and the depletion of reef-dwelling species, such as snapper in the shelf area and wreckfish
(Polyprion americanus), a deep-water species.

Biological Invasions

Nonnative invasive species (NIS) can lead to severe ecological damage and demand costly
mitigation efforts (Carlton 1989; Corn et al. 2002). Key vectors for recently established marine,
estuarine, and coastal NIS include shipping through ballast water exchange and hull fouling, the
aquarium trade, and live species seafood and bait (Williams and Grosholz 2008). A review by Ruiz
etal. (2000a) found that invertebrate and algal NIS alone constituted 298 self-sustaining
populations in U.S. coastal regions. San Francisco Bay and other busy port areas in the United States
have the highest incidence of NIS (Cohen and Carlton 1998).

Biological invasions can damage an affected ecosystem on multiple levels (Grosholz 2002). Once
introduced, many invaders feed on local species, limiting functions performed by the targeted
species in the case of heavy predation and altering preexisting trophic (predator-prey)
relationships. Often, such changes in the food web can place pressure on endangered species, as in
the case of predation by the red imported fire ant (Solenopsis invicta Buren) on endangered
loggerhead sea turtle (Caretta caretta L.) hatchlings in Florida (Allen et al. 2001; Wetterer et al.
2007). NIS may supplant or hybridize with residents, in some cases creating even more invasive
agents. Finally, invasive species such as weeds or grasses may directly alter the structure of an
ecosystem by altering plant density and the distribution of plant growth.

An invasive species with stable populations in one part of the country can rapidly expand its
range once introduced to a new region within the United States. Since its first appearance on the
California coast in the late 1980s, the European green crab (Carcinus maenas) has spread north to
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Canada, overpowering many indigenous crab species and placing stress on native bivalves (Yamada
and Gillespie 2008). Evidence from New England, where the crab was introduced in the 19th
century, attributes the decline of the commercial soft shell clam (Mya arenaria) populations in part
to C. maenas predation (Kern 2002). On the West Coast, the green crab has been observed
outcompeting juvenile Dungeness crab (Cancer magister Dana; McDonald et al. 2001). Although C.
maenas has not yet moved into primary C. magister nursery areas, fisheries scientists and managers
are concerned that a further advance could threaten the Dungeness fishery that totaled more than
$140 million in landings in 2006 (NMFS 2008).

Temperature and salinity provide barriers to the expansion of established invasive populations
and limit the number of new introductions (Stachowicz et al. 2002). Climate change may create
openings for NIS to enter new ecosystems as the distribution, phenology, and trophic relationships
among native species respond to altered environmental conditions (Parmesan 2006). In some
cases, a loss of biodiversity due to warming and human encroachment can reduce the capacity of
resident species to resist further invasion (Fridley et al. 2007).

Coral reefs in the Caribbean are currently under threat from the predatory Indo-Pacific lionfish
(Pterois volitans). The species is thought to have been introduced via the aquarium trade into
waters off of Florida. Albins and Hixon (2008) show that, within a short time after introduction, the
survival of the other reef fish iwasreduced by almost 80 percent. The loss of grazers, such as
parrottfish, on these reefs resulting from lionfish predation could result in the reefs becoming more
algae dominated and less resilient to bleaching and other shocks.

Florida is a hotspot of marine and coastal invasive species ( Florida Invasive Species Working
Group 2003).1n 2001, a total of 122 marine and freshwater fish species were known to have been
introduced in the state, with 53 forming self-sustaining invasive populations (Benson et al. 2001).
The majority of the NIS recruitments in Florida have been attributed to the aquarium trade (Padilla
and Williams 2004). Infested ballast water is thought to have brought the fast-growing Asian green
mussel to Florida (Baker et al. 2007; Power et al. 2004). Green mussels have been observed
displacing native eastern oysters on oyster reefs in Tampa Bay, and the mussel’s propensity to
damage infrastructure in other regions has drawn comparisons to the notorious invasive
freshwater zebra mussel (Power et al. 2004). Climate change and the attendant shifts in the
distribution and phenology of native species may increase the rate of successful marine NIS
recruitment in Florida.

Coastal Communities

We discuss the additional stressors to coastal communities from an increasing population and
the aging of that population, antiquated stormwater and wastewater management systems,
demands on freshwater supplies, and social vulnerability. The latter is an index of social and
demographic variables that attempts to rank a particular location’s ability to adapt to changes over
time, including emergency planning and climate change (Cutter and Finch 2008).
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Population and Demographic Pressures

Along with the changes to marine and coastal natural resources, coastal counties will
experience to varying degrees the effects of sea level rise that include inundation, coastal erosion,
flooding, and saltwater intrusion. These climate change impacts are in addition to the stressors
placed on local infrastructure and resources from current population density levels. Specifically,
counties within coastal watersheds, excluding Alaska, contain close to 53 percent of the U.S.
population but represent only 17 percent of the total area of the country (Crossett et al. 2004). As of
2003, 153 million people live in the coastal counties; this represent a 28 percent increase over the
level in 1980.

Figure 10 illustrates the distribution of this change throughout the United States. Both the
Atlantic and Gulf Coasts of Florida, along with the San Francisco and Seattle metropolitan areas,
have seen some of the largest percentage increases. According to the U.S. Census Bureau, California,
Florida, Texas, and Washington have experienced the largest gain in coastal population during the
1980-2000 period.

Florida’s dense coastal population and long coastline along both the Atlantic Ocean and the Gulf
of Mexico place it among the states most vulnerable to the effects of eustatic sea level rise resulting
from climate change. Titus and Richman (2001) estimate that approximately 12,251 square
kilometers of the state’s land lies between 0 and 1.5 meters above sea level, and a further 12,743
square kilometers has an elevation between 1.5 and 3.5 meters. Florida’s coastal counties are also
the most densely populated in the United States. In 2005, approximately 10.4 million people lived in
the state’s Atlantic coastal counties, and another 7 million lived in counties along the Gulf (Florida
Atlantic University 2008).

Crossett et al.(2004) report that the coastal demographic distribution is shifting toward older,
and often retired, individuals. Predictions based on this trend are that the demand for marine and
coastal recreation will increase with the shift to retired populations, as this demographic has more
time for recreation activities (Crossett et al. 2004). Not surprisingly, Florida and California are the
top two states in terms of beach visitation (Crossett et al. 2004), and these activities can have
considerable economic impact. For example, according to Leeworthy and Wiley(2006), almost $1
billion (year 2000 dollars) was spent on beach activities during a one-month period in Los Angeles
and Orange Counties in California during the summer of 2000.

At the same time, rising sea levels and storm surges are expected to help fuel the loss of beaches
and barrier islands, particularly on the East Coast (Hanemann et al. 2003). Morton and Miller (
2005) estimate that, between 1970 and 2000, 39 percent of the 1,543 km of the Southeast Atlantic
Coast surveyed eroded, despite efforts to mitigate shoreline loss and barrier island loss through
nourishment and reinforcement. In communities located on shores, such as Ocean City, Maryland,
or barrier islands, the process of erosion can threaten communities that provide recreational
services and contain highly valuable properties (Morton and Miller 2005). Projected eustatic sea
level rise will probably contribute to the loss of barrier islands and the further erosion of beaches
on the Florida peninsula. The state of Florida currently classifies approximately 620 kilometers, or
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46 percent of the state’s beaches, as sustaining “critical erosion” (Florida Department of
Environmental Protection n.d.).

Stormwater and Wastewater Treatment

Many of the areas that are experiencing population growth and are receiving considerable
economic and social returns from recreation have moderate to high eutrophic conditions.
Comparing Figure 10 with Figure 7 highlights that the Gulf Coast of Florida, the San Francisco Bay
Area, the Seattle region, and the Mid-Atlantic might experience greater rates of eutrophication in
the future resulting from increased urban runoff.

One factor leading to greater eutrophic conditions near coastal urban areas is the design of
stormwater management systems that quickly discharge water into nearby waterways, making
cities and suburbs key sources of pollution runoff (Roy et al. 2008; Paul and Meyer 2001). The
situation is especially dire for the more than 700 municipalities that have inherited systems that
attempt to treat runoff by combining it with wastewater en route to treatment facilities during
normal rain events (U.S. Environmental Protection Agency [EPA] Office of Water 2004). In heavy
rain events, combined sewer systems often overflow, sending pollutants and raw sewage into local
watersheds. Nutrients, metals, and other pollutants from urbanized areas have been identified as
major obstacles to the restoration of important ecosystems, such as the Florida Everglades
(Chimney and Goforth 2001). On the southern California coast, a number of studies have identified
health hazards associated with exposure to sea water contaminated with runoff from nearby
municipalities (Dwight et al. 2004; Haile et al. 1999). These types of risks may increase if alterations
in the hydrological cycle brought about by climate change result in increased runoff.
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Figure 10. Percentage Change in Coastal County Population from 1980 to 2000
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Source: U.S. Census Bureau (http://www.census.gov/popest/estimates.php).

Water Demands

Although there is uncertainty regarding the extent of sea level rise during the next century,
coastal developments will probably be subjected to increased erosion and, in some cases,
inundation by the sea (McGranahan et al. 2007). Based solely on the physical attributes of the
landscape, an estimated 80 percent of the New Jersey coast is highly vulnerable to inundation,
coastal erosion, flooding, and saltwater intrusion from sea level rise (Cooper et al. 2005). Although
greater saltwater penetration into coastal freshwater aquifers is a likely future scenario from sea
level rise (Cooper 2005), the United States is in a good position to compensate for lost water;
however, substantial additional costs are likely.
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Future precipitation patterns and possible saltwater intrusion may lead to greater conflict
between species that depend on instream flows, agricultural users, and urban water districts.
Controversy over water use in the drought-prone Klamath River Basin on the California-Oregon
border has been particularly intense (Powers et al. 2005; Lane 2007). Dams and other water
reclamation measures in the region have been cited as significant stressors on endangered
shortnose sucker (Chasmistes brevirostris) and Lost River sucker (Deltistes luxatus), and threatened
coho salmon (Oncorhynchus kisutch). At present, coho salmon are extinct above the Iron Gate Dam,
the first of the main dams on the Klamath River (Powers et al. 2005).

Social Vulnerability

Whether a particular coastal county is more or less vulnerable is likely to depend on many
dynamic factors. Tracking and measuring vulnerability is based on the assumption that more
vulnerable or disadvantaged regions may be less able to finance adaptation and mitigation
measures to address the effects of climate change or other shocks. Researchers have built a county-
level (static) social vulnerability index (SOVI) that combines many different socioeconomic and
demographic variables (Cutter and Finch 2008; Cutter et al. 2003; Boruff et al. 2005).26

Figure 11 illustrates both the SOVI index for 2000 (Cutter and Finch 2008), where dark red
implies that the county is more vulnerable, and the coastal vulnerability index computed by USGS,
which ranks a coastal county’s risk of sea level rise and where larger numbers imply greater risk.
Figure 11 clearly shows that, despite some overlap in Florida, the Gulf of Mexico, and parts of the
Mid-Atlantic, overall many of the counties that are vulnerable to a one-meter sea level rise are not
as socially vulnerable as other counties. The patterns in Figure 11 are also found in Boruff et al.
(2005). Figure 12 focuses in on the overlap between social vulnerability and the areas inundated by
a one-meter sea level rise in Florida. We can see, in the southeastern portion, areas where the
populations are vulnerable from both physical and social factors.

Per capita income is an important variable in the SOVI. According to the U.S. Census Bureau, the
median income of coastal counties is greater than that of interior ones—a difference partly due to
the concentrations of urban areas within coastal communities. However, many coastal counties are
economically depressed (Crossett et al.2004). In the southeastern United States, for instance,
counties bordering the Atlantic are less well off on average than those in the interior.2”

% Using a principal components analysis, Cutter et al. (2003) additively combine 11 out of 75 variables that explained more than
75 percent of the variance to create the SOVI. The 11 variables, in order of their contribution to explaining the variance, are per
capita income, median age, density of the built environment (number of commercial businesses per square mile), single-sector
economic dependence (percentage employed in extractive industries), housing stock (percentage of mobile homes), race
variables, occupation (employed in service occupations), and infrastructure dependency (percentage employed in
transportation, communication, or public utilities).

7 Southeastern here includes the Atlantic Coast of Florida, Georgia, South Carolina, and North Carolina (Crossett et al. 2004).

£ RFF | KLING AND SANCHIRICO 29



Figure 11. Social Vulnerability Index Score and Within-County Median Coastal Vulnerability Index Risk
for Coastal Counties in the Lower 48 States
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Note: CV], coastal vulnerability index.
Source: USGS (http://woodshole.er.usgs.gov/project-pages/cvi/) and Hazard & Vulnerability Research
Institute, University of South Carolina (http://webra.cas.sc.edu/hvriapps/SOVI_Access/Get_All_Data.aspx)

In the United States, several indigenous communities harvest marine and coastal animals and
plants for subsistence, recreation-based enterprises, cultural practice, or some combination of the
three (Anisimov et al. 2007; Arctic Climate Impact Assessment [ACIA] 2005). These communities
are likely to face challenges due to climate warming and increasing variability. The dramatic loss of
summer ice cover and the delayed onset of winter ice in the Arctic are likely to be particularly
problematic for some Alaskan native communities, many of which face a difficult social and physica
(dietary) transition away from partial dependence on subsistence hunting should climatic
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conditions render it untenable (Anisimov et al. 2007; ACIA 2005).

Figure 12. Predictions on One-Meter Sea Level Rise and County-Level Estimates of Social Vulnerability
for Florida
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Source: Center for Remote Sensing of Ice Sheets (CReSIS), University of Kansas
(https://www.cresis.ku.edu/research/data/sea level rise/esri grids/)

Adaptive Capacity and Resilience

Because many marine and coastal natural resources, such as marine fish stocks and coastal
open space (estuaries), are common pool resources suggests that enhancing the adaptive capacity
and resilience of the system will often require government intervention. The extent and level of
intervention, however, will differ based on the nature of the rights over the resource. For example,
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allocating rights to harvest a share of the fish stock each year is a means to provide incentives to
owners of the shares to cut back their fishing to maintain larger populations that might be more
resilient to climate change. Marine biodiversity, however, is a public good requiring government
protection. In some cases, the federal government has a direct role (managing resources within
federal waters), and in others, the local land-use planning agencies or state-level resource
management agencies (which may address coastal land use or manage resources within state
waters, respectively) are probably best suited to design the appropriate adaptation policy.

An important issue with respect to the role of state and federal government intervention
revolves around the delineation of legal boundaries in the coastal and marine environment. Figure
13 presents a detailed picture of the different boundaries within this environment. Important
distinctions among states depend on where private property rights end and state rights begin. In
states such as Delaware, Massachusetts, and Maine, the boundary depends on the mean lower low-
water mark; it is the mean high-water mark for states such as California, South Carolina, Rhode
Island, and others; Texas uses the mean higher high-water mark; and Louisiana and Hawaii use the
highest winter tide mark.

Figure 13. Private, State, and Federal Rights to Coastal and Marine Resources
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These boundary definitions and their interactions over time with sea level rise are important
for several reasons. For example, public access to the coast can become inhibited as the boundary
line moves inland because of inundation and erosion. This could happen if the high tide line moves
inward and onto private land. A related issue is that land currently above the boundary and in
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private ownership can end up on the state-owned side of the boundary with SLR (Titus 2000). As
discussed in (Caldwell and Segall 2007, 553), in 1998 the California supreme court ruled that

The high water mark is the mark made by the fixed plane of high tide where it
touches the land; as the land along a body of water gradually builds up or erodes,
the ordinary high water mark necessarily moves, and thus the mark or line of mean
high tide, i.e., the legal boundary also moves.

The ruling goes on to support the use of the Public Trust Doctrine as a justification for usurping
private lands along the coastline as the lines move to ensure that the public has access to the beach
(Caldwell and Segall 2007). Of course, incentives encourage landowners to prevent the
encroachment of the sea by putting up seawalls and other barriers. We discuss these issues in
further detail below.

In addition to the coastal boundaries, Figure 12 highlights the role of state and federal
responsibilities in marine resources. Off of most coasts, states have jurisdiction over the area from
the coast out to 3 nautical miles and the federal government regulates the area from 3 to 200
nautical miles. For federal fishery resources, NMFS works in conjunction with the eight fishery
management councils to set fishery regulations. Council membership includes commercial and
recreational fishing interests, tribal representatives (in some regions), state fish and game
representatives, and other political appointees of the governors in the region. When considering the
effects of climate change on marine resources, jurisdictions are important because of differences in
the topography of the coasts, such as the location of the continental shelf and the effects of
eutrophication, which occur mainly within the zero- to three-mile limit.

In many respects, none of the tools that are part of the portfolio of policy options (see Figure
13) to improve the adaptive capacity of the marine and coastal environment is novel, nor is the
argument that society needs to employ the entire suite to improve the health of marine and coastal
ecosystems. The use of a suite of policies and the acknowledgement that we need to manage a
system rather than just the system’s parts and that we need to consider the cumulative impacts of
stressors is simply the implementation of EBM principles and ideals. As defined in a scientific
consensus statement (McLeod et al. 2005), EBM emphasizes the protection of ecosystem structure,
functioning, and key processes; is place-based, focusing on a specific ecosystem and the range of
activities affecting it; explicitly accounts for interconnectedness within systems, recognizing the
importance of interactions between many target species or key services and other nontarget
species; acknowledges the interconnectedness among systems, such as between air, land, and sea;
and integrates ecological, social, economic, and institutional perspectives, recognizing their strong
interdependences.

A sample of the suite of federal, state, and local policies for marine and coastal EBM is
illustrated in Figure 14 and includes: investments in habitat restoration, permitting decisions under
Section 404 of the Clean Water Act, the purchase of coastal lands, controls for reducing nonpoint
and point source pollution upstream of intertidal estuaries, the inspection and prevention of
invasive species, MPAs, incentive-based fishery management policies, and in general a better
definition of rights to marine and coastal resources that creates stewardship incentives. In what
follows, we discuss mechanisms that can be used to improve the health of the marine and coastal
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environment in anticipation of the changes that are likely to come from climate change. From a
climate change perspective, this is in a sense akin to preventive medicine rather than trauma care.
In many cases, however, the historical mismanagement of the additional stressors has already put

these resources on life support.
Figure 14. Suite of Adaptation Policies for Coastal and Marine Ecosystems
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Marine and Coastal Ecosystems

Within the United States, a number of marine EBM activities are underway, including efforts in
the Florida Keys Marine Sanctuary, Chesapeake Bay, Morro Bay, many of the estuary reserves in the
National Estuary Program, and the Bay-Delta in northern California.28 NOAA has also established
integrated ecosystem assessments (IEAs) and management as a strategic priority where, according
to NOAA'’s definition (www.noaa.gov), an IEA is “a synthesis and quantitative analysis of
information on relevant physical, chemical, ecological, and human processes in relation to specified
ecosystem management objectives.” Components of intended IEAs include assessments of baseline
conditions, the identification of stressors on the system, forecasts of business-as-usual policies, and
the quantitative analysis of various policy alternatives.

Current EBM activities include top-down regulatory approaches and bottom-up grassroots
attempts to bring stakeholders together. Morro Bay in Central California, for example, is a
combination of a grassroots and a national effort consisting of a locally grown marine interest
group, a science and ecosystem alliance community group, and the National Estuary Program.
Collaborative agreements and partnerships form the bulk of the current efforts in Morro Bay. To

28 _— . . .

Other areas where more holistic approaches to ecosystem management are either underway or in the planning stages
include the Gulf of Mexico Alliance, Puget Sound Partnership, Great Lakes region, and the Gulf of Maine. See the report by the
Environmental Law Institute (2007) for a background discussion of these and other efforts.
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date, outputs have been education campaigns, but there are some ongoing efforts to work with the
California Department of Fish and Game to change local regulations on nearshore fisheries.

Most of the current examples of EBM efforts are not far along in planning and implementation
and, in many instances, the bodies formed to consider multiple user impacts and coordination act in
an advisory role with no regulator functions. This is especially true in the incorporation of
spillovers from outside the boundaries of the defined management efforts. In the Florida Keys
National Marine Sanctuary, for example, a water quality protection program “recommend|s]
priority corrective actions and compliance schedules addressing point and multipoint sources of
pollution to restore and maintain the chemical, physical, and biological integrity of the Sanctuary,
including restoration and maintenance of a balanced, indigenous population of corals, shellfish, fish,
and wildlife, and recreational activities on the water”2°. This program stems from a Congressional
directive to EPA and the state of Florida. On paper, these types of collaborations are critical, but in
many cases, the long-term funding to implement them are lacking. The lack of decisionmaking
authority is also a serious limitation of many of the more top-down initiatives.

A broader policy tool that could be used to implement EBM is a comprehensive ocean zoning
plan (Courtney and Wiggins 2003; Eagle et al. 2008). Under such a plan, state waters and the U.S.
EEZ would be divided into areas with prescribed uses, such as recreation or conservation (Eagle et
al. 2008). With an appropriate mix of protected and fishing areas, zoning may be a way to protect
critical habitat while restructuring incentives in a way that discourages overcapitalization by
harvesters and promotes fishery stewardship. Although zoning has not seen wide application in the
United States,30 large-scale zoning has been put in place within Australia’s Great Barrier Reef
Marine Park (Day 2002). Flexibility is a critical component in a zoning plan and can be incorporated
by allowing parties to trade access and resource rights both within and across zones (Sanchirico et
al forthcoming).

Although EBM is a holistic approach taking into account the multiple and diverse values derived
from the resources in the system (McLeod et al. 2005), we discuss adaptive practices with respect
to the management of marine fisheries and marine biodiversity separately. Of course,
comprehensive planning and integration of these components is necessary to improve the health of
the ecosystem at the lowest possible cost to society.

» Florida Keys National Marine Sanctuary and Protection Act, Public Law 101-605 (H.R. 5909), Nov. 16, 1990. Available at
http://floridakeys.noaa.gov/regs/sp_act.html

*1n 1990, the Florida Keys National Marine Sanctuary management plan was built around a zonal framework, which is
mandated under Section 7(a)(2) of the Florida Keys National Marine Sanctuary and Protection Act. The zones include existing
management areas, wildlife management areas, ecological reserves, sanctuary preservation areas, and special use areas. Each
of these zone types is designed to reduce damage to resources and threats to environmental quality while allowing uses that
are compatible with resource protection. The zones protect habitats and species by limiting consumptive and/or conflicting
user activities and allowing resources to evolve in a natural state with minimum human influence.
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Marine Fisheries Management

A consensus has emerged supporting a mode of fisheries management that departs from
policies aimed at maximizing the sustainable yield of commercially valuable species in a single-
species framework. Ecosystem-based fishery management (EBFM), which is a subset of the broader
EBM approach, provides a general orientation for policymaking aimed at realizing long-term
benefits from key fisheries through monitoring and regulating human intervention at all levels of an
ecosystem (Pew Oceans Commission 2003; U.S. Commission on Ocean Policy 2004). An example of
how EBFM might differ from traditional approaches is the management of predator and prey
species. EBFM would set aside additional prey species (through lower directed fishing on the prey)
for predators in the system, where the set of predators might include marine mammals along with
commercially valuable fish stocks.

Implementing an EBFM plan will involve the use of a number of existing policy instruments,
such as area closures and other restrictions on fishing inputs (vessel and gear restrictions),
individual fishing quota (IFQ) systems, and fishing cooperatives. Area closures have a long history
in fisheries management, especially when it comes to setting aside nursery habitat.3! Recently, the
use of area closures for fishery management has gained considerable momentum (Hughes et al.
2005; Pikitch et al. 2004; Botsford et al. 1997), where closures could possibly increase fish stocks in
nearby unprotected waters through outward migration of adult fish or larval dispersal. The effects
of closures for fishery management remain uncertain, with some bioeconomic studies predicting
that reserves may not produce harvest gains, especially when the spatial distribution of fishing
effort is already resulting in de facto reserves (Smith and Wilen 2003).

IFQs and fishing cooperatives have been shown to address the economic waste (Sanchirico
2008) associated with the use of fishery resources. IFQ programs are analogous to other cap-and-
trade programs, such as the sulfur dioxide allowance-trading program. They limit fishing
operations by setting a total allowable catch (TAC), which is then allocated among fishing
participants, typically based on historical catch. In most IFQ fisheries throughout the world,
participants are able to trade their perpetual right to a share of the TAC and their annual catch
equivalent.

Cooperatives, such as the Pacific Whiting Conservation Cooperative and the two in the North
Pacific Pollock Fishery, are formed around a fishing sector such that the set of participants is fixed
and the sector has received an allocation of the allowable catch. The allocation of the cooperative’s
allowable catch to each member, along with any trading among the members, is done through
private negotiations and rules as outlined in their charter.

Although IFQs and cooperatives differ from an instrument design perspective and the
respective roles of government intervention, both treat the cause rather than the symptoms of
insecure rights to marine resources (Wilen 2006). That is, the allocation of shares of the TAC
reduces the incentives to race for fish, as participants have greater certainty on their catch levels,
and the ability to buy and sell shares provides flexibility for participants to adjust the scale of their

*For many species, nursery habitat occurs in the coastal zone that is impacted by runoff and habitat destruction.
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operations. It also provides fishermen with stewardship incentives, as the value of their asset
(fishing quota) depends on the ecological health of the system.

Typically, IFQs have been allocated by species-area combinations, and rules are often put in
place to prohibit trades within the same species but across these species-area combinations, which
makes sense in a relatively stable environment. With climate change, however, the rules that
prohibit trading across species-area combinations might need to be revisited, especially as species
ranges change. Other rules in these systems include the allocation of shares of the TAC to different
fleets (e.g., trawler allocation for species Y) and a prohibition on converting a quota in one species
to a quota in another species.32 Each of these restrictions needs to be rethought in a changing
climate.

Figure 15. Share of Commercial Landings between 0 and 3 Miles and between
3 and 200 Miles Offshore
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32 An exception to the intraspecies trading rule is the cod equivalence system in place in Iceland. For more details, see
Sanchirico et al. (2006).
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The task of transforming existing fishery management into EBFM presents a number of
challenges. First, the appropriate role of federal versus state regulators in setting policies varies
across the United States because of the distribution of species and topography. For a subset of the
coastal states, Figure 15 illustrates the ratio of commercial landings of finfish (e.g., salmon, halibut,
Pacific cod, menhaden, and flounder) and non-finfish (e.g., crabs, urchins, lobsters, kelp, and squid)
caught within the 0- to 3-mile range, which is under state jurisdiction, and between 3 and 200
miles, which falls under the management of regional fishery management councils.33 A ratio above
one implies that a larger share is caught 3-200 miles offshore. We also illustrate the share of the
total revenue from each of these regions, which can differ from landings based on the differences in
the price of the catch.

In California, where the continental shelf is relatively close to shore and where there is a strong
coastal upwelling, the majority of finfish and non-finfish catches are within the zero- to three-mile
range. Massachusetts and New Jersey are noticeable for the skewed distribution of their catches
from federal waters. Florida’s East and West Coasts vary with respect to finfish, but non-finfish are
mainly caught within the zero to three miles; this is not surprising given the distribution of coral
reefs and the species that make up the majority of the inshore catch (blue crabs, spiny lobsters, and
shrimp). The location of the fishing activity implies that in California, for example, the California
Department of Fish and Game has a larger role to play in setting EBFM policies than the Pacific
Fisheries Management Council.34 The location also highlights the potential vulnerability of a
particular region to climate change.

Second, the jurisdiction over marine resources is often shared by state and federal authorities
(Day 2002). Aspects of the EBFM approach have been included in plans for some regional
jurisdictions, such as the Chesapeake Bay and South Atlantic fishery ecosystem plans (FEPs);
however, the ecosystem approach has not been officially implemented at the wider regional level
(Crowder et al. 2006). The preliminary efforts of the North Pacific Fisheries Management (NPFM)
Council provide one example of how EBFM might in the future be achieved largely through
coordinating existing regulatory bodies (Leslie and McLeod 2007). Draft work envisions the
development of criteria for defining the Aleutian Islands as an ecological region and creating an FEP
that would guide the management of federal and state fisheries as well as the Alaska Maritime
National Wildlife Refuge.

Third, although there is general agreement among fishery scientists and managers about the
need to develop FEPs, many of the hard policy questions remain on the table, such as what a “true”
ecosystem management plan entails (Link 2002). It is also not clear what the ecological and
economic trade-offs inherent in an ecosystem plan would be. For example, will ecosystem plans
entail overharvesting some species to remove predation pressures so that others might prosper?
What happens when one sector of the economy is dependent on the species whose population

3 The distribution of recreational fish catches is largely within the 0- to 3-mile range. Some exceptions are charter boats in New
England that fish in the Gulf Stream and recreational fishing for highly pelagic species, such as tuna, off of the West Coast.

3 Interestingly, Massachusetts is going forward with an ocean zoning regime within state waters, but as Figure 14 illustrates, a
significant amount of the fishing pressure is occurring in federal waters, implying that a strong federal-state partnership is
needed for EBFM to have an effect on the Northwest Atlantic ecosystem.
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abundances are to be reduced? Furthermore, little information exists regarding the value to society
from recreational fishing for different species and the nonconsumptive values placed on marine
biodiversity, including the value of populations of forage fish and marine mammals. These are two
areas where research will help managers understand the monetary values associated with EBM
management.

In addition to addressing incentives in fisheries management, there is growing interest in
increasing private investments in offshore aquaculture operations in federal waters. Although
offshore aquaculture is not often mentioned as an adaptation policy, it can serve as a means to
offset potential shortfalls in capture fisheries production due to climate change. For example, if
changes in coastal upwelling processes reduce the food availability for certain species, resulting in
population declines, then offshore aquaculture operations (not impacted by the coastal changes)
might be able to substitute for this shortfall. Outstanding environmental issues with aquaculture
operations include: the share of wild fish that is needed per pound of farm-raised fish; the impacts
of concentrated wastes, including antibiotics; and the escapement and interbreeding of wild and
farm-raised stocks. For many species, moving operations offshore, where water circulation and
mixing are greater (that is, out of protected bays and estuaries), will reduce the latter two impacts.
Over time, technological improvements and, in particular, the use of fishmeal substitutes has
reduced the former.

For the past couple of years, the U.S. Congress has been debating the necessary provisions for
an act that will develop guidelines for offshore aquaculture operations, including leasing and
environmental safeguards. Because the uncertainty around the rules and regulations is delaying the
development of the industry, passing the act seems like an important first step. Some states have
begun to undertake the research necessary for the development of offshore aquaculture. For
example, Hawaii formed the Hawaiian Offshore Aquaculture Research Project, through which
research has been conducted on a number of species, including Pacific threadfin (Kam et al. 2003).

With respect to coral reefs, one adaptive policy would increase the protection of grazers via
restrictions on fish catches and areas of fishing. This is especially true in the Caribbean where the
parrotfish is the only grazer in the system (Mumby et al. 2006). Another policy is the potential
reintroduction to the system of urchins (Wells 1995), the grazing prowess of which has been
likened to that of sheep. The lack of grazers is believed to reduce the resilience of coral reefs to
bleaching (Hoegh-Guldberg et al. 2007). To protect deep-water coral reef habitats and seamounts
the NPFM Council closed approximately 280,000 square nautical miles in the Aleutian Islands to
bottom trawling.

Currently, recreational fishing is managed with bag limits and time and area closures. Given
that saltwater angling is a large and growing sector, along with the diffuse nature of the anglers,
Sutinen and Johnston (2003) have argued for the use of angler management organizations (AMOs)
as a means to better align the incentives of anglers with conservation. The concept of AMOs is
similar to hunting clubs that have an incentive to maintain quality hunting grounds. The AMO
would be allocated catch that it would decide how to distribute to its members, and the AMO would
be responsible for monitoring and enforcing the catch rules. By creating such an umbrella
organization, regulators would be able to hold the organization liable for catches in excess of its
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limits (e.g., by withholding catch the next year). Eagle et al. (2008) discuss how the creation of
dominant use rights to areas for recreational fishing can be the catalyst for the creation of AMOs,
rather than a top-down process of club creation, and can provide the AMOs with better-defined
access rights. The latter is critical for establishing incentives to maintain quality fishing grounds.

Marine Conservation

A conservation ethic that is gaining momentum argues that marine biodiversity conservation is
just as important as returns from seabed mining, oil and gas exploration, and commercial and
recreational fishing for society’s well-being and the ability to adapt to climate changes. Some argue
that setting catch limits might be enough to address conservation and adaptability concerns if, for
example, all species had their catches reduced by some percentage to account for in situ values.
Others argue for the use of no-take areas or MPAs (Hughes et al. 2005). This is a false choice,
however, as there are probably situations that would call for adjusting catch limits and the use of
closures depending on the species, characteristics of the fishing industry, and other stakeholder
interests (Sanchirico et al. 2005).

MPAs have been offered as a means to effectively hedge against overexploitation by protecting
critical habitat and biodiversity in addition to possibly increasing the health of the system in nearby
unprotected waters through outward migration of adult fish or larval dispersal (Lubchenco et al.
2003; Sale et al. 2005; Zinn et al. 2008). Existing marine reserves differ widely in their permitted
uses. As with the design of incentive-based approaches, the design of MPAs needs to account for the
likelihood that species ranges—at least the ranges of midlatitude species—will move toward the
poles as the oceans warm.

A number of studies provide evidence of elevated biodiversity within protected areas, with the
greatest benefit accruing to nonmigratory species (Halpern 2003). Harborne et al. (2008) find a
greater abundance of high-value species and grazers as well as a higher degree of overall fish
species diversity within the Exuma Cays Land and Sea Park (ECLSP) relative to similar unprotected
reef areas in the Bahamas. Examining the same MPA, Mumby et al. (2006) find evidence of
increased coral recruitment as a result of additional grazing activity within the ECLSP. Evidence of
MPAs resulting in higher fish stocks in unprotected waters has been considerably less robust.
Examining 18 years of data on surgeonfish (Acanthuridae) and jack (Carangidae) biomass in and
around a no-take coral reef zone near Apo Island in the Philippines, Russ et al. (2004) find evidence
of higher biomass of both families within 200-250 meters of the MPA boundary. Extrapolating
these results to a changing ocean, however, is risky because most of these studies were carried out
in relatively stable local marine environments.

In 1999, California passed the Marine Life Protection Act, which emphasizes the protection of
marine life and habitats while also improving recreational and educational opportunities via the
creation of a network of MPAs. The types of MPAs include marine reserves, marine parks, and
marine conservation areas, where the distinction is based on the types of uses permitted. Although
the Act tries to minimize the impacts on commercial fisheries, it is primarily focused on
conservation. Determining the design of the marine reserve network has involved dividing the state
into regions and the use of a stakeholder process that is substantial and often contentious. Oregon
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has also just announced plans to move forward with the development of a marine reserve network
off of its coastline.

In addition to the conservation of marine areas, the persistence of many marine species in the
face of climate change requires additional protections and restoration of coastal nursery habitat.
West Coast salmon stocks epitomize such needs. The impacts on salmon of the management of
forestry land-use practices in the Pacific Northwest, coastal land-use planning, and instream water
flows will need to be considered, especially if the timing and quality of the upwelling events off of
the West Coast are disturbed as a result of climate change.

Invasive Species

Climate change is expected to remove or weaken key climatic and ecosystem barriers to the
spread of NIS. Given the extreme difficulty and high cost of eradication of self-sustaining marine NIS
populations, the most fruitful avenues for adapting to increased recruitment probability are
regulations and incentive schemes targeting key introduction pathways, including ballast water,
aquaculture, the exotic pet and aquarium trade, and the seafood trade (Ruiz et al. 2000b; Williams
and Grosholz 2008). Nonnative species and pathogen introductions via commercial shipping, either
through ballast water or hull fowling, are of primary concern. The majority of the more than 230
self-sustaining NIS populations in the San Francisco Bay-Delta ecosystem, for example, are thought
to have arrived via this route, either from overseas or from invaded estuaries elsewhere in the
United States (Buck 2006; Cohen and Carlton 1998).

Practices that have proven effective in combating NIS introduction through ballast water range
from low-tech options, such as ballast water exchange outside of less-saline estuaries, to biocide
and the use of treatment facilities, such as those currently in place at California ports (Buck 2006).
Ballast water exchange is considered by some to be an inadequate response because it is ineffective
against species capable of surviving more saline water or within drained ballasts.35 Current
alternatives that would allow for the treatment of ballast water are costly; the cost of retrofitting a
single commercial vessel to enable it to interface with existing port-based treatment facilities has
been estimated at close to $400,000 (Buck 2006). Although robust state-level ballast water
regulations have been enacted by Michigan, California, Minnesota, Oregon, and Washington, the
ideal regulatory approach would involve a combination of federally funded research into low-cost
ballast water treatment and robust national standards for ships entering U.S. ports (Copeland
2008). Once low-cost technologies come online, the federal government could then implement a
program to induce adoption by foreign vessels using a combination of mandates, inspections, and
financial incentives.

Arctic Resources

Changing sea ice conditions have renewed interest in deep-sea fossil fuel deposits as well as
controversy surrounding the status of the NWP and NEP. At present, the only binding legal regime
governing the claims of the eight arctic states is the 1982 U.N. Convention on the Law of the Sea
(LOSC), to which all but the United States are signatories (Browne 2005; Pharand 2007; Rayfuse

35 e
Also known as “no-ballast-on-board” conditions.
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2007). Maritime boundaries in the Arctic under the LOSC have become increasingly controversial
because of disagreements regarding appropriate methods for drawing baselines from which a
nation’s 200-nautical-mile EEZ is extended. Arctic nations are also permitted to claim potentially
resource-rich continental shelf outside of their EEZs under the LOSC, up to 350 nautical miles or
100 nautical miles beyond the 2,500 isobath (Rayfuse 2007).

A spate of deep-sea mapping expeditions and increased military activity in the region may
forecast future confrontation over shipping and conflicting claims of sovereignty over deep-sea
arctic resources (Coile 2008, A1). The United States has signed, but not ratified, the LOSC, and
enforces a 12-natucialmile territorial sea limit and a 200-nautical miles EEZ through bilateral
diplomatic efforts under the Freedom of Navigation Program (Browne 2005). Ratification would
ground U.S. territorial claims in the treaty and integrate the nation more fully in negotiations
among the arctic states. To enhance multilateral cooperation in the region, the United States could
also lend its support to a new treaty for environmental protection in the Arctic, beginning with
regions outside of current national jurisdictions (Rayfuse 2007).

Estuarine Health and Coastal Land-Use Practices

The suite of federal, state, and local policies that address estuaries and coastal land use include:
investments in habitat restoration, permitting decisions under Section 404 of the Clean Water Act,
controls for reducing agricultural and urban water pollution, reduction in the incentives for
landowners to build in low-elevation and coastal areas subject to flooding and storm surges, land
conservation, building of armaments or easements, and regional planning.

Habitat Restoration and Permitting Decisions

Habitat alterations made in conjunction with valuable transportation, housing, or other
development change the physical structure (e.g., placement of fill) or function (e.g., diversion of
flow) of the coastal landscape. The Clean Water Act provides the U.S. Army Corps of Engineers with
authority, along with EPA, to grant permits and a set of guidelines for permitting applicants to avoid
the placement of fill in waters and, if avoidance is not possible, to minimize and then compensate
for losses. Section 404(b)(1) of the Act focuses attention on how much and what type of mitigating
actions will replace the functions of any lost habitat. In determining the level of mitigation
necessary, the Corps relies on a biophysical analysis that emphasizes the functional
characterization of wetlands (Brady 1990).

It is important to note that these decisions are made for numerous relatively small alterations
and fills every year. For many of these decisions, measuring the loss in ecological function is very
difficult or virtually impossible because of a lack of information on the role of a particular hectare of
a wetland in the functioning of the entire wetland. Having said that, more attention should be paid
to the cumulative impacts of these seemingly insignificant decisions and the value of a particular
hectare in mitigating potential damages from storm surges and inundation in permitting decisions.

The restoration of degraded ecosystems is a direct method for adapting to a decline in habitat
brought about by rising sea levels and changes in the hydrological cycle (Peterson et al. 2008;
Simenstad et al. 2006). An open question is whether current restoration activities should focus on
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restoring (a) areas that are degraded and, when restored, will contribute to current diversity
protection or (b) areas that are less likely to be affected by climate change with the idea that these
areas could provide refuge for shifting populations. Although both efforts will restore ecosystem
functions, emphasizing the former would shift the weight toward restoring functions under the
current temperature, salinity, and acidification regime. In some cases, both goals could be
accomplished simultaneously. In a study of restored oyster reefs in the Neuse River Estuary in
North Carolina, Peterson et al. (2008) find that restored oyster reefs in oxygenated shallow water
provided temporary habitat for predatory fish species during deep-water hypoxic events in Pamlico
Sound in addition to their natural filtration function. Given the presence of potential productive
habitat on state and federal lands (National Estuarine Lands), restoration efforts at both levels of
government will probably be necessary.

Measures may also need to be taken to restore and maintain shoreline and barrier islands (Day
et al. 2005; Titus 1990). Although beach nourishment efforts are typically costly and of uncertain
value as a long-run solution to rising seas, they are among the only tools available to protect certain
coastal wetlands and preexisting communities.36

Not only are wetlands vulnerable to SLR, prior flood control projects and developments near
the high tide line have interfered with natural hydrological processes that are necessary to sustain
the structure, function, and extent of wetland ecosystems. One such process is the inflow of
sedimentation that is necessary to maintain wetland elevation. An adaptive policy might be to
reduce the diversion of water into channels and other stream diversions to permit adequate
sedimentation flows to build up coastal wetlands. For example, modification of water management
systems is being considered in the Everglades and the Mississippi River delta as a way to increase
freshwater and sediment supply to promote wetland development. Policies to increase
sedimentation flows must be weighed against the possibility that they may contradict policies
meant to reduce the increased variability of precipitation on agricultural and drinking water
supplies.

Recent natural disasters have underlined the role that healthy coastal wetlands can play in
protecting the interior from powerful storms. Danielsen et al. (2005) show that mangrove forests
and nearshore plantations in many cases shielded villages in India from the 2004 Asian tsunami,
whereas unprotected neighboring settlements were completely destroyed. Although mangrove
forests exist in Florida and scattered throughout the Gulf of Mexico, they are not a significant type
of coastal estuary. Other coastal land features might have roles in dissipating storm surges,
however. For example, in the United States, Day et al. (2007) speculate that intact barrier islands
and forested coastal wetlands in the Mississippi Deltaic Plain might have absorbed some of the
force and storm surges caused by Hurricanes Katrina and Rita.

% Beach nourishment is a process by which sand that has eroded is replaced with sand either trucked in or pumped from the
local sea floor. To maintain beaches, nourishment activities must be done repeatedly, as they treat only the symptoms and not
the causes of the erosion.
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Agricultural and Urban Runoff

The prospect of climate change and altered precipitation patterns exacerbating the threat
currently posed by dead zones and HABs suggests that new measures to reduce runoff may be
needed. Nutrients from agricultural runoff are a primary driver of coastal eutrophication (Buck
2007; Howarth et al. 2002). In the case of the large Gulf of Mexico dead zone, approximately 56
percent of the annual nutrient loading of the Mississippi River has been attributed to agricultural
runoff.

A number of farming practices and land-use measures have been proposed to reduce runoff
(Greenhalgh and Sauer 2003; Sharpley et al. 2000). Conservation tillage practices—such as ridge
and mulch tillage techniques—can decrease soil erosion below levels associated with conventional
and moldboard methods. Land set-asides and restored riparian buffers can sequester N and P
during storms before it enters waterways. Farmland deemed at high risk for generating runoff can
also be taken out of production through existing programs like the voluntary federal Conservation
Reserve Program (Zinn 2003). Other proposed measures include the use of ambient nonpoint
pollution taxes or taxing of inputs based on their N and P content (Ribaudo et al. 1999) and the
restoration of wetlands to reduce runoff (Moore et al. 2000).

Options for managing urban runoff include following adaptive planning principles for future
development as well as modifications to infrastructure already in place. On the planning side, a new
regime of watershed-scale stormwater management has been proposed that would move away
from the rapid-conveyance model embodied in older American infrastructure and toward systems
that maintain as much as possible of the natural structure of receiving water bodies (Roy et al.
2008). New methods for managing runoff are designed to temporarily retain stormwater and
reduce the outflow of pollutants through infiltration, bioretention, and evapotranspiration (U.S.
EPA Office of Water 2004).

The stormwater management policies put in place by the City of Portland, Oregon, illustrate
runoff control measures that could be implemented by other municipalities to adapt to future
climate change-induced weather patterns. Compelled by EPA under the Clean Water Act to curb
combined sewer overflow into the Willamette River and the Columbia Slough, the city has
combined infrastructure improvements in the form of three large diversion pipes with retention
measures (City of Portland 2006). These include programs to promote bioretention measures such
as green streets, green roofs, and rain gardens (City of Portland 2006, 2008). Portland has also put
in place a downspout disconnect program that enrolled 22,800 households between 1995 and 2005
through a combination of targeted mandatory orders and fee exemption incentives backed by
technical assistance from neighborhood groups (City of Portland 2006; Learn 1999).
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Coastal Land Conservation

Federal and state governments have a number of tools at their disposal to implement
conservation measures for both shoreline and existing coastal wetlands. For example, the U.S.
National Estuary Program, created as part of the Clean Water Act, currently manages 28 estuaries
throughout the lower 48 states. Resilience of coastal wetlands could be increased through
additional government purchase or private donations of wetlands. The latter is especially
important because close to 74 percent of the remaining wetlands in the lower 48 states are located
on private property (Zinn 2006).

Conserving lands, however, does not necessarily have to be financed by the state or federal
government. In fact, between 1998 and 2006, nearly 80 percent of the 1,550 land conservation
referenda that appeared on state, county, and municipal ballots across the United States passed,
and they passed by a wide margin (Banzhaf 2008). These referenda encompass a broad range of
conservation objectives, such as the preservation of farm land; the protection of ecologically
sensitive wetlands, meadows, and forests; and the creation of new recreational sites. Some of these
measures have been initiated at the grassroots level and others by public officials.

Setbacks, Purchases, and Rolling Easements

Coastal erosion is expected to threaten a large number of existing properties in the coming
decades. Many of these structures are presently armored with seawalls or other hard barriers that
disrupt sediment flows to the shore and may ultimately obstruct wetland accretion (Scavia et al.
2002). Although all landowners will probably fight to keep their properties and their rights to
protect them, society faces an important question regarding whether and when a property should
be abandoned. In some cases, the answer might be never, especially if it is a unique or high-value
structure, such as a cultural heritage site. Furthermore, it seems clear that the state and federal
government do not have the right to evict tenants from a property that is already developed, at least
without due compensation (takings clause of the 5th Amendment).37

State and federal governments could reduce the amount or type of disaster insurance available
to existing coastal landowners to reduce the incentives to invest in refurbishing and strengthening
seawalls over time. The National Flood Insurance Program (NFIP) insures high-risk properties from
flood damage (U.S. Government Accountability Office 2007). In 2005, the program held 4.9 million
policies. NFIP policyholders are, in some circumstances, required to adopt building practices to
reduce flood risk or are required to do so after filing multiple claims. To reduce the likelihood that
property owners in high flood risk areas will pursue maladaptive actions in the future, the federal
government could tighten standards for new NFIP policies or even stop issuing policies altogether
to certain regions.

In particular, the NFIP insures many properties at nonactuarial (below expected cost) rates
(Titus and Neumann 2009). Existing rules present obstacles to adjusting rates upward to reflect

37 See Titus (1998) and Caldwell and Segall (2007) for in-depth discussions on the issues of takings in the coastal environment
under SLR.
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increased flood risks: property owners who have not significantly altered structures covered under
their policies have the option of maintaining rates set under Flood Insurance Rate Maps (FIRM)
when presented with new maps that would raise them. This has the effect of allowing rates to be
“grandfathered in,” leading to a divergence between the price signal embedded in the rate and the
risk to the structure. In addition, close to a quarter of properties enrolled were built prior to the
local adoption of FIRM-based rates and are directly subsidized.

We would also expect private insurers to respond to increasing risk to homes and business due
to climate change by increasing homeowner rates in anticipation of the damages. In this case,
government intervention in the market might be needed for the prohibition of insurance discounts
to landowners who reduce their risks through maladaptive practices, such as building larger sea
armaments. Approximately 10 percent of the Pacific Coast in California is armored, with about a
third of Southern California protected (Caldwell and Segall 2007). A role for government
intervention seems warranted because neither insurance companies nor homeowners are likely to
internalize the societal costs associated with seawalls and similar structures, which include the
increase in erosion, the decreased ability of wetlands to adapt to the changing conditions, and
interference with public access to the coast (Titus 1998; Caldwell and Segall 2007).

In the case of future development, states have instituted a range of policies for adapting to
anticipated erosion without the use of expensive and environmentally damaging barriers. These
include bans on armoring and setbacks, which prohibit development seaward of a predetermined
boundary (Titus 1998). States including Rhode Island have enacted broad prohibitions on armoring
(Easterling et al. 2004). Land procurement programs, such as the Coastal Blue Acres program
established by New Jersey, have sought to provide undeveloped buffers for existing properties
(Easterling et al. 2004). One potential issue with the use of setbacks is that once the water level
reaches the setback, there is, in essence, an implicit contract that landowners will be able to build
seawalls to protect their homes (Caldwell and Segall 2007). Depending on the topography of the
coast, however, a setback of a certain distance might be sufficient.

A more flexible approach than seawalls and setbacks, which is tailored toward the dynamic
nature of coastal erosion, has been pioneered and successfully defended in the courts by the state of
Texas (New Jersey Department of Environmental Protection 2007). Rolling easements are intended
to induce property owners to yield to advancing shorelines or wetlands. They are a type of
easement that prevent property owners from holding back the sea and moves or “rolls” with the
rising seas. The advantage of a rolling easement are: (1) the lack of disturbance of sedimentation
transport; (2) the potential for wetlands and other tidal habitat to migrate unimpeded; and (3)
continued public access to the shore (Titus et al. 1991). A rolling easement can be implemented by
statute, the permitting process, and eminent domain actions (Titus 1998; Caldwell and Segall
2007).

Regional Planning

The steady reshaping of the environment projected to occur during the next century will
require modifications to existing development and new planning considerations for future building
(Adger et al. 2007). Low-lying infrastructure in heavily developed areas may need to be modified to
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withstand rising sea levels and associated storm surges (Easterling et al. 2004). Some types of
public infrastructure impeding natural processes will also need to be modified to increase the
resilience of threatened ecosystems. In the Mississippi delta, an extensive canal system, tributary
closures, and river dredging have deprived coastal wetlands of sediment necessary for vertical
accretion (Day et al. 2005; Day et al. 2007). Future restoration efforts may involve the reopening of
dammed waterways and the closure of some navigation canals to increase sedimentation.

New infrastructure in the United States will need to accommodate the projected effects of
climate change. An example of incorporating adaptations into planning is the Confederation Bridge,
a 13-kilometer long span linking Prince Edward Island with mainland Canada (Adger et al. 2007).
The bridge was built one meter higher than needed to accommodate sea level rise. Given the
uncertainty surrounding climate change outcomes, planners must work to avoid overshooting in
their efforts to adapt infrastructure to future conditions (Adger et al. 2007).

The California Coastal Commission (CCC) plays an important role in the land-use planning of
coastal areas as formalized in the California Coastal Act of 1976 (Caldwell and Segall 2007). Along
with making permitting decisions—for example, on shoreline armoring—the CCC oversees the
development by local land managers of their Local Coastal Plans (LCPs), which shape coastal land-
use patterns.38

Discussion

The common pool, or public good, nature of many marine and coastal natural resources implies
that enhancing the adaptive capacity and resilience of the system will often require government
intervention. The extent, level, and necessity of intervention, however, will differ based on the type
and geographical location of the resources relative to jurisdictional boundaries. For example,
competition for harvesting marine resources in conjunction with a lack of well-defined property
rights causes stakeholders to focus their attention on the near-term benefits and costs of actions.
Government intervention in this case could better define the rights to the resource to provide the
harvesters with an incentive to invest in the long-run sustainability of the system. A constituency
able to take a more long-run perspective is much more likely to consider adapting their
management and use to reduce the vulnerability of their resource to climate change.

Coral reef ecosystems are of particular concern, as many cold- and warm-water reef-building
species are in decline. For cold-water corals, an adaptation policy could simply be to reduce the use
of damaging gear, such as bottom trawling, in coral habitats. Where the damage has yet to occur,
protections could also be put in place until additional research can be done on the likely
environmental impact of the fishing gear. In both cases, it seems prudent to determine the
likelihood ofthe location of the ASH in the near future and the depth of the corals. If the corals have
a high probability of being submerged in undersaturated waters, then it might be advantageous to
permit the use of profitable fishing gears, as these corals are less likely to survive with the coming

38 As Caldwell and Segall (2007) argue on page 545, the CCC “should consider encouraging the revision of LCPs...to steer new
development away from areas vulnerable to the effects of SLR.” They also discuss the importance of using rolling easements to
avoid future armoring.
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changes.39 Whether these efforts need to be initiated at the federal or state level depends on the
distribution of corals relative to the boundaries. We already see efforts initiated by the Regional
Fishery Management Council in the Pacific Northwest. In many cases, broad-based partnerships
will need to be developed that have the necessary regulatory authority to make and enforce
decisions. EBM efforts to date have mostly been lacking in the authority to make regulatory
decisions.

With respect to coastal land use, an important distinction when discussing adaptation policies is
whether an existing property is currently protected by armaments or whether we are considering
future development. In the case of the former, the emphasis should be on permitting seawalls or
other armaments that minimize the potential for additional shoreline erosion in neighboring areas
and loss of access for the public (Caldwell and Segall 2007). Local and state land-use planners could
require that all future developments use rolling easements that permit the use of the land up to the
point where it becomes inundated—that is, as long as development along the shore is proven to be
a worthwhile investment in the face of the changing risks. Finally, government insurance programs
that reduce the barriers for development of low-lying coastal areas should be replaced with
programs that assist local land managers in developing more sustainable urban designs.

Although abandonment or the strategic retreat from a place is a politically difficult position to
take that has many potential distributional and social justice consequences, the question of if and
when to retreat needs to be in the forefront of the dialogue on adaptation policies. This is true for
decisions regarding coastal habitat restoration in the face of sea level rise, habitat protections, and
development in highly vulnerable locations such as barrier islands. With abandonment not in the
feasible set of policies, cost-effective adaptation policies will remain elusive.

In general, an adaptation framework that embodies a more holistic planning and
decisionmaking structure will expand on the set of factors to consider when designing policies,
including the baseline from which we are measuring changes, the type of regulation or rule (e.g.,
liability, command and control, or an incentive-based approach), the level of control, the set of
actors to consider, the time frame, and the spatial scale and scope of the policy. At the same time,
adaptations to climate-driven hazards and environmental stressors must fit within a portfolio that
includes mitigation efforts. The design, implementation, and assessment of the effectiveness of
these different types of risky investments become exponentially harder as the dimensions under
consideration increase; this increases the difficulty of developing adaptation policies.
Understanding, valuing, and managing these complex risks and trade-offs will require
interdisciplinary teams of researchers along with adequate representations of stakeholders.

We conclude with a recommendation firmly grounded in economic theory: because the effects
of climate change on marine and coastal areas are uncertain and we will have many opportunities
to learn along the way, policymakers at all levels should focus on adaptive policies that are flexible,
designed to facilitate learning about the system, and that avoid large, irreversible outlays of capital.

¥ There is the possibility, of course, that if the changes occur over an extended period of time, the corals and other organisms
will adapt (through evolution) to the changes.

£ RFF | KLING AND SANCHIRICO 48



References
Achenbach, Joel. 2008. A "Dead Zone" in the Gulf of Mexico. The Washington Post, July 31, 2008.

ACIA (Arctic Climate Impact Assessment). 2005. Impacts of a Warming Arctic: Arctic Climate Impact

Assessment. Cambridge, UK: Cambridge University Press.

Adger, W. Neil, Shardul Agrawala, M. Monirul Qader Mirza, Cecilia Conde, Karen O'Brian, Juan
Pulhin, Roger Pulwarty, Barry Smit, and Kiyoshi Takahashi. 2007. Assessment of Adaptation
Practices, Options, Constraints, and Capacity. In Climate Change 2007: Impacts, Adaptation
and Vulnerability. Contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, edited by M.L. Parry, O.F. Canziani, J.P.
Palutikof, P.J. ven der Linden and C.E. Hanson. Cambridge, UK: Cambridge University Press.

Albins, M.A., and M.A. Hixon. 2008. Invasive Indo-Pacific Lionfish Pterois volitans Reduce
Recruitment of Atlantic Coral-Reef Fishes. Marine Ecology Progress Series 367: 233-238.

Allen, Craig R, Elizabeth A. Forys, Kenneth G. Rice, and Daniel P. Wojcik. 2001. Effects of Fire Ants
(Hymenoptera: Formicidae) on Hatching Turtles and Prevalence of Fire Ants on Sea Turtle
Nesting Beaches in Florida. Florida Entomologist 84(2): 250-253.

Alley, Richard B., Peter U. Clark, Philippe Huybrechts, and Ian Joughin. 2005. Ice-Sheet and Sea-
Level Changes. Science 310(5747): 456-460.

Amstrup, Steven C., Bruce G. Marcot, and David C. Douglas. 2007. USGS Science Strategy to Support
U.S. Fish and Wildlife Service Polar Bear Listing Decision: Forecasting the Range-wide Status
of Polar Bears at Selected Times in the 21st Century. Reston, VA: U.S. Geological Survey.

Anderson, Donald, Patricia Glibert, and Joann Burkholder. 2002. Harmful Algal Blooms and
Eutrophication: Nutrient Sources, Composition, and Consequences. Estuaries and Coasts
25(4): 704-726.

Anisimov, O0.A., D.G. Vaughan, T. Callaghan, C. Furgal, H. Marchant, T.D. Prowse, H. Vilhjalmsson, and
J.E. Walsh. 2007. Polar Regions (Arctic and Antarctic). In Climate Change 2007: Impacts,
Adaptation and Vulnerability. Contribution of Working Group Il to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, edited by M.L. Parry, O.F. Canziani,
J.P. Palutikof, P.J. ven der Linden and C.E. Hanson. Cambridge, UK: Cambridge University

Press.

£ RFF | KLING AND SANCHIRICO 49



Arendt, Anthony A., Keith A. Echelmeyer, William D. Harrison, Craig S. Lingle, and Virginia B.
Valentine. 2002. Rapid Wastage of Alaska Glaciers and Their Contribution to Rising Sea
Level. Science 297(5580): 382-386.

Baker, Patrick, Jonathan S. Fajans, William S. Arnold, Debra A. Ingrao, Dan C. Marelli, and Shirley M.
Baker. 2007. Range and Dispersal of a Tropical Marine Invader, the Adian Green Mussel,
Perna viridis, in Subtropical Waters of the Southeastern United States. Journal of Shellfish
Research 26(2): 345-355.

Bakun, Andrew. 1990. Global Climate Change and Intensification of Coastal Ocean Upwelling.
Science 247(4939): 198-201.

Banzhaf, H. S., W. Oates, and J. Sanchirico. 2008. Conservation through the ballot box: Using local
referenda to preserve open space. In Land Lines. Cambrdige, MA: Lincoln Institute of Land

Policy. April.

Barry, J.P., C.H. Baxter, R.D. Sagarin, and S.E. Gilman. 1995. Climate-Related, Long-Term Faunal
Changes in a California Rocky Intertidal Community. Science 267(5198): 672-675.

Barth, John A., Bruce A. Menge, Jane Lubchenco, Francis Chan, John M. Bane, Anthony R. Kirincich,
Margaret A. McManus, Karina J. Nielsen, Stephen D. Pierce, and Libe Washburn. 2007.
Delayed Upwelling Alters Nearshore Coastal Ocean Ecosystems in the Northern California
Current. Proceedings of the National Academy of Sciences of the United States of America
104(10): 3719-3724.

Beeman, P. 2007. Biofuel Plants Generate New Air, Water, Soil Problems for lowa. The Des Moines
Register, June 3, 2007. Available at
http://www.desmoinesregister.com/apps/pbcs.dll/article?AID=/20070603 /BUSINESS01/
706030325/-1/biofuels.

Behrenfeld, Michael ]., Robert T. 0'Malley, David A. Siegel, Charles R. McClain, Jorge L. Sarmiento,
Gene C. Feldman, Allen ]. Milligan, Paul G. Falkowski, Ricardo M. Letelier, and Emmanuel S.

Boss. 2006. Climate-Driven Trends in Contemporary Ocean Productivity. Nature 444(7120):

752-755.

Bellwood, D.R,, T.P. Hughes, C. Folke, and M. Nystrom. 2004. Confronting the Coral Reef Crisis.
Nature 429(6994): 827-833.

£ RFF | KLING AND SANCHIRICO

50



Benson, Amy J., Pam L. Fuller, and Colette C. Jacono. 2001. Summary Report of Nonindigenous
Aquatic Species in U.S. Fish and Wildlife Service Region 4. Gainesville, FL: U.S. Geological

Survey Florida Caribbean Science Center.

Bindoff, N.L., ]. Willebrand, V. Artale, A. Cazenave, ]. Gregory, B. Gulev, K. Hanawa, C. Le Quere, S.
Levitus, Y. Nojiri, C.K. Shum, L.D. Talley, and A. Unnikrishnan. 2007. Observations: Oceanic
Climate Change and Sea Level. In Climate Change 2007: The Physical Science Basis.
Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change, edited by S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B.
Averyt, M. Tignor and H.L. Miller. Cambridge, UK, and New York, NY: Cambridge University

Press.

Boruff, B. ]., C. Emrich, and S. Cutter. 2005. Erosion Hazard Vulnerability of U.S. Coastal Counties.
Journal of Coastal Research 21(5): 932-994.

Botsford, Louis W., Juan Carlos Castilla, and Charles H. Peterson. 1997. The Management of
Fisheries and Marine Ecosystems. Science 277(5325): 509-515.

Brady, J. 1990. Mitigation of Damage to Wetlands in Regulatory Programs and Water Resource
Projects. Mercer Law Review 41(893): 941-946.

Bricker, S., B. Longstaff, et al. (2007). Effects of Nutrient Enrichment in the Nation's Estuaries: A

Decade of Change, National Centers for Coastal Ocean Science.

Broecker, Wallace S. 1997. Thermohaline Circulation, the Achilles Heel of Our Climate System: Will
Man-Made CO2 Upset the Current Balance? Science 278(5343): 1582-1588.

Brohan, P, ].]. Kennedy, I. Harris, S.F.B. Tett, and P.D. Jones. 2006. Uncertainty Estimates in Regional
and Global Observed Temperature Changes: A New Data Set from 1850. Journal of
Geophysical Research 111,D12106, doi:10.1029/2005]D006548..

Brown, A.C.,, and A. McLachlan. 2002. Sandy Shore Ecosystems and the Threats Facing Them: Some
Predictions for the Year 2025. Environmental Conservation 29(1): 62-77.

Browne, Marjorie Ann. 2005. The Law of the Sea Convention and U.S. Policy. Washington, DC:

Congressional Research Service.

Bruckner, Andy, Ken Buja, Liz Fairey, Kelly Gleason, Michelle Harmon, Scott Heron, Tom Hourigan,
Chris Jeffrey, Julie Kellner, Ruth Kelty, Bob Leeworthy, Gang Liu, Simon Pittman, Aurelie
Shapiro, Al Strong, Jenny Waddell, and Peter Wiley. 2005. Threats and Stressors to U.S. Coral

£ RFF | KLING AND SANCHIRICO 51



Reef Ecosystems. In The State of Coral Reef Ecosystems of the United States and Pacific Freely
Associated States, edited by J.E. Waddell. Silver Spring, MD: National Oceanic and
Atmospheric Administration/National Centers for Coastal Ocean Science/Center for Coastal

Monitoring and Assessment's Biogeography Team.

Buck, Eugene H. 2006. Ballast Water Management to Combat Invasive Species. Washington, DC:

Congressional Research Service.

———.2007. Marine Dead Zones: Understanding the Problem. Washington, DC: Congressional

Research Service.

Buddemeier, Robert W., Joan A. Kleypas, and Richard B. Aronson. 2004. Coral Reefs & Global Climate
Change: Potential Contributions of Climate Change to Stresses on Coral Reef Ecosystems.

Arlington, VA: Pew Center on Global Climate Change.

Caldwell, Meg, and Craig Holt Segall. 2007. No Day at the Beach: Sea Level Rise, Ecosystem Loss, and
Public Access Along California's Coast. Ecology Law Quarterly 34(2): 533-578.

Carlton, James T. 1989. Man's Role in Changing the Face of the Ocean: Biological Invasions and
Implications for Conservation of Near-Shore Environments. Conservation Biology 3(3): 265-

273.

Carpenter, Kent E.,, Muhammad Abrar, Greta Aeby, Richard B. Aronson, Stuart Banks, Andrew
Bruckner, Angel Chiriboga, Jorge Cortes, J. Charles Delbeek, Lyndon DeVantier, Graham J.
Edgar, Alasdair ]J. Edwards, Douglas Fenner, Hector M. Guzman, Bert W. Hoeksema, Gregor
Hodgson, Ofri Johan, Wilfredo Y. Licuanan, Suzanne R. Livingstone, Edward R. Lovell,
Jennifer A. Moore, David O. Obura, Domingo Ochavillo, Beth A. Polidoro, William F. Precht,
Miledel C. Quibilan, Clarissa Reboton, Zoe T. Richards, Alex D. Rogers, Jonnell Sanciangco,
Anne Sheppard, Charles Sheppard, Jennifer Smith, Simon Stuart, Emre Turak, John E. N.
Veron, Carden Wallace, Ernesto Weil, and Elizabeth Wood. 2008. One-Third of Reef-Building
Corals Face Elevated Extinction Risk from Climate Change and Local Impacts. Science

321(5888): 560-563.

Cayan, Dan, Peter Bromirski, Katharine Hayhoe, Mary Tyree, Michael Dettinger, and Reinhard Flick.
2006. Projecting Future Sea Level. Berkeley, CA: California Climate Change Center.

Cayan, Daniel, Peter Bromirski, Katharine Hayhoe, Mary Tyree, Michael Dettinger, and Reinhard
Flick. 2008. Climate Change Projections of Sea Level Extremes along the California Coast.

Climatic Change 87(Suppl 1): 57-73.

£ RFF | KLING AND SANCHIRICO 52



Chimney, M. ]., and G. Goforth. 2001. Environmental Impacts to the Everglades Ecosystem: A
Historical Perspective and Restoration Strategies. Water Science and Technology 11-12: 93-
100.

City of Portland. 2006. Stormwater Management Plan. Portland, OR: City of Portland.

———.2008. Working for Clean Rivers: Portland Watershed Management Plan Annual Report, 2006-
2007. Portland, OR: City of Portland.

Cohen, Andrew N., and James T. Carlton. 1998. Accelerating Invasion Rate in a Highly Invaded
Estuary. Science 279(5350): 555-558.

Coile, Zachary. 2008. Nations Rush for Oil, Gas in Arctic as Warming Clears Ice out of Way; Coast

Guard to Mape near Beufort Sea to Back U.S. Claims. The San Francisco Chronicle, August 12.

Coleman, F. C., W. F. Figueira, et al. (2004). "The Impact of United States Recreational Fisheries on
Marine Fish Populations." Science 305: 1958-1960.

Cook, T., M. Follj, ]. Klinck, S. Ford, and J. Miller. 1998. The Relationship between Increasing Sea-
Surface Temperature and the Northward Spread of Perkinsus marinus (Dermo) Disease

Epizootics in Oysters. Estuarine, Coastal and Shelf Science 46(4): 587-597.

Cooper, M., M Beevers, and M Oppenheimer. 2005. Future Sea Level Rise and the New Jersey Coast:
Assessing Potential Impacts and Opportunities. In Woodrow Wilson School of Public and
International Affairs, Science, Technology and Environmental Policy Program: Princeton

University.

Copeland, Claudia. 2008. Regulating Ballast Water Discharges: Current Legislative Issues.

Washington, DC: Congressional Research Service.

Corn, M. Lynne, Eugene H. Buck, Jean Rawson, Alex Segarra, and Eric Fischer. 2002. Invasive Non-
Native Species: Background and Issues for Congress. Washington, DC: Congressional Research

Service.

Costello, ].H., B.K. Sullivan, and D.]. Gifford. 2006. A Physical-Biological Interaction underlying
Variable Phenological Responses to Climate Change by Coastal Zooplankton. Journal of
Plankton Research 28(11): 1099-1105.

Courtney, Fara, and Jack Wiggins. 2003. Ocean Zoning for the Gulf of Maine: A Background Paper.

Boscawen, NH: Gulf of Maine Council on the Marine Environment.

£ RFF | KLING AND SANCHIRICO 53



Crossett, Kristen M., Thomas J. Culliton, Peter C. Wiley, and Timothy R. Goodspeed. 2004. Population
Trends along the Coastal United States: 1980-2008. Washington, DC: National Oceanic and

Atmospheric Administration.

Crowder, L.B., G. Osherenko, O.R. Young, S. Airame, E.A. Norse, N. Baron, ].C. Day, F. Douvere, C.N.
Ehler, B.S. Halpern, S.J. Langdon, K.L. McLeod, ].C. Ogden, R.E. Peach, A.A. Rosenberg, and J.A.
Wilson. 2006. SUSTAINABILITY: Resolving Mismatches in U.S. Ocean Governance. Science
313(5787): 617-618.

Cutter, Susan L., B. Boruff, and W.L. Shirley. 2003. Social Vulnerability to Environmental Hazards
Social Science Quarterly 84(2): 242-261.

Cutter, Susan L., and Christina Finch. 2008. Temporal and Spatial Changes in Social Vulnerability to
Natural Hazards. Proceedings of the National Academy of Sciences of the United States of
America 105(7): 2301-2306.

Dahl, T.E. 2006. Status and Trends of Wetlands in the Coterminous United States, 1998 to 2004.
Washington, DC: U.S. Department of Interior, Fish and Wildlife Service.

Danielsen, Finn, Mikael K. Sorensen, Mette F. Olwig, Vaithilingam Selvam, Faizal Parish, Neil D.
Burgess, Tetsuya Hiraishi, Vagarappa M. Karunagaran, Michael S. Rasmussen, Lars B.
Hansen, Alfredo Quarto, and Nyoman Suryadiputra. 2005. The Asian Tsunami: A Protective
Role for Coastal Vegetation. Science 310(5748): 643.

Day, ]J. 2002. Zoning Lessons from the Great Barrier Reef Marine Park. Ocean and Coastal

Management 45: 139-156.

Day, John W. Jr., John Barras, Ellis Clairain, James Johnston, Dubravko Justic, G. Paul Kemp, Jae-
Young Ko, Robert Lane, William ]. Mitsch, Gregory Steyer, Paul Templet, and Alejandro
Yafiez-Arancibia. 2005. Implications of Global Climatic Change and Energy Cost and
Availability for the Restoration of the Mississippi Delta. Ecological Engineering 24(4): 253-
265.

Day, John W. Jr., Donald F. Boesch, Ellis ]. Clairain, G. Paul Kemp, Shirley B. Laska, William ]. Mitsch,
Kenneth Orth, Hassan Mashriqui, Denise J. Reed, Leonard Shabman, Charles A. Simenstad,
Bill J. Streever, Robert R. Twilley, Chester C. Watson, John T. Wells, and Dennis F. Whigham.
2007. Restoration of the Mississippi Delta: Lessons from Hurricanes Katrina and Rita.
Science 315(5819): 1679-1684.

£ RFF | KLING AND SANCHIRICO

54



de Mutsert, Kim, James H. Cowan, Timothy E. Essington, and Ray Hilborn. 2008. Reanalyses of Gulf
of Mexico Fisheries Data: Landings Can Be Misleading in Assessments of Fisheries and
Fisheries Ecosystems. Proceedings of the National Academy of Sciences of the United States of
America 105(7): 2740-2744.

Denman, K.L., G. Brasseur, A. Chidthaisong, P. Ciais, P.M. Cox, R.E. Dickinson, D. Hauglustaine, C.
Heinze, E. Holland, D. Jacob, D. Lohmann, S. Ramachandran, P.L. da Silva Dias, S.C. Wofsy,
and X. Zhang. 2007. Couplings between Changes in the Climate System and
Biogeochemistry. In Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change, edited by S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M.
Tignor, and H.L. Miller. Cambridge, UK, and New York, NY: Cambridge University Press.

Diaz, Robert]., and Rutger Rosenberg. 2008. Spreading Dead Zones and Consequences for Marine
Ecosystems. Science 321(5891): 926-929.

Dwight, Ryan H., Dean B. Baker, Jan C. Semenza, and Betty H. Olson. 2004. Health Effects Associated
with Recreational Coastal Water Use: Urban versus Rural California. American Journal of
Public Health 94(4): 565-567.

Eagle, ], ]. Sanchirico, and B.H. Thompson. 2008. Ocean Zoning and Spatial Access Privileges:
Rewriting the Tragedy of the Regulated Ocean. NYU Environmental Law Journal. 17 (1):646-
669.

Easterling, William E., Brian H. Hurd, and Joel B. Smith. 2004. Coping with Global Climate Change:
The Role of Adaptation in the United States. Arlington, VA: Pew Center on Global Climate
Change.

Eilperin, Juliet. 2008. Polar Bear Is Named "Threatened" Species; U.S. Cites Shrinking Arctic Ice. The
Washington Post, May 14, 2008.

Essington, Timothy E., Anne H. Beaudreau, and John Wiedenmann. 2006. Fishing through Marine
Food Webs. Proceedings of the National Academy of Sciences of the United States of America
103(9): 3171-3175.

Fabry, Victoria J. 2008. Marine Calcifiers in a High-CO2 Ocean. Science 320(5879): 1020-1022.

£ RFF | KLING AND SANCHIRICO 55



Fabry, Victoria |., Brad A. Seibel, Richard A. Feely, and James C. Orr. 2008. Impacts of Ocean
Acidification on Marine Fauna and Ecosystem Processes. ICES Journal of Marine Science
65(3): 414-432.

Feely, Richard A., Christopher L. Sabine, J]. Martin Hernandez-Ayon, Debby lanson, and Burke Hales.
2008. Evidence for Upwelling of Corrosive "Acidified" Water onto the Continental Shelf.
Science 320(5882): 1490-1492.

Feely, Richard A., Christopher L. Sabine, Kitack Lee, Will Berelson, Joanie Kleypas, Victoria J. Fabry,
and Frank J. Millero. 2004. Impact of Anthropogenic CO2 on the CaCO3 System in the
Oceans. Science 305(5682): 362-366.

Fenberg, Phillip B., and Kaustuv Roy. 2008. Ecological and Evolutionary Consequences of Size-
Selective Harvesting: How Much Do We Know? Molecular Ecology 17: 209-220.

Florida Atlantic University. 2008. Florida's Resilient Coasts: A State Policy Framework for Adaptation
to Climate Change. Fort Lauderdale, FL: Florida Atlantic University.

Florida Department of Environmental Protection. No date. Beach Erosion Control Program.
http://www.dep.state.fl.Lus/beaches/programs/bcherosn.htm (accessed September 28,
2008).

Florida Invasive Species Working Group. 2003. Statewide Invasive Species Strategic Plan for Florida.

Tallahassee, FL: Florida Invasive Species Working Group.

Forster, P., V. Ramaswamy, et al. (2007). Changes in Atmospheric Constituents and in Radiative
Forcing. Climate Change 2007: The Physical Science Basis. Contribution of Working Group I
to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. S.
Solomon, D. Qin, M. Manninget al. Cambridge, United Kingdom and New York, NY, USA,

Cambridge University Press.

Frank, Kenneth T., Brian Petrie, Jae S. Choi, and William C. Leggett. 2005. Trophic Cascades in a
Formerly Cod-Dominated Ecosystem. Science 308(5728): 1621-1623.

Fridley, ].D., ].J. Stachowicz, S. Naeem, D.F. Sax, E.W. Seabloom, M.D. Smith, T.]. Stohlgren, D. Tilman,
and B. Von Holle. 2007. The Invasion Paradox: Reconciling Pattern and Process in Species

Invasions. Ecology 88(1): 3-17.

Gardner, Toby A., Isabelle M. Cote, Jennifer A. Gill, Alastair Grant, and Andrew R. Watkinson. 2003.
Long-Term Region-wide Declines in Caribbean Corals. Science 301(5635): 958-960.

£ RFF | KLING AND SANCHIRICO

56



Gautier, Donald L., Kenneth J. Bird, Ronald R. Charpentier, David W. Houseknecht, Timothy R. Klett,
Janet K. Pitman, Thomas E. Moore, Christopher ]. Schenk, Marilyn E. Tennyson, and Craig .
Wandrey. 2008. Circum-Arctic Resource Appraisal: Estimates of Undiscovered Oil and Gas

North of the Arctic Circle. Reston, VA: U.S. Geological Survey.

Greenhalgh, Suzie, and Amanda Sauer. 2003. Awakening the Dead Zone: An Investment for
Agriculture, Water Quality, and Climate Change. WRI Issue Brief. Washington, DC: World

Resources Institute.

Grosholz, Edwin. 2002. Ecological and Evolutionary Consequences of Coastal Invasions. Trends in
Ecology & Evolution 17(1): 22-27.

Guinotte, John M., James C. Orr, Stephen Cairns, Andre Freiwald, Lance Morgan, and Robert George.
2006. Will Human-Induced Changes in Seawater Chemistry Alter the Distribution of Deep-

Sea Scleractinian Corals? Frontiers in Ecology and the Environment 4(3): 141-146.

Haile, Robert W, John S. Witte, Mark Gold, Ron Cressey, Charles McGee, Robert C. Millikan, Alice
Glasser, Nina Harawa, Carolyn Ervin, Patricia Harmon, Janice Harper, John Dermand, James
Alamilli, Kevin Barrett, Mitchell Nides, and Guan-yu Wang. 1999. The Health Effects of
Swimming in Ocean Water Contaminated by Storm Drain Runoff. Epidemiology 10(4): 355-
363.

Halpern, Benjamin S. 2003. The Impact of Marine Reserves: Do Reserves Work and Does Reserve

Size Matter? Ecological Applications 13(sp1): 117-137.

Hanemann, M., Pendleton, L., Mohn, C., Hilger, ]., Kurisawa, K., Layton, D. and Felipe Vasquez. 2003.
Interim Report on the Southern California Beach Valuation Project. Prepared for the
National Ocean and Atmospheric Administration, Minerals Management Service
(Department of the Interior), The California State Water Resources Control Board, and The

California Department of Fish and Game.

Harborne, Alastair R., Peter ]. Mumby, Carrie V. Kappel, Craig P. Dahlgren, Fiorenza Micheli,
Katherine E. Holmes, James N. Sanchirico, Kenneth Broad, Ian A. Elliott, and Daniel R.
Brumbaugh. 2008. Reserve Effects and Natural Variation in Coral Reef Communities. Journal
of Applied Ecology 45(4): 1010-1018.

Harley, Christopher D. G., A. Randall Hughes, Kristin M. Hultgren, Benjamin G. Miner, Cascade J. B.
Sorte, Carol S. Thornber, Laura F. Rodriguez, Lars Tomanek, and Susan L. Williams. 2006.

The Impacts of Climate Change in Coastal Marine Systems. Ecology Letters 9: 228-241.

£ RFF | KLING AND SANCHIRICO 57



Harvell, C. Drew, Charles E. Mitchell, Jessica R. Ward, Sonia Altizer, Andrew P. Dobson, Richard S.
Ostfeld, and Michael D. Samuel. 2002. Climate Warming and Disease Risks for Terrestrial
and Marine Biota. Science 296(5576): 2158-2162.

Hoagland, P., and S. Scatasta. 2006. The Economic Effects of Harmful Algal Blooms. In Ecology of
Harmful Algae. edited by E. Granéli and ]. T. Turner: Springer. 391-402.

Hoegh-Guldberg, O., P.J. Mumby, A.]. Hooten, R.S. Steneck, P. Greenfield, E. Gomez, C.D. Harvell, P.F.
Sale, A.J. Edwards, K. Caldeira, N. Knowlton, C.M. Eakin, R. Iglesias-Prieto, N. Muthiga, R.H.
Bradbury, A. Dubi, and M.E. Hatziolos. 2007. Coral Reefs under Rapid Climate Change and
Ocean Acidification. Science 318(5857): 1737-1742.

Holland, Marika M., Cecilia M. Blitz, and Bruno Tremblay. 2006. Future Abrupt Reductions in the
Summer Arctic Sea Ice. Geophysical Research Letters 33 123503
doi:10.1029/2006G1028024.

Horner, Rita A., David L. Garrison, and F. Gerald Plumley. 1997. Harmful Algal Blooms and Red Tide
Problems on the U.S. West Coast. Limnology and Oceanography 42(5): 1076-1088.

Howarth, Robert, Andrew Sharpley, and Dan Walker. 2002. Sources of Nutrient Pollution to Coastal
Waters in the United States: Implications for Achieving Coastal Water Quality Goals.
Estuaries and Coasts 25(4): 656-676.

Hsieh, Chih-hao, Christian S. Reiss, Roger P. Hewitt, and George Sugihara. 2008. Spatial Analysis
Shows that Marine Fishing Enhances the Climatic Sensitivity of Marine Fishes. Canadian
Journal of Fisheries and Aquatic Sciences 65(5): 947-961.

Hughes, T.P., A.H. Baird, D.R. Bellwood, M. Card, S.R. Connolly, C. Folke, R. Grosberg, O. Hoegh-
Guldberg, ].B.C. Jackson, ]. Kleypas, ].M. Lough, P. Marshall, M. Nystrom, S.R. Palumbi, ].M.
Pandolfi, B. Rosen, and ]. Roughgarden. 2003. Climate Change, Human Impacts, and the
Resilience of Coral Reefs. Science 301(5635): 929-933.

Hughes, Terence P., David R. Bellwood, Carl Folke, Robert S. Steneck, and James Wilson. 2005. New
Paradigms for Supporting the Resilience of Marine Ecosystems. Trends in Ecology &
Evolution 20(7): 380-386.

Huntington, Thomas G. 2006. Evidence for Intensification of the Global Water Cycle: Review and
Synthesis. Journal of Hydrology 319: 83-95.

£ RFF | KLING AND SANCHIRICO

58



[PCC (Intergovernmental Panel on Climate Change). 2007. Summary for Policy Makers. In Climate
Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change, edited by S. Solomon,
D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, and H.L. Miller. Cambridge,
UK, and New York, NY: Cambridge University Press.

Jeffrey, Christopher F.G., Ursula Anlauf, James Beets, Sheri Caseau, William Coles, Alan M.
Friedlander, Steve Herzlieb, Zandy Hillis-Starr, Matthew Kendall, Violeta Mayor, Jeffrey
Miller, Richard Nemeth, and Caroline Rogers. 2005. The State of Coral Reef Ecosystems of
the U.S. Virgin Islands. In The State of Coral Reef Ecosystems of the United States and Pacific
Freely Associated States, edited by J.E. Waddell. Silver Spring, MD: National Oceanic and
Atmospheric Administration/National Centers for Coastal Ocean Science/Center for Coastal

Monitoring and Assessment's Biogeography Team.

Kam, Lotus E., PingSun Leung, and Anthony C. Ostrowski. 2003. Economics of Offshore Aquaculture
of Pacific Threadfin (Polydactylus sexfilis) in Hawaii. Aquaculture 223(1-4): 63-87.

Kern, Frederick. 2002. Management Plan for the European Green Crab. Aquatic Nuisance Species

Task Force. http://www.anstaskforce.gov/GreenCrabManagementPlan.pdf.

Kleypas, Joan A., Richard A. Feely, Victoria ]. Fabry, Chris Langdon, Christopher L. Sabine, and Lisa L.

Robbins. 2006. Impacts of Ocean Acidification on Coral Reefs and Other Marine Calcifiers: A
Guide for Future Research. Report of a workshop held 18-20 April 2005, St. Petersburg, FL,
sponsored by the National Science Foundation, the National Oceanic and Atmospheric

Administration, and the U.S. Geological Survey, 88 pp.

Knap, Anthony , Eric Dewailly, Chris Furgal, Jennifer Galvin, Dan Baden, Michael Depledge Bowen,
Linda Duguay, Lora E. Fleming, Tim Ford, Fredricka Moser, Richard Owen, William A. Suk,
and Umit Unluata. 2002. Indicators of Ocean Health and Human Health: Developing a
Research and Monitoring Framework. Environmental Health Perspectives 110(9): 839-845.

Knowlton, Nancy. 2001. The Future of Coral Reefs. Proceedings of the National Academy of Sciences
of the United States of America 98(10): 5419-5425.

Ladner, L.J., RW. Hoenstine, A.A. Dabous, D. Harrington, and ].F. Donoghue. 2000. A Geological
Investigation of Sedimentation and Accretion Rates of Marine Coastal Wetlands, Apalachee
Bay, Northeastern Gulf of Mexico. In Woodville Karst Plain Symposium Transactions, edited

by W. Schmidt, ].M. Lloyd, and C. Collier. Tallahassee, FL: Florida Geological Survey.

£ RFF | KLING AND SANCHIRICO

59



Lane, Nic. 2007. Issues in Klamath River Dam Relicensing. Washington, DC: Congressional Research

Service.
Learn, Scott. 1999. Downspout Plan Flows along in Portland. The Oregonian, August 08.

Leeworthy, Bob, and Peter C. Wiley. 2006. Current Participation Patterns in Marine Recreation.
National Oceanic and Atmospheric Administration Marine Economics Program 2006.
http://marineeconomics.noaa.gov/NSRE/NSRE_V1-6_May.pdf (accessed May 7, 2009).

Leggett, Jane A. 2007. Climate Change: Science and Policy Implications. Washington, DC:

Congressional Research Service.

Lemke, P., ]. Ren, R. B. Alley, 1. Allison, ]. Carrasco, G. Flato, Y. Fuji, G. Kaser, P. Mote, R.H. Thomas,
and T. Zhang. 2007. Observations: Changes in Snow, Ice and Frozen Ground. In Climate
Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change, edited by S. Solomon,
D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, and H.L. Miller. Cambridge,
UK, and New York, NY: Cambridge University Press.

Le Quere, Corinne, Christian Rodenbeck, Erik T. Buitenhuis, Thomas ]J. Conway, Ray Langenfelds,
Antony Gomez, Casper Labuschagne, Michel Ramonet, Takakiyo Nakazawa, Nicolas Metzl,
Nathan Gillett, and Martin Heimann. 2007. Saturation of the Southern Ocean CO2 Sink Due
to Recent Climate Change. Science 316(5832): 1735-1738.

Leslie, Heather M., and Karen L. McLeod. 2007. Confronting the Challenges of Implementing Marine
Ecosystem-Based Management. Frontiers in Ecology and the Environment 5(10): 540-548.

Le Truet, Herve, Richard Somerville, Ulrich Cubasch, Yihui Ding, Cecilie Mauritzen, Abdalah Mokssit,
Thomas Peterson, and Michael Prather. 2007. Historical Overview of Climate Change
Science. In Climate Change 2007: The Physical Science Basis. Contribution of Working Group 1
to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, edited by
S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, and H.L. Miller.
Cambridge, UK, and New York, NY: Cambridge University Press.

Levitus, S., ]. Antonov, and T. Boyer. 2005. Warming of the World Ocean, 1955-2003. Geophysical
Research Letters 32: L02604, doi:10.1029/2004GL021592.

Link, ]. 2002. What Does Ecosystem Based Fishery Management Mean? Fisheries 27(4): 18-21..

£ RFF | KLING AND SANCHIRICO 60



Lubchenco, Jane, Stephen R. Palumbi, Steven D. Gaines, and Sandy Andelman. 2003. Plugging a Hole
in the Ocean: The Emerging Science of Marine Reserves. Ecological Applications 13(sp1): 3-
7.

Lumsden, S.E., T.F. Hourigan, A.W. Bruckner, and G. Dorr (eds.). 2007. The State of Deep Coral
Ecosystems of the United States. NOAA Technical Memorandum CRCP-3. Washington, DC:

National Oceanic and Atmospheric Administration.

McDonald, P. Sean, Gregory C. Jensen, and David A. Armstrong. 2001. The Competitive and
Predatory Impacts of the Nonindigenous Crab Carcinus maenas (L.) on Early Benthic Phase
Dungeness Crab Cancer magister Dana. Journal of Experimental Marine Biology and Ecology
258(1): 39-54.

McGranahan, Gordon, Deborah Balk, and Bridget Anderson. 2007. The Rising Tide: Assessing the
Risks of Climate Change and Human Settlements in Low Elevation Coastal Zones.

Environment and Urbanization 19(1): 17-37.

McGregor, H.V., M. Dima, H.W. Fischer, and S. Mulitza. 2007. Rapid 20th-Century Increase in Coastal
Upwelling off Northwest Africa. Science 315(5812): 637-639.

McLeod, K.L,, ]. Lubchenco, S.R. Palumbi, and A. Rosenberg. 2005. Scientific Consensus Statement on
Marine Ecosystem-Based Management. Communication Partnership for Science and the Sea.

http://compassonline.org/?q=EBM (accessed May 7, 2009).

Meehl, G.A,, T.F. Stocker, W.D. Collins, P. Friedlingstein, A.T. Gaye, ].M. Gregory, A. Kitch, R. Knutti,
J.M. Murphy, A. Noda, S.C.B. Raper, .G. Watterson, A.]. Weaver, and Z.-C. Zhao. 2007. Global
Climate Projections. In Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change, edited by S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M.
Tignor, and H.L. Miller. Cambridge, UK, and New York, NY: Cambridge University Press.

Moore, M.T., ].H. Rodgers Jr., C.M. Cooper, and S. Smith Jr. 2000. Constructed Wetlands for Mitigation
of Atrazine-Associated Agricultural Runoff. Environmental Pollution 110(3): 393-399.

Morton, R.A. 2003. National Assessment of Shoreline Change: An Overview of Coastal Land Loss with
Emphasis on the Southeastern United States. Reston, VA: U.S. Geological Survey.

£ RFF | KLING AND SANCHIRICO 61



Morton, R.A., and T.L. Miller. 2005. National Assessment of Shoreline Change: Part 2: Historical
Shoreline Changes and Associated Coastal Land Loss Along the U.S. Southeast Coast. Reston,
VA: U.S. Geological Survey.

Mumby, Peter J., Craig P. Dahlgren, Alastair R. Harborne, Carrie V. Kappel, Fiorenza Micheli, Daniel
R. Brumbaugh, Katherine E. Holmes, Judith M. Mendes, Kenneth Broad, James N. Sanchirico,
Kevin Buch, Steve Box, Richard W. Stoffle, and Andrew B. Gill. 2006. Fishing, Trophic
Cascades, and the Process of Grazing on Coral Reefs. Science 311(5757): 98-101.

Mumby, Peter J., Alan Hastings, and Helen ]. Edwards. 2007. Thresholds and the Resilience of
Caribbean Coral Reefs. Nature 450(7166): 98-101.

Murawski, S.A. 1993. Climate Change and Marine Fish Distributions: Forecasting from Historical

Analogy. Transactions of the American Fisheries Society 122(5): 647-658.

Mydlarz, Laura D., Laura E. Jones, and C. Drew Harvell. 2006. Innate Immunity, Environmental
Drivers, and Disease Ecology of Marine and Freshwater Invertebrates. Annual Review of

Ecology, Evolution, and Systematics 37(1): 251-288.

National Snow and Ice Data Center. 2007. Arctic Sea Ice Shatters All Previous Record Lows:
Diminished Summer Sea Ice Leads to Opening of the Fabled Northwest Passage. Press
release. http://nsidc.org/news/press/2007_seaiceminimum/20071001_pressrelease.pdf
(accessed July 28, 2007).

New Jersey Department of Environmental Protection. (2007). "Coastal Management Program."

September 21, 2008, from http://www.nj.gov/dep/cmp/czm_program.html.

Nicholls, R.J., P.P. Wong, V.R. Burkett, ].0. Codignotto, ].E. Hay, R.F. McLean, S. Ragoonaden, and C.D.
Woodroffe. 2007. Coastal Systems and Low-Lying Areas. In Climate Change 2007: Impacts,
Adaptation and Vulnerability. Contribution of Working Group Il to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, edited by M.L. Parry, O.F. Canziani
J.P. Palutikof, P.J. ven der Linden and C.E. Hanson. Cambridge, UK: Cambridge University

Press.

NMFS (National Marine Fisheries Service). 2007. Status of U.S. Fisheries 2007. Silver Spring, MD:

National Marine Fisheries Service.

£ RFF | KLING AND SANCHIRICO

)

62



———.2008. Landings 2008. Silver Spring, MD: National Marine Fisheries Service.
http://www.st.nmfs.noaa.gov/pls/webpls/MF_ANNUAL_LANDINGS.RESULTS (accessed
August 20, 2008).

NOAA (National Oceanic and Atmospheric Administration). 2007. U.S. Commercial Landings.

Washington DC: Office of Science & Technology, National Marine Fisheries Service.
NOAA Office of Science & Technology. 2007. World Fisheries. Washington, DC: NOAA.

Olsen, Esben M., Mikko Heino, George R. Lilly, M. Joanne Morgan, John Brattey, Bruno Ernande, and
Ulf Dieckmann. 2004. Maturation Trends Indicative of Rapid Evolution Preceded the
Collapse of Northern Cod. Nature 428(6986): 932-935.

Orr, James C., Victoria J. Fabry, Olivier Aumont, Laurent Bopp, Scott C. Doney, Richard A. Feely,
Anand Gnanadesikan, Nicolas Gruber, Akio Ishida, Fortunat Joos, Robert M. Key, Keith
Lindsay, Ernst Maier-Reimer, Richard Matear, Patrick Monfray, Anne Mouchet, Raymond G.
Najjar, Gian-Kasper Plattner, Keith B. Rodgers, Christopher L. Sabine, Jorge L. Sarmiento,
Reiner Schlitzer, Richard D. Slater, Ian ]. Totterdell, Marie-France Weirig, Yasuhiro
Yamanaka, and Andrew Yool. 2005. Anthropogenic Ocean Acidification over the Twenty-

First Century and Its Impact on Calcifying Organisms. Nature 437(7059): 681-686.

Ottersen, Geir, Dag @. Hjermann, and Nils Chr. Stenseth. 2006. Changes in Spawning Stock Structure

Strengthen the Link between Climate and Recruitment in a Heavily Fished Cod Gadus

morhua Stock. Fisheries Oceanography 15(3): 230-243.

Padilla, Dianna K., and Susan L. Williams. 2004. Beyond Ballast Water: Aquarium and Ornamental
Trades as Sources of Invasive Species in Aquatic Ecosystems. Frontiers in Ecology and the
Environment 2(3): 131-138.

Parmesan, Camille. 2006. Ecological and Evolutionary Responses to Recent Climate Change. Annual

Review of Ecology, Evolution, and Systematics 37(1): 637-669.

Paul, Michael ., and Judy L. Meyer. 2001. Streams in the Urban Landscape. Annual Review of Ecology

and Systematics 32: 333-365.

Pauly, Daniel, Villy Christensen, Johanne Dalsgaard, Rainer Froese, and Francisco Torres, Jr. 1998.
Fishing Down Marine Food Webs. Science 279(5352): 860-863.

Perovich, Donald K., Bonnie Light, Hajo Eicken, Kathleen F. Jones, Kay Runciman, and Son V.

Nghiem. 2007. Increasing Solar Heating of the Arctic Ocean and Adjacent Seas, 1979-2005:

£ RFF | KLING AND SANCHIRICO

63



Attribution and Role in the Ice-Albedo Feedback. Geophysical Research Letters 34: DOI
10.1029/2007GL031480.

Perry, Allison L., Paula J. Low, Jim R. Ellis, and John D. Reynolds. 2005. Climate Change and
Distribution Shifts in Marine Fishes. Science 308(5730): 1912-1915.

Peterson, C, R.T. Barber, K.L. Cottingham, H.K. Lotze, C.A. Simenstad, R.R. Christian, M.F. Piehler, and
J. Wilson. 2008. National Estuaries. In Preliminary Review of Adaptation Options for Climate-
Sensitive Ecosystems and Resources, edited by S.H. Julius and ].M. West. Washington, DC: U.S.

Environmental Protection Agency.

Pew Oceans Commission. 2003. America's Living Oceans: Sharing a Course for Sea Change. Arlington,

VA: Pew Oceans Commission.

Pfeffer, W.T., ].T. Harper, and S. O'Neel. 2008. Kinematic Constraints on Glacier Contributions to
21st-Century Sea-Level Rise. Science 321(5894): 1340-1343.

Pharand, Donat. 2007. The Arctic Waters and the Northwest Passage: A Final Revisit. Ocean
Development & International Law 38: 3-69.

Pikitch, E.K,, C. Santora, E.A. Babcock, A. Bakun, R. Bonfil, D.O. Conover, P. Dayton, P. Doukakis, D.
Fluharty, B. Heneman, E.D. Houde, J. Link, P.A. Livingston, M. Mangel, M.K. McAllister, ].
Pope, and K.J. Sainsbury. 2004. ECOLOGY: Ecosystem-Based Fishery Management. Science
305(5682): 346-347.

Poff, N. LeRoy, Mark M. Brinson, and John W. Day Jr. 2002. Aquatic Ecosystems & Global Climate
Change: Potential Impacts on Inland Freshwater and Coastal Wetland Ecosystems in the

United States. Arlington, VA: Pew Center on Global Climate Change.

Power, Alan J., Randal L. Walker, Karen Payne, and Dorset Hurley. 2004. First Occurrence of the
Nonindigenous Green Mussel, Perna viridis (Linnaeus, 1758) in Coastal Georgia, United
States. Journal of Shellfish Research 23(3): 741-744.

Powers, Kyna, Pamela Baldwin, Eugene H. Buck, and Betsy A. Cody. 2005. Klamath River Basin Issues

and Activities: An Overview. Washington, DC: Congressional Research Service.

Rayfuse, Rosemary. 2007. Melting Moments: The Future of Polar Oceans Governance in a Warming

World. Review of European Community & International Law 16(2): 196-216.

Rayner, N.A,, P. Brohan, D.E. Parker, C.K. Folland, ].J. Kennedy, M. Vanicek, T.]. Ansell, and S.F.B. Tett.

2006. Improved Analyses of Changes and Uncertainty in Sea Surface Temperature Measured

£ RFF | KLING AND SANCHIRICO 64



In Situ Since the Mid-Nineteenth Century: The HadSST2 Dataset. Journal of Climate 19: 446-
469.

Read, Andrew J. 2008. The Looming Crisis: Interactions between Marine Mammals and Fisheries.

Journal of Mammalogy 89(3): 541-548.

Read, Andrew ]., Phebe Drinker, and Simon Northridge. 2005. Bycatch of Marine Mammals in U.S.
and Global Fisheries. Conservation Biology 20(1): 163-169.

Regehr, Eric V., Nicholas J. Lunn, Steven C. Amstrup, and [.A.N. Stirling. 2007. Effects of Earlier Sea
Ice Breakup on Survival and Population Size of Polar Bears in Western Hudson Bay. Journal

of Wildlife Management 71(8): 2673-2683.

Ribaudo, M.O., R.D. Horan, and M.S. Smith. 1999. Economics of Water Quality Protection From
Nonpoint Sources: Theory and Practice. Washington DC: Economic Research Service, U.S.

Department of Agriculture.

Rohmann, S, J. Hayes, R. Newhall, M. Monaco, and R. Grigg. 2005. The Area of Potential Shallow-
Water Tropical and Subtropical Coral Ecosystems in the United States. Coral Reefs 24(3):
370-383.

Rothenberger, Paige, Jeremiah Blondeau, Carrollyn Cox, Susan Curtis, William S. Fisher, Virginia
Garrison, Zandy Hillis-Starr, Christopher F.G. Jeffrey, Elizabeth Kadison, lan Lundgren, W.
Jeffrey Miller, Erinn Muller, Richard Nemeth, Shona Paterson, Caroline Rogers, Tyler Smith,
Anthony Spitzack, Marcia Taylor, Wesley Toller, Julie Wright, Wusinich-Mendez, and
Jeannette Waddell. 2008. The State of Coral Reef Ecosystems of the U.S. Virgin Islands. In
The State of Coral Reef Ecosystems of the United States and Pacific Freely Associated States:
2008, edited by ].E. Waddell and A.M. Clarke. Silver Spring, MD: National Oceanic and
Atmospheric Administration/National Centers for Coastal Ocean Science/Center for Coastal

Monitoring and Assessment's Biogeography Team.

Roy, Allison, Seth Wenger, Tim Fletcher, Christopher Walsh, Anthony Ladson, William Shuster, Hale
Thurston, and Rebekah Brown. 2008. Impediments and Solutions to Sustainable,
Watershed-Scale Urban Stormwater Management: Lessons from Australia and the United

States. Environmental Management 42(2): 344-359.

Royal Society. 2005. Ocean Acidification Due to Increasing Atmospheric Carbon Dioxide. London: The
Royal Society.

£ RFF | KLING AND SANCHIRICO

65



Ruiz, Gregory M., Paul W. Fofonoff, James T. Carlton, Marjorie ]. Wonham, and H. Hines Anson.
2000a. Invasion of Coastal Marine Communities in North America: Apparent Patterns,

Processes, and Biases. Annual Review of Ecology and Systematics 31: 481-531.

Ruiz, Gregory M., Tonya K. Rawlings, Fred C. Dobbs, Lisa A. Drake, Timothy Mullady, Anwarul Hug,
and Rita R. Colwell. 2000b. Global Spread of Microorganisms by Ships. Nature 408(6808):
49-50.

Russ, Garry R., Angel C. Alcala, Aileen P. Maypa, Hilconida P. Calumpong, and Alan T. White. 2004.
Marine Reserve Benefits Local Fisheries. Ecological Applications 14(2): 597-606.

Sale, Peter F., Robert K. Cowen, Bret S. Danilowicz, Geoffrey P. Jones, Jacob P. Kritzer, Kenyon C.
Lindeman, Serge Planes, Nicholas V.C. Polunin, Garry R. Russ, Yvonne ]. Sadovy, and Robert
S. Steneck. 2005. Critical Science Gaps Impede Use of No-Take Fishery Reserves. Trends in
Ecology & Evolution 20(2): 74-80.

Sanchirico, J. 2008. An Overview of the Economic Benefits of Cooperatives and Individual Fishing
Quota Systems. Subcommittee for Oceans, Atmosphere, Fisheries and Coast Guard of

Committee on Commerce, Science, and Transportation Washington DC.

Sanchirico, J. N,, ]. Eagle, S. Palumbi and B. Thompson. 2009. Comprehensive planning, dominant-
use zones, and user rights: a new era in ocean goverance. Bulletin of Marine Science.

Forthcoming.

Sanchirico, ], D. Holland, K. Quigley, M. Fina. 2006. Catch-Quota Balancing in Multispecies
Individual Fishing Quotas. Marine Policy 30(6): 767-785.

Sanchirico, ], K. Vitealla, and P. Emerson. 2005. Socioeconomic Implications of Siting Marine
Reserves in U.S. Waters. In Ocean Yearbook 19, edited by A. Chircop and M. McConnell.

Chicago: University of Chicago Press.

Sale, P. F,, R. K. Cowen, et al. 2005. Critical science gaps impede use of no-take fishery reserves.
Trends in Ecology & Evolution 20(2): 74-80.

Scavia, Donald, John Field, Donald Boesch, Robert Buddemeier, Virginia Burkett, Daniel Cayan,
Michael Fogarty, Mark Harwell, Robert Howarth, Curt Mason, Denise Reed, Thomas Royer,
Asbury Sallenger, and James Titus. 2002. Climate Change Impacts on U.S. Coastal and
Marine Ecosystems. Estuaries and Coasts 25(2): 149-164.

£ RFF | KLING AND SANCHIRICO

66



Serreze, Mark C., Marika M. Holland, and Julienne Stroeve. 2007. Perspectives on the Arctic's

Shrinking Sea-Ice Cover. Science 315(5818): 1533-1536.

Sharpley, Andrew, Bob Foy, and Paul Withers. 2000. Practical and Innovative Measures for the
Control of Agricultural Phosphorus Losses to Water: An Overview. Journal of Environmental

Quality 29(1): 1-9.

Simenstad, Charles, Denise Reed, and Mark Ford. 2006. When is Restoration Not? Incorporating
Landscape-Scale Processes to Restore Self-Sustaining Ecosystems in Coastal Wetland

Restoration. Ecological Engineering 26(1): 27-39.

Smith, Martin D., and James E. Wilen. 2003. Economic Impacts of Marine Reserves: The Importance

of Spatial Behavior. Journal of Environmental Economics and Management 46(2): 183-206.

Solomon, S., D. Qin, M. Manning, R.B. Alley, T. Bernsten, N.L. Bindoff, Z. Chen, A. Chidthaisong, ].M.
Gregory, G.C. Hegerl, M. Heimann, B. Hewiston, B.]. Hoskins, F. Joos, ]. Jouzel, V. Kattsov, U.
Lohmann, T. Matsuno, M. Molina, N. Nicholls, ]. Overpeck, G. Raga, V. Ramaswamy, ]. Ren, M.
Rusticucci, R. Somerville, T. F. Stocker, P. Whetton, R.A. Wood, and D. Wratt. 2007. Technical
Summary. In Climate Change 2007: The Physical Science Basis. Contribution of Working Group
I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, edited
by S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L.
Miller. Cambridge, UK, and New York: Cambridge University Press.

Stachowicz, John |., Jeffrey R. Terwin, Robert B. Whitlatch, and Richard W. Osman. 2002. Linking
Climate Change and Biological Invasions: Ocean Warming Facilitates Nonindigenous Species
Invasions. Proceedings of the National Academy of Sciences of the United States of America
99(24): 15497-15500.

Stone, R.P. 2006. Coral Habitat in the Aleutian Islands of Alaska: Depth Distribution, Fine-Scale

Species Associations, and Fisheries Interactions. Coral Reefs 25: 229-238.

Stouffer, R/, ]. Yin, ].M. Gregory, KW. Dixon, M.]. Spelman, W. Hurlin, A.]. Weaver, M. Eby, G.M. Flato,
H. Hasumi, A. Hu, J.H. Jungclaus, I.V. Kamenkovich, A. Levermann, M. Montoya, S. Murakami,
S. Nawrath, A. Oka, W.R. Peltier, D.Y. Robitaille, A. Sokolov, G. Vettoretti, and S.L. Weber.
2006. Investigating the Causes of the Response of the Thermohaline Circulation to Past and

Future Climate Changes. Journal of Climate 19(8): 1365-1387.

£ RFF | KLING AND SANCHIRICO 67



Straume, A., A. Johnsson, G. Oftedal, and ]. Wilen. 2007. Frequency Spectra from Current vs.
Magnetic Flux Density Measurements for Mobile Phones and Other Electrical Appliances.
Health Physics 93(4): 279-287.

Stroeve, Julienne, Marika M. Holland, Walt Meier, Ted Scambos, and Mark C. Serreze. 2007. Arctic
Sea Ice Decline: Faster than Forecast. Geophysical Research Letters 34: DOI
10.1029/2007GL029703.

Sutinen, ].G., and R.J. Johnston. 2003. Angling Management Organizations: Integrating the

Recreational Sector into Fishery Management. Marine Policy 27: 471.

Tasker, Mark L., C.J. Camphuysen, John Cooper, Stefan Garthe, William A. Montevecchi, and Stephen
J-.M. Blaber. 2000. The Impacts of Fishing on Marine Birds. ICES Journal of Marine Science:
Journal du Conseil 57(3): 531-547.

Titus, James. 1990. Greenhouse Effect, Sea Level Rise, and Barrier Islands: Case Study of Long Beach

Island, New Jersey. Coastal Management 18: 65-90.

———.1998. Rising Seas, Coastal Erosion, and the Takings Clause: How to Save Wetlands and

Beaches without Hurting Property Owners. Maryland Law Review 57(4): 1279-1399.

———.2000. Does the U.S. Government Realize That the Sea is Rising? How to Restructure Federal
Programs so that Wetlands and Beaches Survive. Golden Gate University Law Review 30(4):
717-778.

Titus, James G., and James E. Neumann. 2009. Implications for Decisions. In Coastal Sensitivity to
Sea-Level Rise: A Focus on the Mid-Atlantic Region, edited by ].G. Titus, K.E. Anderson, D.R.
Cahoon, D.B. Gesch, S.K. Gill, B.T. Gutierrez, E.R. Theiler, and S.]. Williams. Washington, DC:

U.S. Environmental Protection Agency.

Titus, ].G., R.A. Park, S.P. Leatherman, J.R. Weggel, M.S. Green, P.W. Mausel, S. Brown, C. Gaunt, M.
Trehand, and G. Yohe. 1991. Greenhouse Effect and Sea-Level Rise: Potential Loss of Land
and the Cost of Holding Back the Sea. Coastal Management 19: 171-204.

Titus, James G., and Charlie Richman. 2001. Maps of Lands Vulnerable to Sea Level Rise: Modeled
Elevations along the U.S. Atlantic and Gulf Coasts. Climate Research 18: 205-228.

Tol, Richard S.J. 2005. Adaptation and Mitigation: Trade-Offs in Substance and Methods.
Environmental Science & Policy 8: 572-578.

£ RFF | KLING AND SANCHIRICO 68



Trenberth, K.E.,, P.D. Jones, P. Abenje, R. Bojariu, D. Easterling, A. Klein Tank, D. Parker, F.
Rahimzadeh, J. A. Renwick, M. Rusticucci, B. Soden, and Z. Panmao. 2007. Observations:
Surface and Atmospheric Climate Change. In Climate Change 2007: The Physical Science
Basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, edited by S. Solomon, D. Qin, M. Manning, Z.
Chen, M. Marquis, K.B. Averyt, M. Tignor, and H.L. Miller. Cambridge, UK, and New York:

Cambridge University Press.

U.S. Commission on Ocean Policy. 2004. An Ocean Blueprint for the 21st Century: Final Report of the

U.S. Commission on Ocean Policy. Washington, DC: U.S. Commission on Ocean Policy.

U.S. EPA (Environmental Protection Agency) Office of Water. 2004. Report to Congress: Impacts and
Control of CSOs and SSOs. Washington, DC: U.S. EPA.

U.S. Fish and Wildlife Service. 2007. Endangered and Threatened Wildlife and Plants: 90-day
Finding on a Petition to List the Black-Footed Albatross (Phoebastria nigripes) as
Threatened or Endangered. Federal Register 72(194): 57278-57283, October 9.

U.S. GAO (Government Accountability Office). 2007. Climate Change: Financial Risks to Federal and
Private Insurers in Coming Decades Are Potentially Significant. Washington, DC: U.S. GAO.

U.S. Senate. 2008. An Overview of the Economic Benefits of Cooperatives and Individual Fishing Quota
Systems. Subcommittee for Oceans, Atmosphere, Fisheries and Coast Guard of Committee on

Commerce, Science, and Transportation. July 9.

Waddell, J.E., and A.M. Clarke (eds.). 2008. The State of Coral Reef Ecosystems of the United States
and Pacific Freely Associated States. Silver Spring, MD: National Oceanic and Atmospheric
Administration/National Centers for Coastal Ocean Science/Center for Coastal Monitoring

and Assessment's Biogeography Team.

Walther, Gian-Reto, Eric Post, Peter Convey, Annette Menzel, Camille Parmesan, Trevor ].C. Beebee,
Jean-Marc Fromentin, Ove Hoegh-Guldberg, and Franz Bairlein. 2002. Ecological Responses
to Recent Climate Change. Nature 416(6879): 389-395.

Wells, S.M. 1995. Science and Management of Coral Reefs: Problems and Prospects. Coral Reefs
14(4): 177-181.

£ RFF | KLING AND SANCHIRICO 69



Wetterer, James K., Lawrence D. Wood, Chris Johnson, Holly Krahe, and Stephanie Fitchett. 2007.
Predaceous Ants, Beach Replenishment, and Nest Placement by Sea Turtles. Environmental
Entomology 36(5): 1084-1091.

Whitfield, Paula, Jonathan Hare, Andrew David, Stacey Harter, Roldan Mufioz, and Christine
Addison. 2007. Abundance Estimates of the Indo-Pacific Lionfish Pterois volitans/miles

Complex in the Western North Atlantic. Biological Invasions 9(1): 53-64.

Wilen, J. 2006. Why Fisheries Management Fails: Treating Symptoms Rather Than Causes. Bulletin
of Marine Science 78: 529-546.

Williams, Susan, and Edwin Grosholz. 2008. The Invasive Species Challenge in Estuarine and
Coastal Environments: Marrying Management and Science. Estuaries and Coasts 31(1): 3-
20.

Woodworth, Philip L., and David L. Blackman. 2004. Evidence for Systematic Changes in Extreme
High Waters Since the Mid-1970s. Journal of Climate 17(6): 1190-1197.

Worm, Boris, Edward B. Barbier, Nicola Beaumont, ]. Emmett Duffy, Carl Folke, Benjamin S.
Halpern, Jeremy B.C. Jackson, Heike K. Lotze, Fiorenza Micheli, Stephen R. Palumbi, Enric
Sala, Kimberley A. Selkoe, John J. Stachowicz, and Reg Watson. 2006. Impacts of Biodiversity
Loss on Ocean Ecosystem Services. Science 314(5800): 787-790.

Yamada, Sylvia Behrens, and Graham E. Gillespie. 2008. Will the European Green Crab (Carcinus
maenas) Persist in the Pacific Northwest? ICES Journal of Marine Science: Journal du Conseil
65(5): 725-729.

Zinn, Jeffrey A. 2003. Soil and Water Conservation Issues. Washington, DC: Congressional Research

Service.
———.2006. Wetlands Issues. Washington, DC: Congressional Research Service.

Zinn, Jeffrey A., Eugene H. Buck, and Harold F. Upton. 2008. Marine Protected Areas: An Overview.

Washington, DC: Congressional Research Service.

£ RFF | KLING AND SANCHIRICO 70





