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About This Series

This report is published as one of a series of technical inputs to the National Climate 
Assessment (NCA) 2013 report. The NCA is being conducted under the auspices of the 
Global Change Research Act of 1990, which requires a report to the President and Con-
gress every four years on the status of climate change science and impacts. The NCA in-
forms the nation about already observed changes, the current status of the climate, and 
anticipated trends for the future. The NCA report process integrates scientific informa-
tion from multiple sources and sectors to highlight key findings and significant gaps in 
our knowledge. Findings from the NCA provide input to federal science priorities and 
are used by U.S. citizens, communities and businesses as they create more sustainable 
and environmentally sound plans for the nation’s future.

In fall of 2011, the NCA requested technical input from a broad range of experts in 
academia, private industry, state and local governments, non-governmental organiza-
tions, professional societies, and impacted communities, with the intent of producing 
a better informed and more useful report in 2013. In particular, the eight NCA regions, 
as well as the Coastal and the Ocean biogeographical regions, were asked to contribute 
technical input reports highlighting past climate trends, projected climate change, and 
impacts to specific sectors in their regions. Each region established its own process for 
developing this technical input. The lead authors for related chapters in the 2013 NCA 
report, which will include a much shorter synthesis of climate change for each region, 
are using these technical input reports as important source material. By publishing this 
series of regional technical input reports, Island Press hopes to make this rich collection 
of information more widely available. 

This series includes the following reports:

Climate Change and Pacific Islands: Indicators and Impacts
Coastal Impacts, Adaptation, and Vulnerabilities
Great Plains Regional Technical Input Report
Climate Change in the Midwest: A Synthesis Report for the National Climate Assessment
Climate Change in the Northeast: A Sourcebook 
Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities
Oceans and Marine Resources in a Changing Climate
Climate of the Southeast United States: Variability, Change, Impacts, and Vulnerability
Assessment of Climate Change in the Southwest United States

Electronic copies of all reports can be accessed on the Climate Adaptation Knowledge 
Exchange (CAKE) website at www.cakex.org/NCAreports. Printed copies are available for 
sale on the Island Press website at www.islandpress.org/NCAreports. 
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Key Terms

Adaptation –  Adjustment in natural or human systems in response to actual or expected 
climatic stimuli or their effects for the purposes of moderating harm or exploiting bene-
ficial opportunities. 

Anthropogenic –  Of, relating to, or resulting from the influence of human beings on 
nature.

Biodiversity –  The variability among living organisms from all sources including terres-
trial, marine, and other aquatic ecosystems and the ecological complexes of which they 
are a part; this includes diversity of ecosystems as well as diversity within and among 
species.

Blue Carbon –  The carbon sequestered and stored by marine and coastal organisms 
including coastal seagrasses, tidal marshes, and mangroves. 

Carbon sequestration –  A long-term storage plan for carbon dioxide or other forms of 
carbon that has been proposed as method to slow the atmospheric and marine accumu-
lation of greenhouse gases that are released by burning fossil fuels. 

Climate –   In a narrow sense, climate is the ‘average weather.’ More rigorously, climate 
is the statistical description in terms of the mean and variability of relevant quantities 
over a period of time ranging from months to thousands or millions of years. These 
quantities are most often surface variables such as temperature, precipitation, and wind. 
The classical period of time is 30 years, as defined by the World Meteorological Organi-
zation (WMO). In a wider sense, climate is the state, including a statistical description, 
of the climate system. 

Climate Change –  Climate change refers to any change in climate over time, whether as 
a result of natural variability or human activity. 

Climate Modeling –  Quantitative methods used to simulate the interactions of the 
atmosphere, oceans, land surface, and ice. They are used for a variety of purposes such 
as studying the dynamics of the climate system and generating projections of future 
climate.

Disaster –  Severe alterations in the normal functioning of a community or a society due 
to the interaction of hazardous physical events and vulnerable social conditions, which 
leads to widespread adverse human, material, economic, or environmental effects that 
require immediate emergency response to satisfy critical human needs and may require 
external support for recovery.

Ecosystem –  A biological environment consisting of all of the organisms living in a 
particular area as well as all of the nonliving, or abiotic, physical components of the 
environment, such as air, soil, water and sunlight, with which the organisms interact.

Ecosystem Services –  The benefits people obtain from ecosystems. These include provi-
sioning services such as food, water, timber, and fiber; regulation services such as the 
regulation of climate, floods, disease, wastes, and water quality; cultural services such 
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as recreation, aesthetic enjoyment, and spiritual fulfillment; and supporting services 
such as soil formation, photosynthesis, and nutrient cycling.

Eutrophication –  The movement of a body of water’s trophic status in the direction of 
increasing biomass through the addition to an aquatic system of artificial or natural 
substances such as the nitrates and phosphates found in fertilizers or sewage.

Exclusive Economic Zone (EEZ) –  A seazone over which a state has special rights related 
to the exploration and use of marine resources including the production of energy from 
water and wind. It stretches from the seaward edge of the state’s territorial sea out to 
200 nautical miles from its coast. 

Exposure –  The nature and degree to which a system is exposed to significant climatic 
variations.

Extreme Events –  Includes weather phenomena that are at the extremes of the histor-
ical distribution, especially severe or unseasonal weather such as heat waves, drought, 
floods, storms, and wildfires.

Greenhouse Gas –  A gas in an atmosphere that absorbs and emits radiation within 
the thermal infrared range. This process is the fundamental cause of the greenhouse 
effect. The primary greenhouse gases in the Earth’s atmosphere are water vapor, carbon 
dioxide, methane, nitrous oxide, and ozone.

Hydrology –  The movement, distribution, and quality of water on Earth and other 
planets, including the hydrologic cycle, water resources, and environmental watershed 
sustainability.

Hypoxia –  A phenomenon that occurs in aquatic environments as the concentration of 
dissolved oxygen becomes reduced to a point that is detrimental to aquatic organisms 
living in the system.

Invasive Species –  Non-indigenous species of plants or animals that adversely affect the 
habitats and bioregions that they invade economically, environmentally, and/or ecologi-
cally. They disrupt by dominating regions, wilderness areas, particular habitats, and/or 
wildland-urban interface land and causing a loss of natural controls.

Large Marine Ecosystems (LMEs) –  Areas of the ocean characterized by distinct depth, 
hydrology, productivity, and trophic interactions.

Maximum Sustainable Yield (MSY) –  The largest long-term average catch or yield that 
can be taken from a stock or stock complex under prevailing ecological and environ-
mental conditions.

Mitigation –  An anthropogenic intervention to reduce anthropogenic influences on the 
climate system. Mitigation includes strategies to reduce greenhouse gas sources and 
emissions and enhance greenhouse gas sinks.

Ocean Acidification –  The ongoing decrease in pH and increase in acidity of the 
Earth’s oceans, caused by the uptake of anthropogenic carbon dioxide (CO2) from the 
atmosphere.

Resilience –  The ability of a system and its component parts to anticipate, absorb, 
accommodate, and recover from the effects of a hazardous event in a timely and efficient 



manner through ensuring the preservation, restoration, or improvement of its essential 
basic structures and functions.

Resistance –  The capacity of the ecosystem to absorb disturbances and remain largely 
unchanged.

Risk –  The combination of the probability of an event and its consequences.

Risk Assessment –  The determination of quantitative or qualitative value of risk related 
to a concrete situation and a recognized threat such as climate change.

Sensitivity –  The degree to which a system is affected, either adversely or beneficially, 
by climate variability or change. The effect may be direct,such as a change in crop yield 
in response to a change in the mean, range, or variability of temperature, or indirect, 
such as damages caused by an increase in the frequency of coastal flooding due to sea-
level rise.

Stakeholders –  A person, group, organization, or system who affects or can be affected 
by an organization’s actions.

Stratification –  Water stratification occurs when water masses with different properties 
such as salinity, oxygenation, density, or temperature form layers that act as barriers to 
water mixing. These layers are normally arranged according to density, with the least 
dense water masses sitting above the more dense masses.

Stock Assessment –  The process of collecting and analyzing demographic information 
about fish populations to describe the condition or status of a fish stock. A stock assess-
ment results in a report that often includes an estimation of the amount or abundance of 
the resource, the rate at which it is being removed due to harvesting and other causes, 
and one or more reference levels of harvesting rate and/or abundance at which the stock 
can maintain itself in the long term.

Transformation –  The alteration of fundamental attributes of a system including value 
systems; regulatory, legislative, or bureaucratic regimes; financial institutions; and tech-
nological or biological systems.

Upwelling –  The oceanographic phenomenon in which dense, cooler, and usually 
nutrient-rich water is driven towards the ocean surface by wind, replacing the warmer, 
usually nutrient-depleted surface water.

Vulnerability –  The propensity or predisposition to be adversely affected.

Key terms              xxi
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Acronyms

ACAP – Agreement for the Conservation of Albatross and Petrels

ACL – Annual Catch Limits 

ADFG – Alaska Department of Fish and Game 

AMO – Atlantic Multidecadal Oscillation 

AMSA – Arctic Marine Shipping Assessment 

BOEM – Bureau of Ocean Energy Management 
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CAKE – Climate Adaptation Knowledge Exchange 
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THC – Thermohaline Circulation 

UNCLOS – United Nations Convention on the Law of the Sea 
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Communicating uncertainity

Based on the Guidance Note for Lead Authors of the third U.S. National Assessment, 
this technical input document relies on two metrics to communicate the degree of cer-
tainty, based on author teams’ evaluations of underlying scientific understanding, in 
key findings:

• Confidence in the validity of a finding by considering (i) the quality of the evi-
dence and (ii) the level of agreement among experts with relevant knowledge.

• Probabilistic estimate of uncertainty expressed in simple quantitative expressions 
or both the quantitative expressions and the calibrated uncertainty terms.

table 1: communicating uncertainity

Confidence level Factors that could contribute to this confidence evaluation

High Strong evidence (established theory, multiple sources, consistent 
results, well documented and accepted methods, etc.), high consensus

Moderate Moderate evidence (several sources, some consistency, methods vary 
and/or documentation limited, etc.), medium consensus

Fair Suggestive evidence (a few sources, limited consistency, models 
incomplete, methods emerging, etc.), competing schools of thought

Low
Inconclusive evidence (limited sources, extrapolations, inconsistent 
findings, poor documentation and/or methods not tested, etc.), 
disagreement or lack of opinions among experts

xxv
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executive Summary

The United States (U.S.) is an ocean nation; our past, present and future are inextricably 
connected to and dependent on oceans and marine resources. Marine ecosystems under 
U.S. jurisdiction extend from the shore to 200 nautical miles seaward, include waters 
around U.S. Territories, and span 3.4 million square nautical miles of ocean, an area re-
ferred to as the U.S. exclusive economic zone (NMFS, 2009a), which is an area 1.7 times 
the land area of the continental U.S.. This area encompasses an incredible diversity of 
species and habitats as well as 11 different large marine ecosystems (LMEs) that provide 
many important services, including jobs, food, transportation routes, recreational op-
portunities, health benefits, climate regulation, and cultural heritages that affect people, 
communities, and economies across America and internationally every day. 

U.S. marine ecosystems and services are increasingly at risk from climate change and 
other human pressures. A wealth of information documents strong linkages between the 
planet’s climate and ocean systems as well as changes in the climate system that can pro-
duce dramatic changes in the physical, chemical, and biological characteristics of ocean 
ecosystems on a variety of spatial and temporal scales. Additionally, a growing body of 
literature provides evidence of the current impacts of increasing atmospheric carbon di-
oxide and the associated global warming and ocean acidification on physical, chemical, 
and biological components of ocean ecosystems. Conversely, relatively little information 
shows how these climate-driven changes in ocean ecosystems may impact ocean ser-
vices and uses, although it is predicted that the vulnerability of ocean-dependent users, 
communities, and economies increases in a changing climate. In addition, non-climatic 
stressors resulting from a variety of human activities, including pollution, fishing im-
pacts, and over-use, can interact with and exacerbate impacts of climate change. Collec-
tively, climatic and non-climatic pressures on marine ecosystems are having profound 
and diverse impacts that are expected to increase in the future.

Based on current understanding of these linkages between the planet’s climate and 
ocean systems as well as projections of future changes in the global climate system, the 
marine ecosystems under U.S. jurisdiction and U.S. interest internationally are likely 
to continue to be affected by anthropogenic-driven climate change and rising levels of 
atmospheric CO2. These impacts are set in motion through a collection of changes in the 
ocean’s physical (e.g., temperature, circulation, stratification, upwelling), chemical (e.g., 
acidification, nutrient input, oxygen content), and biological (e.g., primary production, 
species distributions, phenology, foodweb structure, community composition and eco-
system functions/services) components and processes. Given the value and U.S. depen-
dence on ocean products and ecosystem services found in U.S. and international ocean 
ecosystems, these climate-driven changes are likely to have significant implications for 
U.S ocean uses and international activities as well as the communities and economies 
that depend on them. Effectively responding to these challenges requires mitigating 
the pace and scope of climate change through concerted efforts to reduce emissions of 
greenhouse gases and protect and enhance those natural environments that act as car-
bon sinks as well as helping species, ecosystems, and the societies that depend on them 
to adapt to the changes we can no longer avoid. 
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This report was produced by a team of experts as a contribution to the third National 
Climate Assessment (NCA), conducted under the auspices of the U.S. Global Change 
Research Program (USGCRP). The report provides an assessment of scientific knowl-
edge of the current and projected impacts of climate change and ocean acidification on 
the physical, chemical, and biological components and human uses of marine ecosys-
tems under U.S. jurisdiction. It also provides assessment of the international implica-
tions for the U.S. due to climate impacts on ocean ecosystems and of efforts to prepare 
for and adapt to climate and acidification impacts on ocean ecosystems.  

U.S marine ecosystems are inherently connected to U.S. coastal and terrestrial areas 
through the flow of water from land to sea, the effect of oceans on the physical climate 
system, the connectivity and movement of species, and the extensive and diverse uses 
of marine resources and services that occur throughout the Nation. Therefore, climate 
impacts on oceans and marine resources intersect with many regions and sectors that 
are also considered in the NCA. 

The following is a summary of key findings from each of the six major sections of this 
report. 

Chapter 2: Climate-driven Physical and Chemical Changes in 
Marine ecosystems

1. The Earth’s oceans are warming as a result of increasing concentrations of atmo-
spheric carbon dioxide and other greenhouse gases. 

• From 1955 to 2008, approximately 84 percent of the added heat from climate 
change has been absorbed by the oceans, thereby increasing the average temper-
ature of the upper 700 meters of water by 0.2° Celsius; this trend is likely to 
continue. 

• Rising global temperatures are likely to cause greater oceanic evaporation of 
water vapor, which is a potent greenhouse gas, into the atmosphere, thus ampli-
fying warming due to climate change.

2. Arctic ice has been decreasing in extent since the second half of the 20th century as a 
result of oceanic and atmospheric warming. 

• Arctic ice has been decreasing throughout the early 21th century. The summer of 
2012 saw a record low, when sea ice extent shrank to 3.6 million km2, approxi-
mately 1 million km2 less than the previous minima of 2007. Arctic sea ice 
volume has decreased by 75% over the previous decade.

• The most significant consequence of melting Arctic ice will be sea level rise. A 
growing body of recently published work suggests that accelerating loss of the 
great polar ice sheets in Greenland and Antarctica will likely result in global 
mean sea level rise of more than 1 meter above present day sea level by 2100.

• Reductions in ice may occur more rapidly than previously suggested by coupled 
air-sea-ice climate models. These models may have overestimated ice thickness; 
more recent modeling predicts that a seasonal ice-free state could occur as early 
as 2030.
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3. The oceans play an important role in climate regulation through the uptake and se-
questration of anthropogenic CO2.

• The annual accumulation of atmospheric CO2 has increased. In 2010, the overall 
CO2 concentration was 39 percent above the concentration at the start of the 
Industrial Revolution in 1750.

• Ocean water holds approximately 50 times more CO2 than the atmosphere and 
holds the majority of that in the deeper, colder waters; however, the ability of 
oceans to absorb CO2 decreases with increasing temperature and decreasing pH.

• Healthy coastal wetlands are effective at storing and sequestering carbon. This 
carbon is referred to as “coastal blue carbon.” Unfortunately, our nation has lost 
more than half of its wetlands in the past 200 years. 

4. The oceans absorb carbon dioxide, causing a series of chemical reactions that reduce 
ocean pH, a process known as ocean acidification.

• Over the past century, the average ocean pH has decreased by 30 percent; 
however, in coastal areas this number may be much higher following upwelling 
events. 

• Predictions indicate that ocean acidification will lead to an under-saturation of 
argonite in ocean surface waters by the year 2050. Argonite is a form of calcium 
carbonate impacted by the ocean acidification process and a key component of 
the exoskeleton of corals and some plankton.

• Polar ecosystems may experience exacerbated ocean acidification because CO2 is 
more soluble in colder water and therefore more likely to be absorbed.

5. Ocean temperature and precipitation/evaporation rates have a direct influence on the 
Earth’s weather and precipitation patterns that will likely increase storm intensity but 
decrease (or have no effect on) storm frequency. 

• Climate change impacts on winds may be moderate and vary regionally but 
precipitation events are predicted to grow in intensity.

• Shifts in precipitation patterns from snow to rain are likely, resulting in 
decreased snow pack and earlier snow melts that may impact water availability. 

• Storm intensity is likely to increase and could have a large impact, especially on 
coastal communities because of the increases in coastal populations and infra-
structure expected over the next century. The impact of storm surges will be 
greater for the same reasons as well as the expected rise in sea level.

6. Given that climate and oceans interact to produce intra- and inter-decadal variability 
in ocean currents, upwelling, and basin-scale circulation, climate change will likely 
influence these important ocean features, although the ability to detect and project 
such impacts is low. 

• Melting of polar ice will reduce the salinity, and thus the density, of polar 
waters, which could weaken the rate at which this water sinks, possibly 
impairing circulation. 
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• However, uncertainty remains about the quantity of freshwater input necessary 
to slow ocean currents like the Thermohaline Circulation.  

Chapter 3: Impacts of Climate Change on Marine Organisms

1. Throughout U.S. ocean ecosystems, climate change impacts are being observed that 
are highly likely to continue into the future. 

• Observed impacts include shifts in species distributions and ranges, effects on 
survival, growth, reproduction, health, and the timing of life-history attributes, 
and alterations in species interactions, among others. 

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

2. The vulnerability and responses of marine organisms to climate change vary widely, 
leading to species that are positively impacted, or “winners,” and species that are 
negatively impacted, or “losers.”

• Species with more elastic life histories and/or higher physiological tolerance for 
changes in temperature and other environmental conditions will likely experi-
ence fewer climate-related impacts and may therefore out-compete less tolerant 
species.

• Species such as corals and other calcifying organisms that are exposed to ocean 
conditions that inhibit their ability to produce calcium carbonate shells, will 
likely experience impacts.  These impacts may result in cascading effects on 
marine ecosystems.

3. Climate change interacts with and can exacerbate the impacts on ocean ecosystems of 
non-climatic stressors such as pollution, overharvesting, disease and invasive species. 

• Climate-related stressors such as changes in temperature can operate as threat 
multipliers, worsening the impacts of non-climatic stressors.

• Opportunities exist for ameliorating some of the impacts of climate change 
through reductions in non-climatic stressors at local-to-regional scales.

• Predicting the effects of multiple stressors is difficult given the complex physi-
ological effects and interactions between species.

4. Past and current responses of ocean organisms to climate variability and climate 
change are informative, but extrapolations to future environmental conditions will 
differ from the range observed in recent history. 

• Observed responses to ongoing environmental change often vary in magnitude 
across space and time, suggesting that extrapolations of responses from one 
location to another may be challenging. 

• In addition to gradual declines in ecosystem function, potential threshold effects, 
or “tipping points,” that could result in rapid ecosystem change are a particular 
area of concern.
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Chapter 4: Impacts of Climate Change on human uses of  
the Ocean

1. Significant effects of climate change on all sectors pertaining to human uses of the 
ocean, including but not limited to fisheries, energy, transportation, security, human 
health, tourism, and maritime governance, are already being observed and are pre-
dicted to continue into the future.

• Some effects are predicted to be “positive,” in that they expand the extent of 
individual sectors, while others are predicted to be “negative,” in that they 
reduce the ability of humans to use the ocean in a given sector, and virtually all 
effects will result in some distributional changes in how and where, as well as by 
whom, marine resources are used.

• Most of the effects of climate change on U.S. fisheries will stem from the changes 
to the fish stocks brought about by direct and indirect climate impacts on 
productivity and location; others stem from impacts that climate has on the fish-
eries themselves as well as fishing-dependent communities across the country, 
which could experience changes in distribution and abundance of their available 
stocks.

• Aquaculture stocks are expected to be more resilient to climate change than wild 
stocks due to selective breeding and vaccination.

• The main climate-related effects on the oil and gas industry are anticipated to 
be increases in demands on water sources, failure of infrastructure not designed 
to withstand new climatic conditions, and changes in the extraction of financial 
assets and resources as energy production moves from the traditional oil and 
gas industry to renewable sources of energy.

• In the face of climate change, impacts to marine resource distribution, variable 
weather conditions, and extreme events such as typhoons and hurricanes are 
expected to pose the most significant impacts on the tourism industry; these 
effects will be positive in some regions of the country, negative in others, and 
mixed in others.

• The scale and scope of climate impacts such as increased economic access and 
ecosystem shifts in polar areas (Arctic, Antarctic) are already having significant 
impacts on ocean uses and users. There is a high likelihood that these impacts 
will grow and have serious consequences as well as opportunities on human 
uses of the oceans in the future.

2. As a result of climate change, governance regimes for ocean environments and re-
sources, as well as human health, will be challenged, and will likely have to change 
significantly in character and configuration. 

• Geographic shifts in the distribution of fishery resources, ocean energy exploita-
tion, and ocean transportation routes may require restructuring policy arenas for 
those resources and may require amending policy and governance systems with 
new statutory law.
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3. Ocean “health,” both in terms of the functioning of biophysical ocean ecosystems 
and the factors related to oceans and human health will likely be affected by climate 
change. 

• The distribution and abundance of water-born human disease vectors are 
expected to change significantly as a result of climate change.

• The potential for climate change to affect the boundaries and determinants of 
human health is significant, including increases in extreme weather-related inju-
ries, morbidity and mortality, declines in access to drinkable water, increased 
food insecurity and malnutrition, rising pollutant-related respiratory problems, 
and spread of infectious disease.

4. Impacts of climate change on human social and economic systems provide critical 
insight into societal responses and adaptation options. 

• Additional disciplinary and interdisciplinary research will be necessary to 
improve understanding of the interactions between physical, biological, 
economic, and social systems in the future.

Chapter 5: International Implications of Climate Change

1. Many migratory species that span jurisdictional boundaries are exhibiting shifts in 
distribution and abundance.

• Current policy and structured agreements assume species stationarity, which is 
no longer the case.

• Many species will continue to shift significantly, expanding their ranges in coun-
tries where they previously have not lived. As a result, current protected area 
networks may need to be expanded to match critical sites needed in the future. 

• Several global conventions, as well as regional and bilateral migratory species 
agreements, are well-placed to support coordinated, multi-country climate 
change adaptation efforts on behalf of migratory species. 

2. International partnerships will be necessary to ensure that monitoring protocols, 
management plans, and training programs are robust and coordinated for effective 
long-term implementation on shared marine resources.

• Multinational large-scale and long-term work is needed to better understand the 
risks to oceans and marine resources as a result of climate change.

• Strengthening synergies across existing treaties and conventions would provide 
better coordination and improved focus and facilitate the development of shared 
priorities.

3. Although aware of climate change, only half of the existing Regional Fisheries Man-
agement Organizations (RFMO) have addressed the issue.

• Agreements, both multilateral and bilateral, will need flexibility to adapt to 
changing circumstances, particularly unanticipated, climate-driven changes in 
stock levels or distribution across Exclusive Economic Zones or high-seas areas. 
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• The potential for spatial displacement of aquatic resources and people as a result 
of climate change impacts will require existing regional structures and processes 
to be strengthened or enhanced.

4. Climate change will affect transportation and security issues in both the short and 
long term.

• Changes in available shipping lanes in the Arctic created by a loss of sea ice have 
generated an expanded geopolitical discussion involving the relationship among 
politics, territory, and state sovereignty on local, national, and international 
scales.

5. Accounting for the carbon sequestration value of coastal marine systems has the po-
tential to be a transformational tool in the implementation of improved coastal policy 
and management.

• A number of countries including Indonesia, Costa Rica, and Ecuador have iden-
tified “Blue Carbon” as a priority issue and are currently developing strategies 
and approaches.

Chapter 6: Ocean Management Challenges, Adaptation 
Approaches, and Opportunities in a Changing Climate

1. Climate change presents both challenges and opportunities for marine resource man-
agers and decision makers. 

• In comparison to terrestrial, freshwater, and coastal systems, relatively few 
adaptation actions have been designed and implemented for marine systems. 

• Barriers to ocean adaptation currently exist and include a lack of usable scientific 
information, awareness, and institutional capacity. 

• Despite barriers, creative solutions are emerging for advancing adaptation plan-
ning and implementation for ocean systems.

2. Ocean-related climate information, tools, and services are being developed to address 
the needs of decision makers and managers.

• Long-term observations and monitoring of ocean physical, ecological, social, and 
economic systems provide essential information on past and current trends as 
well as insight into future conditions. An impending challenge is ensuring that 
the provision and accessibility of high-quality information regarding resolutions 
is commensurate with the scales at which adaptation decisions are made.

• User-friendly tools, guidance, and services are emerging to foster dialogue, grow 
communities of practice, and inform and support decisions to enhance ocean 
resilience in the face of climate change.

3. Opportunities for adaptation include incorporation of climate change into existing 
ocean policies, practices, and management efforts.
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• Climate considerations can be integrated into fisheries management and spatial 
planning, as well as the design of marine protected areas to enhance ocean resil-
ience and adaptive capacity.

• Application of existing legislative and regulatory frameworks can advance 
climate adaptation efforts in the marine environment.

4. Progress is being made across the U.S. to enhance ocean resilience to climate change 
through local, state, national, federal, and non-governmental adaptation frameworks 
and actions; however, much work still remains.

Chapter 7: Sustaining the Assessment of Climate Impacts on 
Oceans and Marine Resources

1. Sustained assessment of climate impacts on U.S. ocean ecosystems is critical to under-
standing current impacts, preparing for future impacts, and taking action for effective 
adaptation to a changing climate.

2. Assessing what is known about past, current, and future impacts is a challenging 
task for a variety of reasons. Many uncertainties and gaps still exist in understanding 
about the current and future impacts of climate change and ocean acidification on 
marine ecosystems. 

3. A number of steps could be taken in the near term to address these challenges and 
advance assessment of impacts of climate change on oceans and marine resources.

• Identify and collect information on a set of core indicators of the condition of 
marine ecosystems that can specifically be used to track and assess the impacts 
of climate change and ocean acidification as well as the effectiveness of mitiga-
tion and adaptation efforts over time at regional to national scales.

• Assess capacity and effectiveness of existing ocean-observing systems to detect, 
track and deliver useful information on these indicators as well as other phys-
ical, chemical, biological, and social/economic impacts of climate change on 
oceans and marine resources.

• Increase capacity and coordination of existing observing systems to collect, 
synthesize, and deliver integrated information on physical, chemical, biological, 
and social/economic impacts of climate change on U.S. marine ecosystems.

• Conduct regional-scale assessment of current and projected impacts of climate 
change and ocean acidification on ocean physical, chemical, and biological 
components and human uses.

• Increase data, information, and capacity needed to assess and project impacts of 
climate change on marine ecosystems.

• Build and support mechanisms for sustained coordination and communication 
between decision makers and science providers to ensure the most critical infor-
mation needs related to impacts, vulnerabilities, mitigation, and adaptation of 
ocean ecosystems in a changing climate are being met.
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• Build and support mechanisms for getting and sharing information and 
resources on impacts, vulnerabilities, and adaptation of U.S. ocean ecosystems 
in a changing climate.

• Build and support mechanisms with neighboring countries and other inter-
national partners for assessing and addressing impacts of climate change and 
ocean acidification on marine ecosystems of key interest to the U.S.
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chapter 1 

Introduction

The U.S. is an ocean nation—our past, present and future are inextricably connected 
to and dependent on oceans and marine resources. Marine ecosystems of the U.S. sup-
port an incredible diversity of species and habitats (NMFS, 2009a,b) and provide many 
valuable ecosystem services, including jobs, food, transportation routes, recreational op-
portunities, health benefits, climate regulation, and cultural heritages, that affect people, 
communities, and economies across America every day and that affect the nation’s inter-
national relations in many ways (NOC, 2012; NMFS, 2011; U.S. USCOP, 2004). In 2004, 
the ocean-dependent economy, which is divided into six industrial sectors, generated 
$138 billion or 1.2 percent of U.S. Gross Domestic Product (GDP) (Kildow et al., 2009). 
U.S. ocean areas are also inherently connected with the nation’s vital coastal counties, 
which make up only 18 percent of the U.S. land area but are home to 36 percent of 
the U.S. population and account for over 40 percent of the national economic output 
(Kildow et al., 2009).

Marine ecosystems under U.S. sovereignty generally extend from the shore to 203 
nautical miles seaward including areas under State (0-3 nautical miles except 0-9 nauti-
cal miles off the shores of Texas, the Gulf Coast of Florida, and Puerto Rico) and federal 
(3-200 nautical miles) jurisdiction. The area under federal jurisdiction spans 3.4 million 
square nautical miles of ocean, an area referred to as the U.S. exclusive economic zone 
(EEZ) (National Marine Fisheries Service, 2009a). The U.S. has the largest EEZ in the 
world, an area 1.7 times the land area of the continental U.S. and encompassing 11 dif-
ferent large marine ecosystems (LMEs) (Figure 1-1).

These valuable marine ecosystems and services are increasingly at risk from a variety 
of human pressures, including climate change and ocean acidification. Climate change 
and acidification are affecting oceans in a number of ways over multiple temporal and 
spatial scales (Figure 1-2a) (Doney et al., 2012; Osgood, 2008). In addition, non-climatic 
stressors resulting from a variety of human activities, including pollution, fishing im-
pacts, and over-use, can interact with and exacerbate impacts of climate change. Col-
lectively, climatic and non-climatic pressures are having profound and diverse impacts 
on marine ecosystems (Figure 1-2b). These impacts are expected to increase in the future 
with continued changes in the global climate system and increases in human population 
levels.

Climate change is affecting ocean physical, chemical, and biological systems, as well 
as human uses of these systems. Rising levels of atmospheric CO2 is one of the most se-
rious problems because its effects are globally pervasive and irreversible on ecological 
timescales (NRC, 2011). The two primary direct consequences of increased atmospheric 
CO2 in marine ecosystems are increasing ocean temperatures (IPCC, 2007a) and acidity 
(Doney et al., 2009). Increasing temperatures produce a variety of other ocean changes 
including rising sea level, increasing ocean stratification, decreased extent of sea ice, and 
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altered patterns of ocean circulation, storms, precipitation, and freshwater input (Doney 
et al., 2012). These and other changes in ocean physical and chemical conditions, such 
as changes in oxygen concentrations and nutrient availability, are impacting a variety 
of ocean biological features including primary production, phenology, species distribu-
tion, species interactions, and community composition, which in turn can impact vital 
ocean services across the Nation (Figure 1-3). Projections of future change show that it 
is likely that marine ecosystems under U.S. jurisdiction and U.S. interest internationally 
will continue to be affected by anthropogenic-driven climate change and rising levels of 
atmospheric CO2. Interactions of climate impacts vary by region and complexity. Figure 
1-4 is an illustrative example of this in the California Current. 

1.1 Scope and Purpose

This report provides an assessment of current scientific knowledge on the climate 
impacts, vulnerabilities, and adaptation efforts related to U.S. oceans and marine re-
sources. The report was produced by a team of experts charged with synthesizing and 
assessing climate-related impacts on U.S. oceans and marine resources as a contribution 
to the third National Climate Assessment (NCA), which was conducted under the aus-
pices of the U.S. Global Change Research Program (USGCRP). The U.S. Global Change 
Research Act of 1990 requires that periodic national climate assessments be conducted 
and submitted to the President and the Congress. Two previous national assessment 
reports published in 2000 and 2009 contained little information on climate impacts on 
U.S. oceans and marine resources. This report is intended to increase understanding and 
emphasis on this topic for the 2013 NCA. 

Caribbean Sea

Gulf of Mexico

California Current

Pacific Islands Ecosystem Complex

Northeast
Shelf

Southeast
Shelf

Legend
noaa_eco_outer_eez

US EEZ

States

Alaska Ecosystem Complex

Great Lakes

tim.haverland@noaa.gov 06/09

Figure 1-1  Large 
marine ecosystems 
within the U.S. 
Exclusive Economic 
Zone (NOAA 
Fisheries 2009c).
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Figure 1-2 (a) Changes in (1) global mean sea level (data starting in 1800 with an upward trend; 
Jevrejeva et al., 2008), (2) summer Arctic sea-ice area (data starting just prior to 1900 with a downward 
trend; Walsh and Chapman, 2001),(3) 0-700-m ocean heat content (data starting around the mid 1900's 
with an upward trend; Levitus et al., 2009),(4) sea-surface temperature (data starting around the mid-
1800's with a general upward trend; Rayner et al., 2006), (5) mean ocean surface pH (data starting 
around 1000 with an downward trend into the future; NRC, 2010b), and (6) pCO2 (data starting around 
1000 with an upward trend tinto the future; Petit et al., 1999). Shaded region denotes projected changes 
in pH and pCO2 consistent with the Intergovernmental Panel on Climate Change’s 21st-century A2 
emissions scenario with rapid population growth. (b) Time series (as identified in figure key): trends 
in world population (solid line, data starting in the 1800s with an upward trend; Goldewijk, 2005), U.S. 
coastal population (solid line, data staring in the 1950s with a general upward trend; Wilson and Fischetti, 
2010), anthropogenic nitrogen fixation (solid line, data starting in the late 1850s with a general upward 
trend; Davidson, 2009), North American marine biological invasions (solid line, data starting in the 1800s 
with a general upward trend; Ruiz et al., 2000), global marine wild fish harvest (solid line, data starting 
in the 1950s with a general upward trend; Food Agricultural Organization [FAO] U.N., 2010), cumulative 
seagrass loss (dotted line, data starting around the mid 1920's with a general upward trend and a sharp 
increase after the mid 1970s; Waycott et al., 2009), cumulative Caribbean coral cover loss (dotted line, 
data starting around the mid 1970s with a general upward trend; Gardner et al., 2003), cumulative 
mangrove loss (dotted line, data starting around the mid 1920's with a general upward trend and a sharp 
increase after the mid 1970s; FAO U.N., 2007), cumulative global hypoxic zones (dotted line, data starting 
in the early 1900's with a general upward trend; Diaz and Rosenberg, 2008), and global mariculture 
production (dotted line, data starting around 1950 with an upward trend; FAO U.N., 2010). All time series 
in (b) are normalized to 1980 levels. Trends with <1.5-fold variation are depicted as solid lines (left axis), 
and trends with >1.5-fold variation are depicted as dotted lines (right axis) (Source: Doney et al., 2012).



4 Oceans and Marine resOurces in a changing cliMate

This assessment is organized into the following major Sections:

• Sections 2-4 assess the state of knowledge on the impacts and vulnerabilities of 
ocean physical and chemical conditions (Section 2), biological systems (Section 
3), and ocean uses and services (Section 4) in a changing climate. 

• Section 5 assesses the international implications of these climate impacts 
and vulnerabilities because U.S. oceans and marine resources are inherently 
connected to ocean areas beyond U.S. borders. 

• Section 6 assesses the status of efforts to prepare for and adapt to the impacts of 
climate change on U.S. oceans and marine resources.

Figure 1-3 Imapcts of Climate Change on Marine Ecosystems. This table is intended to provide il-
lustrative examples of how climate change is currently affecting U.S. ecosystems, the species they 
support, and the resulting impacts on ocean services. It is not intended to be comprehensive or to 
provide any ranking or prioritization. Black arrows represent impacts driven by climate change either 
directly or indirectly. Gray arrows represent countering effects of various adaptation efforts. ↑ indi-
cates where climate change is predicted to increase the incidence or magnitude of that attribute and ∆ 
indicates attributes where the impact of climate change on that attribute is variable.
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• Section 7 identifies key steps to sustain and advance assessment of climate 
impacts on U.S. oceans and marine resources

1.2 Linkages with Other Parts of the National Climate 
Assessment

U.S marine ecosystems are inherently connected to U.S. coastal and terrestrial areas 
through many important linkages including the:

• Flow of water, organic matter, and sediments from land to sea; 
• Effect of oceans on the physical climate system, including water, wind, and heat 

energy; 
• Connectivity and movement of species; and 
• Extensive and diverse uses of marine resources and services that occur 

throughout the Nation.

This means that climate impacts on ocean ecosystems intersect with, and have major 
implications for, many regions and sectors across the nation that are also considered in 
the NCA. As part of larger marine ecosystems and global oceans, U.S. marine ecosys-
tems influence and are strongly influenced by ocean conditions beyond U.S. jurisdic-
tion. This means that changes in these systems can have implications for U.S. efforts 
internationally.

The following is a brief summary of some of the key intersections with other parts of 
the NCA:

• Regional Assessments: Seven of the eight regions of the NCA include coastal 
areas and marine ecosystems. Climate change impacts on marine ecosystems 
may have significant implications in these regions especially for marine-depen-
dent species, habitats, users, and communities;

• Coastal Areas: The oceans and marine resources considered in this report are 
directly tied to species, processes, and services of the coastal zone. Climate 
change impacts on marine ecosystems have significant implications for 
coastal areas, especially for marine-dependent species, habitats, users, and 
communities;

• Public Health: Marine ecosystem conditions can directly impact public health 
through harmful algal blooms, contaminated seafood, the spread of disease, 
and other mechanisms. Climate change impacts that increase these conditions 
in marine ecosystems could have significant implications, especially in coastal 
areas;

• Transportation: Marine transportation is critical to the nation’s economy, health, 
and safety, as well as national security. Climate change impacts on marine 
ecosystems, such as changes in ocean circulation, storms, and other features, 
could have significant implications for the nation’s vital marine transportation 
system;

• Energy Supply: The nation’s energy supply from marine-related sources is 
increasing and may grow as the nation seeks alternative sources of energy. 
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Climate change impacts on marine ecosystems, such as changes in ocean circula-
tion, storms, and other features, could have significant implications for the ocean 
energy sector; and

• Ecosystems and Biodiversity: Marine ecosystems are some of the nation’s most 
complex, biologically rich, and valued ecosystems. Climate change is already 
impacting marine ecosystems and biodiversity and these impacts are expected 
to increase with significant implications for communities and economies depen-
dent on marine resources.

Figure 1- 4 Summary of climate-dependent changes in the California Current. Observed physical chang-
es include surface warming, strengthened stratification, and a deepening thermocline that is super- 
imposed on strengthened upwelling wind stress and resultant increases in coastal and curl-driven up-
welling. Long-term declines in dissolved oxygen have resulted in intensification of shelf hypoxia and 
vertical displacement of the hypoxia horizon, which reduces the habitat for certain oxygen-sensitive 
demersal fish species and increases the inorganic carbon burden and potential for N2O flux. The surface 
inorganic carbon load has also increased because of anthropogenic CO2 uptake. Time series from the 
past two to three decades indicate increasing trends in phytoplankton biomass; longer time series for 
zooplankton indicate decreasing biovolumes over the past six decades as well as shifts toward an earlier 
and narrower window of peak abundance. Increases in oceanic larval fish have been observed as have 
declines in salmon and rockfish productivity. Seabirds have experienced more variable and, in some cas-
es, declining breeding success. Distributional shifts toward species with subtropical or southern ranges 
that are warmer and away from species with subarctic or northern ranges that are cooler have been 
evident in intertidal invertebrate, zooplankton, and seabird communities (Source: Doney et al., 2012).
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chapter 2 

Climate-driven Physical and Chemical 
Changes in Marine ecosystems

executive Summary

The Earth’s oceans are gradually warming as a direct result of increasing atmospheric 
carbon dioxide and other greenhouse gasses. The Intergovernmental Panel on Climate 
Change (IPCC) reported that, between 1961 and 2003, the average temperature of the 
upper 700 meters of water increased by 0.2° Celsius (IPCC, 2007a). Average global land 
and sea surface temperatures are continually increasing; 2010’s temperatures were the 
hottest on record (Blunden et al., 2011). Warming of the Earth’s oceans has multiple con-
sequences, including sea level rise, changes in global climate patterns, increased stratifi-
cation of the water column, and changes in ocean circulation and salinity. In addition to 
warming the oceans, CO2 is being absorbed by the oceans, causing a series of chemical 
reactions that lead to a reduction in ocean pH.

Arctic sea ice volume has shrunk by 75% over the last decade (Laxton et al. 2013); 
incidences of hypoxia (regions where the oxygen concentration has been depleted) with-
in U.S. estuaries have increased thirty-fold since 1960 (Diaz and Rosenberg, 2008); and 
ocean acidity has increased by 30 percent over the past century (Feely et al., 2004). Warm-
ing of ocean waters increases the available energy used to create short-lived storms, and 
while the frequency of hurricanes and typhoons may not change, a warming ocean will 
likely result in increased storm intensity (Knutson et al., 2010). As the ocean surface 
warms, stratification increases, resulting in the warmer water remaining at the surface 
instead of mixing with the cooler water below. Warm water is not as efficient at absorb-
ing CO2, and while this might have a slowing effect on ocean acidification, consequenc-
es include potential reductions in the uptake of atmospheric CO2 by the oceans. While 
there is some variability in salinity levels globally, recent analyses of water density and 
atmospheric data collected from 1970-2005 suggests that there are overriding changes, 
including acceleration, in the global hydrological cycle (Helm 2010).

Some evidence suggests that warming oceans affect salinity, circulation patterns, and 
climate regimes, but uncertainty remains. Many climate regimes follow oscillation pat-
terns that can take place over time periods lasting between several years to decades, 
which can make it difficult to tease apart natural patterns and variability from anthro-
pogenic climate change. A great deal of uncertainty remains about how rapidly the 
physical and chemical attributes of the oceans will change in the future, as well as the 
magnitude of specific impacts and what, if any, potential feedbacks will occur.

The physical and chemical changes taking place in the global oceans set the stage for 
subsequent effects on marine organisms (Section 3), U.S. communities and economies 
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dependent on marine services (Section 4), U.S. governance and interactions with neigh-
boring countries (Section 5), and potential adaptation strategies (Section 6). 

Key Findings

1. The Earth’s oceans are warming as a result of increasing concentrations of atmo-
spheric carbon dioxide and other greenhouse gases. 

• From 1955 to 2008, approximately 84 percent of the added heat from climate 
change has been absorbed by the oceans, thereby increasing the average temper-
ature of the upper 700 meters of water by 0.2° Celsius; this trend is likely to 
continue. 

• Rising global temperatures are likely to cause greater oceanic evaporation of 
water vapor, which is a potent greenhouse gas, into the atmosphere, thus ampli-
fying warming due to climate change.

2. Arctic ice has been decreasing in extent since the second half of the 20th century as a 
result of oceanic and atmospheric warming. 

• Arctic ice has been decreasing throughout the early 20th century. The summer of 
2012 saw a record low, when sea ice extent shrank to 3.6 million km2, approxi-
mately 1 million km2 less than the previous minima of 2007. Arctic sea ice 
volume has decreased by 75% over the previous decade.

• The most significant consequence of melting Arctic ice will be sea level rise. A 
growing body of recently published work suggests that accelerating loss of the 
great polar ice sheets in Greenland and Antarctica will likely result in global 
mean sea level rise of more than 1 meter above present day sea level by 2100.

• Reductions in ice may occur more rapidly than previously suggested by coupled 
air-sea-ice climate models. These models may have overestimated ice thickness; 
more recent modeling predicts that a seasonal ice-free state could occur as early 
as 2030.

3. The oceans play an important role in climate regulation through the uptake and se-
questration of anthropogenic CO2.

• The annual accumulation of atmospheric CO2  has been increasing and in 2010 
the overall CO2 concentration was 39 percent above the concentration at the start 
of the Industrial Revolution in 1750.

• Ocean water holds approximately 50 times more CO2 than the atmosphere and 
holds the majority of that in the deeper, colder waters; however, the ability of 
oceans to absorb CO2 decreases with increasing temperature and decreasing pH.

• Healthy coastal wetlands are effective at storing and sequestering carbon. This 
carbon is referred to as “coastal blue carbon.” Unfortunately, our nation has lost 
more than half of its wetlands in the past 200 years. 

4. The oceans absorb carbon dioxide, causing a series of chemical reactions that reduce 
ocean pH, a process known as ocean acidification.
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• Over the past century, the average ocean pH has decreased by 30 percent; 
however, in coastal areas this number may be much higher following upwelling 
events. 

• Predictions indicate that ocean acidification will lead to an under-saturation of 
argonite in ocean surface waters by the year 2050. Argonite is a form of calcium 
carbonate impacted by the ocean acidification process and a key component of 
the exoskeleton of corals and some plankton.

• Polar ecosystems may experience exacerbated ocean acidification because CO2 is 
more soluble in colder water and therefore more likely to be absorbed.

5. Ocean temperature and precipitation/evaporation rates have a direct influence on the 
Earth’s weather and precipitation patterns that will likely increase storm intensity but 
decrease (or have no effect on) storm frequency. 

• Climate change impacts on winds may be moderate and vary regionally but 
precipitation events are predicted to become more intense.

• Shifts in precipitation patterns from snow to rain are likely, resulting in 
decreased snow pack and earlier snow melts that may impact water availability. 

• Storm intensity is likely to increase and could have a large impact, especially on 
coastal communities because of the increases in coastal populations and infra-
structure expected over the next century. The impact of storm surges will be 
greater for the same reasons as well as the expected rise in sea level.

6. Given that climate and oceans interact to produce intra- and inter-decadal variability 
in ocean currents, upwelling, and basin-scale circulation, climate change will likely 
influence these important ocean features, although the ability to detect and project 
such impacts is low. 

• Melting of polar ice will reduce the salinity and thus density of polar waters, 
which could weaken the rate at which this water sinks, possibly impairing 
circulation. 

• However, uncertainty remains about the quantity of freshwater input necessary 
to slow ocean currents like the Thermohaline Circulation. 

Key Science Gaps/Knowledge Needs

Many critical research gaps related to impacts of climate change on physical and chemi-
cal ocean systems remain, including:

• Improved understanding of and model projection for thermal expansion of the 
oceans and associated sea level rise;

• Improved projections for Arctic ice melt and the associated impacts on the 
oceans’ currents and stratification;

• Advanced integration of observations and predictive modeling, particularly at 
regional scales, in order to gain insight into future impacts of climate change;
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• Determination of how changes in upper ocean temperature distributions impact 
the atmosphere;

• Successful monitoring of tropical cyclone activity globally for emergence of 
trends, as well as further research concerning earlier detection and/or anticipa-
tion of future storms; and 

• Improved understanding of the role of “blue carbon” science in ecosystem 
management issues and what its implications mean for future climate adapta-
tion strategies as well as coastal habitat conservation.

2.1 Introduction

Covering more than two-thirds of the Earth’s surface, the oceans are a central compo-
nent of the global climate system. The oceans help to control the timing and regional 
distribution of the Earth’s response to climate change, primarily through their absorp-
tion of carbon dioxide (CO2) and heat. Changes to the physical and chemical properties 
of the oceans are already being observed. Sea surface temperatures are warming, sea 
level rise is accelerating, the oceans are becoming increasingly acidic, and the rate of 
sea ice melt is steadily increasing. The International Panel on Climate Change (IPCC) 
assessment released in 2007 projects that, due to the persistence of greenhouse gases in 
the atmosphere, it is highly likely that the oceans will continue to warm and the impacts 
will be felt for centuries (IPCC, 2007a). This section focuses on the physical and chemical 
changes currently being observed in the Earth’s oceans, including changes in tempera-
ture, stratification, salinity, sea ice, climate regimes, ocean circulation, and ocean acidifi-
cation. Knowledge gaps and research needs will be discussed throughout. The aim is to 
assess the current state of knowledge related to how climate change may be interacting 
with, and in some cases, driving, the observed physical and chemical changes in the 
Earth’s oceans, and what that means for the U.S. 

2.2 Ocean Temperature and heat Trapping

The Earth’s oceans are gradually warming as a direct result of increasing concentra-
tions of atmospheric carbon dioxide and other greenhouse gases that increase air tem-
peratures. Air temperature and sea surface temperature are strongly correlated, and the 
oceans are now experiencing some of the highest temperatures on record. According to 
the IPCC, “most of the observed increase in globally averaged temperatures since the 
mid-20th century is very likely due to the observed increase in anthropogenic green-
house gas concentrations,” and current modeling systems predict that it is highly likely 
that the rate of warming will accelerate over the next few decades. Estimates show that, 
from 1955 to 2008, approximately 84 percent of the added atmospheric heat has been 
absorbed by the oceans (Levitus et al., 2009), thereby increasing the average temperature 
of the upper 700 meters of water by 0.2° Celsius (IPCC, 2007a) (Figure 2-1).

Warming is likely to accelerate over the next few decades, with a predicted increase in 
global mean surface air temperature between 1.1° Celsius under low CO2 emission sce-
nario B1 and 6.4° Celsius under high CO2 emission scenario A1FI by the end of the 21st 
century (IPCC, 2007a), which will continue to increase ocean temperatures. For example, 
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global ocean surface temperatures for January 2010 were the second warmest on record 
since record keeping began in 1880 and, in 2009, sea surface temperatures from June to 
August reached 0.58° Celsius above the average global temperature for the 20th century 
(Hoegh-Guldberg, 2010). Warming of sea surface and atmospheric temperatures is likely 
to lead to increased evaporation and thus an increase in atmospheric water vapor, which 
is a potent greenhouse gas, and increased ice melt, which will result in a decrease in 
Earth’s reflection of solar radiation to space. Increased water vapor concentrations are 
likely to increase the amount of heat that is retained in the atmosphere, causing sea sur-
face temperatures to increase at a faster rate than previously observed (Friedlingstein, 
2001). The present CO2 concentration is the highest on record in at least the last 800,000 
years based on ice core data (Lüthi et al., 2008); however, oceanic absorption of CO2 is 
dependent on water temperature and pH and these mechanisms are likely to become 
less efficient as waters warm and pH decreases under future climate scenarios. 

Ocean sea surface temperature 

The oceans play a dominant role in the Earth’s climate system through storage and 
transport of heat (Levitus et al., 2009). Observed temperature increases are uneven 
around the globe and both gains and losses in sea surface temperatures are governed 
by atmospheric and oceanic processes. Dominant atmospheric factors driving ocean 
temperature include wind speed, air temperature, cloudiness, and humidity; dominant 
oceanic factors include heat transport by currents and vertical mixing. Fluctuations in 
sea surface temperatures vary with the seasons; for example, the warming trend seen in 
the waters off the Northeastern shelf of the U.S. is due primarily to summer water tem-
peratures (Friedland and Hare, 2007), which were the warmest on record in 2010, while 
winter water temperatures remained near the long-term average (Levy, 2011). Oceans 
have the ability to release or attain heat from the atmosphere and this exchange of heat 

Figure 2-1 Time series of global annual ocean heat content (1022 J for the 0-700 m layer (black) and 
0-100 m layer (thick red line; thin red lines indicate estimates of one standard deviation error) and equiv-
alent sea surface temperature (blue; right-hand scale). All time series were smoothed with a three-year 
running average and are relative to 1961 (Source: Barange and Perry, 2009).
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is a driving force of atmospheric circulation. Evaporation rates are expected to increase 
with climate change, resulting in increases in atmospheric water vapor. Water vapor is 
a much more potent greenhouse gas than carbon dioxide; thus, increased water vapor 
concentrations contribute to greater downward longwave radiative fluxes that increase 
the amount of heat retained in the atmosphere (IPCC, 2007a). The potential exists for 
a cycle of increased water vapor to stimulate increased warming and thus continued 
production of water vapor, which would lead to a “runaway greenhouse effect” (Tren-
berth et al., 2009); however, water vapor also stimulates cloud formation as it cools and 
condenses in the upper atmosphere (Figure 2-2). Clouds can be warming or cooling; 
high altitude clouds absorb and re-radiate long-wave radiation, which causes warm-
ing by augmenting the greenhouse effect, but low altitude clouds reflect incoming solar 
radiation, which leads to cooling (Stephens et al., 2008). It is uncertain which effect will 
have the greatest impact, but the preponderance of evidence indicates that it will be an 
increase in warming (Dessler, 2011), which is likely to cause upper ocean temperatures 
to increase at a faster rate than observed during the last few decades (Pierre, 2001).

The interplay between the ocean-atmosphere heat exchanges has important implica-
tions for global weather and climate patterns; for example, sea surface temperatures in 
the Pacific Ocean influence winter precipitation in the southwestern U.S. (Wagner, 2010). 
Observations indicate that changes in sea surface temperature in the tropical North At-
lantic affect precipitation in North and Central America, leading to increased incidence 
of drought throughout the U.S. and Mexico (Kushnir et al., 2010). Tropical storms form 
over the warm ocean waters that supply the energy for hurricanes and typhoons to 
grow and move (IPCC, 2007a). Conversely, the oceans have tremendous thermal inertia, 
which can slow and dampen the rate of climate change (Schewe et al., 2010). The sig-
nificantly larger heat capacity of the deep ocean is particularly important when looking 
at time scales of decades to millennia, which are relevant for long-term climate change. 
Ocean currents and mixing by gyres, winds, and waves can transport and redistribute 
heat to deeper ocean layers. Heat energy can reside in this deep reservoir for centuries, 
further stabilizing the Earth’s climate and slowing the effects of climate change (Hansen 
et al., 2007a).

Perhaps one of the most destructive effects of ocean warming comes in the form of 
sea level rise (discussed in greater detail in the Coastal Impacts, Adaptation and Vulner-
abilities: A Technical Input to the 2013 National Climate Assessment, USGCRP, pending 
2012, Section 2.2 Overview of Climate Change on Sea Level Rise Effects on Coasts). Most 
of the sea-level rise observed over the last several centuries can be accounted for by two 
major variables: the amount of water that is being released by land-locked glaciers and 
ice sheets and the thermal expansion or contraction of the oceans. In the case of thermal 
expansion, given an equal mass, the total volume of ocean waters decrease when ocean 
temperatures drop and expand when temperatures increase. For the period 1961-2003, 
thermal expansion was responsible for approximately 30 percent of the rise in sea level 
(Cazenave and Llovel, 2010). As ocean temperatures continue to rise, thermal expansion 
and associated sea level rise are likely to become more extensive and impact U.S. coastal 
communities as well as marine species such as seabirds, seals, and turtles that depend 
on coastal areas for breeding or haul-out areas. 
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2.3 Loss of Arctic Ice

As a result of warming temperatures, Arctic sea ice has been decreasing in extent 
throughout the second half of the 20th century and the early 21st century (Figure 2-3) 
(AMSA, 2009; Alekseev et al., 2009; Comiso and Nishio, 2008; Deser and Teng, 2008; 
Maslanik et al., 2007; Nghiem et al., 2007). Arctic sea ice naturally extends surface cov-
erage each winter and recedes each summer, but the rate of overall loss since satellite 
records began in 1978 has accelerated (IPCC, 2007a). The summer of 2012 saw a record 
low, when sea ice extent shrank to approximately 3.6 million km2, approximately 1 mil-
lion km2 less than the previous minima of 2007. Arctic sea ice volume has shrunk by 
75% over the last decade (Laxton et al. 2013). Every year since then, September ice extent 
has been lower than in years prior to 2007, with the 2011 extent being second lowest 
compared with 2007 (Perovich et al., 2011; Stroeve et al., 2011). Overall, the observed 
sea ice extent for the years 1979 to 2006 indicates an annual loss of approximately 3.7 
percent per decade (Comiso et al., 2008) and an overall 42 percent decrease in thick, 
multi-year ice between 2004 and 2008 (Giles et al., 2008; Kwok and Untersteiner, 2011). 
The relative impacts of the loss of thicker, older ice versus the younger, thinner ice are 
currently not well-understood. 

Figure 2-2 Idealized depiction of how solar energy is absorbed by the earth’s surface, causing the 
earth to warm and to emit infrared radiation. The greenhouse gases then trap the infrared radiation, 
thus warming the atmosphere (Source: Philippe Rekacewicz, UNEP/GRID-Arendal http://www.grida.
no/graphicslib/detail/greenhouse-effect_156e).
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Sea ice plays an important role in reducing the ocean-atmosphere exchanges of heat, 
moisture, and other gases, with implications for the global climate. The most influential 
property of sea ice related to climate change is its ability to reflect solar energy. Sea ice 
is efficient at reflecting solar energy; the much darker ocean surface is more effective at 
absorbing solar energy. Therefore, as reflective sea ice is lost, further warming of the 
ocean occurs, leading to increasing ice melt (Serreze and Barry, 2011). Decreases in snow 
and ice cover may ultimately decrease global albedo, which is the reflection of solar ra-
diation\, therefore amplifying warming, particularly in high latitudes (Soden and Held, 
2006 and Bony et al., 2006). These complex interactions and feedback systems cause the 
Arctic Ocean to be extremely sensitive to warming with consequent changes in atmo-
spheric circulation, vegetation, and the carbon cycle, which impacts both the Arctic and 
beyond.

In recent decades, the magnitude of warming in Arctic near-surface air temperatures 
has been approximately twice as large as the global average, a phenomenon known as 
Arctic amplification (Miller et al., 2010a, Serreze and Francis, 2006). Diminishing sea ice 
has had a leading role in recent Arctic temperature amplification (Screen and Simmonds, 
2010). Enhanced heat storage occurs in the ice-free regions of the Arctic Ocean and heat 
is returned to the atmosphere in the following autumn (Gascard et al., 2008; Serreze 
and Barry, 2011; Stroeve et al., 2011). The roles of reductions in snow and changes in 
atmospheric and oceanic circulation, cloud cover, and water vapor in increasing Arc-
tic amplification are still uncertain. Nevertheless, evidence suggests that strong positive 
ice-temperature feedbacks have emerged in the Arctic, increasing the chances of further 
rapid warming and sea ice loss. These changes are likely to affect polar ecosystems and 

Figure 2-3 Arctic sea ice extent. Satellite imagery of sea ice extent in September 1979 (outlines in 
red), and at a record low in September 2007 (Source: NASA).
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human activities (see Sections 3 and 4). Decreasing Arctic sea ice also affects continental 
shelves downstream of the Arctic. The Northeast U.S. continental shelf has experienced 
a freshening over the past 30 years as a result of the advective supply of freshwater from 
the Arctic and / or Labrador Seas (Greene et al., 2008). The consequence of melting po-
lar ice will be sea level rise. A growing body of recently published work suggests that 
increasing loss of the great polar ice sheets in Greenland and Antarctica could result in 
global mean sea level rise of substantially more than 1 meter above present day sea level 
by 2100 (Grinsted et al., 2010; Jevrejeva et al., 2010; Pfeffer et al., 2008; Rignot et al., 2011).

The Arctic is likely moving toward a new state as more and more old ice is removed 
and new ice becomes the dominant feature. The IPCC (2007) projections suggest that the 
Arctic may be virtually ice-free in the summer by the late 21st century; however, others 
predict that reductions may actually happen more rapidly than previously indicated. 
The previous projections are from coupled air-sea-ice climate models that tend to over-
estimate ice thickness, and hence an ice-free Arctic in summer could occur as early as 
2030 (Stroeve et al., 2008). 

2.4 Salinity

Salinity refers to the salt content of the oceans. Contributors to salinity are terrestrial 
mineral deposits, precipitation, freshwater input, which results in the dilution of salts al-
ready present, and evaporation, which results in increased concentration of salts already 
present. Ocean salinity changes are an indirect but potentially sensitive indicator for 
detecting changes in precipitation, evaporation, river runoff, and ice melt. Thus, salinity 
may function as a proxy for identifying climate-driven changes in the Earth’s hydrologi-
cal cycle (Helm et al., 2010). 

The globally-averaged surface salinity change to date is small, whereas basin averag-
es are more noteworthy: increased salinity for the Atlantic, freshening in the Pacific, and 
a near-neutral result for the Indian Ocean (Wijffels and Durack, 2009). A recent study by 
Cravatte et al. (2009) uncovered large changes to ocean properties in the tropical western 
Pacific, indicating that a freshening and density decrease had occurred in the 1955-2003 
period. Despite an overall increase in salinity for the Atlantic, studies conducted in the 
Scotian Shelf and Gulf of Maine waters show a decrease in salinity (Greene et al., 2008). 
One of the main reasons for this is the melting of Arctic sea ice and the resulting fresh-
water input into the Labrador Current. Another influence on the decrease in salinity 
in the Gulf of Maine is increased precipitation. Many climate models predict that all 
forms of precipitation will increase in the Gulf of Maine area (Wake et al., 2006), which 
will increase river flow and terrestrial runoff into the Gulf. This input of freshwater will 
be especially large in the spring when pack ice melts within the watershed and causes 
typically high river flow (Wake et al., 2006). These inputs of fresh surface water inhibit 
the vertical mixing of the upper portion of the water column within the Gulf of Maine. 
This stratification prevents nutrients from being brought into the surface layer that phy-
toplankton need to grow. Reductions in available nutrients will affect phytoplankton 
produc¬tivity, which is the base of the food web, meaning that these effects will cascade 
up to larger organ¬isms like fish and marine mammals (see Section 3).

Changes to the global hydrological cycle are anticipated as a consequence of 
anthropogenic climate change (IPCC, 2007a; Held and Soden, 2006). Even small variations 
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in ocean salinity can have a dramatic effect on the water cycle and circulation (Holland 
et al., 2001). Because salt water is denser than fresh water, changes in salinity affect den-
sity parameters, which in turn affect stratification (see Section 2.5). Salinity changes can 
also impact ocean circulation, which is driven by temperature and salinity (thermohaline 
circulation). As the salty cold water sinks at the poles, warmer, fresher water is pulled 
from the equator to replace it (see Section 2.7) (Broecker, 1991). If salinity declines due to 
climate-related increases in precipitation and glacial melt, ocean circulation may begin 
to slow (IPCC, 2007a), which could result in potentially dramatic changes to the Earth’s 
climate.

2.5 Stratification

Stratification, or layering, of ocean water is a naturally occurring phenomenon that is 
important to water column structure, circulation, and marine productivity. Water den-
sity is strongly influenced by temperature and salinity, with less dense, warmer sur-
face waters floating on top of denser, colder waters. Warming of the upper layers of the 
oceans enhances the density difference between the surface-mixed layer and the deeper 
waters beneath. All else being equal, as waters warm, this increased density difference 
strengthens the vertical stratification of the oceans and suppresses vertical mixing across 
the density gradient. This results in contrasting effects on nutrient and light availability 
for phytoplankton growth. On the one hand, stratification reduces nutrient influx from 
deep, nutrient-rich waters into the surface-mixed layer, thus limiting the availability of 
nutrients for phytoplankton growth (Behrenfeld et al., 2006; Huisman et al., 2006). On 
the other hand, stratification keeps phytoplankton in the surface-mixed layer, result-
ing in improved light conditions for growth (Berger et al., 2007; Huisman et al., 1999). 
Increased stratification and its effect on phytoplankton productivity can have negative 
consequences for coastal ecosystems; for example, warming of the surface waters in 
Southern California between 1951 and 1993 has resulted in an 80 percent decrease in 
phytoplankton and zooplankton biomass as well as decreased coastal upwelling and 
nutrient availability (Palacios et al., 2004).

Stratification varies regionally due to mixing, upwelling, and the uneven distribution 
of sea surface temperatures. Many waters in the tropics and subtropics, such as those 
surrounding the Pacific Islands, are permanently stratified. Nutrient concentrations in 
the surface-mixed layer of these waters are strongly depleted and are characterized by 
extremely low primary production. Climate-ocean models predict that, by the year 2050, 
the ocean area covered by permanent stratification will have expanded by 4.0 percent 
and 9.4 percent in the Northern and Southern hemispheres, respectively, due to ocean 
warming (Sarmiento et al., 2004), thereby reducing overall ocean productivity (Behren-
feld et al., 2006); however, these predictions are surpassed by recent observations that 
indicate a much faster expansion of the ocean’s least productive waters over the past 
nine years (Polovina et al., 2008). In the temperate zone and at high latitudes, waters are 
not permanently stratified and deep mixing during the winter and/or spring provides 
nutrients into the surface layer. In these regions, phytoplankton growth is often light-
limited in winter due to short day lengths and deep vertical mixing. Warming tempera-
tures lead to earlier onset of stratification in spring, which retains phytoplankton in the 
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well-lit surface layer where they can take advantage of nutrients that have not yet been 
depleted, thereby favoring their growth. This leads to an earlier spring bloom and the 
potential for a substantially longer growing season in the temperate zone (Winder and 
Schindler, 2004; Peeters et al., 2007).

Stratification can also be affected through changes in precipitation. Climate-induced 
precipitation increases will introduce fresh water into nearshore environments, either 
directly through rainfall, or indirectly through increased runoff from the terrestrial en-
vironment. This freshening will tend to increase stratification, resulting in decreased 
diffusion of oxygen and nutrients. Decreasing oxygen concentrations will negatively 
affect biological communities and secondary production in addition to disrupting bio-
geochemical cycles (Rabalais, 2009). Thus, climate-related changes in stratification are 
likely to cause subsequent impacts on the ecosystem and resulting ecosystem services of 
inshore and nearshore U.S. ecosystems. 

2.6 Changes in Precipitation and extreme Weather events

Global climate change affects the Earth’s weather and precipitation patterns. As men-
tioned in Section 2.2, warming of the sea surface will very likely lead to increased ice 
melt and evaporation, and therefore increased atmospheric water vapor, which may 
ultimately accelerate warming. Increased humidity may lead to more intense storms, 
which may lead to more extreme precipitation and wind events. Ironically, because of 
increased evaporation, some areas, such as the subtropics, will experience intense sur-
face drying, increasing the risk of flooding when intense storms occur (Trenberth, 2011). 
Climate change impacts on winds and precipitation may be moderate but vary region-
ally, so that some areas become dryer while other areas, particularly at mid to high lati-
tudes, may become wetter (Trenberth, 2011). Warming temperatures will likely lead to 
some shifts in precipitation from snow to rain, resulting in decreased snow pack and 
earlier snow melts. Taken together, climate change is likely to influence the Earth’s hy-
drological cycle and the character of weather events. 

Winds

Winds can have a major influence on marine ecosystems. In fact, wind changes may be 
more important than temperature changes for inducing the stratification effects men-
tioned above but wind predictions have a higher uncertainty. Global wind stress has 
increased over the past ten years and shows variable impacts regionally (EAP, 2009). 
These changes in wind stress may be linked to climate regimes such the North Atlantic 
Oscillation (NAO), Pacific Decadal Oscillation (PDO), and the El Niño Southern Oscil-
lation (ENSO), as well as a northward shift in the location of the jet stream (Archer and 
Caldeira, 2008). Increased temperatures caused by climate change may impact regional 
wind patterns, leading to changes in circulation and mixing. If wind patterns or intensi-
ties change, currents and their effects on coastal waters might change, potentially im-
pacting oxygen concentrations. For example, off the Oregon and Washington coasts, 
wind-driven shifts in the California Current region occurred in 2001 and subsequent 
years, altering upwelling dynamics and resulting in extensive hypoxia along the inner 
continental shelf (Chan et al., 2008; Grantham et al., 2004). Climate-related changes to 
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wind and ocean currents are also likely to interact with non-climatic stressors such as the 
addition of excessive nutrients from terrestrial runoff, which would further increase the 
incidence of hypoxic and anoxic events (see Section 2.11). 

Precipitation 

Global-mean precipitation is an important part of the Earth’s climate system by linking 
the global water and energy cycles through condensational heating of the atmosphere 
and by connecting the hydrological cycle to radiative processes such as cloud feedback 
(see Section 2.2.1). Precipitation forms as water vapor is condensed usually in rising air 
that expands and cools. Climate change impacts on the frequency of precipitation events 
will likely be moderate but precipitation events are predicted to become more intense 
(Trenberth et al., 2003). As the climate warms, the percentage of precipitation that falls 
as snow is likely to decrease, resulting in earlier snowmelt and diminished snow pack, 
and thus a temporal change in stratification due to the timing of fresh water input into 
coastal and marine systems (see Section 2.5). 

Storms 

Concern is mounting about the potential for climate-related impacts on the frequency 
of intense storm events. The record-breaking hurricane season in the North Atlantic in 
2005 had the largest number of named storms (28), the largest number of hurricanes (15), 
the most intense hurricane in the Gulf of Mexico (Rita, 897 hPa), and the most damaging 
hurricane on record (Katrina), which was also the deadliest in the U.S. since 1928 (IPCC, 
2007a). Uncertainty remains as to the effects of climate change on storm intensity. Multi-
decadal variability and the lack of high-quality tropical cyclone records prior to routine 
satellite observations that began in approximately 1970 complicate the detection of long-
term trends in extreme weather events (Blunden et al., 2011). 

Sea surface temperatures are related to the maximum potential intensity of tropical 
storms, so theoretically the intensity will rise as temperatures increase. This indicates 
that storm wind speeds, from which category ratings of storms are based, may increase 
by 3-11 percent by 2100 (Knutson, 2010). Regions that have historically endured two or 
three land-falling category 4 or 5 storms per century, such as Florida or Louisiana, are 
likely to see an increase to three or four storms of that magnitude per century (Kun-
kel et al., 2008). However, because climate models indicate that the environment will 
be less favorable for development to maximum potential due to more wind shear and 
less relative humidity (Vecchi and Soden, 2007), there may be fewer weak storms and 
fewer storms overall (Knutson et al., 2010). This has the potential to affect water supplies 
because the weaker storms, which are now more frequent, are an important source of 
rainfall for coastal regions. However, rainfall may increase by as much as 20 percent in 
an individual storm (Knutson, 2010), leading to larger short-term pulses of freshwater. 

During a tropical storm, strong surface winds take heat out of the ocean in addition to 
mixing the ocean at depths from tens to hundreds of meters, which cools the surface and 
creates a cold wake (Trenberth and Fasullo, 2007; Walker et al., 2005). Hence, tropical 
storm activity depends on sea surface temperatures as well as subsurface temperatures, 
especially for whether the ocean environment is favorable for the next storm and thus an 
entire active season. Better understanding of and accounting for these feedbacks should 
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improve ocean model predictions of hurricanes; however, the roles of surface fluxes, 
ocean spray, and ocean mixing are all highly uncertain for strong winds. Increased sea 
surface temperatures have been suggested as being directly linked to increased hur-
ricane intensity. The warm and deep “Loop Current” in the Gulf of Mexico, which ap-
peared to play a key role in the intensification of Hurricanes Ivan (Walker et al., 2005), 
Katrina (Figure 2-4), and Rita (IPCC, 2007a) provides naturally-occurring, contemporary 
evidence of this theory. Moreover, because current climate models do not include these 
processes, the role of hurricane-induced mixing in the ocean on currents and the ther-
mohaline circulation (Boos et al., 2004; see Section 2.7) are unresolved issues that could 
alter views of how future climate may change.

Although storm events in this area already impact marine fisheries, commerce, 
and coastal ecosystems, storm activity is expected to increase in the Aleutian Islands 
region (Ulbrich et al., 2008). In November 2011, thirty-seven coastal communities re-
ported damages (D’Oro, 2011) after the worst storm in 40 years hit the Alaska coast with 

Figure 2- 4 This image was created from AMSR-E data on NASA's Aqua satellite and shows a 3-day 
average of actual sea surface temperatures (SSTs) for the Caribbean Sea and Atlantic Ocean from 
August 25–27, 2005. 80 degrees Fahrenheit is necessary to maintain hurricanes, during this time 
period the Gulf of Mexico up to the coast of North Carolina averaged 82 degrees Fahrenheit or above 
(Source: NASA Goddard's Scientific Visualization Studio).
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hurricane-strength winds and large storm surges. The increasing frequency of extreme 
events may be amplified by the interactions with the loss of sea ice, which typically 
buffers the effect of winter storm surge on Alaskan coastlines. Added heat to the lower 
atmosphere can generate storms in newly ice-free areas (Inoue and Hori, 2011) and can 
impact larger regions (Overland et al., 2011). 

Though modeling projections for climate change and storms predict fewer storms 
overall, a small increase of the most destructive storms will have a large impact be-
cause: (1) damage increases exponentially with wind speed, (2) coastal population and 
infrastructure will increase over the century, which will result in greater vulnerability 
to strong storms, (3) storm surge has historically been responsible for the greatest loss 
of life and property as well as contributing to the incidence of marine debris (see Case 
Study 2-A), and (4) storm surges are greater for stronger storms and because of the ex-
pected rise in sea level (for more information please see Coastal Impacts, Adaptation 
and Vulnerabilities: A Technical Input to the 2013 National Climate Assessment, US-
GCRP, pending 2012, Section 2.2 Overview of Climate Change on Sea Level Rise Effects 
on Coasts).

2.7 Ocean Circulation

Together with tidal and other energy sources, wind, heat, and fresh-water fluxes at the 
ocean surface are responsible for global ocean circulation, mixing, and the formation of 
a broad range of water masses. On the global scale, individual shallow and deep-ocean 
currents form an interconnected pattern known as the thermohaline circulation (THC), 
sometime referred to as the “Global Conveyor Belt” (Broecker, 1991). The path of the 
THC is generally described as originating in the Northern Atlantic Ocean, where cold, 
dense water sinks and travels across ocean basins to the tropics, where it warms and 
upwells to the surface. The warmer, less dense, tropical waters are then drawn to polar 
latitudes to replace the cold, sinking water. However, in practice, the THC interacts with 
other currents and mixing occurs among the waters traveling along these intersecting 
pathways, creating a more complex situation (Broecker, 1991). The THC plays an impor-
tant role in transferring heat from the oceans to the atmosphere by causing the water to 
become colder and denser, thus renewing the cycle in a process that can take hundreds 
of years to complete (Lumpkin and Speer, 2007; Kanzow et al., 2010). The THC is re-
sponsible for much of the distribution of heat energy from the equatorial oceans to the 
polar regions and has a large influence on the Earth’s climate. 

It is possible that the THC may weaken by the end of the 21st century as a result of 
climate change (IPCC, 2007a). Melting of polar ice will reduce the salinity and thus the 
density of polar waters, which could weaken the rate at which this water sinks and pos-
sibly impair circulation (Hu et al., 2011). However, the quantity of freshwater input nec-
essary for such slowing of the THC is uncertain (Kuhlbrodt et al., 2009). The pattern of 
temperature change as a consequence of THC slowing is complex, with predicted cool-
ing over the North Atlantic (Vellinga and Wu, 2004; Wood et al., 2003, 2006) and warm-
ing occurring farther east (Stouffer et al., 2006). Another possible impact of weakening 
circulation may be an increase in sea level rise as a result of circulation-induced pressure 
gradients (Sturges, 1974). Weakening of the THC is likely to increase sea level rise by 
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The “garbage patches” are areas of marine debris 
concentration in the North Pacific Ocean. Because 
little scientific research has been conducted in 
these areas, the exact size and content of these ar-
eas are difficult to predict accurately. 

What’s In a Name? 

The name “garbage patch” is a misnomer. No is-
land of trash forms in the middle of the ocean nor 
can a blanket of trash be seen with satellite or aeri-
al photographs. Instead, much of the debris found 
here is formed of small bits of floating plastic not 
seen easily from a boat. 

Eastern and Western Patches

• Eastern garbage patch – Concentrations of 
marine debris have been noted in an area 
midway between Hawaii and California 
known as the North Pacific Subtropical High 
or the “eastern garbage patch.” The High is 
not a stationary area, but one that rotates, 
moves, and changes. 

• Western garbage patch – Another area of 
marine debris concentration is located off 

the coast of Japan, and researchers believe 
it to be a small recirculation gyre (ocean 
feature made up of currents that spiral 
around a central point) likely created by 
winds and ocean eddies. 

Impact of Climate Change

• Floatable marine debris from land- and 
ocean-based sources (e.g., tiny pieces of 
plastic) enter the marine environment 
through several pathways; for example, 
debris resulting from wind and wave 
damage during storms may be swept into 
the ocean. The number of intense storms 
capable of this action is predicted to increase 
with climate change (Section 2.6). 

• Ocean currents and atmospheric condi-
tions (e.g., waters rotating—large or small 
area, fast or slow rotation—in cyclone-
like fashion) result in the concentration of 
marine debris; changes in current location 
and strength may result in more or less con-
centration of debris. However, the impact of 
climate change on these processes is uncer-
tain (Section 2.7). 

case study 2-a
The "garbage patches"

This map shows the locations 
of the eastern and western 
"garbage patches.” Keep 
in mind that this is an over 
simplification of the constantly 
moving and changing features 
of the North Pacific Ocean. 
Source: NOAA
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approximately 20 centimeters along the East Coast of the U.S. above and beyond what 
is predicted as a result of thermal expansion and glacial melt (Yin et al., 2010). Thus, the 
U.S. East Coast is likely to experience enhanced impacts due to climate-related changes 
to the THC. 

The following is a brief overview of possible impacts of climate change on two ocean 
current systems: the Califorina Current and the Gulf Stream. These currents were cho-
sen due to the amount information available related to climate change impacts. Addi-
tional currents important to the U.S., such as the Alaska Current, may also experience 
changes in behavior as a result of climate change, but the information on those currents 
is more limited and will not be mentioned in this report. Hopefully, these will be in-
cluded in the 2017 report. 

California Current

The California Current is a Pacific Ocean current that moves southward along the west-
ern coast of North America, beginning off southern British Columbia and ending off 
southern Baja California in Mexico. The California Current spans strong physical gradi-
ents in circulation and water column structure (King et al., 2011). Considerable evidence 

Can It Be Cleaned Up? 

The answer is not as simple as you might 
think. Even a cleanup focusing on the “gar-
bage patches” would be a tremendous chal-
lenge because: 

• Concentration areas move and change 
throughout the year 

• These areas are typically large
• The marine debris is not distributed 

evenly in these areas
• Modes of transport and clean up will 

likely require fuel of some sort
• Most of the marine debris found in 

these areas is small bits of plastic

This all adds up to a bigger challenge 
than even sifting beach sand to remove bits 
of marine debris. In some areas where ma-
rine debris concentrates so does marine life. 
This makes simple skimming of the debris risky; 
if not conducted carefully, clean-up may result in 
more harm than good for marine life. 

Image of marine debris on a coral reef. Source: NOAA

case study 2-a (continued)
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suggests that physical changes, including significant warming and concomitant changes 
in water column stratification have occurred across the California Current in the past 
century (Palacios et al., 2004); for example, declines in oxygen concentrations due to 
changes in upwelling have already been measured along the coasts of California, Or-
egon, and Washington (Bograd et al., 2008; Chan et al., 2008; Grantham et al., 2004). 
Possible climate-related effects on the California Current are highly uncertain. Some 
observations indicate that upwelling events are becoming less frequent, stronger, and 
longer in duration in accordance with climate change, which has impacted primary pro-
ductivity along the U.S. West Coast (King et al., 2011). Others suggest only moderate 
oceanographic changes such as mild surface warming accompanied by relatively minor 
increases in upwelling-favorable winds in northern portions of the California Current, 
suggesting that natural variability may overshadow climate change signals (Wang et 
al., 2010). Two critical questions for further research concern whether observed changes 
in wind forcing reflect anthropogenic changes in variability of the California Current 
climate system, and what possible impacts of climate-driven delayed onset of upwelling 
will exist for future regional oceanic production in the California Current (Di Lorenzo 
et al., 2005).

Gulf Stream

The Gulf Stream transitions from the Gulf of Mexico, passes through the Straits of Flor-
ida, travels off the U.S. coast until Cape Hatteras, and then moves through the Mid-
Atlantic Bight until it reconnects to the coast at the Grand Banks off Newfoundland. 
Long-term observations of the Gulf Stream exist at only at a few locations along the path. 
As stated above, numerical climate models have projected a slow-down of the THC in 
the Atlantic over the next several decades. The Gulf Stream is one component of the 
THC, so a slowdown could result in a reduction in Gulf Stream strength; however, the 
Gulf Stream also carries the western boundary flow of the subtropical wind-driven gyre. 
It cannot yet be excluded that a slowdown of the THC might be accompanied by an 
increase in the wind-driven gyre, leading to no net impact on the Gulf Stream. This is a 
question for future research. If the Gulf Stream were to decrease in strength, the sea level 
along the U.S. eastern seaboard may rise as a result of a relaxation of the pressure gradi-
ent created by the Gulf Stream (Kelly et al., 1999). For example, an anomalously high sea 
level along the U.S. East Coast in the summer of 2009 was related to a short-term weak-
ening of the Florida Current (Sweet et al., 2009). A decrease in the Gulf Stream volume 
transport might also have significant impacts on precipitation patterns, hurricane tracks, 
and surface air temperatures throughout the northern hemisphere. The long-term varia-
tions of the Gulf Stream are not yet clear and warrant future observation and study.

2.8 Climate Regimes

Regime shifts refer to a broad set of often basin-wide changes in the characteristic behav-
ior of the physical environment, such as persistent increases in ocean and atmospheric 
temperatures or shorter-term perturbations related to climatic events. These shifts have 
impacts on climate conditions in oceans and on land. Climate change and the subsequent 
warming of the atmosphere and oceans will likely impact regional climate regimes such 
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as those encapsulated by the North Atlantic Oscillation (NAO), Pacific Decadal Oscilla-
tion (PDO), and the El Niño Southern Oscillation (ENSO); however, the nature of these 
oscillations over varying time scales creates challenges for climate prediction models, 
resulting in a moderate level of uncertainty with regards to climate change impacts. 
Establishing a clear set of considerations for assessing uncertainty in regional climate 
change impacts assessments is vital for enabling an informed response to potential cli-
mate risks to the Earth’s oceans on a multi-decadal to century time scale (see Case Study 
2-B). One reason for the uncertainty is that even small changes in atmospheric warming 
can have cumulative and multiplying effects across regions, and even globally, resulting 
in climate regime shifts.

The following is a brief overview of possible impacts of climate change on three cli-
mate regimes: the North Atlantic Oscillation, the Pasific Decadal Oscillation, and the El 
Niño/Southern Oscillation. These regimes were chosen due to the amount information 
available related to climate change impacts. Additional regimes important to the U.S., 
such as the North Pacific Gyre Oscillation, may also experience changes in behavior as a 
result of climate change; however, the information on those regimes is more limited and 
will not be mentioned in this report. Hopefully, these will be included in the 2017 report. 

North Atlantic Oscillation (NAO)

The climate of the Atlantic region exhibits considerable variability on a wide range of 
time scales. A substantial portion of that variability is associated with the NAO (Stenseth 
et al., 2002), a measure of the fluctuation in the sea level pressure difference between 
the Icelandic low in Stykkisholmur, Iceland and the Azores high in Lisbon, Portugal. 
The NAO fluctuates between positive and negative states (Arzel et al., 2011; Czaja et 
al., 2003). When the NAO index is high (positive NAO state), precipitation increases 
over the eastern seaboard of the U.S. and ocean temperatures are relatively warm. Con-
versely, when the NAO index is low (negative NAO state), decreased storminess, drier 
conditions, and relatively cool ocean temperatures occur in the eastern U.S. (Hurrell 
and Deser, 2010). Although the NAO index varies from year-to-year, it also exhibits a 
tendency to remain in one phase for intervals lasting more than a decade. An unusually 
long period of positive phase from 1970-2000 led to the theory that climate change was 
likely affecting the behavior of the NAO (Goodkin et al., 2008). Uncertainty remains as 
to whether climate change is influencing the timing of the NAO phases, but evidence 
indicates that the strength of its variability is increasing as phases are becoming more 
strongly positive and negative (Rind et al., 2005). 

Pacific Decadal Oscillation (PDO)

The North Pacific Ocean has experienced different climatic regimes and shifts in the 
recent past. The two principal modes of sea surface temperature anomalies acting in 
the North Pacific Ocean are the longer-term Pacific Decadal Oscillation (PDO) events, 
which occur on inter-decadal time scale of roughly 25-30 years, and the shorter-term 
El Niño-Southern Oscillation (ENSO, discussed below) events, which occur at a time 
scale of approximately 3-7 years (Mantua et al., 1997). The PDO, like the NAO, fluc-
tuates between positive and negative phases. During the positive phase of the PDO, 
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stronger-than-normal downwelling winds along the northern California and Alaska 
regions generate a local convergence of water masses at the coast that result in higher 
sea surface height, warmer sea surface temperature, and anomalous poleward circula-
tion near the coast (King et al., 2011). The opposite occurs during the negative phase. 
Overland and Wang (2007) suggest that under the A1B (middle range) CO2 emission 

Establishing a clear set of considerations for as-
sessing uncertainty in regional climate change im-
pacts assessments is vital for enabling an informed 
response to potential climate risks to the Earth’s 
oceans. Global climate model simulations are a 
primary tool used in analyzing climate dynamics 
and making projections of future climate change 
on multi-decadal to century time scales. Climate 
model outputs are routinely used in a variety of cli-
mate change impact studies and assessment prod-
ucts, including the reports of the IPCC. However, 
a number of global climate model limitations must 
be carefully considered when interpreting and as-
sessing uncertainty in regional climate-marine eco-
system impacts studies (Stock et al., 2011).

1. The spatial resolution of most global climate 
models is coarse. At regional scales, model 
projections reflect the influence of broad-
scale radiative and circulation changes and 
may not capture the impact of unresolved re-
gional processes. Such processes may signifi-
cantly alter broad-scale trends.

2. Changes in climate are driven by changes 
in radiative forcing arising from greenhouse 
gases, aerosols, and other factors (often re-
ferred to as the “forced change”) and internal 
climate variability. Climate variability is often 
prominent at regional scales and makes at-
tribution of projected regional-scale impacts 
to climate change difficult on time-scales of a 
few decades or less.

3. Although model projections often agree 
on the direction and magnitude of multi-
decadal changes in many climate variables at 

continental scales and above, disagreements 
are common at smaller spatial and temporal 
scales. Consideration of “inter-model spread” 
is essential for establishing uncertainty in 
projected impacts.

4. Global climate models can have significant 
regional biases. Although progress can be 
made using simple bias corrections, these 
should be applied with caution and require 
long observational records to establish mean 
climate conditions.

Uncertainties in the physical climate system are 
only part of the challenge. To assess the ecosystem 
response to climate changes, projected changes in 
physical climate variables must be integrated with 
ecological models. Confidence in ecological models 
for climate projections must be built in a manner 
similar to climate models, according to their reli-
ance on fundamental ecological and physiological 
principles expected to be robust as climate changes, 
and according to their ability to match past ob-
served ecological changes. 

Continuing developments in climate and eco-
logical models will ameliorate the limitations de-
scribed above and improve our understanding of 
climate impacts on ocean ecosystems. However, 
existing tools and understanding have progressed 
to a point where substantial progress can be made, 
particularly in establishing first estimates of the di-
rection and magnitude of potential impacts. Efforts 
to improve models should be conducted with and 
informed by applications of present tools.

Provided by Dr. Charles Stock, NOAA

case study 2-B
Assessing confidence in regional climate ecosystem projections
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scenario, the change in winter sea surface temperatures due to anthropogenic influences 
will surpass the natural variability in most of the North Pacific in less than 50 years.

El Niño/Southern Oscillation (ENSO)

ENSO events exhibit a see-saw pattern of reversing surface air pressure and surface 
ocean temperature between the eastern and western tropical Pacific. The ENSO cycle is 
comprised of two interacting climate regimes: El Niño, which produces warmer condi-
tions sea surface temperatures in the eastern Pacific, and La Niña, which produces cooler 
temperatures (Lumpkin et al., 2011). A balance of amplifying and dampening feedbacks 
in ocean-atmosphere exchange controls year-to-year ENSO variability and one or more 
of the physical processes responsible for determining the characteristics and global im-
pacts of ENSO will likely be modified by climate change; for example, climate-driven 
changes in the upwelling cycle, with delayed and weak seasonal upwelling, have been 
documented in the central California Current region during El Niño years (Bograd et 
al., 2009). Higher-than-normal uplifting of the thermocline and strengthened poleward 
circulation in the proximity of the southern California coast has occurred during the lat-
est (2010-2011) La Niña events (Nam et al., 2011). These events influence ocean produc-
tivity, as well as atmospheric circulation, and, consequently, regional rainfall rates and 
extreme weather events at interannual time scales. Despite considerable progress in our 
understanding of the impact of climate change on many of the processes that contribute 
to ENSO variability, it is not yet possible to say whether ENSO activity will be enhanced 
or dampened or if the frequency of events will be altered under climate change (Collins 
et al., 2010).

2.9 Carbon dioxide Absorption by the Oceans

The annual accumulation of atmospheric CO2 has been increasing and, in 2010, the 
overall CO2 concentration was 39 percent above the concentration at the start of the In-
dustrial Revolution in 1750 (IPCC, 2007a). The IPCC indicates that reducing the CO2 de-
posited into the atmosphere by 85 percent by the year 2050 would prevent a global mean 
temperature increase in excess of 2.0° Celsius, a temperature increase that could result 
in extreme global changes (IPCC, 2007a). CO2 reductions can be achieved both through 
reducing anthropogenic sources of CO2 and supporting CO2 uptake and storage through 
the conservation of natural ecosystems with high carbon sequestration rates and capac-
ity (Canadell and Raupach, 2008). The Earth’s oceans and coastal ecosystems, including 
mangrove forests, seagrass beds, and salt marshes, are proportionately more effective on 
a per acre basis at sequestering carbon dioxide than are terrestrial ecosystems.

The oceans play an important role in climate regulation through the uptake and se-
questration of anthropogenic CO2 (Sabine et al., 2004). Ocean water holds approximately 
50 times more CO2 than the atmosphere, with the majority being held in the deeper, 
colder waters, but the ability of oceans to absorb CO2 is finite. Currently the oceans ab-
sorb more CO2 than they release but CO2 is less soluble in warmer waters, so as the sea 
surface temperature increases, a decrease in oceanic uptake of CO2 from the air is likely 
(IPCC, 2007a). Second, the ocean carbon sink is finite because CO2 uptake also depends 
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on the pH of ocean water, which decreases as more CO2 is absorbed (see Section 2.10), 
decreasing the buffering capacity, or the ability of the ocean to continue to take up CO2 
(Andersen and Malahoff, 1977; Broecker and Takahashi, 1966; Revelle and Seuss, 1957; 
Skirrow and Whitfield, 1975; Stumm and Morgan, 1970). However, future projections of 
oceanic sink strength and regional distribution are highly uncertain (Doney, 2010). 

“Blue carbon” is a term used to describe the biological carbon sequestered and stored 
by marine and coastal organisms. A significant fraction of blue carbon is stored in sedi-
ments, coastal seagrasses, tidal marshes, and mangroves. When degraded or disturbed, 
these systems release carbon dioxide into the atmosphere or ocean. Currently, carbon-
rich coastal ecosystems are being degraded and destroyed at a global average 2 percent 
annually, resulting in significant emissions of carbon dioxide and contributions to cli-
mate change. Mangrove areas alone lost 20 percent of global cover between 1980 and 
2005 (Giri, 2010; Spaulding et al., 2010). Carbon continues to be lost from the most organ-
ic soils in coastal areas. For instance, analysis of the agricultural soils of Sacramento’s 
San Joaquin Delta, a diked and drained former tidal wetland, documents emissions of 
CO2 at rates of 5 to 7.5 million tCO2 each year, or 1 percent of California’s total GHG 
emissions. Each year, an inch of organic soil evaporates from these drained wetlands, 
leading to releases of approximately 1 billion tCO2 over the past 150 years (Crooks et al., 
2009; Deverel and Leighton, 2010, Hatala et al., 2012). Similar emissions are likely occur-
ring from other converted wetlands along the East and Gulf Coasts of the U.S. Conser-
vation and improved management of these systems brings climate change mitigation 
benefits in addition to increasing their significant adaptation value (Crooks et al., 2011; 
McLeod et al., 2011). Developing a better understanding of blue carbon science and eco-
system management issues has implications for future climate adaptation strategies as 
well as coastal habitat conservation. 

2.10 Ocean Acidification

Ocean chemistry is changing in response to the absorption of CO2 from the atmosphere 
at a rate unprecedented for perhaps more than 50 million years (Hönisch et al., 2012). 
Ocean acidification refers to the decrease in the pH of the Earth’s oceans associated with 
the uptake of atmospheric CO2 and subsequent chemical reactions. Ocean acidification 
is related to, but distinct from, climate change; however, it is important to include in 
this report because both climate change and ocean acidification share a common cause: 
increasing carbon dioxide concentration in the atmosphere. Acidification is not a cli-
mate process, but instead a direct impact of rising CO2 absorption on ocean chemistry. 
The distinction between climate change and acidification is important because discus-
sions regarding both solutions and adaptation to climate change often ignore ocean 
acidification.

It is estimated that the surface waters of the ocean have absorbed approximately 25 
percent of all anthropogenically-generated carbon since 1800 (Sabine et al., 2004). In the 
past, it was believed that the oceans would offset the effects of greenhouse gas emis-
sions, but it is now understood that although absorption of CO2 by the ocean slows the 
atmospheric greenhouse effect, CO2 reacts with seawater to fundamentally change the 
chemical environment (Feely et al., 2010). Carbon occurs naturally and in abundance in 
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seawater, simultaneously occurring as a suite of multiple compounds or ions, including 
dissolved carbon dioxide (CO2(aq)), carbonic acid (H2CO3), bicarbonate ions (HCO3-), and 
carbonate ions (CO3

2-). The relative proportion of these compounds and ions adjusts to 
maintain the ionic charge balance in the ocean. The addition of CO2 to seawater alters 
the carbonate equilibrium, with an associated decline in pH due to the production of 
excess hydrogen ions, and changes in the relative concentrations of bicarbonate and car-
bonate ions (Andersen and Malahoff, 1977; Broecker and Takahashi, 1966; Revelle and 
Seuss, 1957; Skirrow and Whitfield, 1975; Stumm and Morgan, 1970; Figure 2-6). 

The average pH of the upper layers of the world’s oceans has already declined from 
an average value of 8.2 to 8.1 over the past century. Given that pH is measured on a log-
arithmic scale, this represents a 30 percent increase in ocean acidity (Caldeira and Wick-
ett, 2003, 2005; Feely et al., 2004). Under current CO2 emission rates, a further decline in 
pH of 0.3 to 0.4 units could occur by the year 2100 (Orr et al., 2005). Ocean acidification 
has recently caught much attention because it affects the health of calcifying organisms 
and the rates of biogeochemical processes in the oceans (see reviews by Doney et al., 
2009 and Riebesell et al., 2007). 

Figure 2-6 As CO2 is absorbed by the atmosphere it bonds with sea-water to form carbonic acid. This 
acid then releases a bicarbonate ion and a hydrogen ion. The hydrogen ion bonds with free carbonate 
ions in the water to form another bicarbonate ion. This free carbonate would otherwise be available to 
marine animals for making calcium carbonate shells and skeletons. (Source: NOAA).
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Different regions will respond variably to the rapidly changing carbon chemistry 
(Figure 2-7). Regions with strong upwelling regimes, such as the U.S. West Coast, could 
be more vulnerable because upwelled waters are naturally higher in CO2 and thus lower 
in pH. These waters are now also showing signs of anthropogenically-augmented CO2 
levels (Feely et al., 2008). Coastal regions with high freshwater input, such as areas of the 
Chesapeake Bay that receive input from the James River, may also be more vulnerable to 
acidification because fresh water has a decreased ability, in general, to neutralize acids 
and may carry other acidifying solutes (Kelly et al., 2011; Salisbury et al., 2008). Ocean 
acidification will also be exacerbated in polar ecosystems such as the Arctic Ocean be-
cause CO2 is more soluble in colder water and the loss of sea ice in summer results in 
greater exposure of seawater to the atmosphere, which allows more exchange of CO2 
across the ocean-atmosphere interface. Fresh water dilution from ice melt at high lati-
tudes also exacerbates acidification and results in undersaturation of carbonate minerals 
(Denman et al., 2011). Finally, predictions indicate that surface waters in the Arctic will 
be undersaturated with respect to aragonite, the more soluble form of calcium carbon-
ate, as soon as within the next decade, or even sooner if other climate-related factors 
such as shrinking sea ice and increased fresh water are taken into account (Orr et al., 
2005; Steinacher et al., 2009). Similarly, projections for the Southern Antarctic Ocean sur-
face waters suggests that it too is likely to become undersaturated with respect to ara-
gonite by the year 2050 (Orr et al., 2005). However, it should be noted that low latitude 
systems are not immune to such changes. In fact, the greatest rate of change in carbonate 
mineral saturation state has unfolded within the Atlantic tropical waters. Because the 
effect on marine organisms is not necessarily a threshold effect (e.g., some coral growth 
rates decline in proportion to a changing carbonate mineral saturation state) but a con-
tinuous effect, then these ecosystems could be at considerable risk even though they will 
remain in waters supersaturated with aragonite for the foreseeable future. 

Acidification can also be exacerbated by changes in oceanic circulation. Deep waters 
that are upwelled are relatively acidic, which can negatively impact marine organisms. 
Acidified waters resulting from upwelling have already been shown to negatively affect 
oyster hatcheries in the U.S. Pacific Northwest (see Section 3). The California Current has 
been identified as an area of particular concern because coastal upwelling brings to the 
sea surface “old waters” that are naturally low in pH. These deep waters carry the cumu-
lative signature of decomposition of organic matter through respiration processes that 
have taken place over hundreds of years. When this old water upwells in the California 
Current, it is naturally rich in CO2 and is high concentration of nutrients, a low concen-
tration of oxygen, and a low pH. Few measurements have been made of CO2 and pH 
in upwelled waters of the California Current, but available data indicate that upwelled 
waters are undersaturated with respect to aragonite and have a pH of 7.6 to 7.7 (Feely 
et al., 2008), which are values already lower than those expected for global oceans by 
2100. This also makes the coastal marine ecosystem on the U.S. West Coast particularly 
vulnerable to the ocean acidification impacts described above, as well as the impacts of 
ocean acidification on biological resources and ocean services (see Sections 3–4).

One of the more remarkable effects of the ocean’s rapidly changing pH is the impact 
on low-frequency sound absorption (Hester et al., 2008). Sound is produced as a by-
product of many anthropogenic activities such as shipping, oil and gas exploration, etc., 
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as well as natural sources of noise in the ocean such as marine mammals, wind, earth-
quakes, etc. A decline in pH of approximately 0.3 causes a 40 percent decrease in the 
intrinsic sound absorption properties of surface seawater (Hester et al., 2008). Because 
acoustic properties are measured on a logarithmic scale, and neglecting other losses, 
low frequency sounds at frequencies important for marine mammals and for naval and 
industrial interests may travel some 70 percent farther with the reduction in ocean pH 
expected from a doubling of CO2 (Brewer and Hester, 2009). Conversely, More recent 
modeling suggests that, due to the complexities of sound traveling through the ocean, 
actual increases in background noise are likely to range from being negligible (Joseph 
and Chiu, 2010; Reeder and Chiu, 2010) to a few decibels within the next 100 years 
(Udovydchenkov et al., 2010). With the magnitude of potential impact uncertain and 
generating debate among researchers, the effect of ocean acidification on background 
sound levels in the ocean is an area that deserves further study. 

2.11 hypoxia

Hypoxia has been recognized as one of the most important water quality problems 
worldwide. The term “hypoxia” refers to a condition where an aquatic environment has 
oxygen concentrations that are insufficient to sustain most animal life (Diaz and Rosen-
berg, 1995; Vaquer-Sunyer and Duarte, 2008) and can lead to dead zones. The number of 

Figure 2-7 Calculated saturation states of aragonite, a form of calcium carbonate often used 
by calcifying organisms. By the end of this century, polar and temperate oceans may no longer be 
conducive for the growth of calcifying organisms such as some mollusks, crustaceans, and corals. 
(Source: Feely, Doney, and Cooley, 2009).
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water bodies with recorded and published accounts of hypoxia from around the globe 
has increased from less than 50 in the 1960s to approximately 400 by 2008 (Diaz and 
Rosenberg, 2008). The number of water bodies in the U.S. with documented hypoxia 
follows the same trend, increasing from 12 prior to 1960 (Bricker et al., 2007) to over 300 
by 2008 (CERN, 2010). 

Hypoxia naturally develops when the water column becomes stratified, isolating an 
oxygen-depleted layer of bottom water and sediments that accumulate through the de-
composition of organic matter from a usually well-oxygenated surface layer created by 
interactions with the atmosphere. Stratification resulting in hypoxia occurs in Long Is-
land Sound and the New York Bight (Boesch and Rabalais, 1991; Lee and Lwiza, 2007). 
Development and maintenance of hypoxia are strongly affected by the mixing of water 
columns. In the fall, cooling temperatures and decreasing freshwater inputs can desta-
bilize summer stratification, leading to relatively abrupt mixing, or “turnover”, of the 
water column that eliminates seasonal hypoxia. Strong tidal mixing prevents water col-
umn stratification almost entirely in some systems. Estuaries in the northeastern Gulf of 
Mexico, such as Mobile Bay, Alabama, and Pensacola Bay, Florida, have low amplitude 
tides (Hagy and Murrell, 2007), and others, such as the Albermarle-Pamlico Estuarine 
System on the North Carolina coast, are virtually tideless (Luettich et al., 2002). These 
estuaries, which are also in a warmer climate resulting in warmer waters, are particu-
larly susceptible to stratification and hypoxia (Hagy and Murrell, 2007; Park et al., 2007; 
Reynolds-Fleming and Luettich, 2004).

Hypoxia can be a natural occurrence, but human activities are increasing the frequen-
cy, duration, and intensity of naturally-occurring hypoxia (Cooper and Brush, 1991; Diaz 
and Rosenberg, 2008; Helly and Levin, 2004). Eutrophication, “an increase in the rate of 
supply of organic matter to an ecosystem,” is most often associated with anthropogenic 
nutrient enrichment of coastal and ocean waters from urban and agricultural land run-
off, wastewater treatment plant discharges, and air deposition of nutrients (Figure 2-8) 
(Bricker et al., 2007; Galloway et al., 2008). Eutrophication encourages algal blooms and, 
subsequently, the population growth of organisms that feed on algae. As organic matter 
sinks into the deeper waters, respiration by senescing algae as well as animals and bac-
teria that consume the material may utilize more oxygen than is being mixed into these 
deep waters. This net loss of oxygen may result in the development of hypoxic waters. 
The second-largest eutrophication-related hypoxic area in the world, after the Baltic Sea, 
which is approximately 80,000 km2 (Hansen et al., 2007b; Karlson et al., 2002), occurs in 
the U.S., and is associated with the discharge from the Mississippi/Atchafalaya Rivers 
in the northern Gulf of Mexico (Alexander et al., 2008). The northern Gulf of Mexico 
hypoxic area has increased substantially in size since the mid-1980s when it was first 
measured at about 4,000 km2 (Rabalais et al., 2007). In 2008, it encompassed 20,719 km2, 
the second largest area on record (http://www.gulfhypoxia.net). The most commonly re-
ported eutrophication-related problems included hypoxia, losses of submerged grasses, 
numerous occurrences of nuisance and toxic harmful algal blooms, and excessive algal 
blooms, which is the most commonly reported problem (see Case Study 2-C, Section 3, 
and Section 4). Upwelling of nutrient-rich deep ocean water into shallow areas also can 
support large blooms of phytoplankton (Chan et al., 2008) and may result in hypoxia. 
Climate-related changes in regional wind patterns might already be enabling the extent 
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and severity of hypoxia off the coast of Oregon, a system dominated by upwelling (Chan 
et al., 2008). These changes led to the development of severe widespread hypoxia and, 
in 2006, for the first time, anoxia on Oregon’s inner continental shelf (Chan et al., 2008; 
Grantham et al., 2004). Transport of hypoxic water from the continental shelf into coastal 
embayments has also been documented along the Oregon coast (Brown et al., 2007). 
These developments seem to be linked to impacts of climate variation on ocean pro-
cesses, such as intensity of upwelling winds, oxygen concentration in upwelled water, 
and water column respiration (Chan et al., 2008; Grantham et al., 2004). Subtler upwell-
ing has also been observed along the New Jersey coast and has been implicated in the 
development of nearshore hypoxia (Glenn et al., 1996, 2004). 

Climate change will almost certainly exacerbate both naturally occurring and eutro-
phication- related hypoxia as well as the incidence of harmful algal blooms. In general, 
the expected long-term ecological changes favor progressively earlier onset of hypoxia 
each year and, possibly, longer overall duration (Boesch et al., 2007). Increasing average 
water temperature is one mechanism by which climate change may increase susceptibil-
ity of systems to hypoxia. Higher water temperatures promote increased water column 
stratification, decreased solubility of oxygen, and increased metabolic rates, including 
oxygen consumption and nutrient recycling. 

Climate predictions also suggest large changes in precipitation patterns, but with sig-
nificant uncertainty regarding what changes will occur in any given watershed (IPCC, 

Figure 2-8 Relative magnitude and contribution (the larger the arrow, the larger the contribution) of 
land management practices versus climate change factors to the expansion or contraction of low-
dissolved oxygen. (Source: modified from Diaz and Breitberg, 2009).
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2007a). Increased precipitation can be expected to promote increased runoff of nutrients 
to estuarine and coastal ecosystems and increased water column stratification within 
these systems, contributing to more severe oxygen depletion (Karl et al., 2009; Justić 
et al., 2007). Climate predictions for the Mississippi River basin suggest a 20 percent 
increase in river discharge (Miller and Russell, 1992), which is expected to increase the 
average extent of hypoxia on the northern Gulf of Mexico shelf (Greene et al., 2009). 
Climate-related changes in regional wind patterns may already be enhancing the extent 
and severity of hypoxia off the coast of Oregon, a system dominated by upwelling (Chan 
et al., 2008).

In August 1972, scientists found severe hypoxia in 
bottom waters of the southeastern Louisiana shelf. 
In 1985, annual surveys began to map the extent 
of this seasonally hypoxic region in the Gulf of 
Mexico and now we know that it is the second-
largest eutrophication-related hypoxic area in the 
world after the Baltic Sea. It encompasses 20,719 
km2 in 2008 and is associated with the discharge 
from the Mississippi/Atchafalaya Rivers. Because 
dissolved oxygen levels below 2 parts per million 
cause suffocation in many fish species, this region 
has come to be known as the “Gulf of Mexico 
Dead Zone.”

Not surprisingly, discovery of the Dead 
Zone immediately led scientists to seek the 
cause of hypoxic conditions. Investigators soon 
agreed that the most probable cause of these 
conditions was the influx of fertilizer and ani-
mal waste from the Mississippi River water-
shed, coupled with seasonal stratification of 
Gulf waters and subsequent upwelling events. 

Fertilizer and animal waste include nu-
trients such as nitrogen and phosphorus that 
are essential for the growth of algae normally 
found in healthy marine and freshwater eco-
systems. An overabundance of nutrients can 
cause excessive algal growth, so that more al-
gae grow than can be consumed by other or-
ganisms in the system. Excess algae can reduce 
sunlight, crowd out other organisms, and lead 

to oxygen depletion when the algae die and begin 
to decompose.

Upwelling in the Gulf of Mexico is induced 
by dynamic uplift of deeper waters onto shelf 
regions and by prevailing winds favorable to 
pushing overlying waters offshore. The most 
consistent upwelling occurs on the western and 
southern boundaries of the Gulf of Mexico, along 
the Texas-Louisiana shelf, western Mexican states, 
and the Campeche Bank in the south. During the 
1998 El Niño event, upwelling favorable winds 

case study 2-c
Hypoxia in the Gulf of Mexico

Algal blooms in Gulf of Mexico. Dead zones are 
areas of oxygen-depleted waters that form when 
nutrients stimulate the growth of algae blooms 
(Source: NASA).
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in the northeast Gulf, coupled with other favor-
able conditions for phytoplankton growth, caused 
large blooms. High stratification in the water col-
umn suppressed aeration, created hypoxic condi-
tions, and resulted in mass fish mortality.

Climate change will almost certainly exacer-
bate both naturally occurring and eutrophication 
related hypoxia, as well as the incidence of harm-
ful algal blooms. Changes in temperature, pre-
cipitation, and winds will likely lead to long-term 

ecological changes that favor progressively earlier 
onset and duration of hypoxia each year. Climate 
predictions for the Mississippi River basin suggest 
a 20 percent increase in river discharge, which is 
expected to increase the average extent of hypoxia 
on the northern Gulf of Mexico and result in the 
continued expansion of the Gulf of Mexico Dead 
Zone.

These displaced surface waters are replaced by cold, nutrient-
rich water that wells up from below (Source: NOAA).

case study 2-c (continued)
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chapter 3 

Impacts of Climate Change on  
Marine Organisms

executive Summary

Climate change effects on marine organisms and ecosystems are occurring throughout 
the U.S. These effects are occurring across scales, from changes in physiology includ-
ing growth, reproduction, and survival, to alterations in interactions between species, 
to changes in the timing of life-history events, and ecosystem regime shifts. Climate- 
related impacts on ocean systems include shifts in species’ phenology and ranges, in-
creases in species’ invasions and disease, and changes in the abundance and diversity 
of marine plants and animals, among others. Observations and research have demon-
strated high variability in the vulnerability and responses of organisms to changes in 
climate, resulting in species that are positively impacted, or “winners”, and species that 
are negatively impacted, or “losers.”

These climate change effects on marine organisms and ecosystems are very likely to 
increase based on projected changes in the magnitude and variability of temperature, 
ocean pH, and other environmental parameters described in Section 2. These impacts 
result from changes in average conditions as well as the occurrence of rare but extreme 
events. In addition, unprecedented effects may be seen due to the complexity of marine 
ecosystems and the nonlinear interactions of multiple stressors on organisms and eco-
systems. Progress is being made in forecasting the ecological responses of ocean systems 
to climate change, but the development of robust methods for projections into the fu-
ture, including potentially novel environments, remains a challenge.

Climate change is often a threat multiplier, meaning that it impacts marine organ-
isms by interacting with non-climatic stressors such as nutrient pollution and fishing 
pressure. Although in many cases these “multiple stressors” are simply additive in their 
impacts, interactions that are synergistic, or more than the sum of the individual effects, 
and antagonistic, or less than the sum of the individual effects, are also common. Scien-
tific studies that address both climatic and non-climatic stressors can provide critical in-
sight into these interactions and feedbacks. From a policy and management perspective, 
reducing non-climatic stressors at local-to-regional scales can provide an opportunity to 
enhance the resilience of marine ecosystems to climate change.

Evidence suggests that stressors can have both direct physiological effects on organ-
isms as well as indirect effects through impacts on the species with which they interact. 
In addition, these responses are often non-linear, making threshold effects, or “tipping 
points”, an area of concern. The sustained, long-term monitoring of ecological responses, 
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with concomitant measurements of physical drivers and associated socio-economic im-
pacts, will be key to advancing knowledge and improving projections of change. 

Research is also needed to improve understanding of the processes and mechanisms 
by which changing conditions affect organisms and ecosystems. Past and current re-
sponses of marine organisms and ecosystems to climate change can provide important 
insight into patterns, trends, and trajectories of change; however, extrapolations to fu-
ture responses must be made with caution, given that novel environmental conditions 
will occur. Additionally, local-to-regional context can have a major influence on organ-
ismal responses to climate change, meaning that conclusions regarding responses to en-
vironmental change at one location cannot necessarily be used to predict responses in 
another location without a more mechanistic understanding of underlying drivers and 
processes. For example, the degree to which organisms can acclimate and populations 
can genetically adapt to climate-driven environmental change is highly uncertain. 

Key Findings 

1. Throughout U.S. ocean ecosystems, climate change impacts are being observed that 
are highly likely to continue into the future. 

• Observed impacts include shifts in species distributions and ranges, effects on 
survival, growth, reproduction, health, and the timing of life-history attributes, 
and alterations in species interactions, among others. 

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

2. The vulnerability and responses of marine organisms to climate change vary widely, 
leading to species that are positively impacted, or “winners”, and species that are 
negatively impacted, or “losers”.

• Species with more elastic life histories and/or higher physiological tolerance for 
changes in temperature and other environmental conditions will likely experi-
ence fewer climate-related impacts and may therefore out-compete less tolerant 
species.

• Species such as corals and other calcifying organisms that are exposed to ocean 
conditions that inhibit their ability to produce calcium carbonate shells, will 
likely experience impacts.  These impacts may result in cascading effects on 
marine ecosystems.

3. Climate change interacts with and can exacerbate the impacts on ocean ecosystems of 
non-climatic stressors such as pollution, overharvesting,disease  and invasive species. 

• Climate-related stressors such as changes in temperature can operate as threat 
multipliers, worsening the impacts of non-climatic stressors.

• Opportunities exist for ameliorating some of the impacts of climate change 
through reductions in non-climatic stressors at local-to-regional scales.

• Predicting the effects of multiple stressors is difficult given the complex physi-
ological effects and interactions between species.



impacts of climate change on Marine Organisms                37

4. Past and current responses of ocean organisms to climate variability and climate 
change are informative, but extrapolations to future environmental conditions will 
differ from the range observed in recent history. 

• Observed responses to ongoing environmental change often vary in magnitude 
across space and time, suggesting that extrapolations of responses from one 
location to another may be challenging. 

• In addition to gradual declines in ecosystem function, potential threshold effects, 
or “tipping points”, that could result in rapid ecosystem change are a particular 
area of concern.

Key Science Gaps/Knowledge Needs

Improving understanding and projections of climate change impacts on natural and 
managed ecosystems remains a critical challenge. How species, habitats, and ecosys-
tems will respond when confronted by environmental conditions that are often outside 
the range of conditions experienced today is difficult to forecast. In addition, the interac-
tions between climatic and non-climatic stressors can result in “surprises”, including the 
potential for tipping points. Therefore, there is a growing need to:

• Investigate the degree to which marine organisms can acclimate and populations 
can genetically adapt to rapid environmental change.

• Determine the cumulative impacts of multiple climatic and non-climatic 
stressors on marine organisms within ecologically-relevant contexts.

• Improve understanding and prediction of environmental and ecological condi-
tions that lead to non-linearities and tipping points in coastal and marine 
ecosystems.

• Enhance the development of spatially-explicit predictions of ecosystem 
responses to climate change, particularly for local-to-regional scales, including 
estimates of uncertainty. 

• Further the ability to measure and forecast physical variables at scales and reso-
lutions that are relevant to ecological responses.

• Improve understanding and valuation of climate-related impacts on ocean 
ecosystem services.

3.1 Physiological Responses

Considerable progress has been made in understanding physiological responses of 
marine organisms to climate change (Pörtner and Farrell, 2008; Somero, 2011) and in 
projecting future responses of individual species (Chown and Gaston, 2008; Helmuth, 
2009). Key to this understanding are findings that indicate that multiple climate-related 
and non-climate-related stressors interact in their impacts on marine organisms, and 
that physiological responses to these stressors can be highly variable across species and 
life-history stages. 



38 Oceans and Marine resOurces in a changing cliMate

The ability of marine organisms to grow, reproduce, and survive is affected by their 
environment as well as the other organisms and species with which they interact. Virtu-
ally all physiological processes are affected by an organism’s body temperature (Some-
ro, 2011) and recent studies have also begun to explore the important impacts of the 
ocean’s changing pH (ocean acidification; Hoegh-Guldberg et al., 2007; Hofmann et al., 
2010; Widdicombe and Spicer, 2008), alterations in salinity (Gedan and Bertness, 2010; 
Lockwood and Somero, 2011a) and changes in food supply (Lesser et al., 2010). Physi-
ological responses of marine organisms to environmental change include effects on sur-
vival (Jones et al., 2009), growth (Menge et al., 2008), changes in the timing (Carson et al., 
2010) and magnitude (Petes et al., 2008) of reproduction, and metabolism (Jansen et al., 
2007), as well as other consequences, such as increased susceptibility to disease (Anestis 
et al., 2010a; Mikulski et al., 2000). Importantly, climatic and non-climatic stressors such 
as pollution (Sokolova and Lannig, 2008), physical disturbance (Bussell et al., 2008), and 
overharvesting (Hsieh et al., 2008, Sumaila et al., 2011), interact with one another, both 
in their physiological effects on individuals (Hofmann and Todgham, 2010; Hutchins et 
al., 2007) and in their cumulative impacts on ecological communities (Crain et al., 2008, 
Dijkstra et al., 2011, Pandolfi et al., 2011). Thus, although considerable progress has been 
made in understanding physiological and ecological responses to climate change, and in 
making predictions about the likelihood of future physiological and ecological responses 
(Helmuth, 2009; Mislan and Wethey, 2011; Nye et al., 2011), additional work is needed to 
more clearly understand the impacts of the temporally- and spatially-complex changing 
environment on marine organisms and ecosystems. Advances in molecular technology 
for detecting physiological responses of organisms to stress and the genetic underpin-
nings of stress responses offer a promising approach for furthering understanding of the 
cellular and genetic bases of stress responses (Dahlhoff, 2004; Hofmann and Place, 2007; 
Place et al., 2012; Pörtner, 2010; Somero, 2011; Tomanek, 2011; Tomanek and Zuzow, 
2010; Trussell and Etter, 2001).

One area of uncertainty is the ability of marine organisms to acclimatize, or popula-
tions to locally adapt, to new and rapidly changing environmental conditions (Bell and 
Collins, 2008; Hofmann and Todgham, 2010; Sorte et al., 2011; Trussell and Etter, 2001). 
Some evidence exists for local adaptation of marine organisms to high-stress environ-
ments. For example, marine snails on the Oregon coast experience higher levels of aerial 
thermal stress due to local environmental conditions experienced at low tide than do 
southern populations of the same species in California (Kuo and Sanford, 2009). Adult 
snails in Oregon have higher thermal tolerance than do their counterparts at cooler Cali-
fornia sites and they transmit this high tolerance to their offspring, suggesting that local 
populations have genetically adapted to the more extreme conditions they experience 
(Kuo and Sanford, 2009). Some researchers have suggested that such acclimatization and 
adaptation to thermal stress by corals and their symbionts may help reefs to maintain 
their structure in the future (Baskett et al., 2009; Pandolfi et al., 2011), but this prediction 
is still debated (Hoegh-Guldberg et al., 2011). Most research to date on local adaptation 
in marine systems has been conducted on organisms with fast reproductive cycles, such 
as microorganisms (Bell and Collins, 2008; Collins and Bell, 2004) and copepods (Kelly 
et al., 2012). Additional research is needed to better elucidate the potential roles of ac-
climatization and local adaptation to current and future change in marine environments 
(Kelly et al., 2012; Schmidt et al., 2008). 



impacts of climate change on Marine Organisms                39

Effects of temperature change 

Ocean temperature change is affecting a diversity of physiological and ecological pro-
cesses in marine organisms, which is projected to increase in the future. Temperature 
has diverse effects on physiological processes in marine organisms (Somero, 2011), in-
cluding changes in metabolic rate (Jansen et al., 2007) as well as other cellular func-
tions such as the performance of critical enzymes (Somero, 2011). Thermal stress can 
lead to an increase in the metabolic oxygen organisms need, and ultimately to oxygen 
deficiency at the cellular level (Pörtner, 2010; Pörtner and Farrell, 2008). Metabolic oxy-
gen deficiency has already been documented in commercially-important species such 
as Atlantic cod (Pörtner et al., 2008; Sartoris et al., 2003) and may become increasingly 
problematic in the future as increasing ocean temperatures are expected to exacerbate 
ambient low-oxygen concentrations through decreased oxygen solubility and increased 
oxygen demand by algae (Hofmann et al., 2011). 

All organisms display tolerance limits that, when exceeded, lead to impacts on me-
tabolism, growth, reproduction, and/or survival. Endothermic, or “warm-blooded,” 
organisms such as mammals and birds must maintain a relatively constant body tem-
perature; therefore, changes in the ambient temperature outside of their preferred range 
require additional expenditures of energy. If temperatures become either too warm or 
too cold to maintain body temperature within tolerable limits, sub-lethal and lethal ef-
fects can occur. For example, manatees living in Florida experience a cold stress syn-
drome when water temperatures fall below 20°C for several days; consequences can 
include emaciation, immunosuppression, and increased mortality (Bossart et al., 2002). 
A recent unusual morality event occurred from January to April 2010, when a total of 
480 manatees, 70 percent of which were juveniles, were found dead, with greater than 50 
percent of the mortality attributed to cold stress (Barlas et al., 2011) associated with a re-
cord-setting negative phase of the Arctic Oscillation (NCDC, 2010). Increasing episodes 
of extreme weather events or alterations in average winter or summer temperatures can 
have negative impacts on endothermic marine species and repeated mortality events 
resulting from thermal stress can lead to population decreases.

The vast majority of marine organisms, other than birds and mammals, are ecto-
thermic, or “cold-blooded,” which means that their internal temperatures are driven by 
ambient environmental conditions. Although some marine organisms exhibit broad tol-
erances, others already live close to or at their thermal tolerance limits (Hochachka and 
Somero, 2002; Somero, 2011). Extreme or prolonged high or low temperature events can 
lead to sub-lethal effects such as reduced growth and changes in the timing and magni-
tude of reproductive output (Anestis et al., 2010b; Dijkstra et al., 2011; Petes et al., 2008) 
as well as mortality (Harley, 2003; Harley and Paine, 2009; Petes et al., 2007). Elevated 
temperature has been linked to risk of dislodgement by waves in mussels, potentially 
because byssal threads, the animals’ primary anchoring system, decay more quickly in 
warmer water (Moeser et al., 2006). Loss of mussels would translate into a decline in local 
diversity because hundreds of invertebrate species rely on mussel beds for habitat (Smith 
et al., 2006a). Declines in such physiologically vulnerable “foundation species” may mul-
tiply the detrimental impacts of climate change on ocean ecosystems (Gedan and Bert-
ness, 2010). In contrast, warm-adapted species may increase in abundance and range as 
they are able to invade new territory due to warming temperatures (Urian et al., 2011).
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Reef-building corals around the world, including those in U.S. states and territories, 
have been negatively impacted by increasing water temperatures. Corals are among the 
most vulnerable organisms to even slight changes in temperature. When water tem-
peratures exceed “normal” summer extremes by as little as 1-2° Celsius for 3-4 weeks 
(Gleeson and Strong, 1995), corals eject their symbiotic dinoflagellates, known as zoo-
xanthellae, which most coral species depend on to meet their metabolic requirements 
and to form skeletons (Hoegh-Guldberg et al., 2007). This phenomenon, known as “coral 
bleaching,” is not necessarily immediately fatal, but it can lead to severe reductions in 
reef health and resilience (Hoegh-Guldberg et al., 2007). If populations of zooxanthellae 
are unable to reestablish themselves within host coral tissue, corals often suffer mortali-
ty in the mid- to long-term (Pandolfi et al., 2011). Corals that have recently bleached may 
also be more susceptible to disease outbreaks (Miller et al., 2009). Although debate on 
the ability of corals to adapt to environmental stress still exists (Hoegh-Guldberg et al., 
2011; Pandolfi et al., 2011), a recent report by the World Resources Institute (Burke et al., 
2011) indicated that 75 percent of the world’s coral reefs, including almost all of the reefs 
in Florida and Puerto Rico, are threatened by the interactive effects of climate change 
and local sources of stress such as nutrient pollution. The same report projected that 
roughly 50 percent of the world’s reefs will experience severe bleaching due to thermal 
stress by the 2030’s, and more than 95 percent by the 2050’s based on current trajectories 
of greenhouse gas emissions (Burke et al., 2011). Carpenter et al. (2008) suggest that 1/3 
of all reef-building coral species are at risk of extinction due to the combined effects of 
climate change and local stressors. Loss of coral cover and reef three-dimensional com-
plexity leads to losses of the many species of associated fishes and invertebrates that 
depend directly and indirectly on corals (Alvarez-Filip et al., 2009; Graham et al., 2006; 
Idjadi and Edmunds, 2006). Therefore, continued loss of coral reefs is highly likely to 
have cascading effects on diversity, structure, function, and the valuable ecosystem ser-
vices on which humans depend (Mumby and Steneck, 2011).

Interactions between thermal stress and food availability can also affect physiology. 
For some marine animal species, increasing food supply can result in higher levels of 
thermal tolerance (Schneider et al., 2010). Climate change is expected to impact indi-
vidual nutrition status as prey species shift geographic and depth ranges, altering the 
dynamics of food webs (Bluhm and Gradinger, 2008). These impacts could be either 
negative, for organisms that depend on specific prey items, or neutral or positive, for 
species that have generalized diets. Food depletion and resultant nutritional stress are 
well-known causes of immune suppression across several taxa (Burek et al., 2008). In-
creased exposure to unfavorable environmental conditions may exacerbate nutritional 
deficiencies, leaving individuals weakened and more susceptible to stress.

Ocean acidification impacts

As the oceans absorb increasing levels of atmospheric carbon dioxide, chemical reactions 
occur that lead to decreases in ocean pH, a phenomenon known as ocean acidification 
(see Section 2), and a concomitant reduction in the solubility of calcium carbonate, which 
many organisms use to create shells. Biological processes known to be affected by ocean 
acidification include calcification, photosynthesis, nitrogen fixation and nitrification, ion 
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transport, enzyme activity, and protein function (Gattuso and Hansson, 2011; Hutchins 
et al., 2009; Hofmann et al., 2010). 

A growing number of laboratory and field studies have documented the negative 
impacts of ocean acidification on calcifying organisms (Doney et al., 2009; Fabry, 2008; 
Gattuso and Hansson, 2011). A recent meta-analysis (Kroeker et al., 2010) found an over-
all negative effect for the many types of organisms studied; however, the responses were 
variable when taxonomic groups were separated. Physiological studies have likewise 
shown that organisms can vary greatly in their responses to decreasing pH, even among 
closely-related species (Byrne, 2011; Doney et al., 2009; Fabry et al., 2008; Hofmann et 
al., 2010; Ries et al., 2009). One challenge to enhanced understanding is that few natural 
modern analogs exist to a world under increased acidification (Hönisch et al., 2012); 
thus, recent studies have examined natural pH gradients surrounding underwater vol-
canic vents (Fabricius et al., 2011; Hall-Spencer et al., 2008; Porzio et al., 2011) and acidi-
fication in the fossil record (Crook et al., 2011; Hönisch et al., 2012; Pandolfi et al., 2011; 
Ries, 2010) to gain insight into acidified conditions. 

As with warming, ocean acidification is unevenly distributed with latitude (Hoegh-
Guldberg and Bruno, 2010). The higher solubility of CO2 in colder water leads to dis-
proportionately large pH decreases and potentially greater impacts in the polar oceans 
(McNeil and Matear, 2008; Orr et al., 2005). Although the biological implications of 
acidification for open ocean ecosystems remain an active area of research, some general 
trends are emerging. Calcification by the planktonic algal group coccolithophores, which 
forms massive open ocean blooms, will almost certainly be greatly reduced (Beaufort et 
al., 2011; Feng et al., 2008; Hutchins, 2011; Riebesell et al., 2000). Zooplankton groups 
such as foraminifera and pteropods that produce calcium carbonate shells will also be 
adversely affected (Lombard et al., 2010; Moy et al., 2009; Orr et al., 2005). Pteropods are 
an especially critical link in high-latitude food webs because commercially-important 
species such as salmon depend heavily on them as prey (Fabry et al., 2009). 

In addition to calcification, another critical biogeochemical process that appears to 
be strongly inhibited by ocean acidification is nitrification. This process is a key link in 
the ocean’s nitrogen cycle by which certain prokaryotes convert ammonia to nitrate, 
thereby making oxidized nitrogen forms available to marine biota (Beman et al., 2011). 
Other ecologically important plankton groups may benefit from increased seawater CO2 
levels. In particular, nitrogen fixation rates of some dominant marine cyanobacteria in-
crease substantially at low pH (Fu et al., 2008; Hutchins et al., 2007), as does cellular tox-
in production by some harmful algal bloom species (Sun et al., 2011; Tatters et al., 2012).

Ocean acidification can interact with other climatic and non-climatic stressors; for 
example, increased acidity can decrease thermal tolerance of some marine animals due 
to oxygen limitation (Pörtner, 2010). Not all interactions lead to negative responses; one 
study found that fertilization success of many species was not affected by the interaction 
of increased temperature and ocean acidification (Byrne et al., 2010). Such complexities 
emphasize the importance of examining interacting environmental factors, variability 
in the responses of ecologically and economically important species, and long-term im-
pacts (Doney, 2010; Hofmann et al., 2010). 

Certain species and ecosystems are particularly vulnerable to ocean acidification. Be-
cause coral skeletons are formed of calcium carbonate, the future of coral reefs under 
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ocean acidification has received considerable attention. Studies have suggested that reef 
accretion stops at atmospheric CO2 concentrations of 480 ppm (Kleypas and Langdon, 
2006), and climate models predict that the worldwide dissolution of coral reefs is possi-
ble at atmospheric CO2 levels of 550 ppm (Silverman et al., 2009). A study based on cores 
from the Great Barrier Reef in Australia showed that coral calcification rates declined 21 
percent between 1988 and 2003 (Cooper et al., 2008). The observed decrease exceeds that 
predicted by changes in pH alone, suggesting potential effects of multiple and inter-
acting stressors, such as ocean acidification, temperature, and nutrients (Cooper et al., 
2008; Doney et al., 2009). Studies of reef communities at varying distances from natural 
CO2 seeps have documented large declines in both coral colony size, coral species rich-
ness, and coralline algae, which is the preferred settlement substrate of coral larvae, at 
low pH (Fabricius et al., 2011). Research has also demonstrated the negative effects of 
ocean acidification on calcification by shellfish (Gazeau et al., 2007), particularly in areas 
such as the U.S. Pacific Northwest (see Case Study 3-A), where acidified waters have 
been documented (Feely et al., 2008).

The geological past shows that the abundance and diversity of calcifying organisms 
is reduced when large amounts of CO2 are rapidly released into the atmosphere (Zachos 
et al., 2005); however, this evidence is only partially helpful in understanding potential 
impacts of ocean acidification in the future because even relatively abrupt geological 
changes in CO2 levels in the past likely occurred over thousands of years, allowing the 
ocean enough time to chemically buffer these increases (Gattuso and Hansson, 2011). 
The rate of acidification is much more rapid today (Gattuso and Hansson, 2011), creat-
ing a magnitude of ocean change that is potentially unparalleled in at least the past ~300 
million years of the Earth’s history (Hönisch et al., 2012). 

Notably, most studies to date of the physiological impacts of ocean acidification have 
been based on short-term experiments that range in duration from hours to weeks (Do-
ney et al., 2009). Therefore, determining what the biological effects of chronic exposure 
to decreased pH might be and how ocean acidification interacts with other stressors in 
intact ecosystems remain critically necessary topics for future research.

Commercial bivalve production on the West Coast 
of North America is a $273M venture, with oys-
ter hatcheries providing most of the seed used by 
growers. In recent years, the primary hatcheries 
(Taylor’s and Whiskey Creek Shellfish Hatcher-
ies) supplying the seed for U.S. West Coast oyster 
growers suffered persistent production failures. 
Non-hatchery stocks of these oysters also showed 

non-sustaining recruitment, putting addition-
al strain on the limited seed supply. Potential 
causes, including low oxygen and pathogenic bac-
teria, were explored and discounted. The Whiskey 
Creek Shellfish Hatchery in Oregon began to sus-
pect elevated CO2 as the culprit and sent samples 
to Oregon State University and the NOAA Pacific 
Marine Environmental Laboratories for analyses. 

case study 3-a
Ocean acidification impacts on the oyster industry



impacts of climate change on Marine Organisms                43

Findings showed that Netarts Bay, on which the 
Hatchery is located, experiences a wide range of 
carbonate chemistry fluctuations in response to 
upwelling events and the metabolic state of the 
Bay. In addition, larval oysters are strongly sen-
sitive to the carbonate chemistry of the water in 
which spawning takes place. Most important was 
the relative favorability of the water for the forma-
tion of aragonite (ΩA), the mineral of which larval 
shell material consists.

Two important findings result from this 
study. First, the production break-even point cor-
responds to atmospheric CO2 levels predicted 
within the next 2-3 decades. West Coast oysters 
thus serve as a “canary in the coal mine” for other 
locations where elevated CO2 levels have not yet 
become persistent. Second, larval oysters show 
delayed response to carbonate chemistry during 
spawning and initial shell growth conditions.

Why are oyster larvae so dependent on the 
chemistry of ambient waters and what is the 
mechanism for that dependence? New work is 
beginning to unravel these questions. Within 48 
hours of fertilization, larval oysters transition 

from having no shell at all to having 70 percent 
of their mass consist of shell mineral material. 
During this period, they depend on carbonate 
drawn from seawater rather than from internal 
reserves for shell carbon. In addition, lipid (i.e., 
fat) reserves are severely depleted, highlighting 
the need for additional energy during this critical 
bottleneck in development.

Together, these results paint a picture of larval 
development that depends on favorable ambient 
conditions during critical and energetically expen-
sive early-growth bottlenecks, with results that do 
not express themselves clearly until later in the or-
ganisms’ lives. Hatchery managers who embrace 
quality measurement technology can optimize 
operations for favorable conditions and even con-
trol conditions with active manipulation of inflow 
water chemistry, but natural populations will be 
subject to stress from additional acidification as 
CO2 levels rise.  

Relative larval production 
at Whiskey Creek Shellfish 
Hatchery in response to the 
favorability of ambient waters 
with respect to aragonite (ΩA). 
Relative production is positive 
when growth exceeds mortality; 
in the waters adjacent to the 
Hatchery, this condition is met 
at ΩA ~1.7, corresponding to a 
pCO2 of ~450 µatm. Reproduced 
from Barton et al., 2012

case study 3-a (continued)
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Exposure to toxicants 

Toxicants are poisonous substances that can be produced by organisms (i.e., biotoxins), 
released from geologic stores such as heavy metals and some hydrocarbons, or result 
from a variety of anthropogenic sources such as persistent organic pollutants, petroleum 
hydrocarbons, heavy metals, and radioactive substances (Burek et al., 2008). Climate 
change can alter toxicant exposure levels for marine organisms through changes in the 
distribution, frequency, and toxicity of harmful algal blooms (see Sections 3.2, 4.6) and 
other toxins. Climate-related changes can also occur through alterations in ocean cur-
rents, which can carry both toxicants and organisms into novel environments, and rates 
of precipitation, which, when increased, can lead to additional runoff of toxicants into 
estuaries. Additionally, changes in feeding ecology can propogate toxicants throughout 
the food web (Macdonald et al., 2005) such that toxicant exposure levels change as ani-
mals alter their diets based on shifts in their prey items (Burek et al., 2008). Moreover, 
in an example of interactions between climatic and non-climatic stressors, organisms ex-
periencing thermal stress may be more susceptible to the effects of contaminants (Schie-
dek et al., 2007). Responses of marine organisms and ecosystems to changes in toxicant 
exposure are difficult to predict and will largely depend on the chemical features of the 
specific toxicants to which they are exposed (Segner, 2011). 

Effects on life history tradeoffs and larval dispersal 

Physiological tradeoffs occur when resources are limited because each organism has a 
certain amount of energy available to maintain physiological processes such as growth, 
reproduction, metabolism, and immune functioning (Roff, 1992; Stearns, 1992). The pro-
duction of gametes and offspring, which are energetically costly, may therefore be com-
promised under stressful conditions as energy is redirected toward defense and survival 
mechanisms (Wingfield and Sapolsky, 2003). Evidence of these life-history tradeoffs has 
been documented for U.S. West Coast intertidal mussels, which exhibited reduced rela-
tive allocation of energy toward growth and reproduction and increased energy toward 
physiological defenses under high-stress conditions (Petes et al., 2008). In the western 
North Pacific, differences in optimal temperatures for growth of larvae of Japanese an-
chovy (22°C) and sardine (16°C) lead to contrasting fluctuations in larval growth rates of 
these two species based on ambient temperature (Takasuka et al., 2007). Such preferenc-
es for thermal regimes create out-of-phase stock oscillations for anchovies and sardines 
off California; in other words, when conditions are optimal for sardine growth, they 
are sub-optimal for anchovies, and vice versa (Chavez et al., 2003). Changes in water 
temperature may alter these oscillations and therefore the relative abundance of these 
species in the future.

Phenology, the timing of annual life-history events such as migration and breeding 
can provide valuable insight into the impacts of climate change. Thermal stress has been 
found to alter the timing of spawning events in marine organisms, leading to mismatch-
es of larval production with the peak in phytoplankton that serves as their food supply 
(Durant et al., 2007; Edwards and Richardson, 2004; Philippart et al., 2003). These mis-
matches can lead to starvation, lower growth and development rates, reduced survival 
probabilities, and decreased recruitment (Cushing, 1996). Impaired reproduction can 
have large, negative consequences for population dynamics and, in the most extreme 



impacts of climate change on Marine Organisms                45

cases, can lead to species collapse (Beaugrand et al., 2003). Differential changes in the 
timing of reproduction across biogeographic gradients can have subsequent effects on 
patterns of larval dispersal (Carson et al., 2010).

Exchange rates of adults, juveniles, larvae, and gametes determine levels of connec-
tivity between populations, and can drive both local processes and meta-population dy-
namics (Erlandsson and McQuaid, 2004; Gouhier et al., 2010). Over large spatial scales, 
larval supply can determine biogeographic range boundaries (Herbert et al., 2009) as 
well as the colonization and spread of invasive species (EPA, 2008; Zardi et al., 2011). 
Thus, changing patterns of ocean circulation (see Section 2) are likely to have a signifi-
cant influence on the ecology and population genetics of marine organisms. Tempera-
ture-dependent metabolism leads to an inverse relationship between temperature and 
the duration of planktonic larvae in the water column, suggesting that some species may 
develop more quickly under elevated temperatures, spending less time as larvae in the 
water column, and therefore potentially dispersing shorter distances (O’Connor et al., 
2007). On the other hand, faster growth and developmental rates under increased tem-
peratures may increase survival probabilities through the larval stage (Hare and Cowen, 
1997; Kristiansen et al., 2011). Larval stages of some marine organisms are more vulner-
able to stress than are their corresponding juvenile (Talmage and Gobler, 2011; Zippay 
and Hofmann, 2010) or adult (Matson and Edwards, 2007) stages. These findings em-
phasize the importance of considering the relative vulnerabilities of different life-history 
stages to climate change in order to better understand and predict changes in future 
population sizes (Russell et al., 2011). 

3.2 Popultation and Community Responses

There is strong evidence that climate-driven changes in environmental conditions are 
affecting the survival, growth, and reproduction of a diversity of marine species, result-
ing in alterations in population sizes and subsequent effects on marine communities. 
Shifts in the distribution of many marine species that are consistent with changes in 
climate have been observed in coastal waters of all U.S. regions. In general, warm-adapt-
ed species are moving poleward (Parmesan and Yohe, 2003), although these responses 
are highly variable due to the impacts of local environmental conditions including non-
climatic drivers (Helmuth et al., 2006a). Population size and distribution are also indi-
rectly affected by climate-related changes in species interactions, such as competition 
and predation. In addition, strong evidence indicates that many marine species appear 
to be more vulnerable to disease when exposed to climate-related environmental stress. 
Collectively, these impacts are leading to observed changes in community composition 
and ecosystem processes. Exploring the relative sensitivity of marine species and their 
interactions to changing environmental conditions within an ecological context is key to 
advancing understanding and projections of future change. 

Primary productivity

Marine primary productivity by both microscopic and macroscopic photosynthetic or-
ganisms forms the base of most of the ocean’s food webs. The majority of marine primary 
producers are phytoplankton, a diverse suite of microscopic photosynthetic organisms. 
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Macroalgae, which are seaweeds, and seagrasses are important primary producers that 
also provide nearshore habitat and food sources to a diversity of marine organisms. 
Shifts in primary productivity are frequently linked with patterns of oceanic circula-
tion. Due to the complex linkages between air and water temperature, oceanic circula-
tion, and atmospheric conditions (see Section 2), the consequences of climate change on 
primary productivity are frequently non-intuitive in both coastal and open-ocean sys-
tems. In the open ocean, primary productivity can be impacted in numerous ways by in-
creases in water temperature through increased metabolic rates (increased productivity; 
Doney et al., 2012) or increased stratification (decreased productivity; Behrenfeld et al., 
2006). Warming also can lead to dominance by small-celled phytoplankton, or picophy-
toplankton, which reduces energy flow to higher trophic levels (Hare et al., 2007; Morán 
et al., 2010). One climate model found that when comparing projected changes in phyto-
plankton primary production, total density, and size structure for the North Pacific over 
the 21st century, the dominant response was a shift in size structure, typically towards 
smaller-sized phytoplankton, which alters food chain length (Polovina et al., 2011). 

It is uncertain whether marine primary productivity will increase or decrease under 
future climate change scenarios. On a global scale, a recent study suggested that the past 
several decades have shown an overall increase in marine primary productivity (Chavez 
et al., 2011). Primary productivity in the central and southern California Current System 
has increased over the past three decades (Chavez et al., 2011). This is correlated with 
increases in the intensity and duration of wind-driven coastal upwelling events, which 
drive cold, nutrient-rich water from deep water to the sea surface (Garcia-Reyes and 
Largier, 2010). In contrast, satellite-derived time series of chlorophyll have shown signif-
icant changes in phytoplankton, notably that the most chlorophyll-poor areas have been 
expanding (Behrenfeld et al., 2006; , Irwin and Oliver 2009; McClain et al., 2004; Polovina 
et al., 2008), which indicates a reduction in primary productivity. Comparing the output 
from different earth system models, Steinacher et al. (2010) predict reductions in global 
primary production of 2-20 percent by 2100, with declines in mid-to-low latitudes due to 
reduced nutrient input into the euphotic zone and gains in polar regions due to warmer 
temperatures and less sea ice. Additional observations, research, and modeling efforts 
will be necessary for improving understanding of the complex relationships between 
climate change and marine primary productivity.

Harmful algal blooms (HABs) of macroscopic and microscopic, or single-celled, spe-
cies have been recorded on nearly all of the world’s coastlines. Over the past ten years, 
HABs have been reported in all major U.S. coastal locales (Anderson, 2012). HABs have 
increased in duration, number, and species diversity over the past three decades (Ander-
son, 1989, 2009; Hallegraeff, 1993) and can have large negative ecological and economic 
consequences. Some microalgal HABs cause direct impacts through their production of 
toxins that are harmful or lethal to consumers, including shellfish, seabirds, and humans 
(See Section 4.6). Levels of cellular toxin production by some HAB species increase dra-
matically under high CO2 conditions, especially when growth is limited by nutrients 
(Fu et al., 2010; Sun et al., 2011; Tatters et al., 2012). These findings have implications 
for increased HAB impacts in a more acidified, stratified future ocean. HABs involving 
the red tide organism Karenia brevis, a dinoflagellate that produces potent neurotoxins 
called brevetoxins, occur frequently along Florida’s southwest coast, causing episodes of 
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high mortality in fish, sea turtles, birds, bottlenose dolphins, and manatees (Bossart et 
al., 1998; Flewelling et al., 2005; Gunter et al., 1948; Kreuder et al., 2002; Landsberg et al., 
2009). Although brevetoxin exposure increases during K. brevis blooms, the persistence 
of the toxin in the food web and the long-term effects of exposure on marine mammals 
are unclear (Fire et al., 2007). Domoic acid, a potent neurotoxin produced by the diatom 
Pseudo-nitzschia spp., has been linked to mortalities in California sea lions, sea otters, 
common dolphins, and sea birds along the Pacific coast (Kreuder et al., 2005; Scholin et 
al., 2000; Torres de la Riva et al., 2009). As well as causing acute mortality, domoic acid 
can have chronic effects that lead to epilepsy, memory loss, and decreased foraging suc-
cess in California sea lions (Goldstein et al., 2008; Thomas et al., 2010). Little is currently 
known about the effects of low-dose chronic or repeat exposures of HAB-associated bio-
toxins on marine organisms and humans. 

Blooms of “nuisance” macroalgae may shade out other benthic primary producers, 
either seagrasses or perennial macroalgae, and negatively impact coral reefs through 
competitive interactions and reductions in coral larval settlement (Diaz-Pulido et al., 
2011;Hughes et al., 2007; Lapointe et al., 2005; Taylor et al., 1995; Case Study 3-B). Addi-
tionally, when blooms of micro- or macroalgae senesce, their decomposition may cause 
large-scale mortalities of benthic and pelagic organisms due to lowered water-column 
oxygen levels (Deacutis et al., 2006; Lopez et al., 2008). 

Many mechanisms are potentially responsible for the expansion of algal blooms into 
new areas and their extended duration in pre-existing areas. Increased nutrient inputs, 
such as those resulting from sewage treatment plants and fertilizer runoff, may be par-
tially responsible for increases (Teichberg et al., 2008; Thornber et al., 2008; Valiela et al., 
1997), whereas reductions in nutrient inputs may result in decreases in bloom density 
(Johansson, 2002). Although nutrient increases, or eutrophication, are not responsible 
for all HAB events (Anderson, 2009, 2012), separating out the relative and interacting ef-
fects of eutrophication and climate change on HABs can be difficult (Heisler et al., 2008; 
Rabalais et al., 2009). In addition, new biotoxins are still being discovered, providing 
further insight into the mechanisms and impacts of HABs on marine organisms.

Macroalgae and seagrasses can be important primary producers in shallow coastal 
waters. Kelp systems are among the largest and most conspicuous macroalgae, support-
ing some of the most diverse and productive ecosystems along the U.S. coast (Dayton, 
1985; Graham et al., 2008; Mann, 1973), primarily due to the provision of energy and 
complex habitat by the kelps themselves (Graham et al., 2007). The effect of climate 
change on the productivity of kelp forests across a variety of temporal and spatial scales 
also provides insight into macroalgal responses. Climate-induced variability in kelp 
distribution and abundance can affect the distribution of associated kelp forest fauna 
(Harley et al., 2006; Holbrook et al., 1997) as well as the productivity and diversity of 
kelp-associated communities (Dayton, 1985; Graham, 2004).

Most studies on the effects of annual-to-decadal variability of environmental factors 
on kelp systems have focused on the impacts of rising water temperature and the gen-
erally concomitant decrease in coastal upwelling (see Section 2) on their growth and 
survival (Broitman and Kinlan, 2006; Dayton et al., 1999; Reed et al., 2008). Periods of ex-
posure as short as one month to anomalously warm, nutrient-poor ocean conditions can 
cause deterioration of kelp biomass, whereas prolonged exposure of years or decades to 
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such conditions can lead to high mortality and distributional shifts of kelp taxa (Schiel 
et al., 2004). In some kelp systems, a simple shift may occur in the identity of the domi-
nant kelp taxa according to species-specific environmental tolerances (Schiel et al., 2004), 
whereas in other systems, kelps and their associated communities may disappear al-
together, resulting in an alternative habitat state (e.g., the formation of sea urchin bar-
rens; Ebeling et al., 1985; Harrold and Reed, 1985; Ling et al., 2009). Although the global 
response of kelp systems to rising temperatures and decreasing nutrients may appear 
ubiquitous, the specific response in any given region will depend on the biogeography 
and environmental tolerances of the local kelp taxa (Martinez et al., 2003; Merzouk and 
Johnson 2011; Wernberg et al., 2010, 2011a). Monthly-to-decadal climate-related changes 
in wave disturbance can also have dramatic negative impacts on kelp forest distribu-
tion, abundance, and structure (Byrnes et al., 2011; Dayton et al., 1999; Reed et al., 2008,). 
Furthermore, kelp systems are predicted to be similarly impacted by changes in ocean 
conditions over millennial time scales, with kelp forest optima occurring during cool, 
nutrient-rich, and well-illuminated periods (Graham et al., 2010). 

Local-to-regional scale variability in sea level, ocean pH, and atmospheric and oce-
anic carbon dioxide concentrations are likely also to affect macroalgae and their associ-
ated communities; however, direct studies of these environmental impacts are generally 
lacking. The survivorship of calcified macroalgae, which are present in temperate and 
tropical habitats throughout U.S. coastal waters, is greatly reduced under ocean acidi-
fication scenarios (Anthony et al., 2008). The combined impacts of ocean acidification 
and warming can increase skeletal dissolution rates (Diaz-Pulido et al., 2012) or lead to 
necrosis (Martin and Gattuso, 2009) for calcified macroalgae. In contrast, non-calcified 
macroalgae may have higher tolerance to ocean acidification (Diaz-Pulido et al., 2011). 
Although one study suggests that certain kelp life-history stages may be sensitive to 
ocean acidification (Roleda et al., 2012), others predict enhanced seaweed performance 
with rising CO2 concentrations (Connell and Russell, 2010; Harley et al., 2006). Cano-
py-forming kelp systems that can directly access atmospheric CO2 may be particularly 
sensitive to increases in CO2 concentrations, but the degree of carbon limitation in kelp 
systems is relatively unstudied (Harley et al., 2006). The impacts of ocean acidification 
and other stressors on calcified and non-calcified macroalgae is an important opportu-
nity for future research.

Shifts in species distribution

Climate change-induced shifts have been shown to influence the local and geographic 
ranges of many marine species (Burrows et al., 2011; Hoegh-Guldberg and Bruno, 2010). 
Analyses of shifts in species distributions have demonstrated that marine systems ap-
pear to be changing substantially faster than terrestrial ecosystems (Burrows et al., 2011; 
Helmuth et al., 2006b, Sorte et al., 2010b). Studies have shown range shifts in response to 
both gradual changes in the environment (Findlay et al., 2010, Lockwood and Somero, 
2011b) and lasting, sometimes multi-decadal, changes following rare but extreme events 
(Denny et al., 2009; Firth et al., 2011; Harley and Paine, 2009; Wethey et al., 2011). Cli-
mate-related shifts often occur at range boundaries, but, due to the importance of local 
environmental factors (Burrows et al., 2011; Helmuth et al., 2006a), responses such as 
decreased growth and increased mortality can also occur well within a species’ range 
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Corals and macroalgae are the dominant com-
petitors for primary space on many coral reefs. 
Adult and juvenile corals can be shaded, abrad-
ed, or smothered by macroalgae (McCook et al., 
2001), which typically grow much more quickly 
than corals. Corals can also be killed directly or 
indirectly by substances released by macroalgae 
(Smith et al., 2006b, Rasher et al., 2011). In addi-
tion, macroalgae can inhibit coral larval settle-
ment through abrasion, called “whiplashing,” 
and serving as unfavorable settlement surface. 

When reef herbivores such as fish and urchins 
that graze on macroalgae are abundant and nutri-
ent concentrations are low, corals are the competi-
tive dominants on tropical hard bottoms. Local 
human activities tend to shift the competitive 
balance in favor of macroalgae at the expense of 
corals by removing herbivores that would nor-
mally keep macroalgal abundance relatively low. 
Increased nutrient levels in coastal waters can also 
favor macroalgal growth and lead to stress in cor-
als. On many reefs, these processes have already 
resulted in a phase shift, which may be sudden 
or gradual, from coral-dominated reefs to algal-
dominated reefs (Hughes et al., 2010). 

Ocean warming and acidification 
amplify the impacts of these non-cli-
matic stressors on corals. The dino-
flagellate symbionts (zooxanthellae) 
that power coral growth are more 
sensitive to slight increases in tem-
perature than are the macroalgae that 
are commonly found on reefs. Coral 
bleaching occurs with temperatures 
only 1-2°C above normal seasonal 
maxima, and, when severe, leads to 
coral death (Hoegh-Guldberg et al., 
2007). Even if corals do survive, they 
may succumb to disease after expe-
riencing thermal stress; for example, 
in 2005 in the U.S. Virgin Islands, 

severe bleaching, in which 90 percent of coral 
cover is pale or white, was followed by even more 
severe mortality, in which over 50 percent of the 
living coral cover died from diseases (Miller et al., 
2009). Ocean acidification harms corals directly, 
by making it more difficult for them to secrete 
their skeletons, and indirectly, via the negative 
effects that acidification has on crustose coralline 
algae (Fabricius et al., 2011; Hoegh-Guldberg et 
al., 2007), a preferred settlement surface for coral 
larvae. Acidification may also increase coral sensi-
tivity to high temperatures (Anthony et al., 2008). 

Reducing local stressors such as overfish-
ing and pollution is the best short-term strategy 
for increasing coral resilience to climate change 
(Hughes et al., 2010). This is supported by the fact 
that reefs remote from local human impacts, such 
as the uninhabited Northern Line Islands that are 
part of the U.S. Pacific Remote Islands Marine Na-
tional Monument, still remain relatively healthy 
(Dinsdale et al., 2008; Sandin et al., 2008). How-
ever, over the longer term, climate change will 
severely compromise the ability of corals to out-
compete macroalgae, even when herbivores and 
low nutrients favor coral dominance. 

case study 3-B
Shifting interactions between corals and macroalgae

Overgrowth of coral by the alga Boodlea in Hawaii (Photo 
Credit: NOAA).
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boundaries (Beukema et al., 2009; Harley, 2008; Place et al., 2008). As temperatures warm, 
current range limits at poleward range boundaries may shift and warm-adapted species, 
including certain invasive species, would become able to invade new territory (Urian 
et al., 2011). Forecasts of future responses to climate change based on observations of 
present-day changes and knowledge of physiological responses strongly suggest that 
changes in species distribution will continue (Nye et al., 2011; Runge et al., 2010). As 
indicated above (see Section 3.1), the pace and precise location of these changes remain 
uncertain because of the interactive effects of multiple stressors, the species-specific ef-
fects of these changes on interacting organisms, the spatial and temporal heterogeneity 
of environmental drivers, and the ability of organisms to acclimatize or adapt to chang-
ing conditions (Denny et al., 2009; Nye et al., 2011; Sagarin and Gaines, 2002; Sanford 
and Kelly, 2011).

Temperature increases are already thought to be altering the distributions of major 
phytoplankton groups because of numerous observations of poleward range extensions 
for temperate species (Cubillos et al., 2007; Hallegraeff, 2010; Hays et al., 2005; Merico 
et al., 2004; Peperzak, 2003). The responses of phytoplankton communities to experi-
mentally-induced warming include major shifts in dominant species, often away from 
groups like diatoms that support “healthy” food webs and abundant fisheries and to-
wards others like flagellates that tend to shunt marine productivity towards microbially-
dominated systems that are less desirable to humans (Feng et al., 2009; Hare et al., 2007; 
Lewandowska and Sommer, 2010).

Temperature change is also affecting the abundance and distribution of marine inver-
tebrates. Jones et al. (2009) reported high mortality of U.S. East Coast intertidal mussels 
at their southern range boundary in North Carolina as a result of warming temperatures 
between 1956 and 2007. A study of the marine snail Kelletia kelletii in California dem-
onstrated that the northern range boundary had extended northward by over 400 km 
between the late 1970s and early 1980s, which was the first recorded extension north of 
Point Conception (Zacherl et al., 2003). These distributional shifts were consistent with 
an observed gradient in seawater temperature and the confluence of two major ocean 
currents. Dijkstra et al. (2011) compared present-day subtidal species composition at a 
site in New Hampshire with data collected in 1979, and noted a significant shift from pe-
rennial species, such as barnacles and mussels, to annual native and invasive species. A 
study using trace-elemental fingerprinting of larval mussel shells demonstrated autumn 
poleward movement and spring equatorward movement in the larvae of two species of 
mussels on the coast of California (Carson et al., 2010). These results suggest that effects 
of climate change on larval dispersal due to changes in currents and alterations in the 
timing of reproduction may lead to shifts in species distributions. 

Climate change affects the distribution and abundance of marine fish species through 
a diversity of physical and biological processes and mechanisms whose relative impor-
tance varies across space and time (Ottersen et al., 2010; Overland et al., 2010). For exam-
ple, fish stocks may shift geographically in response to changes in ocean temperature or 
the distribution of their prey (Barange and Perry, 2009; Cheung et al., 2009; Hsieh et al., 
2008; Humston et al., 2004). Climate-related shifts in the abundance and distribution of 
commercially important species can have consequences for associated fisheries (Cheung 
et al., 2010; see Section 4). Evidence of climate-induced shifts in the distribution of 
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marine fish has been recorded in several regions of the U.S. EEZ (Beaugrand et al., 2003). 
Fodrie et al. (2010) documented changes in assemblages of fish within seagrass beds in 
the northern Gulf of Mexico between the 1970s and 2007, reporting the addition of nu-
merous fish species that had previously not been observed. Nye et al. (2009) examined 
the spatial distribution of 36 species of marine fish in from  bottom trawl surveys along 
the continental shelf off the Northeastern coast of the U.S. from 1968-2007 and compared 
shifts to increases in bottom temperature. A significant poleward shift was found in 17 
stocks, a southern shift in 4 stocks, and significant range expansion in 10 stocks (Nye et 
al., 2009). Shifts in the strength of the poleward undercurrent and ocean temperatures 
influence the spatial distribution of Pacific hake along the West Coast of North America, 
with a greater proportion of fish feeding off the coast of Canada in warm conditions 
(Agostini et al., 2006, 2007). Whether these shifts are responses to changes in oceano-
graphic conditions or to changes in zonal and seasonal variations in the zooplankton 
community is unclear (Hooff and Peterson, 2006; Keister and Peterson, 2003,). Shifts in 
thermal habitats and prey fields are expected to influence the distribution of Pacific tuna 
and other fish populations (Lehodey et al., 2003, 2010; Polovina, 2007; Su et al., 2011). 
For the Arctic, where the rate and relative magnitude of change in ocean conditions is 
accelerated, differences in topography and currents suggest a higher likelihood of range 
expansions from the Atlantic side than from the Pacific side (Sigler et al., 2011). These 
expansions are likely to occur in response to shifts in population density and productiv-
ity (Wassmann, 2011). The ability of subarctic species to compete with species that are 
uniquely adapted to survive in the conditions of the Arctic is unknown. 

Seabirds are also exhibiting shifts in species ranges as well as changes in foraging be-
havior resulting from shifting prey distribution and abundance. Arctic regions are par-
ticularly susceptible to range shifts as warm-adapted species move northward and rapid 
temperature increases affect the physiology and ecology of cold-adapted species. For 
example, prey shortages for least auklets in Alaska’s Pribilof Islands have occurred as a 
result of high ocean temperatures (Springer et al., 2007). In the same region, reduced sea 
ice and increasing temperatures have led to breeding phenology shifts in kittiwakes over 
a 32-year period (Byrd et al., 2008). Temperature-related shifts in foraging distributions 
have been documented for little auks across the Greenland Sea related to sea tempera-
ture (Karnovsky et al., 2010). In addition, evidence indicates a possible range expansion 
of the razorbill in the Canadian Arctic in response to range expansion of favored prey 
(Gaston and Woo, 2008) as well as climate-related mismatches of prey availability and 
timing of breeding in thick-billed murres (Gaston et al., 2009). 

As described above, species range shifts are occurring throughout U.S. ocean waters 
with cascading effects on ecological systems in many cases. Additional work is needed 
to determine the ecosystem-level consequences of climate-related shifts in species distri-
bution for coastal and marine systems (Sorte et al., 2010b).

Marine diseases

Over recent decades, a significant increase in disease outbreaks has been reported in cor-
als, urchins, mollusks, marine mammals, and turtles (Ward and Lafferty, 2004). Several 
disease-causing pathogens that were once thought to only occur on land are now known 
to have marine counterparts. The impacts of climate change on disease emergence and 
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transmission are likely to act through a combination of several mechanisms, including 
host and pathogen range shifts, changes in contact frequency, changes in the propor-
tion of individuals carrying disease vectors, introductions from terrestrial systems into 
marine environments, impacts to pathogen ability to reproduce, and increased environ-
mental stress that leads to increased susceptibility of hosts to infection (Mills et al., 2010).

Evolved balances between disease agents, vectors, and hosts will likely be disturbed 
by climate change. In some cases, these changes could limit disease; in other cases, dis-
eases could increase, particularly in stressed populations (Altizer et al., 2003; Harvell 
et al., 1999). Pathogens, including macro- and micro-parasites, are in a constant state of 
change and pathogen selection or alterations may alter the course of an outbreak or alter 
host species. Trends in infectious disease correlate with host-pathogen-environmental 
interactions as either the host becomes more susceptible to disease or the pathogen’s 
virulence increases. Variations in species’ ranges may alter pathogen distribution and 
warmer winters due to climate change can increase pathogen overwinter survivorship 
(Harvell et al., 2009). For example, the protistan parasite Perkinsus marinus, which causes 
Dermo disease in oysters, proliferates at high water temperatures and high salinities. 
Additionally, in oyster populations within Delaware Bay, epidemics followed extended 
periods of warm winter weather; these trends in time are mirrored by the northward 
spread of Dermo up the eastern seaboard as water temperatures have warmed (Cook 
et al., 1998; Ford, 1996). Evidence also suggests that increased water temperature is re-
sponsible for the enhanced survival of certain marine Vibrio bacteria, which can cause 
seafood-borne illness in humans (Martinez-Urtaza et al., 2010; see Section 4). Similarly, 
a survey of American lobsters’ shell disease conducted in Massachusetts suggested that 
higher-than-average water temperatures between 1993 and 2003 led to increased disease 
prevalence (Glenn and Pugh, 2006).

Pathogens novel to marine organisms can enter coastal and oceans systems as ter-
restrial species expand their range and run-off from land increases because of higher 
rates of precipitation,. For example, fecal waste from the invasive Virginia opossum on 
the U.S. West Coast has resulted in an increase in the spread of Sarcocystis neurona, a 
protozoan parasite that infects and kills marine mammals, including sea otters (Miller et 
al., 2010b). In addition, the emergence and pathogenesis of the disease leptospirosis has 
been associated with environmental variability (Case Study 3-C). Leptospirosis causes 
mortality of California sea lions (Gulland et al., 1996; Lloyd-Smith et al., 2007) as well 
as effects in harbor seals and northern elephant seals (Colegrove et al., 2005; Kik et al., 
2006). 

The impacts of climate change on future rates of marine disease are uncertain. Chang-
es in environmental conditions may lead to range shifts of macro- and micro-parasites, 
but those shifts do not necessarily result in increased disease spread. New habitats may 
contain barriers to the spread of disease through ecological interactions such as competi-
tion, physical barriers, or predation (Slenning, 2010). As with their hosts, pathogens and 
vectors are susceptible to climate-related stressors (Lafferty, 2009). Parasites that release 
gametes or larvae into the open marine environment or utilize intermediaries to com-
plete various stages of their life cycle are particularly sensitive to climate change because 
their success is dependent on environmental conditions as well as the availability and 
responses of their intermediate host species (Burek et al., 2008; Macey et al., 2008). Rising 



impacts of climate change on Marine Organisms                53

sea levels, warming ocean temperatures, and changes in ocean circulation and estuarine 
salinity may alter fish parasite composition and biogeography (Palm, 2011). Reductions 
in non-climatic stressors provided by protected areas may potentially reduce disease 
prevalence; for example, a survey of 94 oyster reefs found significantly higher densities 
of oysters and significantly lower disease prevalence and severity inside of sanctuaries 
(Powers et al., 2009). 

In many cases, the lack of integrated, long-term data on marine diseases limits the 
ability to predict future climate-related changes in infection prevalence and intensity, 
emphasizing the need for enhanced and sustained surveillance. Pathogen discovery 
and identification is in a relatively nascent stage for marine systems. As molecular tech-
niques become more accessible, source tracking is allowing scientists to better under-
stand the connections between marine, terrestrial, and freshwater systems as well as 
the evolution of marine pathogens. Improved understanding of these relationships will 
provide insight into current and future impacts of climate change on marine diseases. 

The emergence and pathogenesis of a serious 
emerging human and animal disease, leptospi-
rosis, has been linked to environmental change. 
Many different mammalian species, including 
rats, dogs, and people, become infected with Lep-
tospira bacteria through contact with contaminat-
ed urine, water, or soil (Guerra, 2009). In recent 
years, this disease has re-emerged 
in humans and dogs within the 
United States (Meites et al., 2004; 
Moore et al., 2006) and continued, 
periodic outbreaks in California 
sea lions along the U.S. West Coast 
have been noted. Increased lepto-
spirosis has been associated with 
increases in precipitation and 
flooding during El Niño events 
(Levett, 2001; Storck et al., 2008). 
In Hawaii, increases in the num-
ber of reported cases of leptospi-
rosis have been linked to flooding 
and have also shifted to wetter 
months of the year (Gaynor et al., 
2007; Katz et al., 2011).

Leptospirosis is endemic in California sea li-
ons but also causes cyclical outbreaks of mortal-
ity (Gulland et al., 1996; Lloyd-Smith et al., 2007; 
Vedros et al., 1971). During an outbreak in 2004, 
over 300 sea lions died along the central Califor-
nia coast, with additional animals dying along 
the coasts of Oregon, Washington, and British 

case study 3-c
Leptospirosis disease in California sea lions

California sea lion being treated for leptospirosis at The 
Marine Mammal Center, Sausalito, California (Photo: The 
Marine Mammal Center).
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Invasive species

Invasions by non-native species are widely recognized as significant threats to native 
biodiversity (Carlton, 1996; Rahel and Olden, 2008; Ruiz et al., 2000; Stachowicz et al., 
2002a). The frequency of introductions has increased dramatically over the past two 
centuries and species introductions have been documented in most marine habitats 
worldwide (Ruiz et al., 1999, 2000). San Francisco Bay is one of the most heavily impact-
ed coastal systems, with over 230 non-indigenous species (Cohen and Carlton, 1998). 
Although only a fraction of invasive species have had significant impacts on established 
food webs and trophic linkages, their ecological and economic impacts can be profound. 

Through ballast water and hull fouling, shipping and fisheries cause the majority of 
marine species introductions (Ruiz et al., 2000), but invasions consistent with climatic 
drivers have also been reported (Firth et al., 2011; Reid et al., 2007). In addition, climate 
change-induced shifts in invasive species’ distributions are predicted to have significant 
future impacts (Doney et al., 2012). Ubiquitous invasive species are predicted to thrive 
in as-of-yet uninvaded habitats (de Rivera et al., 2011). For example, climate change is 
predicted to result in the movement of many planktonically-dispersing, fast-growing 
Pacific species such as mollusks into Atlantic waters via the Bering Strait and Arctic 
Ocean (Vermeij and Roopnarine, 2008), although existing physical and physiological 
barriers to movement, including seasonal ice cover and cold bottom waters, indicate 
that the number of species capable of invading the polar region may be limited (Sigler 
et al., 2011). On the Florida coast, evidence suggests that the ability of northward range 
movement for the introduced Asian green mussel, Perna viridis, may be currently lim-
ited by cold temperatures; therefore, increasing temperatures may allow for range ex-
pansion of this invasive species (Urian et al., 2011).

Columbia (Cameron et al., 2008). Sick or injured 
sea lions either die at sea or are stranded on 
beaches, which leads to situations in which in-
creased disease transmission to terrestrial animals 
can occur. Leptospira bacteria has been found to 
survive longer in freshwater and many of the sea 
lions stranded themselves near freshwater estuar-
ies, thereby increasing the possibility of transmis-
sion of the bacteria to domestic animals, terrestrial 
wildlife, or humans (Meites et al., 2004; Monahan 
et al., 2009; Zuerner et al., 2009). Recent informa-
tion has shown that California sea lions may be 
chronic, or “inapparent,” carriers of  Leptospirosis 

and that the seasonal movements of these animals 
may contribute to the geographical spread of the 
disease (Zuerner et al., 2009). In the future, the ex-
posure to and incidence of leptospirosis in both 
humans and marine mammals may increase in 
response to the combination of human population 
increase and urbanization as well as increasing 
populations and expansions of the ranges of ma-
rine mammals and changes in environmental con-
ditions such as extreme weather events, increased 
flooding, and increased temperatures (Lau et al., 
2010).

case study 3-a (continued)
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Once species become established in new areas, climate change may facilitate their 
subsequent success (Hellmann et al., 2008) because many invasive species have wider 
temperature tolerance ranges than their native counterparts (Abreu et al., 2011; Braby 
and Somero, 2006; , Lockwood and Somero 2011b; Sorte et al., 2010a; Stachowicz et al., 
2002a). Climate-mediated invasions and range shifts may also alter species interactions 
as superior competitors (Stachowicz et al., 2002a) and predators (Smith et al., 2011) 
move into temperate and polar latitudes. In addition, introduced species may affect the 
distribution of diversity among trophic levels; in several coastal food webs, introduced 
species have been at least partially responsible for community-wide shifts towards low-
er trophic levels (Byrnes et al., 2007). These consequences of invasions present a major 
threat to the persistence and interactions of native marine species in a changing climate. 

Protected species 

Strong evidence shows that climate change is already affecting a variety of protected 
species such as marine mammals, sea turtles (Case Study 3-D), and sea birds, and these 
impacts are very likely to increase in the future. The effects on these species are expected 
to be primarily due to shifts in productivity and prey availability, changes in critical 
habitats such as sea ice due to climate warming and nesting and rearing beaches due to 
sea-level rise, and increases in diseases and biotoxins due to warming temperatures and 
shifts in coastal currents (see Section 2). Climate change is a challenge for the sustainable 
management of protected species (also see Section 4). Predicting the consequences of 
climate change on marine protected species is difficult because of the relative paucity of 
data and uncertainties as to how these species will respond if reduced in numbers and 
densities (Hoegh-Guldberg and Bruno, 2010; Kaschner et al., 2011; Simmonds and Isaac 
2007; Wassmann et al., 2011). 

Many marine protected species are highly mobile or migratory, occupying and utiliz-
ing a wide range of habitats and resources throughout their life history. Animal migra-
tion is closely connected to climatic factors; as a result, these species are, in many ways, 
more vulnerable because of the differential impacts they may experience at various life 
stages. For example, marine turtles may cross entire ocean basins throughout their life-
times and can occupy diverse habitats such as sandy beaches, mangroves, and seagrass 
beds (Hawkes et al., 2006; Musick and Limpus, 1997; Polovina et al., 2006; Shillinger et 
al., 2008; Case Study 3-D). Projected increases in sea level and extreme events coupled 
with fortification of coastal areas could erode shorelines and compromise the availabil-
ity of suitable nesting beaches (Hawkes et al., 2009). In addition, increased beach tem-
peratures have led to altered sex ratios with higher female to male ratios reported in 
hatchlings of marine turtles for which nest temperature determines the sex of offspring. 
In parts of the Southern U.S., hatchlings of loggerhead sea turtles are currently female-
biased and even moderate further increases in temperature could lead to a severe lack 
of males (Hawkes et al., 2007), which would reduce population viability (Poloczanska 
et al., 2009). Anomalously cold temperatures can also affect turtles. Sea turtles along the 
Atlantic Coast and Gulf of Mexico experience episodic, cold-stunning events when wa-
ter temperatures drop below 10°C (Foley et al., 2007; Morreale et al., 1992; Witherington 
and Ehrhart, 1989). During these events, hundreds of cold-stunned turtles float listlessly 
on the water or are washed onto shore. An open question remains as to how temperature 
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fluctuations, which are expected to increase under climate change, are likely to affect 
turtle populations (Neuwald and Valenzuela, 2011), including sea turtles.

Changes in thermal regimes are affecting the abundance, distribution, feeding, and 
phenology of protected seabirds (Bertram and Kaiser, 1993; Chastel et al., 1993; , Grémil-
let and Boulinier, 2009; Montevecchi and Myers 1997). For example, declines in oceanic 
productivity around the Northwestern Hawaiian Islands in the 1980s led to a 50 per-
cent reduction in the survival of red-footed booby and red-tailed tropicbird eggs and 
chicks (Polovina and Haight, 1999). Reduced productivity and warmer temperature in 
the Southeast Farallon Islands (Sydeman et al., 2009) as well as low prey abundance 
(Sydeman and Thompson, 2010) have led to delayed breeding and reduced offspring 
numbers in Cassin’s auklet (Wolf et al., 2009). Wolf et al. (2010) have projected addi-
tional climate-related population declines of 11-45 percent by the end of the century. 
The common murre has also exhibited a declining trend in reproductive success in the 
Southeast Farallon Islands, reflecting reduced availability of rockfish, which is their pre-
ferred prey item. In 2009, reproductive success of common murres was among the low-
est observed in the last 38 years and the lowest ever recorded during a non-El Niño year 
(Warzybok and Bradley, 2010). 

Warming water temperatures and loss of sea ice are fundamentally changing the be-
havior, condition, survival, and interactions of Arctic marine mammals (Heide-Jorgen-
son et al., 2011; Kovacs et al., 2010; Thomas and Laidre, 2011; Wassman et al., 2011), and 
these changes are expected to continue. Cetaceans, including gray whales (Moore, 2008; 
Moore et al., 2003; Stafford et al., 2007), killer whales (Higdon and Ferguson, 2009), and 
sei, fin, and Minke whales (Norwegian Polar Institute Marine Mammal Sighting Data 
Base: http://www.npolar.no), have been sighted further north and/or at higher northern 
densities than normal. Similar impacts are occurring for pinnipeds; harbor porpoises 
are appearing in northern areas and harp seals are being sighted in northern locations 
during abnormal times of the year (Norwegian Polar Institute Marine Mammal Sight-
ing Data Base: http://www.npolar.no). Major declines in pup production and abundance 
have been documented for hooded seals in the Northeast Atlantic, ringed seals in Hud-
son Bay, and harp seals in the White Sea (Chernook and Boltnev, 2008; Ferguson et al., 
2005). Polar bears are spending more time on land, resulting in declines in survival, 
condition, body size, and reproductive rates (Stirling et al., 1999; Stirling and Parkinson, 
2006). Landward shifts of polar bear dens (Fischbach et al., 2007) and declines in the con-
dition and survival of polar bear cubs have occurred (Regehr et al., 2006, 2010). Pacific 
walrus females and pups are also being forced to spend more time resting on land, and 
abandoned calves at sea suggest nutritional stress (Cooper et al., 2006; Garlich-Miller et 
al., 2011; Kavry et al., 2008) due to separation from feeding areas and the loss of sea-ice 
resting platforms (Kovacs et al., 2010). These examples illustrate some of the challenges 
facing marine-protected-species managers in a changing climate.

3.3 ecosystem Structure and Function

Climate change affects individual populations and species as well as interactions among 
species. These changes can have cascading effects on food webs and ecosystem struc-
ture and function (Gedan and Bertness, 2010; Harley, 2011; Large et al., 2011). Shifts in 
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A great deal of uncertainty remains regarding 
how climate change effects will influence future 
populations of marine turtles. As with many 
migratory species, marine turtles utilize differ-
ent geographic regions during their various life 
stages. Juvenile turtles have a limited capacity to 
exploit their environment for food as compared 
to adults in their species, and as such, are consid-
ered more susceptible to oceanographic variabil-
ity (Drinkwater et al., 2003; Lasker, 1981; Ottersen 
et al., 2001). In a recent study, Van Houtan and 
Halley (2011) developed a model that examined 
oceanographic influences on juvenile recruitment 
and breeding remigration. The findings suggest 
that the number of turtles that reach sexual ma-
turity is strongly correlated to ocean conditions 
in the Northwest Atlantic and North Pacific. In 
particular, the Atlantic Multidecadal Oscillation 
(AMO) affects loggerhead juveniles in the North 
Atlantic and the Pacific Decadal Oscillation (PDO; 
see Section 2) affects juveniles in the North Pacific. 
In both regions, satellite-tagged juveniles were 
found to forage in oceanographic areas where 

prey items are abundant (Van Houtan and Halley, 
2011). When prey items are scarce, mortality in-
creases, affecting the future breeding population 
numbers. The model also showed that changes in 
loggerhead nesting counts over the past several 
decades are strongly correlated with the PDO in 
the Pacific Ocean and the AMO in the Atlantic 
Ocean (Van Houtan and Halley, 2011). 

In addition, Van Houtan and Halley (2011) ex-
amined potential impacts of future climate change 
on the loggerheads in these two areas. In the At-
lantic Ocean, warmer years would mean a stron-
ger than average Gulf Stream current, helping 
juvenile turtles get to the North Atlantic Gyre and 
leading to increased productivity and population 
size; however, in the Pacific Ocean, loggerheads 
perform best under anomalously cold conditions. 
Therefore, available climate data indicate the po-
tential for significant population declines of the 
Pacific population by 2040 due to warming tem-
peratures (Van Houtan and Halley, 2011)..

case study 3-d
Loggerhead turtles and climate change

Adult loggerhead turtle (Photo: Sarah Dawsey) and juvenile loggerhead turtle (Photo: 
Steve Hillebrand).
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species distributions and interactions are also beginning to create novel, “no-analog” 
ecosystems consisting of species with little or no shared evolutionary history (Hobbs et 
al., 2006; Williams and Jackson, 2007), and this is likely to continue with unprecedented 
environmental change in the future. Although progress is being made in forecasting 
future responses, complex, nonlinear effects of changing environmental conditions on 
marine communities present additional uncertainty and challenges for natural resource 
managers (Crain et al., 2008). 

Particularly problematic is obtaining an understanding of how complex feedback in-
teractions between changes in the physical environment will affect ecological processes. 
Warming, ocean acidification, stratification, and other climate-related parameters can 
have both synergistic and antagonistic effects on marine organisms, making whole-eco-
system predictions difficult with the current state of knowledge (Boyd et al., 2008; Gao 
et al., 2012; Hofmann et al., 2010; Hutchins et al., 2009; Pörtner, 2008). Ongoing research 
efforts are targeting these interactive, multi-stressor effects, but accurate forecasting of 
ecosystem-level responses is a challenging undertaking because many environmental 
factors are simultaneously in flux. 

Species interactions and trophic relationships

Marine ecosystems are influenced by the direct effects of climate change on individuals 
and populations and the indirect effects of environmental change that alters the strength 
of species interactions, including competition, predation, parasitism, and mutualism (re-
viewed by Kordas et al., 2011). These indirect effects can arise via different mechanisms. 

Environmental change can alter an organism’s physiology and behavior and, there-
fore, its per capita effect on the species with which it interacts. Changing ocean tem-
perature and chemistry can alter the per capita feeding rate of an individual consumer 
(Gooding et al., 2009; O’Connor 2009; Pincebourde et al., 2008; Sanford, 1999) or modify 
an individual’s competitive ability through effects on its growth rate (Sorte et al., 2010a; 
Stachowicz et al., 2002b; Wethey, 2002). Additionally, differential impacts of thermal 
stress on predators and their prey can lead to altered species interactions (Yamane and 
Gilman, 2009); for example, due to temperature-related changes in metabolism, expo-
sure to warm water can increase the feeding rates of U.S. West Coast sea stars on their 
mussel prey (Sanford. 1999) until temperatures exceed thermal optima and feeding 
rates are reduced due to stress (Pincebourde et al., 2008). Changes in hydrodynamic 
conditions can affect the ability of prey to detect predators, as shown by experiments 
examining the behavioral responses of whelks to predatory crabs under different flow 
conditions (Large et al., 2011).

Climate change alters species interactions via changes in the population density of 
interacting species. Environmental changes affect species differentially and the result-
ing increases or decreases in population abundance can trigger chains of indirect ef-
fects (O’Connor et al., 2009; Poloczanska et al., 2008); for example, changes in ocean 
temperature and carbonate chemistry frequently alter the relative abundance of mac-
roalgal species, which can in turn affect the abundance of herbivores that feed on them 
(Kroeker et al., 2011; Schiel et al., 2004). Often, a few key species interactions contribute 
disproportionately to maintaining community structure and ecosystem function (Paine, 
1992); for example, the salt marsh grass Spartina patens reduces salinity stresses acting 



impacts of climate change on Marine Organisms                59

on species living within the plant canopy, and thus the removal of this structural spe-
cies can have cascading effects on marsh communities (Gedan and Bertness, 2010). If 
these interactions are sensitive to environmental conditions, they may act as “leverage 
points,” through which small changes in climate are amplified to produce large changes 
at the community and ecosystem levels (Kordas et al., 2011; Monaco and Helmuth, 2011; 
Sanford, 1999). Similarly, when the direct effects of climate change negatively impact 
the abundance of habitat-forming species such as coral, kelp systems, and mussels, cas-
cading effects on ecosystem function can be seen due to loss of the services that these 
foundation species provide (Pratchett et al., 2008; Schiel et al., 2004; Wernberg et al., 
2011b; Wootton et al., 2008). Such rippling effects are often unpredictable because of the 
complexity of food webs (Doney et al., 2012; Schiel et al., 2004). 

Climate-related shifts in the geographic distribution of marine species are altering 
biogeographic patterns of co-occurrence and interaction (Kordas et al., 2011; Sorte et al., 
2010b). Analogous shifts in the vertical distribution of sessile intertidal species have in-
creased their overlap with and vulnerability to predatory sea stars (Harley, 2011). Simi-
larly, as described above, ocean warming can alter the timing of life-history events such 
as spawning, leading to temporal mismatches or increased overlap between consumers 
and their food sources (Edwards and Richardson, 2004; Kristiansen et al., 2011; Philip-
part et al., 2003). Climate-related shifts in species dominance have also been observed 
throughout the U.S., including the California Current, the Gulf of Alaska, and the Bering 
Sea (Hare and Mantua, 2000) as well as the North Atlantic (Auster and Link, 2009), but 
these shifts do not always result in changes in ecological processes. For example, Auster 
and Link (2009) found that although climate-induced shifts in species dominance were 
observed in the Georges Bank ecosystem, these often involved switching between spe-
cies that occupied redundant roles within trophic guilds. This redundancy may buffer 
against ecosystem reorganization under climate change, but the extent of buffering is 
unknown in most systems. 

Currently, the ability to forecast the impacts of climate change on trophic linkages 
within marine ecosystems is limited primarily to conceptual models of marine ecosys-
tem organization (Hunt et al., 2011; King et al., 2011). As understanding of the range of 
complex responses of marine species to environmental disturbance improves and cou-
pled biophysical models of marine ecosystems become available, the ability to predict 
the likely implications of climate change on marine ecosystems will be enhanced. In the 
near-term, observations and monitoring systems provide the best method of detection 
and attribution of changes in the trophic structure of marine ecosystems, as well as vali-
dation of models of population- and ecosystem-level responses (Helmuth, 2009; Wethey 
et al., 2011; Wethey and Woodin, 2008). Integrated, sustained observations of the abun-
dance, diets, distribution, and physiological condition of marine species, coupled with 
field and laboratory studies that identify species responses to ecosystem change, will be 
critical. A need to understand patterns of genetic variance (Schmidt et al., 2008; Trus-
sell and Etter, 2001), particularly that which underlies traits that influence susceptibility 
to environmental stress (Place et al., 2008), is also necessary. Over time, insight gained 
through these efforts will provide the data and understanding needed to more reliably 
model complex ecosystem responses to climate change. 
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Biodiversity

The accelerating changes in species distributions resulting from climate change and as-
sociated impacts on oceanic circulation have been shown to cause widespread changes 
in the composition and diversity of marine communities, leading to the potential for eco-
system reorganizations (Fodrie et al., 2010; Sagarin et al., 1999). Many efforts have been 
implemented to document, quantify, and assess biodiversity of U.S. marine ecosystems 
through initiatives such as the Census of Marine Life (Fautin et al., 2010) in order to gain 
baseline understanding and monitor changes through time. Climate-related distribu-
tion shifts have already altered community composition and biodiversity of many sys-
tems and taxa, including phytoplankton (Hallegraeff 2010; Merico et al., 2004; Peperzak, 
2003), pelagic copepods (Beaugrand et al., 2002), rocky intertidal invertebrates (Barry et 
al., 1995; Helmuth et al., 2006b; Southward et al., 2005; Wethey et al., 2011), fishes (Fodrie 
et al., 2010; Last et al., 2011; Nye et al., 2009; Perry et al., 2005), and seabirds (Hyrenbach 
and Veit, 2003). These changes in community composition are a function of both local 
extinction of species and invasions from elsewhere. 

Ocean acidification is also affecting biodiversity and community structure in marine 
ecosystems. In a northeast Pacific rocky shore community, declining pH over eight years 
corresponded to gradual shifts from the mussel-dominated communities typical of such 
temperate shores to communities more dominated by fleshy algae and barnacles (Woot-
ton et al., 2008). Similarly, in shallow benthic communities near natural CO2 seeps, cal-
careous corals and algae are replaced by non-calcareous algae, and juvenile mollusks are 
sharply reduced in number or absent altogether (Hall-Spencer et al., 2008). 

Importantly, biodiversity is not only affected by climate change because levels of 
biodiversity can also influence the resilience of marine ecosystems to climate change. 
Experiments show that more diverse communities tend to be more stable and less sus-
ceptible to disturbance and variability through time (Jiang and Pu, 2009). Recovery of 
eelgrass after the 2003 heat wave in Europe was enhanced by greater genetic diversity 
(Reusch et al., 2005) and the important process of algal grazing was more stable in the 
face of experimental warming and salinity fluctuations when multiple species of graz-
ers were present (Blake and Duffy, 2010). Analyses of global fisheries time series data 
also support the hypothesis that marine biodiversity increases ecosystem stability and 
resilience to perturbations (Worm et al., 2006). Biocomplexity and diversity of fishes has 
been shown to decrease variability in stock productivity (Hilborn et al., 2003) and in-
crease profitability to resource users (Schindler et al., 2010). Further research is needed 
to understand the causes and consequences of biodiversity change in marine ecosys-
tems, including impacts on resilience, stability, and the provisioning of the ecosystem 
services on which humans depend (see Section 4). Nevertheless, sufficient evidence now 
exists from a wide range of ecosystems to conclude with confidence that, on average, 
loss of biodiversity reduces ecosystem productivity and stability (Cardinale et al., 2011; 
Stachowicz et al., 2007).

If species cannot migrate or adapt to a changing environment, they face local or even 
global extinction. Humans have directly caused the global extinction of more than 20 
described marine species, including seabirds, marine mammals, fishes, invertebrates, 
and algae, and many others have likely disappeared unnoticed (Sala and Knowlton, 
2006). Under projected climate change, marine species extinctions are expected to be 
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most frequent in sub-polar regions, the tropics, and semi-enclosed seas (Cheung et al., 
2009). Cold- and ice-adapted species are especially vulnerable because ocean warming 
degrades their preferred habitats and invasions occur from temperate regions. For ex-
ample, warming waters have recently allowed large lithodid “king” crabs to invade the 
Antarctic shelf for the first time in 14 million years, where they have reduced benthic 
diversity and appear to have driven certain species locally extinct (Smith et al., 2011). 

Quantitative estimates of species losses based on historical comparisons, measured 
and projected habitat loss, and demographic trajectories of wild populations suggest 
that Earth is now approaching, if not already in the midst of, the sixth mass extinction 
in its history, with rates of species loss 2-5 orders of magnitude above the average over 
geologic time (Barnosky et al., 2011; Butchart et al., 2010; Dirzo and Raven, 2003; Pereira 
et al., 2010; Pimm, 2008; Pimm et al., 1995). The principal drivers of the current extinc-
tion wave are habitat loss, overexploitation, pollution, and impacts of invasive species 
(Purvis et al., 2000), but changing climate has contributed to several mass extinction 
events in the past (Barnosky et al., 2011), and today’s much more rapidly changing cli-
mate is expected to exacerbate the impacts of these other drivers in the coming century 
(Brook et al., 2008).

3.4 Regime Shifts and Tipping Points

As a result of environmental and ecological complexity in response to climatic and non-
climate stressors, rapid changes in ecosystem structure and function are a particular 
area of concern. Evidence of rapid phase, or regime, shifts is emerging across diverse 
U.S. geographic locations and ocean ecosystems (Hoegh-Guldberg and Bruno, 2010). 
Regime shifts occur when dominant populations of an ecological community respond 
gradually and continuously to changes in environmental conditions until a particular 
threshold or “tipping point” is reached, beyond which the community rapidly shifts 
to a new dominant species or suite of species (Scheffer and Carpenter, 2003; Scheffer 
et al., 2001, 2009). In many instances, these “replacement” assemblages are less desir-
able from a human standpoint, such as when coral reefs are replaced by fast-growing 
macroalgae (Dudgeon et al., 2010, Case Study 3-B). Thus, regime shifts have significant 
implications for ecosystem functioning and services, with consequences for associated 
ecological, economic, and human social systems (Mumby et al., 2011b). Systems that 
are already degraded and depleted by non-climatic stressors often have lower resilience 
and are therefore more susceptible to climate-related regime shifts and tipping points 
(Folke et al., 2004). However, as physiological and ecological thresholds, tipping points 
can be difficult to predict and significant declines in ecosystem services can theoretically 
be reached prior to any associated large-scale changes in the environment (Harley and 
Paine, 2009; Monaco and Helmuth, 2011; Mumby et al., 2011b).

Certain U.S. marine systems are on a trajectory for rapid change and others have 
already crossed a tipping point (Hoegh-Guldberg and Bruno, 2010). In the Chesapeake 
Bay, eelgrass (Zostera marina) died out almost completely during the record-hot sum-
mers of 2005 and 2010, evidently because too many days exceeded the species’ tolerance 
threshold of 30° C (Moore and Jarvis, 2008). Summer Arctic sea ice has dramatically 
declined (see Section 2), thinning by 43 percent from the late 1980s to the early 2000s 
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(Lindsay and Zhang, 2005). Coral reefs are undergoing rapid phase shifts from coral-
dominated to macroalgal-dominated systems (Case Study 3-B) due to a combination 
of stressors such as nutrient pollution, overharvesting of herbivorous fishes, disease, 
and thermal stress (Dudgeon et al., 2010; Hoegh-Guldberg et al., 2007; Hughes et al., 
2010). Gardner et al. (2003) reported an 80 percent reduction in Caribbean coral cover in 
fewer than three decades from 50 percent cover to only 10 percent cover. In the north-
ern California Current Large Marine Ecosystem, severe low-oxygen, or hypoxic, events 
have recently emerged as a novel phenomenon due to changes in the timing and dura-
tion of coastal upwelling (Barth et al., 2007; Chan et al., 2008). These events have led to 
high mortality of benthic invertebrates and Dungeness crabs (Grantham et al., 2004) as 
well as the loss of rockfish from low-oxygen areas (Chan et al., 2008), which affected 
local fisheries. In many instances, it is unknown whether reversing these rapid, climate-
related trajectories of ocean disruption and decline will be possible. However, evidence 
indicates that reducing non-climatic stressors such as overharvesting and pollution can 
potentially prevent tipping points from occurring (Diaz-Pulido et al., 2009; Hsieh et al., 
2008; Sumaila et al., 2011).

Developing climate adaptation strategies requires 
knowing the relative contribution of each stress-
or to the overall condition of a marine system in 
order to inform if and to what extent any action 
can actually affect meaningful change. Cumula-
tive Impact Assessments are designed to provide 
this type of information (Halpern et al., 2008a). Al-
though climate change consistently ranks as a top 
pressure to marine ecosystems, at global (Halpern 
et al., 2008a) and regional areas within the Unit-
ed States (e.g., California Current: Halpern et al., 
2009b; Northwestern Hawaiian Islands: Selkoe 
et al., 2008, 2009), many other stressors play sig-
nificant roles in impacting overall condition. In 
some locations, non-climatic stressors represent 
the dominant impact (e.g., land-based stressors: 
Halpern et al., 2009a; fishing: Halpern et al., 2010).

In each of the regional assessments that have 
been conducted within the United States, com-
mercial shipping, commercial fishing, and land-
based pollution have all played significant roles 

in driving overall impacts to marine systems. For 
specific climate-related stressors, local sources 
can dominate impacts over global sources; for ex-
ample, ocean acidification in coastal waters can be 
due to land-based runoff of sediments and pollut-
ants as well as global increases in carbon dioxide 
and can therefore be addressed in part through 
reducing local drivers of pH change (Kelly et al., 
2011). Climate-related increases in precipitation 
and surface water temperature are predicted to 
exacerbate factors that cause low oxygen in coast-
al waters; therefore, reducing the flow of nutrients 
and sediments into coastal waters could lessen the 
probability that hypoxia develops in certain wa-
ter bodies whose climate-related susceptibility to 
hypoxia is increasing (CENR 2010, Doney et al., 
2012).

case study 3-e
Cumulative impacts assessment
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Cumulative impact map of 25 different human activities on 19 different marine ecosystems within 
the California Current and impact partitioned into climate change impacts alone (n = 3 layers) and 
other stressors (land-based sources of stress (n = 9 layers), all types of fishing (n = 6 layers), and 
other ocean- based commercial activities (n = 7 layers). Figure adopted from Halpern et al., 2009b.

case study 3-e (continued)
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chapter 4

Impacts of Climate Change on human 
uses of the Ocean and Ocean Services

executive Summary

The impacts of climate change on oceans include effects on humans and human sys-
tems. In addition, climate change is interacting with other anthropogenic impacts such 
as pollution, habitat destruction, and over-fishing that are currently negatively affecting 
the marine environment. Although not well-documented across all marine regions of 
the U.S., evidence to date suggests that substantial socio-economic impacts to marine 
resource-dependent communities and economies worldwide are likely to result from 
climate change.

Extensive efforts are underway to understand the socio-economic drivers of and ef-
fects from climate change. To date, case studies in which the effects of climate change 
on ocean services have been documented are few, but data are available regarding the 
extent of human uses of marine resources as well as the biophysical effects of climate 
change on the marine resources upon which those uses depend. Using these data and 
available case studies, this section provides greater understanding and assesses the like-
lihood and potential consequences of impacts that may occur given certain climate-re-
lated changes in specific marine resources and environments for the following sectors: 
commercial, recreational and subsistence fisheries, offshore energy development, tour-
ism, human health, maritime security, transportation, and governance.

U.S. marine ecosystems are highly valuable and provide a wide variety of resources 
and services that support a wide array of activities, businesses, communities, and econo-
mies across the nation. Commercial and recreational fisheries in the U.S. represent an 
annual multi-billion dollar industry (NOAA Fisheries, 2010). Subsistence fishing, de-
fined as fishing for direct consumption or barter without the product entering a market, 
also contributes significantly to the health and well-being of fishing-dependent com-
munities and local economies across the U.S. Most of the effects of climate change on 
U.S. fisheries will stem from the changes to the fish stocks brought about by direct and 
indirect climate impacts on productivity and location; others stem from impacts that 
climate has on the fisheries themselves as well as fishing-dependent communities across 
the country. Already, case studies have documented climate change effects on fisheries 
and their stocks, including the Pacific salmon, Bering Sea pollock, Pacific cod, Pacific sar-
dines, Atlantic croaker, and Atlantic cod fisheries. For some stocks, geographic distribu-
tions are shifting; for others, climate-induced shifts in marine ecosystems have brought 
about fluctuations in overall abundance or population characteristics.
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The U.S. is a major consumer, but only a minor producer, of aquaculture products. 
The U.S. imports 86 percent of its seafood and approximately half of that is from aqua-
culture production. A rise in sea-surface temperatures may trigger the growth of harm-
ful algal blooms that can extend the spatial or temporal scope of a bloom or release 
toxins into the water and kill cultured fish and shellfish; fish in cage-based aquaculture 
systems and shellfish beds are particularly at risk. Higher water temperatures may also 
result in increased disease incidence and parasites, which may develop more rapidly in 
warmer waters and higher salinities (see Section 3) and threaten the aquaculture sector. 
Species cultured in temperate regions, predominantly salmon and cod species have a 
relatively narrow range of optimal temperatures for growth. Temperatures over 17ºC, at 
which feed intake drops and feed utilization efficacy is reduced, would be detrimental 
to the salmon farming sector (DeSilva et al., 2009). On the other hand, certain aspects of 
aquaculture may benefit from climate-related changes. Higher water temperatures may 
also increase the availability of new culture sites, especially in areas previously too cold 
to support aquaculture. An increase in water temperature may also have a positive effect 
on metabolism and stimulate growth of cultured species, provided that the change is 
gradual and stays within the thermal tolerance of the species. 

Offshore energy development from oil, gas, and renewable energy sources has been 
increasing in recent years. Many factors will impact these industries as a result of global 
climate change and industry reaction to these changes involves an even larger number 
of factors. For example, industry response depends largely on whether it involves an in-
ternational company, a small independent company, or a state-owned enterprise. Other 
critical factors include, but are not limited to, geographic location; local, regional, and 
international policies and regulations; the industry’s standards of ethical practice; and 
the industry’s influence on national and international markets. The main climate-related 
effects on these industries are increased pressures on water resources, failure of infra-
structure that was not designed to withstand new climatic conditions, and changes in 
financial assets and resources extracted as energy production moves from the traditional 
oil and gas industry to renewable sources of energy.

In the U.S., the tourism industry also plays a large economic role in ocean services. 
Nationally, 2.8 percent of gross domestic product, 7.52 million jobs, and $1.11 trillion in 
travel and recreational total sales are supported by tourism (OTTI, 2011a, b). In addition, 
in 2009-2010, nine of the top ten states and U.S. territories and seven of the top ten cities 
visited by overseas travelers were coastal, including the Great Lakes (OTTI 2011a, b). In 
the face of climate change, impacts to weather conditions and marine resource distribu-
tion, variable weather conditions, and extreme events such as typhoons and hurricanes 
are expected to pose the most significant impacts on the industry: positively in some 
regions of the country, negatively in others, and with mixed effects in yet others.

The potential for climate change to affect the boundaries and determinants of human 
health is equally significant. A number of primary areas exist in which climate change is 
expected to impact human health (Baer and Singer, 2009) and will likely exacerbate hu-
man vulnerability and sensitivity in the future (McGeehin, 2007). These include, but are 
not limited to, respiratory illness from harmful algal blooms, illness from shellfish con-
tamination; extreme weather-related injuries; morbidity and mortality of marine species; 
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declines in access to drinkable water; increased food insecurity and malnutrition; spread 
of infectious disease; and growing violence from climate-triggered civil conflict.

Finally, security, transportation, and governance issues are also at play in terms of 
expected climate change impacts to ocean services in the U.S. Most notably, climate 
shifts in the Arctic, especially in regards to sea ice coverage, are provoking discussion on 
the future of ocean governance, including marine resource and ecosystem-based man-
agement. Perhaps the most noteworthy issue in this arena is the increase in shipping 
accessibility in the Arctic. National security concerns and threats to national sovereignty 
have also been a recent focus of attention (Borgerson, 2008; Campbell et al., 2007; Lack-
enbauer 2011). Ocean change will lead to an expanded geopolitical discussion involving 
the relationships among politics, territory, and state sovereignty struggles as well as op-
portunities for partnership and cooperation on local, national, and international scales 
(Nuttall and Callaghan, 2000).

Discussion of these observed and predicted changes to ocean services in the U.S. is 
raising awareness of the potential socio-economic effects of climate change and high-
lighting some of the areas where significant changes have not already been observed 
but are highly likely to be observed over the short- and long-term periods. Information 
needs are growing with regard to the socio-economic and biophysical effects of climate 
change and how the U.S. may be able to prepare for and respond to these changes. This 
section is intended to provide a summary of impacts that are currently known and a 
framework within which inferences of future impacts can be identified.

Key Findings

1. Significant effects of climate change on all sectors pertaining to human uses of the 
ocean, including but not limited to fisheries, energy, transportation, security, human 
health, tourism, and maritime governance, are already being observed and are pre-
dicted to continue into the future.

• Some effects are predicted to be “positive,” in that they expand the extent of 
individual sectors, while others are predicted to be “negative,” in that they 
reduce the ability of humans to use the ocean in a given sector, and virtually all 
effects will result in some distributional changes in how and where, as well as by 
whom, marine resources are used.

• Most of the effects of climate change on U.S. fisheries will stem from the changes 
to the fish stocks brought about by direct and indirect climate impacts on 
productivity and location; others stem from impacts that climate has on the fish-
eries themselves as well as fishing-dependent communities across the country, 
which could experience changes in distribution and abundance of their available 
stocks,.

• Aquaculture stocks are expected to be more resilient to climate change than wild 
stocks due to selective breeding and vaccination.

• The main climate-related effects on the oil and gas industry are anticipated to 
be increases in demands on water sources, failure of infrastructure not designed 
to withstand new climatic conditions, and changes in the extraction of financial 
assets and resources as energy production moves from the traditional oil and 
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gas industry to renewable sources of energy.
• In the face of climate change, impacts to marine resource distribution, variable 

weather conditions, and extreme events such as typhoons and hurricanes are 
expected to pose the most significant impacts on the tourism industry; these 
effects will be positive in some regions of the country, negative in others, and 
mixed in others.

• The scale and scope of climate impacts such as increased economic access and 
ecosystem shifts in polar areas (Arctic, Antarctic) are already having significant 
impacts on ocean uses and users. There is a high likelihood that these impacts 
will grow and have serious consequences as well as opportunities on human 
uses of the oceans in the future.

2. As a result of climate change, governance regimes for ocean environments and re-
sources, as well as human health, will be challenged, and will likely have to change 
significantly in character and configuration. 

• Geographic shifts in the distribution of fishery resources, ocean energy exploita-
tion, and ocean transportation routes may require restructuring policy arenas for 
those resources and may require amending policy and governance systems with 
new statutory law.

3. Ocean “health,” both in terms of the functioning of biophysical ocean ecosystems 
and the factors related to oceans and human health will likely be affected by climate 
change. 

• The distribution and abundance of water-born human disease vectors are 
expected to change significantly as a result of climate change.

• The potential for climate change to affect the boundaries and determinants of 
human health is significant, including increases in extreme weather-related inju-
ries, morbidity and mortality, declines in access to drinkable water, increased 
food insecurity and malnutrition, rising pollutant-related respiratory problems, 
and spread of infectious disease.

4. Impacts of climate change on human social and economic systems provide critical 
insight into societal responses and adaptation options. 

• Additional disciplinary and interdisciplinary research will be necessary to 
improve understanding of the interactions between physical, biological, 
economic, and social systems in the future.

4.1 Introduction

The biophysical impacts of climate change on oceans described in Sections 2 and 3 also 
affect humans and human systems that interact with the ocean. For example, fishing-de-
pendent communities and the national economy are affected by climate-related impacts 
on populations of marine resources and understanding climate impacts to fish and shell-
fish stocks enables improved assessment of the impacts of those changes on fishing be-
haviors, industries, infrastructure, and communities. This leads to one of the limitations 
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in our current ability to assess these socio-economic impacts: uncertainty regarding 
the rate and magnitude of change in biophysical aspects of marine resources attribut-
able to climate change. The direction of these changes may be clear but the rate and 
extent, as well as synergistic, antagonistic, or cumulative impacts that result, are less 
clear.

Climate change-independent stressors also affect coastal and marine resources as 
well as the socio-economic factors related to the use of those resources; for example, 
the demographic phenomenon of human migration towards coasts is not generally 
driven by climate change, but clearly affects coastal and marine resources. Similarly, 
human population growth and accompanying growth in food production, infra-
structure, and transportation systems clearly affect resources and socio-economic 
systems. This section, however, will focus on those socio-economic effects of changes 
in marine resources that are clearly related to climate change, based on our current 
understanding of the biophysical impacts of climate change (see Sections 2 and 3 for 
more detail).

The term “ocean services” refers both to the quantifiable monetary and non-
market value that use of the ocean provides to humans and to the currently un-
quantifiable but identifiable benefits that the ocean provides to humans. The U.S. 
Commission on Ocean Policy recently characterized the “value of the ocean sector to 
the U.S.” in the following way:

The ocean economy, the portion of the economy that relies directly on ocean at-
tributes, in 2000 contributed more than $117 billion to American prosperity and 
supported well over two million jobs. Roughly three quarters of the jobs and half 
the economic value were produced by ocean-related tourism and recreation (Figure  
4-1). For comparison, ocean-related employment was almost 1½ times larger than 
agricultural employment in 2000, and total economic output was 2 ½ times larger 
than that of the farm sector. (USCOP, 2004, page 31)

The report also notes, “Standard government data are not designed to measure 
the complex ocean economy. They also ignore the intangible values associated with 
healthy ecosystems, including clean water, safe seafood, healthy habitats, and de-
sirable living and recreational environments. This lack of basic information has 
prevented Americans from fully understanding and appreciating the economic im-
portance of our oceans and coasts” (USCOP, 2004, page 31).

As described in earlier sections, the physical changes in marine environments ex-
pected from climate change include increased ocean temperatures and acidification 
in addition to changes in salinity, among others (see Section 2). These will in turn 
lead to impacts on ocean organisms, such as shifts in the distribution of species, pop-
ulations, and habitats and changes in life histories, growth rates, and survival (see 
Section 3; MacNeil et al., 2010). In addition, these changes will also lead to new pat-
terns of the human use of and relationships with the ocean, such as possible displace-
ment of fishing fleets from their traditional fishing grounds, increased access to polar 
region environments for navigation and mineral exploration, and expanded growth 
and distribution of water-borne pathogens. Information about biophysical change is 
critical for enhanced understanding of the socio-economic impacts of these changes 
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in human use. An interdisciplinary perspective is crucial for analyzing the interwoven 
impacts of climate change on the socio-economic uses of marine resources.

For example, to the extent that human fishing-dependent communities rely on the 
exploitation of particular species in particular geographic environments, human popu-
lations will likely have to shift their exploitation to other species, particularly those in 
geographic proximity to the human communities, as the distributions of those species 
and environments shift. Thus, communities will likely have to adopt new technologies 
for harvesting marine resources that are new to them, or, if humans desire to continue 
to exploit the same species, which may have moved to another location, they will have 
to adapt either through increased vessel transit time, the migration of shore-side human 
communities, or both to stay in proximity to their “traditional” species of exploitation. 

Similarly, if ocean acidification results in certain species, such as corals, shellfish and 
crustaceans, being no longer viable in their present locations, or perhaps not being vi-
able at all due to diminishing ability to construct shells or skeletons, any human exploi-
tation of such species will be affected. Responses will vary based on the specific marine 
resources and involved human communities (Hamilton et al., 2003).

The key conclusion of this section is that substantial socio-economic effects in spe-
cific areas, some positive and some negative, will unquestionably result from changes 

Figure 4-1 Value of the oceans. The 
ocean economy includes activities that 
rely directly on ocean attributed or take 
place on or under the ocean. In 2000, 
Tourism and Recreation was the largest 
sector in the ocean economy, providing 
approximately 1.6 million jobs (Source: 
USCOP, 2004).
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in marine resources due to climate change. This section identifies many of the important 
areas and directions of potential socio-economic effects, although, for the moment, not 
the details of those effects. The focus is on three approaches to exploring the impacts of 
climate change on human uses of the ocean. The first approach is to combine a baseline 
of current human uses of marine resources with case studies of currently document-
able changes occurring in specific marine resources and their associated socio-economic 
impacts. Few of these case studies currently exist, but certain conclusions can be drawn 
from available data and information. The second approach is the construction of gen-
erally expected impacts given certain changes in specific marine resources and envi-
ronments. Finally, the implications of these changes for marine resource governance 
systems will be explored. Will these changes necessitate new or different governance 
regimes or will they simply require adaptation of existing regimes, and, if so, what kinds 
of adaptation? Unfortunately, the research and literature on human uses of the ocean 
and ocean services is not uniform by region of the U.S.; however, an attempt was made 
to be comprehensive in our coverage of all areas of the U.S. EEZ, and substantial mate-
rial and case studies for most regions has been included. 

4.2 Climate effects on Capture Fisheries

Fishing is a production activity that takes place under uncommonly uncontrolled 
conditions. It follows that the output of fisheries, as well as their costs and net benefits, 
are directly and strongly affected by variations in natural conditions. We can do very 
little about these conditions but have to adjust to them as best we can. We are not in a 
position to warm up the ocean or change its salinity as would fit our interests. Neither 
can we change the ocean currents that affect the migrations of fish. Basically, in fisher-
ies, unlike most other types of economic production, we … have to make do with what 
nature decides to make available.. (Hannesson, 2007, page 157)

Commercial and recreational fisheries in the U.S. represent an annual multi-billion 
dollar industry (Tables 4-1 and 4-2). Subsistence fishing also contributes significantly to 
the health and well-being of fishing-dependent communities and local economies across 
the U.S. In the U.S., fisheries managed by the federal government are generally defined 
as fishing activities that take place between 3 and 200 nautical miles from the coast-
line. Nationwide, National Oceanic and Atmospheric Administration (NOAA) Fisheries 
oversees the management of 230 major fish stocks or stock complexes that comprise 90 
percent of the nation’s commercial harvest. In addition, individual states retain manage-
ment authority over fishing activities within 3, or in some cases up to 9, nautical miles 
of their coasts or in their inland waters such as Puget Sound or Chesapeake Bay. For a 
better understanding of regional fishery characteristics, refer to Appendix A.

Climate change will affect U.S. fisheries through multiple pathways, including the 
biophysical systems upon which fisheries depend, the methods and locations in which 
harvests occur, community reliance on fisheries resources, and fisheries’ governance 
systems. Most of these effects will stem from the changes to the fish stocks brought 
about by direct and indirect climate impacts on stock productivity and location; oth-
ers will stem from impacts that climate has on fisheries and fishing-dependent com-
munities. Extreme weather events may also disrupt fishing operations and land-based 
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infrastructure; however, because the management of fisheries in the U.S. is partly based 
on metrics, such as maximum sustainable yield (MSY), that depend on productivity, the 
effects of climate change on fisheries will substantially depend on how fisheries’ manag-
ers respond to those changes.

Changes in the biophysical characteristics of fish stocks can sometimes mean chang-
ing gear, which is often expensive, and/or learning new fishing grounds and species’ 
habits. Fishermen often rely on social networks for information-sharing while fishing 
(Holland et al., 2010; Kitts et al., 2007; Palmer 1990, 1991; St. Martin and Hall-Arber, 
2008); thus,changing species may mean needing to cultivate new networks. If fish-
ermen switch to species whose range extends further south, they may need to make 
longer trips or relocate their home base, either of which affects their families and 

table 4-1: 2009 economic impacts of the united states seafood industry

Jobs Sales ($1,000s) Income ($1,000s)
Value added 
($1,000s)

Total impacts 1,029,542 116,224,548 31,556,643 48,282,319

Commercial harvesters 135,466 10,349,446 3,435,027 5,340,116

Seafood processors & dealers 183,895 25,240,441 7,965,719 11,073,240

Importers 178,387 49,070,476 7,864,480 14,958,830

Seafood wholesalers & distributors 47,405 6,505,383 2,137,714 3,058,777

Retail 484,389 25,058,802 10,153,704 13,851,356

Source: National Marine Fisheries Service. 2010. Fisheries Economics of the United States, 2009. U.S. Dept.   
              Commerce, NOAA Tech. Memo. NMFS-F/SPO-118, 172p. 

table 4-2: 2009 economic impacts of recreational fishing expenditures 

Jobs Sales ($1,000s) Income ($1,000s)
Value added 
($1,000s)

Total impacts 327,123 49,811,961 14,574,464 23,196,422

For hire 17,217 1,915,452 606,983 1,039,705

Private boat 31,176 4,243,541 1,253,804 2,158,414

Shore 35,293 4,312,850 1,319,865 2,243,036

Durable equipment 243,438 39,340,118 11,393,812 17,755,268

Retail 484,389 25,058,802 10,153,704 13,851,356

Source: National Marine Fisheries Service. 2010. Fisheries Economics of the United States, 2009. U.S. Dept.   
              Commerce, NOAA Tech. Memo. NMFS-F/SPO-118, 172p. 
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communities. Fishermen often choose day versus trip fishing based on family consider-
ations (Maurstad, 2000). When trips are longer, household dynamics change, affecting 
time with spouses and children and the ability to participate in community and school 
events. When households relocate, social networks are lost and part of a community’s 
economic base disappears, although the communities of destination gain. See Fowler 
and Etchegary (2008) for a more thorough discussion of the social and economic impacts 
on communities of out-migration, especially in rural areas (Lal et al., 2011). On the other 
side, gentrification is creating pressure on small fishing-dependent communities (Col-
burn and Jepson, 2012; Clay and Olson, 2008; NOAA Fisheries, 2009a), making coastal 
property less affordable. Any climate-change-related loss of fishing households could 
exacerbate this trend, but the exact degree or even direction of any of these economic 
impacts for commercial fishermen depends on: which specific climate impacts occur; 
factors affecting prices and other market dynamics at that point in time (Markowski et 
al., 1999); and choices based on social and cultural factors.

Recreational fishermen will largely change target species with unclear economic im-
pacts because many aspects of the recreational fishing experience are unrelated to spe-
cific species (Fedler and Ditton, 1994). In their study of freshwater sportfishing in the 
northeastern U.S., Pendleton and Mendelsohn (1998) found that a doubling of atmo-
spheric carbon dioxide could lead to anywhere between a $4.6 million loss and a $20.5 
million net benefit for the region. Subsistence fishermen generally fish a wider range 
of species than those fishing for pure recreation, so they would likely be able to adapt 
provided enough species remain accessible (Steinback et al., 2007); however, to the ex-
tent that multiple species become unavailable, these fishermen may experience negative 
nutritional consequences, especially because they are also more likely to collect non-
finfish marine resources (Steinback et al., 2009), such as shellfish, which are expected 
to be heavily impacted by increasing ocean acidification (see Cooley and Doney, 2009), 
squid, seaweed, or kelp (see Ling et al., 2009, for potential interactions of fishing, kelp, 
and climate change).

Effects on the productivity and location of fish stocks

The most direct potential effects of climate change on fisheries will come through chang-
es in the productivity and location of the fish stocks that are the current and future tar-
gets of those fisheries (See Section 3 for more detail on these effects). Climate change can 
directly affect the growth rates, reproductive capacity, and mortality of fish populations 
(Brander, 2010; Section 3). Climate change can also affect the marine ecosystems that sup-
port those populations, by altering primary productivity (Boyce et al., 2010; Sarmiento 
et al., 2004; Sumaila et al., 2011; Section 3) as well as the overall productivity, structure, 
and composition of the marine ecosystems on which fish depend (Brander, 2010; Sec-
tion 3). In addition, ocean acidification, increased ocean temperatures, and changes in 
environmental conditions all strongly affect the spatial distributions of marine fish spe-
cies (Allison et al., 2011; Cooley and Doney 2009; Doney et al., 2009; Gaines et al., 2003; 
Pauly, 2010; Pörtner and Knust, 2007; Sumaila et al., 2011). How these ecosystem effects 
will ultimately manifest in the fish stocks is uncertain in part because the complexity of 
trophic relationships makes predictions difficult (Brander, 2010). 

At the level of an individual fishery, judging which species are likely to suffer 
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significant adverse effects from climate change and which are likely to benefit is dif-
ficult. Fisheries that target stocks adversely affected by climate change may be able to 
target alternate stocks that benefit from climate change; thus, the ultimate impacts de-
pend strongly on the capacity of particular fisheries to adapt (Brander, 2010). Similarly, 
fisheries that target fish stocks with evolving spatial locations will experience changes 
in the required amount of fuel and other fishing inputs, time at sea, and exposure to 
ice (Badjeck et al., 2010; Mahon, 2002), but whether these changes will be detrimental 
or beneficial depends on exactly how those locations change and the exact social and 
economic prices associated with available adaptation strategies on the part of fishermen, 
their families, their communities, and fisheries-dependent industries. 

Economic effects on commercial fisheries and fishing-dependent communities

Sumaila et al. (2011) describe potential economic impacts of climate change on fish-
eries (refer to Appendix A for current levels of fishing pressure in each region of the 
U.S.). In particular, climate change can affect the quantity and quality of yields through 
biophysical impacts and the magnitude of these impacts will depend on responses to 
these changes by harvesting and processing sectors. These responses will be reflected in 
fish and seafood markets through changes in prices and yield values and also through 
changes in the costs of fishing, such as risingfuel prices. Taken together, the net value of 
fish (i.e., sales revenues minus costs) will determine the incomes of fishermen and the 
economic value of fish stocks to fishing-dependent communities. To assess the possible 
economic effects of climate change on fisheries, Sumaila et al. (2011) used the effects of 
El Niño-Southern Oscillation (ENSO)-induced climate variability on fisheries as a partial 
proxy for what could happen to individual fisheries in response to climate change (see 
Section 2 for details on ENSO). 

In general, ENSO events are associated with a warming of sea surface temperature 
(SST) in the tropical Eastern Pacific. In a model of an ENSO event, a simulated 60 percent 
decrease in active sablefish (Anoplopoma fimbria) vessels in Monterey Bay was accompa-
nied by a 25 percent decrease in ex-vessel price (Dalton, 2001). In addition to sablefish, 
a groundfish species, Dalton’s (2001) analysis estimated effects on fisheries in Monterey 
Bay for Albacore tuna (Thunnus alalunga), Chinook salmon (Oncorhynchus tshawytscha), 
and market squid (Loligo opalescens). Together, these four fisheries accounted for approx-
imately 50 percent of the ex-vessel revenues associated with landings at Monterey Bay 
ports during the period of analysis (1981 to 1999). 

Results for the Albacore fishery showed temporary increases in active vessels and ex-
vessel prices of approximately 20 percent in response to a major ENSO event. Results for 
the Chinook fishery showed no change in numbers of vessels but did exhibit a substan-
tial decrease in ex-vessel prices. Results of the same ENSO model for the market squid 
fishery showed an increase in ex-vessel price together with a drastic decrease in the 
number of active vessels. In fact, no landings of market squid were reported at Monterey 
Bay ports during the major 1998 ENSO event, which had an SST anomaly of 1.9° Celsius. 
An impulse response function analysis was also conducted for the California sardine 
(Sardinops sagax) and Northern anchovy (Engraulis mordax) fisheries in Southern Califor-
nia and Monterey Bay to simulate economic effects of an SST anomaly of 1.2° Celsius on 
numbers of active vessels and ex-vessel prices (Dalton, 2001). 
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Except for effect on ex-vessel price of Northern anchovy at Southern California ports, 
the response to 1.2° Celsius increase in SST had positive effects on the numbers of vessels 
making landings and ex-vessel prices earned from those landings. These results demon-
strate that climate change can be expected to have positive effects on some fisheries. 

As reported below in Case Study 4-C for California sardine, these fish are more pro-
ductive in warm water climate regimes. The effects of a single SST change are temporary 
but the persistence through time of the simulated SST changes described above shows 
the dynamic properties of the estimated models. In particular, Monterey Bay fisheries 
for Northern anchovy and Pacific sardine appear to be slightly more stable than those in 
Southern California. 

Unlike ocean warming, which has a robust literature on fisheries impacts (see Su-
maila et al., 2011 for a review of fisheries impacts), relatively few studies have assessed 
the wider impacts of ocean acidification on fisheries. Moore (2011) applies an integrated 
assessment model and an econometric estimation to U.S. mollusk production. Costs of 
ocean acidification to U.S. mollusk production are estimated to be approximately $10 
million per year ($0.07 per U.S. household) in 2020 and to increase to almost $300 million 
per year ($1.78 per U.S. household) in 2100, with a cumulative cost of $734 million in net 
present value terms with a discount rate of 5 percent. This assessment of impacts on U.S. 
mollusk production was based on regression results from a study by Ries et al. (2009) for 
eighteen selected species of marine calcifiers. This study noted that ocean acidification 
will not always have negative impacts like that estimated for mollusks. Ries et al. (2009) 
found that blue crab, Callinectes sapidus, did not exhibit significant ocean acidification 
effects. However, some evidence already suggests that ocean acidification can impact 
other crab species (Walther et al., 2009, 2010), and that commercially important crab 
stocks in other areas, the North Pacific for example, are vulnerable. Furthermore, the 
small set of previous studies on ocean acidification impacts does not differentiate ocean 
acidification effects on different life-history stages, including early life stages that may 
be especially sensitive (Gazeau, 2010), nor does it apply to animals where demographic 
factors are a critical feature of population dynamics, which is clearly the case with many, 
and perhaps most, commercially important species. 

In addition to the effects of climate change on fish stocks, both fishery operations 
and fishing-dependent communities are likely to be directly affected. Extreme weather 
events can disrupt fishing operations and damage the community-based infrastructure, 
such as landing sites, boats, and gear, that supports the fisheries (Badjeck et al., 2010; Jal-
low et al., 1999; Westlund et al., 2007). Changes in the variability of climate that manifest 
themselves in increased fluctuations in fishery production and income can affect com-
munities through their choice of livelihoods and other social outcomes (Badjeck et al., 
2010; Coulthard, 2008; Iwasaki et al., 2009; Sarch and Allison, 2000).

Fishing-dependent communities in the U.S. and elsewhere are economically and so-
cially diverse. The effects of climate change on fisheries may be felt more acutely by those 
communities that are more dependent on fishing, including those with fewer alternative 
economic activities and/or higher reliance on fisheries, especially for subsistence, and 
those that are less diversified in their target fisheries and therefore more dependent on 
one or a few fish stocks (Phillips and Morrow, 2007).

Recent scientific concern about ocean acidification is turning to discussions of socio-
economic security (NRC, 2010b) and particularly to the potential negative impacts of 



impacts of climate change on human uses of the Ocean and Ocean services               75

ocean acidification on certain commercial fisheries (Cooley and Doney, 2009; Cooley et 
al., 2009). According to a 2010 National Research Council report, “Ocean acidification 
may result in substantial losses and redistributions of economic benefits in commercial 
and recreational fisheries,” adding that “Although fisheries make a relatively small con-
tribution to the total economic activity at a national and international level, the impacts 
at the local and regional level and on particular user groups could be quite important” 
(NRC, 2010b, page 89). Furthermore, ocean acidification’s impact on commercial fisher-
ies is projected to generate increased job insecurity for workers employed in commercial 
and recreational fishing gear manufacture and sales, vessel construction, loading, and 
repair, fish processing, wholesale and retail, commercial docks, ice suppliers to commer-
cial fishing vessels, and other support industries, possibly resulting in income decline 
and job loss. Workers in recreational fishing gear and vessel sales, recreational outfitting, 
marinas, and other recreational support industries could also be affected.

Regional effects of climate change on fisheries

Currently, relatively few socio-cultural or economic studies document climate change 
and existing economic studies (Markowski et al., 1999) do not measure all relevant cli-
mate-related effects on non-market benefits such as ecosystem health, species loss, and 
human amenity impacts. At this point, nothing definitive can be said about the net ef-
fect of climate change on the quality of life in the U.S.; there will be both positives and 
negatives. Grafton (2010), however, notes that although the specific effects of climate 
change on particular marine ecosystems and fish populations are difficult to predict, 
on a global and regional basis, sufficient research indicates that many, but not all, of 
these impacts will be negative. Some fish stocks are experiencing shifting distributions; 
for others, their overall abundance or population characteristics are fluctuating due to 
climate-induced shifts in marine ecosystems. The following presents a review of this 
research regarding the regional effects that are known or expected. Refer to Appendix A 
for a more detailed review of the extent of fishing in each region and further details on 
climate change impacts on specific fisheries.

SUBSISTENCE FISHING AND HUNTING IN THE NORTH PACIFIC. Alaskan com-
munities and local economies depend on and are engaged in subsistence harvesting 
of marine resources more than any other region in the U.S. Regional climatic and en-
vironmental changes are already having a notable, although unpredictable and often 
non-linear, effect on subsistence activities in the ocean environment through changes 
in hydrology, seasonality, and phenology as well as fish and wildlife abundance and 
distributions (Loring and Gerlach, 2009; Loring et al., 2011; McNeeley 2009; Rattenbury 
et al., 2009; White et al., 2007). Residents of rural Alaska are already reporting unprec-
edented changes in the geographic distribution and abundance of fish and marine mam-
mals, increases in the frequency and intensity of storm surges in the Bering Sea, changes 
in the distribution and thickness of sea ice, and increases in coastal erosion. When com-
bined with ongoing social and economic change, climate, weather, and changes in the 
biophysical system interact in a complex web of feedbacks and interactions to make life 
in rural Alaska extremely challenging.

Climate-change-related changes in sea ice and weather patterns (see Section 2) are 
also creating numerous new environmental challenges for those who harvest marine 
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species. The most striking change in the Arctic marine environment in recent years has 
been the rapid loss of summer sea ice (Perovich et al., 2011). In the Bering, Chukchi, and 
Beaufort Seas off Alaska’s coast, this physical change has led to many ecological impacts 
(Moore and Gill, 2011; Mueter et al., 2011) and has altered physical access to the region 
(AMAP, 2008; AMSA, 2009), affecting human use of marine resources. 

Despite the broadly-scaled, directional trends observed and projected for warm-
ing and drying in the region (Chapin et al., 2006), the smaller scale impacts of climate 
change are being experienced not directionally, but in terms of greater inter-annual and 
inter-seasonal variability (Bryant, 2009; Rattenbury et al., 2009; Wendler and Shulski, 
2009). Uncertainty is high regarding how seasonal conditions will play out in the future 
(Lawler et al., 2010); for instance, the timing of the seasons, including fall freeze-up and 
spring break-up, is shifting in unpredictable ways from year to year (Mills et al., 2008; 
Mundy and Evenson, 2011). Further, winter ice is thinner and more unpredictable and 
variability in precipitation and snow pack will affect water levels in both the fall and 
spring (Euskirchen et al., 2007; Hunt et al., 2008; Wendler and Shulski, 2009). 

As an example, residents of Alaska Native communities rely on sea ice to ease their 
travel to the hunting grounds for whales, ice seals, walrus, and polar bears (see Ap-
pendix A for a description of the extent of marine mammal subsistence hunting done in 
Alaska). Krupnik et al. (2010) identify numerous effects of climate change that challenge 
and threaten local adaptive strategies, including times and modes of travel for hunting, 
fishing, and foraging. In the Chukchi Sea, the loss of summer sea ice has reduced haul-
out habitat for walrus, resulting in tens of thousands of walrus hauling out on land for 
the first time on record (Moore and Gill, 2011; see Section 3 for additional information) 
or in the memory of local hunters (Quakenbush and Huntington, 2010). As sea ice thins 
and retreats farther north, walrus, which rely on sea-ice as a resting place between for-
aging bouts over continental shelf waters, and polar bears, which need sea ice to hunt 
seals, will either be displaced from essential feeding areas or forced to expend additional 
energy swimming to land-based haul-outs or remaining in the feeding areas (Callaway 
et al., 1999; Laidre et al., 2008; Stirling et al., 1999). In addition to the stress on marine 
mammal and polar bear populations, hunters will have to travel farther and longer to 
reach haul-outs and will have to travel over open water for greater distances, both of 
which will increase the risk of hunting for subsistence-dependent populations (Gear-
head et al., 2006). Fuel and vessel maintenance costs associated with subsistence hunting 
will also increase as hunters have to travel greater distances (Callaway et al., 1999). 

The impacts of climate change on Alaskans are also seen in shifts in the abundance 
and distribution of culturally important species (described in Section 3). Salmon, which 
has been described as the cultural keystone food of Alaska, has likewise become a less 
dependable subsistence resource than in the past, which has direct implications for food 
security (Loring and Gerlach, 2010). A closure of the king salmon fishery on the Yukon 
River in 2009, for example, resulted in empty storage facilities, empty smokehouses, and 
barren fish racks from Stevens Village up through Fort Yukon and above. The 2009 clo-
sure produced a “perfect storm” for a food security crisis, especially in combination 
with low harvest rates of moose and other terrestrial resources in some areas, the high 
price of fuel, and climate-driven changes in hydrology and water resources (Loring and 
Gerlach, 2010). 
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However, climate change is not the first or even most important challenge facing 
people and communities of the North Pacific (Fazzino and Loring, 2009; Gerlach et al., 
2011; Lynch and Brunner, 2007; Martin et al., 2008; Meadow et al., 2009). Rural Alas-
kans grapple with many difficult issues every day, including high and rising prices of 
food and fuel; rapid changes to the landscape and weather; fisheries closures and other 
management actions that keep freezers and smokehouses empty; social and political de-
bates and conflicts regarding the development of land; and troubling health trends, such 
as increases in diabetes and heart disease, depression, and alcoholism. Each of these 
challenges may indeed be linked to climate change in various ways, which local peo-
ple understand perfectly well. Nevertheless, these near-term challenges will likely take 
precedent for action over long-term climate change impacts.

CLIMATE CHANGE EFFECTS ON COMMERCIAL FISHING IN THE NORTH 
PACIFIC. Polar regions are expected to be affected by climate-related changes earlier 
and more extremely than other regions. The Eastern Bering Sea groundfish fishery, from 
which 14 percent of the total value of the fisheries of the U.S. is generated, is conducted 
north of the Alaskan Peninsula and Aleutian Islands (Hiatt et al., 2010). Climate change-
related shifts in atmospheric conditions, ocean properties, and ecosystem interactions 
have the potential to greatly affect this multi-billion dollar industry; however, little 
concrete information is available regarding how these fisheries will be affected. Table 
4-3 shows the expected impacts on North Pacific fisheries that have been published by a 
number of researchers. 

Specific studies have been done on how Pacific Salmon, Walleye Pollock, and Pacific 
cod populations are expected to react (Case studies 4-A and 4-B); however, overall, cli-
mate change impacts on fisheries are not well studied in the North Pacific. Even still, the 
general consensus is that the impacts will be significant. Further information on North 
Pacific fisheries and predictions on how they may be affected by climate change is pre-
sented in Appendix A.

CLIMATE CHANGE EFFECTS ON SUBSISTENCE FISHING ON THE WEST COAST. 
For tribes in the Northwest, questions have been raised recently about how climate 
change will affect the maintenance and reproduction of indigenous rights for salmon 
and other marine species whose distributions may change with a changing ocean en-
vironment (Colombi, 2009). The right to harvest marine resources on traditional fish-
ing grounds is guaranteed to these tribes through government-to-government treaties 
(NOAA Fisheries, 2009a); however, allocation of catch is based upon allowable catch 
quantities and treaty rights to harvest have referred to tribal “usual and accustomed” 
fishing areas. Because some predictions of climate change impacts involve target-species 
range shifts (Mantua et al., 2010), the implications for geographically-bounded tribal 
fishing rights are uncertain and of great to concern to Northwest “treaty tribes” as water 
temperatures and prey ranges shift (refer to Section 3 for more detail). Further informa-
tion on West Coast fisheries and predictions on how they may be affected by climate 
change is presented in Appendix A.

Similarly, non-tribal fishermen relying on personal use of marine resources are po-
tentially impacted by changes in the abundance and range habitats of targeted nearshore 



species as well as by climate-based shoreline shifts that may disrupt shoreside infra-
structure. For example, 13 percent of pier fishermen surveyed on Los Angeles County 
piers identified food scarcity and security as concerns (Pitchon and Norman, in review). 
In Los Angeles County in general, more than three-quarters of a million low-income 
adults live with hunger or make daily decisions about whether to eat or pay for other 
essential needs such as shelter or clothing (Harrison et al., 2007). To the extent that urban 
extraction of locally-caught seafood represents a coping strategy for such food insecuri-
ty, potential nearshore climate change impacts present livelihood and nutritional issues 
for a number of pier-based fishermen. Further information on West Coast fisheries and 
predictions of how they may be affected by climate change are presented in Appendix A.

CLIMATE CHANGE EFFECTS ON COMMERCIAL FISHING ON THE WEST COAST. 
Little has been documented as to how climate change is affecting fisheries along the 
West Coast of the U.S., but the largest effects on fisheries will likely be due to changes 
in the distributions and abundance of stocks, as is documented in other regions. Below 
we provide a case study of known effects of climate variability on the California sardine 
fishery as well as how fisheries managers have developed actions to adapt to these ef-
fects (Case Study 4-C). Further description of expected climate change impacts to com-
mercial fisheries along the West Coast is also provided in Appendix A.

CLIMATE CHANGE EFFECTS ON SUBSISTENCE AND COMMERCIAL FISHING 
IN THE PACIFIC ISLANDS. Climate change could have both direct and indirect effects 
on all types of fishing opportunities in the Western Pacific Ocean. Much fishing effort in 
the region depends on species and habitat associated with coral reefs (Bell et al., 2011a); 
climate change impacts have been identified as one of the greatest global threats to coral 
reef ecosystems (http://coralreef.noaa.gov/threats/climate; see Section 3). Coral reef hab-
itats, and therefore the fish species that depend on them, are threatened by changes to 

table 4-3: Known or expected direction of social and economic impacts 
on some major northeast commercial and recreational species

Species Direction of impact

Walleye pollock and Pacific cod Ambiguous

Pacific salmon Ambiguous

Pacific herring Ambiguous

Flatfish and rockfish Ambiguous but perhaps positive

Pacific halibut Ambiguous

King and tanner Crabs Ambiguous

Based on Hare et al., 2010; Fogarty et al., 2008; Frumhoff et al., 2007.
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water temperature, acidification of the ocean, and sea-level rise, as well as possibly more 
severe cyclones and storms (Bell et al., 2011a). Projected changes in SSTs, precipitation, 
and sea level are not uniform over the Pacific Ocean, but, in general, both surface tem-
peratures and sea level are expected to be greater than they are now by the end of the 
21st century. The loss of live corals results in local extinctions and a reduced number of 
reef fish species (Karl et al., 2009). Declining coral reefs will impact coastal communities, 
tourism, fisheries, and overall marine biodiversity; abundance of commercially-impor-
tant shellfish species may decline, and negative impacts on finfish may occur (Fletcher, 
2010). Reduced catches of reef-associated fish will widen the expected gap between the 
availability of fish and the protein needed for food security.

Five species of Pacific salmon exist in the Gulf of 
Alaska, Bering Sea and Aleutian Islands.  Each 
species spends most of its ocean life in the off-
shore, pelagic environment, briefly utilizing coast-
al areas as rearing juveniles and returning adults.  
A scenario with oceanic and atmospheric warm-
ing shows increases in snow melt and water flows 
causing fall/winter floods that could affect salmon 
eggs laid in gravel beds (Low 2008).  In the sum-
mer, higher average temperatures could diminish 
the oxygen content of the water in 
streams where juvenile fish live, 
thus increasing mortality.  Warm-
er temperatures could also affect 
smolt (emigrant juveniles) timing 
of marine entry, leading to lower 
survivals due to mismatches with 
their zooplankton-prey base (Tay-
lor 2008).  Salmon survival is likely 
determined early in marine life 
during coastal rearing where high 
mortality typically sets year class 
strength (Beamish et al. 2004).  Evi-
dence of the actual impacts at these 
various life cycle stages is accumu-
lating slowly, because establishing 
impacts requires long time series 
information on abundance binned 
by latitude across the exceptionally 

wide latitudinal and geographical ranges of the 
five species.  Although Alaskan salmon produc-
tion in commercial fisheries increased from the 
mid-1970s to the late 1990s and has since been 
at or near historical highs (Low 2008), evidence 
from southern Alaska indicates that potentially 
detrimental changes in the migratory timings of 
juveniles and adults is occurring in concert with 
warming of the terrestrial and nearshore environ-
ments (Kovach et al. 2013). 

case study 4-a
The effects of climate change on Pacific salmon

Chinook Salmon (Source: NOAA).
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The walleye pollock and Pacific cod fisheries are 
both directly affected by several biological char-
acteristics of the target species. These include the 
total fishable biomass, the distribution of biomass 
throughout the fishing grounds, and the relative 
abundance of different sizes or ages of fish. 

Studies have found that although a north-
ward shift in the distribution of pollock and cod 
fishing has been seen in recent years (2006-2009), 
the northward shifts are associated with 
colder than average years in the Bering 
Sea (Haynie and Pfeiffer 2012; Pfeiffer and 
Haynie, 2012; pers. comm.). A large ice and 
cold pool extent concentrates fish popula-
tions in the northern region of the fishing 
grounds, giving fisherman in the north an 
advantage over those in the south. The re-
distribution has occurred in both the win-
ter and summer seasons of the Pacific cod 
fishery and in the summer pollock fishery. 
However, the winter pollock fishery, which 
is driven by the pursuit of valuable roe-
bearing fish that spawn in the southern part 
of the Eastern Bering Sea, has had little re-
distribution of effort. This large difference 
in value per fish in the roe fishery means 
that harvesters are unlikely to shift to the 
north for marginal increases in catchability.

Uncertainty remains as to the impacts of 
warming temperatures on the distribution 
of pollock fishing, because the relationship 
between climate and biomass complicates 
both retrospective analyses and predic-
tions. Decreases in pollock biomass have 
been associated with warmer temperature 
regimes (Mueter et al., 2011), but the effects 
on fishable abundance are lagged by several 
years. For the time periods used in Haynie 
and Pfeiffer 2012 and Pfeiffer and Haynie’s  
2012 research, warm periods did not corre-
spond to years with low fishable biomass. 

This complicates the separation of the direct ice 
and cold pool effects from the effects of climate 
on abundance, which is necessary for prediction. 
Their work highlights the importance of consid-
ering the economic, institutional, and ecologi-
cal characteristics of a fishery for improving our 
understanding of the effects of climate change on 
fisheries.

case study 4-B
The effects of climate change on pollock and Pacific cod

Local Cod Depletion Study (Source: NOAA)..
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Relationships between climate and productiv-
ity of the Pacific sardine stock have been previ-
ously examined (Norton and Mason 2003, 2004, 
2005; Herrick et al., 2007). During a warm regime, 
biomass of Pacific sardine increases; converse-
ly, a cold-water regime results in a decrease in 
abundance of the sardine stock and reduces its 
distribution to almost exclusively off Southern 
California, U.S. and Baja California. In response 
to fluctuations in productivity due to climate vari-
ability, the U.S. Pacific sardine fishery is managed 
using an environmentally-based harvest control 
rule to determine the annual harvest level. The 
harvest control rule is intended to prevent over-
fishing, sustain consistent yield levels (Herrick et 

al., 2006), and reduce the exploitation rate if stock 
biomass decreases or if ocean conditions become 
cooler and less favorable for the stock.

Given the general lack of existing research and 
modeling capabilities on socio-economic impacts 
of climate change on fisheries, the impacts on Pa-
cific sardine fisheries are uncertain. To this end, 
two scenarios are considered here out of the many 
potential scenarios that could occur in the Eastern 
Pacific Ocean. The first assumes that the increase 
in ocean temperature due to climate change is 
consistent with that experienced during a warm 
water regime in the California Current Ecosystem, 
which is favorable to sardine productivity. This 
results in an increase in the northern sardine stock 

case study 4-c
The effects of climate change on Pacific sardine

Pacific sardine harvest-control rule implements a decreasing exploitation fraction in cool years 
based on a 3-year moving average of SST at Scripps Pier, San Diego, California. ‘Harvest’ is the 
guideline harvest level in metric tons (mt), ‘Biomass’ is current biomass estimate, ‘Cutoff’ is the 
lowest level of estimated biomass at which harvest is allowed (150,000 mt), and ‘Fraction (SST)’ is 
the environmentally-based percentage of biomass above the cutoff that can be harvested (Source: 
M. Dalton, pers. comm.).
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A recent report published by the Secretariat of the Pacific Community (SPC) assessed 
the vulnerability of tropical pacific fisheries and aquaculture to climate change (Bell et 
al., 2011a).1 Across the region, fish provide 51-94 percent of the animal protein in the 
diet in rural areas and 27-83 percent in urban areas. The great majority of fish for food 
security in the region is derived from coastal subsistence fishing; in 14 of the countries 
and territories, 52-91 percent of the fish eaten in rural areas is caught from coral reefs 
and other coastal habitats by the household and high levels of subsistence fishing are 
common in urban areas on many of the smaller island areas (Pratchett et al., 2011). Sub-
sistence fishing in coastal and freshwater habitats produced three times as much fish as 
commercial fishing in coastal waters in 2007 (Bell et al., 2011b). 

Nearly 70 percent of the world’s annual tuna harvest, approximately 3.2 million tons, 
comes from the Pacific Ocean. Climate change is projected to cause a decline in tuna 
stocks and an eastward shift in their location, affecting the catch of certain countries 
(Karl et al., 2009). Thus, there are likely to be winners and losers; tuna catches are ex-
pected to be higher around islands in the eastern tropical Pacific Ocean and lower in the 
west (Bell et al., 2011b). However, the outlook appears less severe for the tuna on which 
the Pacific region depends, especially as a source of economic revenue as well as food 
(Bell et al., 2011b). Further description of expected climate change impacts to commer-
cial fisheries in the Pacific Islands is provided in Appendix A.

1 The assessment did not include Hawaii but covered 22 Pacific Island countries and territories (PICTs): 
American Samoa, Cook Islands, Federated States of Micronesia, Fiji, French Polynesia, Guam, Kiribati, Mar-
shall Islands, Nauru, New Caledonia, Niue, Commonwealth of the Northern Mariana Islands, Palau, Papua 
New Guinea, Pitcairn Islands, Samoa, Solomon Islands, Tokelau, Tonga, Tuvalu, Vanuatu, and Wallis and 
Futuna.

biomass in the U.S. EEZ off the West Coast, partic-
ularly off the Pacific Northwest, increased biomass 
in Canada’s EEZ, and, depending on the extent of 
ocean warming, potentially harvestable biomass 
in the U.S. EEZ off Alaska. This is essentially the 
status quo scenario, with perhaps a slight increase 
in U.S. Pacific sardine fishing opportunities and a 
corresponding increase in economic activity and 
the economic value that would ensue.

The second scenario assumes that an increase 
in ocean temperature results in a northerly expan-
sion of the entire subtropical marine biota. This 
would include an increase in abundance and a 

northerly shift of all Pacific sardine stocks, allow-
ing sardine fisheries and conceivably fisheries that 
focus on their predators to expand along the entire 
Northeast Pacific coast. This scenario is suggestive 
of what has been observed during ENSO events in 
the eastern Pacific in which tropical tunas, which 
U.S. sardine vessels are capable of harvesting, 
typically become more available off the Southern 
California coast. Under these circumstances, a sig-
nificant increase in fishing opportunities for U.S. 
vessels that target Pacific sardine and a resultant 
increase in fishing-related economic activity and 
economic value are expected.

case study 4-c (continued)
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On balance, the Pacific Island countries and territories, including the U.S., appear to 
be in a better position than nations in other regions to cope with the implications of cli-
mate change for fisheries and aquaculture. Expected effects for the region as a whole are 
among the better possible outcomes worldwide. In particular, the Pacific Island Com-
monwealths and Territories (PICTs) with the greatest dependence on tuna, such as Kiri-
bati, Nauru, Tuvalu, and Tokelau, are likely to receive greater benefits as the fish move 
east, whereas the projected decreases in production occur in those PICTs where indus-
trial fishing and processing make only modest contributions to GDP and government. 

However, projections that storms, including cyclones, hurricanes and typhoons, 
could become progressively more intense would pose increased risk of damage to shore-
based facilities and fleets for domestic tuna fishing and processing (Bell et al., 2011a) as 
well as increased risk to human safety at sea. The increased costs associated with repair-
ing and relocating shore-based facilities and addressing increased risks to fishermen’s 
safety could affect the profitability of domestic fishing operations. 

Aquaculture impacts could also occur. Changing patterns of precipitation and more 
intense storms could damage aquaculture ponds and/or make small pond farming more 
difficult due to more frequent droughts (Bell et al., 2011a). Financial risks associated 
with coastal aquaculture could be higher as a result of greater damage to infrastructure 
from rising sea levels and more severe storms. 

For island fisheries sustained by healthy coral reef and marine ecosystems, climate 
change impacts could exacerbate stresses such as overfishing, affecting both fisheries 
and tourism that depend on abundant and diverse reef fish (Karl et al., 2009). This con-
text suggests that how society responds and adapts to the impacts of climate change 
may reduce some effects but could also exacerbate others, especially in the short-term. 
One approach to addressing climate change impacts to subsistence fisheries is to reduce 
other commercial and recreational fishing. Using this approach, subsistence fishing ac-
cess and effort are already being affected by the recent establishment of annual catch 
limits for managed species in commercial fisheries.

Another likely response to reducing climate change effects on coral reefs and associ-
ated fish species will be the establishment of marine protected area (MPA) networks 
(Mumby et al., 2011a), which can enhance the resilience of marine resources to climate 
change and could protect certain areas from additional fishing pressure (see Section 6). 
Climate change will certainly add momentum to the existing public pressures to estab-
lish new MPAs. When climate change poses risks to protected species such as monk 
seals (Baker et al., 2006) or loggerhead turtles (Van Houtan and Halley, 2011), the result-
ing measures could potentially include reduced access to fisheries. 

CLIMATE CHANGE EFFECTS ON FISHERIES IN THE SOUTHEAST. Given limita-
tions on the current knowledge of the biophysical effects of climate change in the region, 
little is known about how the ocean services provided by the South Atlantic and Gulf 
of Mexico are or will be impacted. However, one of the most pronounced effects of cli-
mate change in the Gulf of Mexico is likely to be the increased intensity of hurricanes, 
which can lead to the loss of wetlands and barrier islands that protect nursery grounds 
for marine resources. The Gulf Coast represents the region with the highest potential 
for annual hurricane seasons that disrupt all types of fishing (NOAA Fisheries, 2009a). 
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Loss of these habitats has been well documented (Ingles and McIlvaine-Newsad, 2007) 
and impacts are expected to be worse in the future given projected increases in barrier 
island and wetland losses. In addition, with the possible increases in hurricane intensity, 
storm surge, and high winds, communities that rely on coastal marine resources for sub-
sistence are likely to be more and more limited in their ability to undertake harvesting 
activities.

There is also increasing concern for and modeling of the potential effect of harm-
ful algal bloom (HAB) events on fish stocks in the Gulf of Mexico. For example, one of 
the first examinations of the issue reported: “Given the systematic decline in all indices 
between the years 2005-2006, there was a general concern the extensive red tide that 
occurred during 2005 on the West Florida Shelf may have substantially affected the red 
grouper population” (SEDAR Update Assessment, 2009, pages 24-25).

With regard to recreational fishing, Carter and Letson (2009) found that climate activ-
ity like ENSO had a moderate influence on the headboat fishery for red snapper in the 
Gulf of Mexico, with cooler, wetter weather in El Niño years corresponding to slightly 
increased headboat activity. 

Further description of expected climate change impacts to fisheries in the Southeast 
is provided in Appendix A.

CLIMATE CHANGE EFFECTS ON SUBSISTENCE AND COMMERCIAL FISHING 
IN THE NORTHEAST. Most social and economic impacts of climate change on fish-
eries flow from biological and ecological changes related to issues such as water tem-
perature and acidity (Cooley and Doney, 2009; Felthoven et al., 2009; Hannesson, 2007). 
For Northeast region fishermen and the families, households, firms and communities 
that depend on them, the most relevant changes are those occurring to the ocean of the 
Northeast U.S. (NEUS) shelf ecosystem and its denizens. Water temperatures are ris-
ing, surface seawater pH is decreasing, precipitation is increasing, salinities are decreas-
ing, and stratification is increasing (EAP, 2012). All of these changes impact marine life 
(Table 4-4). 

As described in the Case Study 4-D that follows, some Northeast species such as 
Atlantic cod (Gadus morhua) will likely lose juvenile habitat, thus lowering biomass, and 
will potentially move into Canadian waters and out of the range of Northeast fishermen 
due to warming water temperatures (Fogarty et al., 2008). Others, such as Atlantic croak-
er (Micropogonias undulatus), will likely see an increase in biomass as well as a range 
shift northward from the Mid-Atlantic into southern New England, thus providing New 
England fishermen with a larger stock to fish on but leaving Mid-Atlantic fishermen 
with less access (Hare and Able, 2007; Hare et al., 2010). Still other species, such as lob-
ster, will likely also see their ranges move northward, leaving the waters of New York 
and Rhode Island and increasing their presence in Maine while warmer waters may also 
lead to increases in “lobster shell disease” (Frumhoff et al., 2007), making the impact on 
fishermen more difficult to judge. Increased acidity could affect shellfish, including scal-
lops, lobsters, and blue crab, which are three of the Northeast’s highest-value species, so 
economic and social impacts are potentially high (Cooley and Doney, 2009; McCay et al., 
2011). (See Table 4-2 for summary.)

However, marine ecological changes are not the only climate change issues affect-
ing fishermen and fishing-dependent industries. Many shellfish, including lobster, will 
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suffer from sea level rise if the coastal wetlands necessary to their juvenile stages are 
flooded (Frumhoff et al., 2007, page 28). Sea level rise will also flood coastal infrastruc-
ture, especially docks and other fishing-related structures that are on the edge of the 
current coastline. In the Northeast, many smaller ports have already lost infrastructure 
to gentrification (Colburn and Jepson, 2012; Gale, 1991), among other causes. With vital 
infrastructure including boat repair facilities concentrated in fewer ports, loss in any of 
the remaining hubs could have important negative impacts on the entire region’s fish-
ing fleet (NOAA, 1997a, b; Robinson and The Gloucester Community Panel, 2003, 2005). 

Many challenges remain for assessing the social and economic impacts of climate 
change on fisheries. For many Northeast species, studies have not yet been conducted 
to assess the impacts of climate change. In addition, the link between ocean conditions 
and fisheries is complex and poorly understood. Major uncertainties and gaps in un-
derstanding make it particularly difficult to quantify the effect of global climate change 
on the stocks of commercially important fish species (Markowski et al., 1999). Because 
many fishermen in the Northeast fish multiple species at a time or in sequence over the 
year, fully understanding likely social and economic impacts will be difficult without 
a clearer picture of biological impacts. Further description of expected climate change 
impacts to fisheries in the Northeast is provided in Appendix A.

Fisheries and communities adapting to climate change 

Fisheries in the U.S. are managed through a process that uses benchmarks based on the 
productivity of fish stocks. Predicting how management might change in response to 
climate change can be explored through scenarios that link climate change to changes 
in these benchmarks (Hare et al., 2010). Such an approach has been used to show that 
the maximum sustainable yield of Atlantic croaker is likely to increase with predicted 
climate change along the mid-Atlantic coast (Hare et al., 2010), while a similar exercise 
shows that Atlantic cod is likely to suffer a decrease in productivity and its associated 
benchmarks (Fogarty et al., 2008). A major challenge will come from uncertainty regard-
ing the speed, magnitude, and location of effects brought on by climate change, which 

table 4-4: Known or expected direction of social and economic impacts on 
some major northeast commercial and recreational species

Species Direction of impact

Atlantic cod (Gadus morhua) Negative

Atlantic croaker (Micropogonias undulatus) Positive

Atlantic lobster (Homarus americanus) Ambiguous, but perhaps more negative

Atlantic sea scallop (Placopecten magellanicus) Negative

Blue crab (Callinectes sapidus) Negative

Based on Fogarty et al., 2008; Frumhoff et al., 2007; Hare et al., 2010.
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will make them difficult to distinguish from “normal” climatic variation (Coulthard, 
2009). Not all stocks will be affected in the same manner; some stocks will benefit while 
others will be adversely affected, making general rules relating climate change to desir-
able management changes problematic. Part of the challenge will also be putting into 
place management structures that can adapt to climate change while recognizing, for 
example, that fish distribution will change over time. In such cases, systems such as 
quotas and protected areas that tie management choices to particular geographic ar-
eas may be ineffective if the distribution upon which protective measures were based 
change over time (OECD, 2010).

Atlantic cod, primarily found in New England 
from Maine to Connecticut, is likely to experience 
negative impacts from climate change, while At-
lantic croaker, primarily found in the Mid-Atlantic 
from New York to Virginia, is likely to experience 
positive impacts. 

Cod are sensitive to increases in ocean tem-
perature (Fogarty et al., 2008) although the level of 
impacts varies. Some concern has also been voiced 
that certain prey species may not move in synch 
with cod, creating further difficulties in the North-
east Region (Murawski 1993). If cod move north, 
likely off of Georges Bank and potentially even 
completely out of the Gulf of Maine (Fogarty et al., 
2008; Nye et al., 2009), U.S. commercial fishermen 
will need to substitute other species because they 
cannot follow the cod north into Canadian waters. 

Even where climate change has a positive ef-
fect on a species, social and economic impacts can 
occur. Atlantic croaker are found from the Gulf 
of Maine to Argentina (ASMFC 2011), but in the 
Northeast, their primary range is from Hudson 
Canyon off the coasts of New York and New Jer-
sey south to Cape Hatteras, North Carolina (Hare 
et al., 2010). Croaker is not one of the top com-
mercial species, representing only 0.7 percent of 
total Mid-Atlantic landings revenue and 2 percent 
of Mid-Atlantic landed pounds. but it is one of 

the key recreational species, with 15 million fish 
caught. 

Hare et al. (2010, page 452) estimate that, as 
ocean temperatures warm, “[a]t current levels of 
fishing, the average (2010–2100) spawning bio-
mass of the population is forecast to increase by 
60–100 percent.” Similarly, the center of the popu-
lation is forecast to shift 50–100 km northward. 

Commercial fishermen in the Mid-Atlantic will 
likely be able to increase their landings of croaker, 
while fishermen further north will gain a new spe-
cies (i.e., croaker) with a high biomass, potentially 
raising the importance of croaker as a commercial 
species. Further, Mendelsohn and Markowski 
(1999) and Loomis and Crespi (1999) note that 
recreational fishing and boating activities may 
significantly increase with warming. Tournament 
fishermen in New England (see NOAA Fisher-
ies, 2009a, for examples of New England tourna-
ments) will likely be able to add croaker to their 
repertoire. Subsistence fishermen in southern 
New England may add croaker to their landings, 
providing an additional species at a time when 
they may be able to collect fewer local shellfish 
(Steinback et al., 2009) because shellfish are ex-
pected to be negatively impacted by increasing 
ocean acidification.

case study 4-d
The effects of climate change on Atlantic cod and croaker
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As an example, in American Samoa, researchers are conducting a two-phase proj-
ect to assess villagers’ perceptions of climate change, past experiences with climate and 
weather events, vulnerability and resiliency, and plans for adaptation. The first phase, 
conducted in 2009 by Supin Wongbusarakum and partners at the Pacific Regional Inte-
grated Sciences and Assessments Program, consisted of two focus groups and a survey 
of households in two villages: Amouli on the main island of Tutuila and the smaller 
village of Ofu located in the more-rural Manua islands. The majority of household lead-
ers in both villages believed that climate change was occurring and would affect vil-
lage lives in many ways. Village residents were asked about their past experiences with 
many types of events expected to increase or intensify with climate change, such as sea-
level rise and flooding, coastal erosion, saltwater intrusion, severe storms, droughts, and 
coral bleaching.

In particular, 86 percent of respondents in Ofu, compared to 62 percent in Amou-
li, believed that their household economy was sensitive to climate conditions. In Ofu, 
both fishing and farming were mentioned as the most important means of livelihood, 
while both were less important to Amouli households. 62 percent of natural-resource-
dependent households in Ofu and 31 percent in Amouli sold fish and marine products, 
including  fish, giant clam, octopus, lobster, shellfish, coconut crabs, and sea cucumbers. 
Fish was the most frequently mentioned type of food eaten in the households of both 
villages, with more fish self-caught than bought, and high rates of sharing both fish and 
farm products. 

Socio-economic factors, including age, gender, education, occupation, livelihoods, 
income, availability of alternative livelihoods, and access to lifelines were related to per-
ceptions of their household’s vulnerability to certain types of extreme climate events. 
For example, a higher proportion of people with a livelihood alternative believed their 
household had a medium level of vulnerability across nearly all event types except for 
sea level rise, while the proportion of high vulnerability was comparable to those in 
households without alternative livelihoods. 

Respondents were split roughly evenly between those who felt that their households 
were able to cope well with such events and those who felt they were not. Socio-econom-
ic variables did not uniformly explain these perceptions across all types of events. More 
women perceived higher household resilience across all types of extreme events when 
compared to their male counterparts. Except for tropical storms, for which all age groups 
seemed to assess their coping ability on a similarly high level, those who were over 60 
years old were most likely to report that they were able to adjust to and recover from 
extreme events even though they agreed that they were more vulnerable. These respon-
dents have more confidence in their household’s resilience because they have experi-
enced and successfully coped with extreme events. This is consistent with other research 
that has found that past experience in coping with economic, social, or environmental 
stressors can increase resilience. People whose livelihood activities depend on both fish-
ing and farming are identified as one of the groups most vulnerable to extreme events. 

Phase 2 of the project, ongoing as of 2012, is a collaboration with the University of 
Hawai’i Coastal Geography Group to develop detailed maps and models of local im-
pacts of sea-level-rise scenarios and extreme-weather events in Amouli and another vil-
lage on Tutuila. The maps and models will then be presented to village residents in 
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Participatory Learning Assessment (PLA) workshops. Through involvement with all 
levels of the community including women, youth, and village leaders, the project aims 
to develop locally relevant, socially feasible, and sustainable solutions that can result in 
more climate-resilient communities. 

4.3 Implications of Climate Change for Aquaculture

According to the NMFS Office of Aquaculture (http://www.nmfs.noaa.gov/aquacul-
ture.html), the U.S. is a major consumer of aquaculture products but only a minor pro-
ducer. The U.S. imports 86 percent of its seafood, approximately half of which comes 
from aquaculture production. Two-thirds of marine aquaculture is molluscan shellfish, 
such as oysters, clams, and mussels. The remainder is shrimp and salmon, with lesser 
amounts of barramundi, seabass, seabream, and other species. 

The impacts of climate change on global aquaculture are not yet fully known. The 
potential impacts of climate change on North America may include rising sea surface 
temperatures; sea-level rise that will influence deltaic regions, increase saline water in-
trusion, and bring about major biotic changes; increasing ocean acidification; higher in-
cidence of extreme weather events that will result in physical destruction of aquaculture 
facilities, loss of stock and spread of disease; increasing risks of transboundary pests and 
diseases; and altered rainfall patterns and river flows (FAO, 2010). Unlike capture fisher-
ies, organisms being reared in captivity are subject to more controlled environments that 
may allow for adaptation to changing climate conditions. In fact, using aquaculture may 
reduce some of the impacts of climate change on wild stocks and their ecosystems; for 
example, the culture of seaweeds and, to a lesser extent, filter-feeding shellfish represent 
a net removal of CO2 from the oceans. In addition, the application of hatchery stocking 
and selection could be used to increase the adaptive rate of key organisms to predicted 
changes in temperature, pH, and salinity.

As in commercial, recreational, and subsistence capture fisheries, climate impacts are 
likely to be both positive and negative, arising from direct physical and physiological 
processes and indirect impacts on natural resources required for aquaculture (De Silva 
and Soto, 2009). Examples of direct impacts on aquaculture due to an increase in sea 
surface temperature include the following.

Direct impacts of climate change

A rise in sea-surface temperatures may trigger the growth of HABs that can extend the 
spatial or temporal scope of a bloom or release toxins into the water that kill cultured 
fish and shellfish, particularly for fish in cage-based aquaculture systems and shellfish 
beds. Higher water temperatures may also result in increased disease incidence and 
parasites, which may develop more rapidly in warmer waters and higher salinities (see 
Section 3) and threaten the aquaculture sector. Species cultured in temperate regions, 
predominantly salmon and cod species, have a relatively narrow range of optimal tem-
peratures for growth. Temperatures over 17 ºC, at which feed intake drops and feed 
utilization efficacy is reduced, would be detrimental to the salmon-farming sector (De 
Silva and Soto, 2009). 
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Certain aspects of aquaculture may benefit from climate-related changes. Higher wa-
ter temperatures may also increase the availability of new culture sites, especially in areas 
previously too cold to support aquaculture. An increase in water temperature may also 
have a positive effect on metabolism and stimulate growth of cultured species, as long 
as the change happens gradually and stays within the thermal tolerance of the species. 

Aquaculture does have some advantages for dealing with climate-related impacts. 
For aquaculture species that are produced from a hatchery, selective breeding will likely 
help farmersstay ahead of changes in optimal temperature and pH. Improvements of 10 
percent per generation are not uncommon for selective breeding programs (Gjøen and 
Bentsen, 1997). Most aquaculture species still contain a great deal of genetic diversity, 
which means they should be adaptable to the direct impacts of climate change. Likewise, 
aquaculture organisms can be treated for parasites and diseases (Dipnet, 2007; Moffitt et 
al., 1998). Vaccination, selective breeding, and better nutrition have all improved the 
resistance of farmed fish to wild diseases, a trend that is likely to continue (Torrisson et 
al., 2011).

Indirect impacts of climate change

The dependence of aquaculture on fishmeal and fish oil becomes an important issue 
under most climate change scenarios (De Silva and Soto, 2009). Because capture fisheries 
are a major source of protein and lipids for aquaculture, changes in fisheries caused by 
global climate change will impact aquaculture systems. Tacon et al. (2011) estimated that 
in 2008, the aquaculture sector on a global basis consumed 3.72 million metric tons of 
fish meal, or 60.8 percent of the total global fish meal production, and 0.78 million metric 
tons of fish oil, or 73.8 percent of the total reported global fish oil production in 2008. 
Industrial fishmeal and fish oil production is typically based on a few, fast-growing, 
short-lived, productive stocks of small pelagic fish in the subtropical and temperate re-
gions. The major stocks that contribute to this global industry are the Peruvian anchovy, 
capelin, sand eel, and sardines. The U.S. is a net fish meal and oil exporter, with the larg-
est source being menhaden and the second-largest source coming from trimmings as-
sociated with fish caught for human consumption. As aquaculture develops, trimmings 
from this sector are also becoming a source of fish meal and oil.

Due to climate change, biological productivity in the North Atlantic is predicted to 
decrease by 50 percent and ocean productivity worldwide by 20 percent (Schmittner, 
2005). This would greatly impact the availability of the small pelagics for fishmeal and 
oil. Predicted changes in ocean circulation patterns might also result in the occurrence 
of ENSO influences becoming more frequent (Section 2), with impacts on the reliability 
of stocks of the small pelagics utilized for fishmeal production. Changes in the produc-
tivity of fisheries that cater to the fishmeal and oil industry, and particularly the main 
fisheries on which fishmeal and fish oil production is based, could limit the raw material 
available. 

The reduction in forage fish is likely to have a greater impact on the wild fisheries 
that depend on them for forage than on fish reared in aquaculture. Because aquaculture 
organisms have no nutritional requirement for fishmeal or oil (Rust, 2002), alternative 
dietary ingredients are being developed (Barrows et al., 2008; Gatlin et al., 2007). All fish, 
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whether herbivores or carnivores, require approximately 40 nutrients that are contained 
in fishmeal and oil in correct ratios, but these nutrients can also be assembled from other 
protein and lipid sources (Rust, 2002). Already, commercial salmon diets contain a frac-
tion of the fishmeal and oil that they used to (Rust et al., 2010; Torrisson et al., 2011) 
and further replacement is occurring as the price for fishmeal and oil increases relative 
to other protein and lipid sources. Numerous carnivorous fish species have been fed 
experimentally on diets containing no fishmeal, with production rates equal to control 
groups being fed diets with fishmeal (Rust et al., 2010). Further, fish are more efficient 
with feed resources than land animals (Hall et al., 2011) causing some to shift resources 
away from livestock production and toward fish production.

Ocean acidification and aquaculture

In North America, ocean acidification is currently considered a serious near-term threat 
because of its potential to alter ocean foodwebs in a relatively short period (De Silva and 
Soto, 2009). For aquaculture, ocean acidification particularly influences shell formation 
and affects filter-feeding shellfish (see Section 3). Protecting vulnerable marine organ-
isms grown in aquaculture facilities from the effects of ocean acidification may be pos-
sible in theory, but it presents practical challenges. Aquaculture is often conducted in 
tanks or ponds on land that are filled with coastal seawater or within coastal ocean pens. 
Adjusting seawater chemistry before supplying culture tanks on land would require 
equipment and monitoring that might increase the overhead of aquaculture operations 
and aquacultured animals in nearshore operations cannot be shielded from ocean acidi-
fication (Cooley and Doney, 2009). Research that focuses on monitoring and mitigat-
ing ocean acidification events could greatly benefit from international cooperation and 
coordination.

Seaweed aquaculture could be one of the few human activities that has the potential 
to mitigate some global climate change impacts and provide a net reduction in ocean 
acidification. Seaweed production from aquaculture could be used to make ethanol, pro-
tein concentrates, and other chemicals. Seaweed production, and to a lesser extent, shell-
fish aquaculture, has the additional benefit of binding CO2 and nutrients from the ocean 
and returning them to the land. Although the scope of this potential is unknown at this 
time, it merits further investigation.

Social impacts of climate change on aquaculture 

Likely the greatest social impact of climate change that must be addressed by the aqua-
culture industry is on human health. Seafood consumption may have a number of health 
benefits, including improved cardio-vascular function, reduced inflammatory disease, 
reduced macular degeneration, reduced mental depression, and higher IQ, among oth-
ers (Institute of Medicine, 2006; FAO/WHO, 2011). Only aquaculture has the potential to 
supply the increased volume of seafood needed to support U.S. per capita consumption 
at historic or increased levels. If global climate change reduces wild harvest, then the 
production from aquaculture will have to be that much greater. 

Finally, some social impacts of climate change on capture fisheries, such as damage 
to physical capital and impacts on transportation and marketing systems and channels, 
are likely to have similar effects on aquaculture (Cochrane et al., 2009). 
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4.4 Offshore energy development

Oil and gas 

Offshore oil and gas development has been increasing in recent years. The oil and gas 
industry and its consumers are facing compulsory adaptation to climate changes that 
they contributed to generating. Figure 4-2 illustrates the perspective of adaptive gov-
ernment regulations in Alaska, which have been changing with warmer temperatures 
(ACIA, 2004). The main climate-related effects on these industries are anticipated to be 
increased pressure on water sources, failure of infrastructure that was not designed to 
withstand new climatic conditions, and changes in financial assets and resources extract-
ed as energy production moves from the traditional oil and gas industry to renewable 
sources of energy. How the industry reacts to these changes depends on whether they 
are international companies, small independents, or state-owned; their geographical lo-
cation; local policies and regulations; the company’s ethics; and their combined perfor-
mance on the national and international markets. These issues have to be analyzed and 
understood in a broad context given that the oil and gas industry delivers oil and gas as 
well as providing jobs, economic development, and research and development. Industry 
research includes developing technologies that reduce greenhouse gas (GHG) emissions 
by investing in renewable energy sources and/or more efficient materials, machinery, 
and approaches to different problems.

CURRENT ExPLORATION EFFORTS AND PLANS. Offshore energy development 
planning has been proceeding rapidly in recent years. In late January 2011, the Obama 
Administration announced a proposed Central Gulf of Mexico oil and gas and lease 
sale. In the fall of 2011, several lease sales were announced by the Bureau of Ocean En-
ergy Management (BOEM) in the Central and Western Gulf of Mexico. In addition, in 
the Arctic, Shell Oil Company is likely to move towards offshore energy development 
in the Chukchi Sea off the northern coast of Alaska. The continuation of this develoment 
is shown in BOEM’s recently announced lease sale schedule for 2012-2017 in Table 4-5.

Figure 4-2 The number of days in which oil exploration 
activities on the tundra are allowed under the Alaska 
Department of Natural Resources standards has halved 
over the past 30 years due to permafrost thaw, which 
is disrupting transportation; damaging buildings and 
assets  particularly pipelines; and increasing the risk of 
pollution. Operational costs are increasing for oil and 
gas companies (ACIA, 2004)
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IMPACT FACTORS. Currently, five impacts of climate change have been associated 
with recent offshore oil and gas exploration (Acclimatise, 2009b):

1. Increased Pressure on Water Resources: Changing rainfall amounts, availability 
of potable water, and droughts will all increase the demand for water, which is key in 
sustaining the production of oil and gas.

2. Physical Asset Failure: Several types of existing equipment are old (e.g., shallow 
water oil platforms in the Gulf of Mexico) in addition to being designed to function 
under climate conditions typical of 20 to 40 years ago. Included in this category are 
energy supplies such as generators and batteries, off-site utilities, and waste- and wa-
ter-treatment technologies. As an example of the impact of climate change on these 
types of equipment, changes in ambient air temperature and their impact on turbine 
and generator performance can have grave consequences once threshold values are 
reached. 

3. Employee Health and Safety Risks: Not only are environmental conditions chang-
ing at most locations on the globe, but the oil and gas industry is also exploring poten-
tial oil and gas reserves in areas such as ultra-deep waters and the Arctic Ocean where 

table 4-5: Bureau of Ocean energy Management lease sales 
schedule, 2012-2017

Sale number Area Year

229 Western Gulf of Mexico 2012

227 Central Gulf of Mexico 2013

233 Western Gulf of Mexico 2013

244 Cook Inlet 2013

225 Eastern Gulf of Mexico 2014

231 Central Gulf of Mexico 2014

238 Western Gulf of Mexico 2014

235 Central Gulf of Mexico 2015

242 Beaufort Sea 2015

246 Western Gulf of Mexico 2015

226 Eastern Gulf of Mexico 2016

241 Central Gulf of Mexico 2016

237 Chukchi Sea 2016

248 Western Gulf of Mexico 2016

247 Central Gulf of Mexico 2017
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ambient conditions are significantly more extreme and dangerous for industry work-
ers than current areas under use. Consequently, insurance costs, salaries, and other 
operational costs will increase.

4. Drop in Value of Financial Assets: To meet the growing demand for energy, oil 
and gas companies need to continue to secure investment for new exploration, pro-
duction, and manufacturing. Potential investors and stakeholders are placing greater 
importance on the business impacts of climate change because the risks impact cost 
and revenue drivers. Beyond the safety-driven increases noted above, insurance costs 
could potentially rise because of greater risk of physical plant damage due to weather 
events, an issue recognized by only 10 percent of respondents to the Acclimatise sur-
vey. The current reported value of proven petroleum reserves may also be affected by 
companies failing to take into account the full impact of climate change, which could 
have major financial implications.

5. Damage to Corporate Reputation: As knowledge and awareness of climate change 
grows, any failure to monitor and report the impacts of climate change on social and 
ecological resources is increasingly likely to harm oil and gas companies’ reputations. 
Contractual relationships that do not adequately foresee and manage risks driven by 
climate change may damage a company’s reputation with stakeholders, increasing the 
risk of parties turning to litigation.

CHANGES IN REGULATIONS. Governments will variably impact the oil and gas in-
dustry based on their particular climate change policies and regulations. Fish and marine 
mammal species foreign to the Arctic Ocean just five years ago are being sighted for the 
first time off the northern shore of Alaska (Acclimatise, 2009a). These new inhabitants of 
the Chukchi and Beaufort Seas will likely trigger new protective measures by state and 
federal regulatory agencies. Additional regulations will certainly increase operational 
costs, although in the Arctic, these setbacks will also be accompanied by opportunities. 
Reduced sea ice coverage, for instance, will lead to the opening of new shipping lanes to 
facilitate the transport of crude oil between the Atlantic and the Pacific Oceans. New or 
amended regulatory regimes may thus be required for these areas.

At lower latitudes, in the Gulf of Mexico area, it is likely that future tropical weather 
events, such as typhoons and hurricanes, will become more intense (Ulbrich et al., 2008). 
However, these modeling projections carry uncertainties which make preparing for pos-
sible impacts through regulatory changes even more difficult. Despite this, some compa-
nies are attempting to respond to potential changes in the regulatory environment; for 
example, in 2006, following the extreme 2005 hurricane season, the American Petroleum 
Institute launched a process for reviewing design and safety standards for offshore oil 
platforms.

IMPACTS ON INDEPENDENT AND NATIONAL OIL AND GAS COMPANIES. In-
dependent oil companies may be more vulnerable than nationally-owned oil companies 
because they own less than 10 percent of the world’s oil and gas reserves, but they are 
buffered in their vulnerability by the fact that 20 percent of global production is con-
ducted through contractual arrangement with the nationally-owned oil companies (Ac-
climatise, 2009b). Industry is currently witnessing a trend toward national oil companies 
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limiting access to reserves, resulting in investments by independent oil companies in 
regions with harsh operational environments and climatic conditions as well as higher 
geo-political risks.

OVERALL FINANCIAL IMPACT OF CLIMATE CHANGE ON THE OIL AND GAS 
INDUSTRY. Different companies are impacted differently by climate change. Compa-
nies may feel direct impacts, such as on-site changes of environmental conditions, or 
indirect impacts, such as pressures exerted by the public and governments. The financial 
impact of climate policies and environmental protections that restrict access to reserves, 
in addition to the development of resources in less accessible locations every year, is 
estimated to reduce shareholder value by between 1 and 7 percent, depending on the 
company. These impacts are summarized in Figure 4-3 below (Austin and Sauer, 2002).

DRIVERS FOR CHANGE AND PROJECTIONS. Three main drivers are associated with 
change in oil and gas industry: a) cost and revenue, b) pressure by stakeholders, and c) 
new regulations by state and federal governments. A better understanding of readiness 
for compliance with new climate change regulations will ease the pressure mentioned 
in b) above. As an example, companies following regulations that will require them to 
invest in alternatives to fossil fuels and develop cleaner and more sustainable energy 
sources will see those changes reflected in their profits in the mid- and long-term. Oil 
companies would thus need to adapt by first conducting a high-level assessment of how 
climate change can impact their business models and then by identifing and analyz-
ing individual areas within their operation that could generate the greatest impact on 
performance (e.g., Asset Lifecycle Management; Acclimatise, 2009b). Also, companies 
that adapt reporting and performance management to incorporate risks resulting from 

Figure 4-3 Combined financial impact of climate policies and restricted access to oil and gas reserves 
(range of possible outcomes and most likely impacts) (Source: Austin and Sauer, 2002).
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climate change will have a greater chance of remaining successful. Researchers agree 
that the adoption of carbon sequestration procedures, combined with the inclusion of 
renewable energy production, will transform the current oil and gas industry into a new 
version (Lovell, 2010) that will have the capacity to deliver energy products obtained 
from both renewable and non-renewable sources while simultaneously reducing emis-
sions to comply with national and international regulations.

Historically, oil and gas companies have developed new innovations to keep up with 
fluctuating markets but it is unclear how the industry will be impacted in the future by 
the opposing trends of a) increased energy demands due to a projected increase of the 
U.S. and global populations, and b) increased use of alternatives sources of energy. In 
turn, the global economy is expected to recover and lead to increasing levels of prosper-
ity, which would imply higher consumption of energy. In this context, operational costs 
are expected to increase significantly because of compliance with new regulations, the 
need for equipment able to perform under new environmental conditions, and higher 
insurance premiums, among other factors.

THE FUTURE OF THE INDUSTRY. The great dilemma that society and oil and gas 
companies face today is based on the relationship between limiting greenhouse gas 
emissions and desires for increased energy consumption and company profits (Van den 
Hove et al., 2002). Different companies have taken different approaches to this dilemma 
(Van den Hove et al., 2002). For instance, ExxonMobil was the first to argue that risk-
ing climate change to have a profitable oil and gas industry that can boost the economy 
and technological development is better than trying to reduce the risk and diminishing 
profits for the industry, because the reduced profits would presumably impact the entire 
economy (Button, 1992; Van den Hove et al., 2002). Different companies have given dif-
ferent weights and justifications to both sides of the problem: profits and the well-being 
of the economy versus climate change impacts on society and ultimately the economy 
as well. Some or all of these companies may change their strategies to focus on lowering 
emissions, especially if they are convinced that this approach will be the one that maxi-
mizes their profits.

Oil and gas companies could more fully assess and manage the risks and opportuni-
ties arising from climate change in addition to taking essential action to reduce emis-
sions (Acclimatise, 2009b). Although our knowledge of the extent and rate of future 
climate change is uncertain, sufficient information exists to assess its impact on business 
models and to enable robust decisions to limit detrimental effects (Acclimatise, 2009b). 

Oil and gas companies are beginning to act on clear signals that climate change is un-
derway. From a purely financial perspective, the average impact across all companies is 
a loss of approximately 4 percent in shareholder value (Acclimatise, 2009b). Given this, 
climate and resource-access issues will play important roles in the future profitability of 
the industry. Lastly, given the influence of the oil and gas industry in our society, and 
our society’s dependence on that industry, these issues deserve attention. Our economy 
and society will be detrimentally affected by either: a) any adverse impact on the oil and 
gas industry or b) any adverse impact of the oil and gas industry on climate change. 
Some companies seem to be expanding their reach from oil and gas to renewable energy 
while also changing their operational procedures (e.g., carbon sequestration approach-
es). These tendencies seem to be shaping the “new” oil and gas companies.
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Renewable energy (wind, ocean waves, and currents) 

Although coastal and marine environments do not currently host commercial facilities 
that generate electricity, several projects have been proposed and pilot projects are be-
ing tested. The possible types of renewable energy that may be developed in coastal and 
marine environments include wind, wave, ocean current, tidal, hydrogen generation, 
and solar. The Bureau of Ocean Energy Management (then the Minerals Management 
Service) prepared a Programmatic Environmental Impact Statement (PEIS; BOEM, 2007) 
that examined the potential environmental consequences of alternative energy develop-
ment. The PEIS analysis determined that wind, wave, and ocean current technologies 
were the most advanced and likely to be developed on the outer continental shelf. Con-
sequently, many projects are under way to test new technologies related to the harvest 
of renewable energy. The Roosevelt Island Tidal Energy Project demonstrates important 
new tidal technology in Long Island Sound, where tidal forces are strong where land 
constrictions exist (Verdant Power, 2012). Tidal energy is also under consideration in 
Cook Inlet, Alaska (Nelson, 2011). Along the Atlantic Coast, one wind facility has been 
approved for development and several others have been proposed. Wave energy is most 
intense along the Pacific Coast, where technology testing is underway. The most favor-
able area for ocean current development is the Gulf Stream along the southeast coast of 
Florida, where one pilot project is already in development.

With respect to climate impacts, coastal and marine renewable energy projects are 
evaluated as mitigation measures because they do not directly result in emissions of 
greenhouse gases. The effects of climate change on the renewable energy industry have 
not been assessed along the U.S. coast or elsewhere; however, as with the oil and gas 
industries, climate change is expected to affect the industry. Likely impacts include:

1. Damage to infrastructure from increased storm intensity through larger waves, 
stronger currents, or sediment erosion; and

2. Potential change in the resource extracted, including changes in wind speed, wave 
height, or ocean current intensity or direction. These changes could have either a 
positive or negative effect.

Model results of the future wave climate for the southwestern Baltic Sea suggest that 
the overall wave energy and direction could increase slightly (Dreier et al., 2011). In-
creases in wind speed have also been observed over the past two decades (Young et al., 
2011).

The offshore renewable energy sector is nascent and, unlike the financially self-sus-
taining oil and gas industry, requires investment from the public sector, at least in the 
U.S., because construction of offshore facilities is more costly; specifically, offshore wind 
is more expensive than onshore. Uncertainty based on climate change projections could 
alter the evaluation of risk and potentially deter speculative investments in this emerg-
ing industry. 

4.5 Tourism and Recreation

Tourism is an important part of the U.S. economy, contributing $1.8 trillion in economic 
output and supporting 14.1 million jobs in 2011 (U.S. Travel Association, 2012). Tourism 
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is also one of the few sectors that has been growing during the current tentative econom-
ic recovery, with 101 million international tourist arrivals to North America last year, up 
2.9 percent from 2010 (UNWTO, 2012). Nationally, 2.8 percent of gross domestic prod-
uct, 7.52 million jobs and $1.11 trillion in travel and tourism total sales are supported by 
tourism (OTTI, 2011a, b). 

Coastal tourism and recreation is used to describe all tourism, leisure, and recreation-
ally-oriented activities that take place on the coast and in coastal waters. Main activities 
involved in coastal tourism and recreation include visiting beaches, diving and snorkel-
ing, cruise tourism, boating and sailing, and bird and marine mammal watching. Ad-
ditionally, infrastructure, including hotels, restaurants, vacation homes, marinas, dive 
shops, harbors, and beaches, is needed in coastal areas to support these tourism and rec-
reational activities. Tourism statistics are difficult to disaggregate solely for coastal ar-
eas, but the most recent data from the Office of Travel and Tourism Industries show that, 
in 2009-2010, nine of the top ten states and U.S. territories visited by overseas travelers 
are coastal, including the Great Lakes, and seven of the top ten cities are located on the 
coast (OTTI, 2011a, b). The U.S. Travel Association publishes data based on overnight 
trips in paid accommodations or travel to destinations 50 or more miles from home, 
which amounted to 1.5 billion person-trips for leisure in 2010 (U.S. Travel Association, 
2012). 

In addition to international and domestic travelers, many U.S. residents live in 
coastal areas and participate in many forms of coastal and marine recreation (Jacob and 
Witman, 2006; Jepson, 2004; Shivlani, 2009). Participation in many types of coastal and 
marine recreational activities is rising throughout the U.S. and the U.S. population is 
increasing at a faster rate in coastal areas than on average (Year of the Oceans, 1998). 

In the face of climate change, impacts to marine resource distribution, variable weath-
er conditions, and extreme events such as typhoons and hurricanes are expected to pose 
the most significant impacts on the industry: positively in some regions of the country, 
negatively in others, and with mixed effects in others. The predicted impacts of climate 
change are expected to affect tourism and recreation industries and their associated in-
frastructure in a variety of ways (Moreno and Becken, 2009; Scott et al., 2004), some of 
which are described below; however, the science of assessing predicted impacts upon 
these industries is still in its early stages.

Many coastal and marine tourism and recreational activities depend upon favorable 
weather and climate; therefore, aspects of climate change associated with increasingly 
variable conditions are significant stressors upon tourism and recreation. Activities such 
as diving and snorkeling, and the associated boat travel to snorkeling and dive sites, rely 
on comfortable water and air temperatures and calm waters. Weather-related impacts 
such as changes in wind patterns and wave height and direction will affect activities 
such as sailing and surfing. As weather patterns change and air and sea surface tempera-
tures rise, preferred locations for these and other types of recreation and tourism may 
change as well. For temperatures, this movement is expected to generally be poleward, 
with some destinations, such as Seattle, Washington, predicted to have a more desirable 
climate for more time throughout the year and others, such as Miami, Florida, to expe-
rience a decrease in desirability for tourism because of increased temperatures, except 
in the winter months (Yu et al., 2007). However, this means that even though current 
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preferred locations may decrease in popularity, the popularity of new, more northern 
locations for coastal recreation and tourism are likely to increase. These implications are 
important for tourism and recreation activities as well as the infrastructure that supports 
these activities (Moreno and Becken, 2009; Scott et al., 2004). 

Projections of changes to wind and wave patterns are not as clear (see Section 2); 
thus, changes in preferred locations affected by these changes are less predictable. Some 
activities are related to biophysical events, such as marine mammal watching, observing 
seabird migrations, or Arctic cruise tourism. With changing sea surface temperatures, 
marine mammal and seabird migrations are expected to change, affecting recreation in-
volving watching or interacting with these animals (Lambert et al., 2010). Arctic cruise 
tourism is expected to increase with increasing sea surface temperatures and decreased 
sea-ice during Northern Hemisphere summers (Stewart et al., 2007), but researchers 
warn that climatic warming in the Arctic may change the distribution of sea ice, result-
ing in negative implications for tourist transits in the High Arctic and Northwest Pas-
sage regions (Stewart et al., 2007). Other biological changes that affect marine recreation 
and tourism may occur with climate change as well; an example is increased or pro-
longed algal blooms at beaches, which could deter people from visiting those locations 
(Hoagland et al., 2002). 

Another component of marine tourism that is highly likely to be affected by climate 
change is whale watching. Whale- and other cetacean-watching activities rely on predict-
able movements of the species within a relatively small spatial area. Cetacean-watching 
operations are located in most coastal regions of the U.S. from Alaska to Florida. As sea 
surface temperatures increase, impacts upon cetaceans are predicted to include changes 
in species’ distribution ranges, individual occurrence and abundance, migration tim-
ing and length, reproductive success, mortality levels, and community composition 
and structure. All of these impacts will affect where, when, how many, and how often 
cetaceans are likely to be observed, and thus the response of the industry itself (Lam-
bert et al., 2010). In some cases, operators may choose to move their business to a more 
appropriate location based on where cetaceans are predicted to move, but impacts on 
specific species in specific locations are hard to foresee and moving operations may not 
be feasible. Although impacts to cetaceans in specific regions are difficult to predict, 
cetaceans in polar regions are likely to experience greater impacts because temperature 
changes there are predicted to be greater than in other regions. Cetacean species that 
cannot easily move as temperatures increase are expected to experience more severe 
impacts. Additionally, tours that focus on resident marine mammal populations that 
change their location and those that focus on migratory species are likely to be signifi-
cantly affected because residency and migrations are likely to change with increasing 
sea surface temperatures. 

Sea level rise may also impact coastal tourism and recreation in a variety of ways. 
Increased sea levels are likely to reduce the size of sandy beaches in some areas and 
possibly increase erosion rates (see Case Study 4-E; Yu et al., 2009). Additionally, higher 
sea levels could cause the landward migration or flooding of coastal lagoons and other 
coastal habitats for species that are attractive for wildlife viewing, such as seabirds (Bird, 
1994). Furthermore, sea level rise directly and indirectly threatens coastal infrastructure 
such as marinas, boardwalks, hotels, and houses with increased inundation and erosion 
associated with increased sea levels (Scott et al., 2004).
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Finally, HAB events have been shown to significantly reduce reported business rev-
enues for the lodging and restaurant sectors in affected coastal communities with im-
plications for local and state tax revenues. As a result, Morgan et al. (2010) estimated 
how and why participation in marine-based activities such as beach-going, fishing, and 
coastal restaurant patronage was affected during a red tide event, which are most com-
mon in Gulf of Mexico. The authors found that recreational activities of 63 and 70 percent 
of Southwest Florida residents who go saltwater fishing or go to beaches, respectively, 
were adversely affected by either cancellation, delays, or shortened or relocated trips by 
red tide events during the previous year. Given that the geographic and temporal scale 
of red tides have been shown to be affected by water temperature and potentially water 
quality, climate change could likely cause these impacts directly. 

Although red-tide-monitoring information is available in offshore Gulf of Mexico 
areas that are more frequently impacted by red tide events, a recent study found that 
coastal tourism, measured by attendance at a large state park in coastal Southwest Flor-
ida with substantial beach areas and boating facilities, was more closely correlated with 
local newspaper articles about red tides than objective measures of HAB events. The 
implication of this finding is that media coverage of changing environmental conditions 
can cause behavioral responses that can negatively affect tourism before changes in the 
physical environment occur, indicating that investments in educational and media mes-
sages could be prudent expenditures.

4.6 human health

In addition to current and future climate change impacts on the biophysical and socio-
economic dimensions of marine resources, broader knowledge of the human health di-
mensions of global climate change has grown. Climate change is expected to impact 
human health in a number of primary areas (Baer and Singer, 2009). In fact, according to 
the World Health Organization (WHO):

Our increasing understanding of climate change is transforming how we view the 
boundaries and determinants of human health. While our personal health may seem 
to relate mostly to prudent behavior, heredity, occupation, local environmental expo-
sures, and health-care access, sustained population health requires the life-supporting 
“services” of the biosphere. Populations of all animal species depend on supplies of 
food and water, freedom from excess infectious disease, and the physical safety and 
comfort conferred by climatic stability. The world’s climate system is fundamental to 
this life-support. (McMichael et al., 2003, page 2)

The WHO is not alone in recognizing the known and potential human health conse-
quences of global climate change. Public health scientists with the U.S. National Center 
for Environmental Health at the Centers for Disease Control and Prevention (CDC) have 
identified a number of primary areas in which climate change impacts human health 
and will likely exacerbate human vulnerability and sensitivity in the future (McGeehin, 
2007). These include but are not limited to extreme weather-related injuries, morbidity, 
and mortality; decline in access to drinkable water; increased food insecurity and mal-
nutrition; rising pollutant-related respiratory problems; and increased spread of infec-
tious disease. This list of consequences illustrates the complex and varied ways in which 
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Hawai’i’s Waikiki Beach is recognized as a major 
tourism destination and a popular recreational 
spot for both visitors and residents. Waikiki Beach 
extends approximately two miles along the south 
shore of O’ahu, and is home to a number of ma-
jor hotels. In 2007, approximately 4 million tour-
ists visited Waikiki Beach to whom hotels sold 3.9 
million room nights that generated approximately 
$1.2 billion in revenue (DBEDT, 2008). Waikiki 
represents approximately 88 percent of the O’ahu 
visitor market for hotel room demand.

Given the popularity and economic impor-
tance of Waikiki, the issue of beach erosion has 
been an ongoing concern. Recent recognition that 
sea level rise will exacerbate erosion has drawn 
increased attention to the economic contribution 
of the beach itself. Therefore, the Waikiki Im-
provement Association commissioned a study to 
estimate market and economic impacts using the 
scenario of complete erosion of Waikiki Beach.

Using reported visitor statistics (DBEDT, 2008), 
STR Global’s (2012) hotel lodging and financial 
survey was able to calculate annual room demand 
for hotel rooms in Waikiki, total hotel revenue, 
visitor expenditure related to food and beverage, 
entertainment and recreation, retail and transpor-
tation but excluding lodging, and the associated 

General Excise Tax (GET) and Transient Accom-
modations Tax (TAT) for Waikiki (See Tables 1 
and 2). To supplement the secondary data, the re-
searchers subcontracted a visitor intercept survey 
to analyze the importance of beach availability 
and examine the economic importance of Waikiki 
Beach.

The visitor intercept survey, which focused 
on visitors from the U.S. (76 % of the sample) and 
Japan (24% of the sample) because they make up 
84 percent of the tourism market for Oahu, was 
administered to 428 visitors at various locations 
in Waikiki. Over 90 percent of visitors surveyed 
reported that beach availability was very or some-
what important. 58 percent of U.S. mainland and 
14 percent of Japanese respondents to the visitor 
intercept survey revealed that, if Waikiki Beach 
were completely eroded, they would not consider 
staying in Waikiki.

Based on these survey results, an estimated 
38,000 daily visitors would not return to Waikiki 
if the beach were completely eroded. With this de-
crease in daily visitors, lost hotel room revenue is 
estimated to be $503.8 million. In addition to the 
potential loss in room revenue, other hotel rev-
enues, such as those generated by food and bev-
erage sales, spa visits, and parking, might also be 

case study 4-e
Economic impacts of the potential erosion of Waikiki Beach

2007 Waikiki visitor expenditures and estimated losses with completely  
eroded beach

Visitor expenditure type Revenue (2007)
Estimated loss
(due to beach erosion)

Hotel room revenue $1.2 billion ($504 million)

Total expenditure (excluding lodging) $4 billion ($1.5 billion)

Total Waikiki visitor expenditures $5.2 billion ($2 billion)
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the social impact of climate change in the U.S. extends beyond actuarial statistics and 
measures of economic loss to include broad, critical aspects of human health, well-being, 
and vulnerability (Brown 1999).

Health and vulnerability

Complex social and ecosystem conditions inform the reach and range of climate change 
effects on health, which is “not some absolute state of being but an elastic concept that 
must be evaluated in a larger socio-cultural context” (Baer et al., 2003:5). Although the 
environmental health effects of climate change on marine-resource users in particular 
are not widely known, recognition of human vulnerability and sensitivity in the wake of 
global climate change is growing. Vulnerability is a fundamental concept for assessing 
the role of climate change in determining health, especially because it merges theory and 

affected by declining room demand. Beach and 
water activities are important revenue generators 
in Waikiki. Such expenditures include surfboard, 
umbrella, chair, canoe, and snorkel gear rentals. 
An additional loss of $1.47 billion was estimated 
for expenditures other than lodging expenses. 
Applying the average daily expenditure per per-
son per day for retail, food and beverages, trans-
portation, entertainment, and recreation to the 
average number of visitors in Waikiki, complete 
erosion is estimated to cost nearly $2 billion per 
year in overall visitor expenditures. Additionally, 

an estimated $66 million in tax revenue from GET 
and TAT taxes would be lost. Indirect effects could 
include hotel industry job loss of more than six 
thousand jobs per year.

These estimated impacts highlight the im-
portance of beaches to the tourism industry in 
coastal states. Reducing these estimated losses in 
all regions should be a priority that could be ad-
dressed through a variety of approaches such as 
adjusting sales and marketing strategies, improv-
ing Waikiki’s tourism products, or repositioning 
beach accommodations.

2007 Waikiki tat and get tax revenues and estimated losses with completely 
eroded beach

Type of tax Tax revenue (2007) Estimated loss

Transient Accommodations Tax (TAT) @ 7.25% $86.6 million ($36.5 million)

General excise tax (GET) @ 4.50% $69.8 million ($29.8 million)

Total $156.5 million ($66.3 million)

case study 4-e (continued)
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empirical findings from disaster studies in general and public health science, social, and 
economic analysis and risk assessment in particular (Baer and Singer, 2009). Disease vul-
nerability and environmental health risk may both increasingly become central issues in 
research exploring connections among climate change, marine resource contamination 
or decline, and poverty, especially since subjugated populations in coastal regions tend 
to be marine resource users. 

Waterborne and foodborne diseases

The impact of warming oceans on waterborne pathogens that cause both seafood-related 
and direct-contact wound infections has generated growing concern in a time of climate 
change. Much attention has been directed at pathogens in the Vibrio family, especially V. 
cholera in global health research and intervention (Lipp et al., 2002). More recently, with 
regard to U.S. cases, there has been increased concern about other Vibrio species, includ-
ing V. parahaemolyticus and V. vulnificus, both known sources of seafood-related acute 
gastroenteritis. In 2011, the CDC, which maintains a voluntary surveillance system of 
culture-confirmed Vibrio infections in the Gulf of Mexico region, estimated 45,000 an-
nual cases of V. parahaemolyticus and 207 cases of V. vulnificus in the U.S. (Hlavsa et al., 
2011). Figure 4-4 shows the CDC’s Vibrio case reporting by state and region in 2009. The 
highest concentrations of Vibrio infections are in the Mid-Atlantic states that surround 
Chesapeake Bay, where 305 cases were reported in 2009. Given this high concentration 
in Chesapeake Bay, there is a high likelihood that these numbers could increase signifi-
cantly if water temperatures in the Bay rise in the future. 

Reported expansion of V. parahaemolyticus in the Pacific Northwest and Alaska also 
closely corresponds with climate anomalies related to El Niño (CDC, 1998; Martinez et 
al., 2010; McLaughlin et al., 2005). In addition, in the days after Hurricane Katrina, 22 
Vibrio wound infections were recorded, of which three were caused by V. parahaemolyti-
cus, two of which led to the deaths of the infected individuals (CDC, 2005).

Figure 4-4 Number of cases 
of Vibrio infections by state 
and region, 2009 (Source: 
CDC, 2011).
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V. vulnificus is perhaps the most important pathogenic Vibrio in the U.S. because of 
its highly invasive nature and high fatality rate following infection (Case Study 4-F; 
Horseman and Surani, 2011). In recent years, V. vulnificus has come to be recognized 
as the most virulent foodborne pathogen in the U.S. with a fatality rate as high as 60 
percent (Oliver, 2005) and has been responsible for the overwhelming majority of re-
ported seafood-related deaths in the U.S. (Oliver and Kaper, 2007). V. vulnificus can be 
transmitted to humans by way of consumption and dermal exposure. The bacterium is 
frequently isolated from oysters and other shellfish in warm coastal waters during the 
summer months. Because it is naturally found in warm marine waters, people with open 
wounds can be exposed to V. vulnificus through direct contact with seawater. A review 
of this bacterium found that the 34.8 percent death rate among domestically acquired 
foodborne illness associated with V. vulnificus was significantly higher than the 0 to 17.3 
percent rate associated with any of the other 31 foodborne pathogens assessed (Scallan 
et al., 2011). Additionally, V. vulnificus is becoming a significant and growing source of 
potentially fatal wound infections associated with recreational swimming, fishing-relat-
ed cuts, and seafood handling (Weis et al., 2011). One study reported that almost 70 per-
cent of infected individuals developed secondary lesions requiring tissue debridement 
or limb amputation (Oliver, 1989). V. vulnificus is most frequently found in water with a 
temperature above 20oC, which is especially important given the significant changes in 
temperature that are anticipated in coastal waters over the coming decades (see Section 
2 and Case Study 4-F). 

Furthermore, recent findings suggest an increase in global production of airborne 
dust and subsequent oceanic dust deposition that may stimulate growth of Vibrio spe-
cies, including toxigenic V. cholerae, V. vulnificus, and V. alginolyticus (Lipp, 2011). Al-
though no definitive link exists between the increasing incidence of Vibrio and climate 
change, sufficient data are available to warrant closer research attention (Greer et al., 
2008).

In addition to members of the Vibrio family, a number of other marine pathogens also 
merit monitoring in a warming environment. Aeromonas hydrophila is a widely distrib-
uted inhabitant of both fresh and salt waters as well as a common fish pathogen. In hu-
mans, it causes gastroenteritis as well as a variety of extraintestinal infections, including 
endocarditis, pneumonia, conjunctivitis, and urinary tract infections, and is capable of 
causing localized wound infections in individuals with intact immune systems (Collier, 
2002). Myobacterium marinum infections, of which approximately 200 are reported each 
year in the U.S., have been described as an emerging necrotizing mycobacteria-caused 
disease involving both marine and freshwater exposure during a water-related injury 
(Dobos et al., 1999). Erysipelothrix rhusiopathiae is found in diverse animal species in-
cluding fish and shellfish. Successfully transferred to humans through cuts, this patho-
gen causes cutaneous eruptions on the hands or fingers. It is popularly referred to as 
“shrimp picker’s disease” and “crab poisoning” in marine locations (Brooke and Riley, 
1999). Increased rates of infection have been documented for these emerging diseases. 
Like V. vulnificus, each of these pathogens has the potential for increased rates of infec-
tion as a result of warming ocean waters.

The cases noted here indicate that a range of other Vibrio and non-Vibrio pathogens 
should be monitored in association with warming ocean waters and other expressions 
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The U.S. is experiencing increased cases of V. vul-
nificus infection (Jones and Oliver, 2009), the lead-
ing cause of death from seafood consumption in 
the U.S. and a pathogen scenario that showcases 
the growing relationships among climate change, 
marine environments, seafood safety, and human 
health. Based on the Foodborne Disease Active 
Surveillance Network (FoodNet), which involves 
population-based surveillance in ten states, the 
CDC reported an increase in V. vulnificus food-
borne infections of 78 percent between 1996 and 
2006, with the majority of cases reported in the 
Gulf of Mexico as a result of high consumption 
rates of raw oysters harvested in warm months 
(CDC, 2007; Shapiro et al., 1998). In subsequent 
surveillance-based reports in 2009 and 2010, the 
CDC reported that the incidence of Vibrio infec-
tion has continued to increase at a significant 
rate (85 percent) (CDC, 2009). Although the exact 

cause of the increase seen between 2001 and 2010 
is still not established, heightened frequency of 
cases is associated with rising ocean water tem-
peratures because V. vulnificus is most frequently 
found in water with a temperature above 20oC 
(Paz et al., 2007). Harvested oysters can be con-
taminated with V. vulnificus because the bacterium 
is naturally present in marine environments and 
its growth and distribution are related to warm 
seawater temperatures. Regional U.S. FDA spe-
cialists with expert knowledge about shellfish are 
assisting state officials in sampling harvest waters 
to discover possible sources of V. vulnificus and to 
make decisions on oyster bed closures when the 
pathogen is identified (McLaughlin et al., 2005).

case study 4-F
Spread of Vibrio cases throughout the U.S.

V. vulnificus (Source NOAA).
Analyzing oysters for presence of 
experimentally introduced V. vulnificus 
(Source: NOAA).
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of climate change such as extreme weather, flooding, and global desertification (CDC, 
2005). In addition, focused development of hydrological and ecological modeling using 
existing pathogen knowledge, evidence on climate effects on pathogen concentrations, 
and varying climate change scenarios is needed (Hofstra, 2011).

Harmful algal blooms and climate change

HABs, which occur worldwide and in all U.S. states, have recently increased in du-
ration and geographic range, and have involved new species and impacts (Anderson, 
2012; Hallegraeff, 2010; Moore et al., 2008; also see Section 3). Many HABs produce po-
tent toxins that can kill or sicken humans, fish, birds, turtles, marine mammals, and 
domestic animals and pets (Section 3). Human health is threatened through exposure 
to toxin-contaminated shellfish and fish, drinking water, or aerosols. Monitoring and 
adaptations, such as shellfish harvesting closures, beach closures, and drinking water 
treatment minimize threats to human health. HAB toxins threaten endangered and pro-
tected species, mariculture and aquaculture, fisheries, and ecosystem health. Non-toxic 
HABs also kill animals, discolor water, overgrow seagrass beds and coral reefs, and 
accumulate in stinking, unsightly piles on beaches (Figure 4-5). Control measures, al-
though critical to protect public health, can reduce the availability of important sources 
of nutrition and/or income to communities that depend on the impacted resources. The 
economic consequence of HABs from a subset of events has been conservatively esti-
mated at $82 million (Hoagland and Scatasta, 2006) a year, but only some of the impacts 
listed above are included in this estimate. 

HAB occurrence may be altered by climate change impacts including increases in wa-
ter temperature, stratification, and CO2; alteration of currents or hydrology; and changes 
in nutrient availability, due to upwelling or runoff (see Section 2 for details). However, 
HABs are a diverse group of organisms from many taxonomic groups with highly vari-
able life habits, life cycles, physiology, and toxins, so their growth and toxicity will re-
spond differently to changing environmental conditions (see Section 3 for details). 

Figure 4-5  
Harmful algal 
bloom (Source: 
NOAA, n.d.).
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Increases in cyanobacterial blooms (CyanoHABs), many of which produce cyanotox-
ins linked to liver, digestive, skin, neurological illness, and even death, have already 
been well-documented and attributed to a combination of increased nutrients and cli-
mate change (Paerl and Paul, 2012). Massive toxic blooms threaten drinking water sup-
plies and recreational use of water bodies, especially in areas experiencing droughts. 
CyanoHABs also threaten ecosystem health by altering the natural flora and fauna 
through increased turbidity, poor nutritional quality, and reduced bottom water oxy-
gen. Although most common in fresh water, they can also overgrow coral reefs (Paerl 
and Paul, 2012) and have recently caused sea otter deaths in Monterey Bay, California 
(Miller et al., 2010b).

For other HABs, change in climate may increase the period of time when environ-
mental conditions are suitable for blooms to occur. For example, in Puget Sound, as in 
many areas in the Northwest and Northeast U.S., shellfish harvesting is often closed for 
a period in the late spring or summer. The closure period corresponds to the window 
of opportunity when environmental conditions are optimal for blooms of Alexandrium 
(Moore et al., 2008, 2009, see Section 6). This toxic dinoflagellate produces potent neu-
rotoxins that can cause illness and death in humans who eat contaminated shellfish. 
Modeling climate change scenarios, even when modest, indicate that the window of op-
portunity will increase substantially (Moore et al., 2011). 

Climate change may also alter conditions so that they become unfavorable for HAB 
growth. Ciguatera fish poisoning (CFP) is caused by ciguatoxin produced by a benthic 
dinoflagellate, Gambierdiscus, living on macroalgae on tropical hard substrates, espe-
cially coral reefs. The toxins accumulate in higher trophic level fish, and, when humans 
consume those fish, cause ciguatera fish poisoning (CFP), a debilitating illness. CFP is 
the most common HAB-caused illness in the world, which deters fish consumption in 
many areas where protein is in short supply. A recent study showed that CFP incidence 
in the Caribbean is highest where water temperatures are highest and postulates that 
climate change may be one factor in recent outbreaks of CFP from fish caught near oil 
platforms in the more temperate Gulf of Mexico (Tester et al., 2010). However, data from 
the South Pacific suggest that waters may become too hot for the causative organism to 
grow (Llewellyn, 2010); therefore, the geographic distribution of CFP may change, but 
not the incidence.

Finally, some initial studies with three HABs from different taxonomic groups sug-
gest that toxicity of HAB organisms may be differentially affected by climate change. 
In one case, toxicity decreased as temperature increased (Ono et al., 2000). In two other 
cases, it increased as CO2 increased (Fu et al., 2010; Sun et al., 2011).

In conclusion, climate change will likely change the growth and distribution of many 
HAB species and thus affect their impacts on human, animal, and ecosystem health and 
local economies. Predicting those effects requires understanding the life cycle, physiolog-
ical response, growth and toxicity of each HAB organism under a range of environmen-
tal conditions and the human responses to HABs such as the loss or change in tourism, as 
well as the application of this information in a specific regional ecosystem context.

Health risks related to climate impacts on marine zoonotic diseases 

A global analysis of trends in infectious diseases found that emerging infectious disease 
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events were increasing over time and were dominated by zoonotic diseases transmitted 
between animals and humans, with the majority of those diseases (72 percent) originat-
ing in wildlife (Jones et al., 2008). Climate change may impact infectious zoonotic diseas-
es by prolonging the diseases’ transmission periods and by changing geographic ranges 
of disease and animal reservoirs (Greer et al., 2008; see Section 3 for further discussion 
and examples of the potential impacts of climate change on disease in marine animals). 

Zoonotic diseases that occur in marine animals are among those of concern for hu-
man health. Establishing a definitive link between increases in marine zoonotic disease 
and climate change has been difficult because of multiple contributing stressors (Burek 
et al., 2008; Wilcox and Gubler. 2005) and a lack of sufficient baseline data for some 
organisms (Burek et al., 2008), but examples of changes in latitudinal distributions of 
infectious organisms have been seen. For example, Lacazia loboi is a cutaneous fungus 
that has been reported to infect humans and dolphins in tropical and transitional tropi-
cal climates. The disease more recently has been diagnosed in dolphins off the coast of 
North Carolina, which represents a change in the latitudinal distribution of this fungus 
(Rotstein et al., 2009). To detect such changes, continued monitoring and assessments of 
disease in marine animals to establish baselines and identify trends is critical. Further-
more, an integrated monitoring and surveillance system will be important to provide 
early warnings and better public information for any emerging diseases that threaten 
human health.

Some coastal and tribal communities depend on marine animals as traditional sourc-
es of nutrition. In places like Alaska, access to animals has become more difficult follow-
ing changing migration and reproduction patterns and ice flow shifts have impacted 
hunter and fishermen access (Ford, 2009; Gearhead et al., 2006). Communities such as 
these would be particularly vulnerable to outbreaks that impact their already at-risk 
food supply.

Health risks of extreme weather events 

People living coastal environments might also be at greater health risk because of in-
creases in extreme weather events resulting from global climate change (Greenough et 
al., 2001). The IPCC notes that warming would vary by region, but would be accompa-
nied overall by changes in precipitation, the variability of climate, and the frequency 
and intensity of some extreme weather phenomena (IPCC, 2007a; see Section 2 for detail 
on expected changes in weather). The health risks of extreme weather are many, includ-
ing but not limited to heat exhaustion and other heat-related illnesses (Bernard and Mc-
Geehin, 2004; Golden et al., 2008; Luber and McGeehin, 2008; McGeehin and Mirabelli, 
2001; Semenza et al., 1999), mental health illnesses (Averhoff et al., 2006; Norris et al., 
2006; Thienkura et al., 2006; van Griensven et al., 2006), and vector-borne and zoonotic 
diseases (Collinge et al., 2005; Eisen et al., 2007; Enscore et al., 2002; Gage et al., 2008; 
Glass et al., 2000; Parmenter et al.,1999). 

Globalized seafood and emerging health risks 

Due to a rise in both the globalization of seafood and demand in the U.S. market, the 
Food and Drug Administration (FDA) reports that the U.S. now imports more than 80 
percent of its seafood supply, including wild caught fish and aquaculture fish (USDA, 
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2008). This seafood originates from over 13,000 suppliers in over 160 countries, with Chi-
na being the largest exporter of seafood to the U.S. by volume (GAO, 2004). Despite the 
scale of the seafood import industry, the FDA, which is charged with promoting public 
health through regulation and supervision of food safety, excluding oversight of most 
meats, poultry, and processed egg products, directly inspects only a small percentage of 
the nation’s imported seafood. In 2007, for example, the FDA reported almost 900,000 
entries of imported seafood, of which only 14,000, or about 2 percent, were subject to 
FDA inspection and laboratory testing (USDA, 2008). The Government Accountability 
Office (GAO) has warned against the low level of testing conducted by the FDA and has 
cautioned that “imported foods have introduced new risks or increased the incidence of 
familiar illnesses” (Friedman 1996, page 2) in the U.S, but the FDA “cannot ensure that 
the growing volume of imported foods is safe for consumers” (GAO, 1998, pages 2-3). In 
2004, the GAO again raised concerns about the adequacy of the FDA’s seafood inspec-
tion program to protect U.S. consumers. 

Imported seafood can be a source of health risk, involving multiple agents, especially 
bacteria such as Salmonella, Campylobacter, verotoxin producing E. coli, and listeria, para-
sites such as Toxoplasma gondii, Cyclospora cayetanensis, and trichinella, and viruses such 
as norovirus and hepatitis A virus, as well as rarer infectious agents and mycotoxins 
(Buisson et al., 2008). Between 1983 and 1992, seafood ranked third on the list of food 
products that caused foodborne disease (Lipp and Rose, 1997), a marked increase over 
the previous decade (Hui et al., 2001). In late 2006, two bacteria-caused outbreaks of 
fish poisoning were reported in the U.S., one in Louisiana and the other in Tennessee, 
involving tuna steaks imported from Indonesia and Vietnam, respectively (CDC, 2007). 
A likely source of the outbreaks was inadequate temperature control between catch and 
consumption. Direct testing also has yielded evidence of significant rates of the infec-
tion of imported seafood. For example, tested salmon, shrimp, and tilapia samples from 
three retail outlets in Baton Rouge, Louisiana that were imported from 12 countries 
found that 17.5 percent of the samples tested positive for Salmonella, 32.2 percent for 
Shigella, 4.1 percent for Listeria moncytogenes, and 9.4 percent for Escherichia coli (Wang 
et al., 2011). Similarly, tests of over 12,000 imported and domestic seafood samples over 
a nine-year period found that the incidence of Salmonella was 7.2 percent in imported 
seafood compared to 1.3 percent for domestic seafood (Heinitz et al., 2000). These study 
results suggest that a high potential for infection in imported seafood (Love et al., 2011). 

In light of these findings, the critical question is whether climate change and the fur-
ther globalization of seafood will contribute to additional jumps in the prevalence of 
infected seafood available to consumers in the American market. Climate change has 
the potential to adversely impact imported seafood in two ways. First, climate change is 
a risk to the extent that warming oceans and other changes to the marine environment 
increase rates of infection of various seafood stocks worldwide, including locations that 
export seafood to the U.S. Second, rising temperatures and changing weather patterns 
may result in inadequate cooling of seafood at various points in the import process, al-
lowing the growth of infectious agents. These scenarios, combined with the low level of 
FDA testing of imported seafood, suggest the need for increased attention to this poten-
tial threat to U.S. public health in a time of climate change.

In many Alaskan communities, for example, seafood contamination has been a ma-
jor source of environmental health concern (Loring and Gerlach, 2009). Many of these 
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communities are already exposed to dangerous contaminants in their food and water, 
such as heavy metals like methyl mercury and persistent organic pollutants, as the Stock-
holm Convention addressed, from military dump sites and a variety of other sources 
(Herman et al., 2000). With climate change, some contaminant levels are projected to 
increase, though the details of these risks are still not well-understood (Godduhn and 
Duffy, 2003; Schiedek et al., 2007; Stockholm Convention, 2005). 

Acidification and other unknown human health risks

Coupled with the current and emerging discussion of global temperature change is 
growing awareness of the problem of ocean acidification, which poses a fundamental 
challenge to marine life and marine resource users (NRC, 2010a). Although scientists 
are certain that increased acidification will impact particular marine species such as 
shellfish, the impacts of acidification on all seafoods that humans consume are unclear. 
Therefore, acidification poses a possible environmental health risk. Knowledge regard-
ing human adaptations to ocean acidification has definite gaps, but the ecosystem and 
socio-economic impacts of increased ocean acidification are likely to negatively trans-
form food systems and therefore introduce stressors that could lead to unknown public 
health risks.

According to a recent National Research Council report, “Communities in areas with 
[ocean acidification] affected marine resources may be highly dependent on them both 
for income and sustenance. There is thus a need to assess vulnerability and adaptation 
capabilities of these communities over different time frames” (NRC, 2010a, page 119). 
This emphasis on vulnerability will likely lead to greater linkages between studies of 
socio-economic and health-related vulnerabilities because ocean acidification will likely 
result in negative impacts on important food sources for communities in coastal regions 
that rely on marine resources for sustenance. 

4.7 Maritime Security and Transportation

Security, transportation, and governance issues are also at play in how climate change 
may impact ocean services in the U.S. Climate shifts in the Arctic, namely sea ice cov-
erage, are provoking discussion on the future of ocean governance, including marine 
resource and ecosystem-based management. Perhaps the most noteworthy issue in this 
arena is the increase in shipping accessibility in the Arctic. National security concerns 
and threats to national sovereignty have also been a recent focus of attention (Borgerson, 
2008; Campbell et al., 2007; Lackenbauer, 2011). In general, the warming of the ocean 
has led to a redrawing of the biophysical map of Earth. This process will generate an 
expanded geopolitical discussion involving the relationship among politics, territory, 
and state sovereignty on local, national and international scales (Nuttall and Callaghan, 
2000). Refer to Section 5.4.1 for further discussion on the international implications of 
climate change on these sectors.

4.8 Governance Challenges

Climate change is likely to lead to challenges for national governments and for interna-
tional bodies and institutions. Among other things, new challenges will arise in the area 
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of risk management. Many natural resource governance institutions have been built un-
der assumptions of stable environmental conditions that are similar to observed histori-
cal experience (Peloso, 2010). In many instances of greater climate variability or climate 
change, these assumptions will be challenged or will no longer be valid. Changes in 
the distribution and accessibility of living natural resources and ecosystems will require 
changes in jurisdictional boundaries established by national or international manage-
ment institutions in some cases. As a consequence, climate change will often result in the 
need to revise our current management approaches and, in some cases, to restructure 
governance systems for most ocean uses. While governments can employ technologies 
to achieve better climate change preparedness and response, it is important to keep in 
mind that those technologies are only as effective as the governments and institutions 
that implement them to deal assessing, planning and responding to negative impacts, 
like climate change (Dowty and Allen, 2011). In this regard, the National Academy of 
Sciences has repeatedly called for early, active, continuous, and transparent community 
involvement in risk management decisions rather than blind reliance on technology-
based decisions (NRC, 1996, 2000a, b) orchestrated by government scientists and ex-
perts (Fischer, 2000). This broader, more inclusive governance approach is ever more 
important as marine resource users and coastal communities: 1) increasingly adapt and 
respond to changing security conditions, the restructuring of transportation networks, 
and a warming climate, and 2) demand further involvement in climate change discus-
sions, especially those resulting in changes in marine resource management decisions 
and policies. The governance needs of ecosystem-based management may dovetail 
with this trend. In addition, novel territorial and jurisdictional issues will need to be 
addressed as as a result of climate change. These challenges are most apparent in the 
Arctic, where the reduction in sea ice will open up new ocean spaces to navigation and 
other maritime uses.

Fisheries management in the U.S.

The effects of climate change on fisheries present a number of governance challenges to 
fishery management institutions in the U.S. Federal fisheries management occurs main-
ly within the framework of the Magnuson-Stevens Fishery Conservation and Manage-
ment Act (MSA). Within this framework, eight fishery management councils (Councils) 
develop fishing regulations for specific regions and fisheries in cooperation with the 
federal government, represented by the National Marine Fisheries Service (NMFS). 

Management plans from the Councils are designed to meet ten National Standards 
(NSs) set by the MSA. Important among these standards is the requirement to prevent 
overfishing while achieving optimum yield. The optimum yield is specified by deter-
mining a stock’s MSY, which is the harvest amount that will generate the largest long-
term average yield (NS Guidelines, page 5, section 600.310(e)), as reduced by social, 
economic, or ecological factors (MSA, page 10, section 3(33)). This optimum yield is the 
basis for caps on total harvest or Annual Catch Limits (ACLs). ACLs are established by 
the Scientific and Statistical Committees (SSCs) of the Fishery Management Councils.  
The SSCs often establish uncertainty buffers to prevent overfishing.  The SSCs are able to 
adjust annual harvest recommendations to fluctuations in stock size to prevent overfish-
ing. Furthermore, regulations should “[M]anage individual stocks as a unit throughout 
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their range, to the extent practicable; interrelated stocks shall be managed as a unit or in 
close coordination.” This will require an investment in monitoring and assessment to ac-
curately describe the ranges of and interrelationships among stocks as they change with 
climate conditions, but will require further increased coordination between Councils. 

An additional factor that Councils must consider is changes in bycatch. When shifts 
in the distribution and abundance of stocks change bycatch patterns, management must 
adjust regulations and ACLs to account for the new patterns. For example, warming 
trends in the Bering Sea have caused increased overlap of pollock and salmon stocks, 
which has led to increased salmon bycatch in the pollock fishery (Stram and Evans, 
2009). As a result, the North Pacific Fishery Management Council has taken steps to 
minimize salmon bycatch rates by limiting pollock fishing at certain times and in certain 
areas (see additional discussion in Section 6). 

Increased uncertainty due to climate change will impact decisions made by fisheries 
management institutions. Climate change increases uncertainty about fisheries stocks in 
two ways. First, stock levels and spatial distribution may differ from observed, historical 
patterns in uncertain ways. Second, the year-to-year variability in stock levels and spa-
tial distribution may increase as climatic patterns become more variable (See Section 4.2 
above). Fishery regulations and ACLs are based on modeling- and data-intensive stock 
assessment methods. Climate change is expected to alter the basic population dynam-
ics of some, and possibly many, fish stocks and is thus likely to impact the reliability 
of stock assessments and total allowable catch (TAC) limits and ACLs that are subse-
quently set. For example, the survey area upon which a stock assessment is based may 
no longer appropriately cover the range of the species, perhaps leading to an assessment 
that suggests a stock decline as opposed to a shift in location. 

As noted elsewhere in this Report, the direction and magnitude of such changes are 
uncertain, and the changes could have negative or positive impacts on different fisher-
ies. Thus, one could error in setting a TAC lower than it should be for a stock that is 
otherwise healthy. However, greater uncertainty should lead to greater caution in set-
ting catch levels. Given this, the uncertainty about whether the stock has shifted or not is 
likely to be built into the setting of more conservative TACs and ACLs. In either case, the 
uncertainty generated by climate change exacts a cost through the TAC- and ACL-set-
ting process even though the fish stock may not have changed. Case Study 4-G discusses 
some of this uncertainty in context with specific fisheries around the U.S.

An alternative to setting TACs and ACLs has occurred in the Arctic Management 
Area where the North Pacific Fishery Management Council closed large, previously un-
exploited areas to future fishing due to the high level of uncertainty regarding newly ice-
free fishing grounds (see additional discussion in Section 6). This uncertainty stems from 
a lack of historical data on the balance of total catch revenues to the time and effort need-
ed to explore these new Arctic areas  and from imperfect knowledge about future climate 
(Kutil, 2011; Stram and Evans, 2009). In this way, current fisheries governance structures 
can incorporate increased uncertainty due to climate change, which therefore requires 
greater investment in monitoring and assessment to reduce the level of uncertainty and 
requires scientists and regulators to recognize and to account for the uncertainty. 

Finally, the issue of transboundary stocks will likely increase in importance given 
that international agreements on fishing shared stocks are based on stable, historical 
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U.S. fishing-dependent communities range from 
large urban centers to small rural outposts. They 
vary in mixes of species caught, size of vessels, 
types of gear used, and level of involvement in 
commercial, recreational, and/or subsistence fish-
ing. Fishing-dependent communities may have 
fish buyers, processors, ice facilities, boat building 
facilities, seafood wholesalers, or retailers (NOAA 
Fisheries 2009b). Fishermen fish for multiple rea-
sons, including income, adventure, family tradi-
tion, food, and religious rituals (Falk et al., 1989; 
Holland and Ditton 1992; Smith and Clay 2010; 
Fall and Koster 2011). In 2009, the U.S. seafood 
industry supported approximately 1 million full- 
and part-time jobs and generated $116 billion in 
sales, $32 billion in income, and $48 billion in val-
ue added. Recreational angler expenditures con-
tributed $50 billion in sales to the U.S. economy 
and supported over 327,000 jobs (NOAA Fisheries 
2010).

Many socio-economic impacts of climate 
change on fisheries flow from biological and eco-
logical changes (Hannesson 2007; see Section 3). 
Potential effects of climate change on fisheries 
result from changes in the productivity and loca-
tion of the fish stocks (Brander 2010) as well as 
the broader ecosystem (Sumaila et al., 2011). Due 
to strong temperature sensitivity (Fogarty et al., 
2008), Atlantic cod (Gadus morhua) are expected to 
decrease in biomass and largely move north out 
of U.S. waters. Atlantic croaker (Micropogonias un-
dulatus) are expected to increase in biomass and 
shift northward within U.S. waters (Hare et al., 
2010). Rising temperatures may cause decreases 
in Alaska pollock (Theragra chalcogramma) bio-
mass (Mueter et al., 2011), but a northward shift 
is unlikely (Haynie and Pfeiffer, 2012; Pfeiffer, 
2012). Pacific sardine (Sardinops sagax) productiv-
ity is strongly influenced by climate variability; 
increases in biomass and northward extension are 

expected, though whether those increases will be 
slight or more significant is unclear (Emmett et al., 
2005).

With these changes, fishermen may need to 
change target species or move to follow the species 
they know. These have a variety of potential costs, 
including economic costs associated with buying 
new gear and rising fuel prices; social costs such 
as losing local support networks either onshore 
or off; cultural costs including losing a species 
critical to a spiritual ritual; and nutritional costs. 
Where stocks increase in biomass or extend in 
range, fishermen may increase household income, 
economic stability, food security, and opportuni-
ties for tournament-winning fish, if regulations 
allow. Increases in sea level may harm coastal 
fisheries infrastructure. These changes reverber-
ate throughout the economy and society though 
rarely in a linear fashion. (Markowski et al., 1999; 
Loomis and Crespi 1999). Different groups such as 
fisheries and port communities are likely to have 
different levels of resilience and vulnerability.

Changes in marine target populations also af-
fect fisheries management and thus fishermen 
(Pollnac et al., 2006). Managers must anticipate 
problems (Lubchenco and Petes 2010) and build 
flexibility into management plans; many current 
regulations tie fishermen to particular species in 
specific areas (OECD 2010). Further, significant 
discussion needs to take place on the societal 
value of fish stocks and those communities that 
depend on fishing to sustain their livelihoods. 
Transboundary and other jurisdictional issues 
will also emerge (Herrick et al., 2007).  

case study 4-g
Fisheries management responses to climate change
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abundance and spatial distribution patterns (see Section 5). Miller and Munro (2003) use 
a theoretical model to illustrate potential problems with transboundary Pacific salmon 
stocks in the U.S. and Canada. Their results highlight the need to update existing and 
negotiate new, more flexible international agreements.

Offshore energy development

Climate change will present new opportunities and new challenges to offshore energy 
development. New areas, and especially the Arctic, will become accessible to develop-
ment and to marine energy transport, but this will also bring industry activities into 
contact, and potentially conflict, with new environments and other uses such as sub-
sistence and tourism. Operations in new and traditional areas, though brought on by 
changing climate, may face new climactic challenges with increasing storms, more se-
vere operating conditions, and more sensitive species and ecosystems. In addition, rou-
tine operations, such as oil transport, are likely to carry increased risk in Arctic waters 
where lack of charts, extreme weather conditions, and poor oil spill response capabilities 
hamper safe operations. Additional regulations will certainly increase operational costs, 
although, in the Arctic, these risks will also be accompanied by opportunities because 
the reduced sea ice coverage will lead to the opening of new shipping lanes facilitating 
the transport of crude oil between the Atlantic and the Pacific Oceans. Both current fish-
eries and offshore energy policy and management regimes may need to be restructured, 
an effort that will include creating new protected areas for various marine resources and 
habitats. In addition, energy development companies will likely need to revisit their 
own internal policies and operations to cope with changing climate. An example of this 
is the American Petroleum Institute, which launched a review process of design and 
safety standards for offshore oil platforms in 2006 following the extreme 2005 hurricane 
season in the Gulf of Mexico.

Tourism and recreation

Tourism is seldom recognized as a single sector for policy and regulation. Policies in 
many different sectors including shipping, fisheries management, habitat protection, 
and the business sector affect tourism and the tourism industry. As such, changes made 
by the governance structures in each of these sectors in response to climate change are 
likely to impact tourism and recreation in the U.S. An important consideration is the 
safety of life at sea as tourists and cruise vessels venture into higher latitudes and un-
charted waters far from established ports and rescue capabilities with decreasing sum-
mer sea-ice. The International Maritime Organization and the Arctic Council are already 
cooperating to increase governance measures in this area.

Human health

The consequences of climate change related to human health documented above show-
case the complex and varied ways in which the social impact of climate change in the 
U.S. extends beyond actuarial statistics and measures of economic loss to broader and 
more critical aspects of human health, well-being, and vulnerability (Brown, 1999). 
Many agencies at the international, national, state, and local level in each country 
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develop policy and regulations for issues including seafood safety, water quality, disas-
ter response, and disease outbreak avoidance and containment and will need to develop 
adaptive means to respond to these changes.

Strategic planning

Institutions are re-evaluating their priorities and undertaking strategic planning to antic-
ipate changes and develop strategies for responses to the present and future challenges 
of climate change. In the Pacific Islands, for example, where whole countries or territo-
ries are expected to disappear under a rising sea level, individual villages, communi-
ties, states, territories, and commonwealths are developing strategies for dealing with 
climate change and its effects on communities and their subsistence activities. Existing 
regional institutions, such as the Secretariat of the Pacific Community and the Western 
Pacific Regional Fishery Management Council, have adopted a climate change focus. In 
Alaska, 31 communities, many of which have already begun plans to relocate, have been 
identified as under imminent threat due to climate change effects (GAO, 2009). Similar 
changes are likely being seen in other regions. 

4.9 Research and Monitoring Gaps

As this section has shown, research is critical for gaining insight into the effects of cli-
mate change on ocean services that are important to the economic, social, cultural, and 
personal well-being of the U.S. population and to the health of the ocean itself. These 
observed and predicted impacts of climate change on U.S. ocean services have raised 
awareness about potential socio-economic effects and highlighted areas where signifi-
cant changes have not yet been observed but are expected to be seen in both the short 
and long term. Information needs are growing, both in regard to the socio-economic and 
biophysical effects of climate change and the ways in which U.S. industry, government, 
and civil society will react to such effects (Adger, 2003). Many socio-economic effects of 
climate change have yet to be studied. 

The current body of case study literature documenting the socio-economic effects of 
climate change is far from robust, and as the scientific community moves forward, such 
research must be performed and incorporated into public and private sector responses 
locally, nationally, and internationally. The use of time series data for both social and 
economic indicators of human community vulnerability and resilience (Charles et al., 
2009; Colburn and Jepson, 2012; Jepson and Jacob, 2007; Jacob and Jepson, 2009; Tuler 
et al., 2008), fishery performance (Clay et al., 2010; Kitts et al., 2011; Pollnac et al., 2006; 
Smith and Clay, 2010) and indicators of ecosystem function will help elucidate some of 
these impacts over time. However, interdisciplinary research that brings together sci-
entists studying the biophysical effects of climate change with social scientists is still 
necessary to provide a much fuller understanding of both the biophysical and human 
dimensions of climate change.

This section has presented many important scientific findings and emerging areas of 
science that can or already are expanding our knowledge and understanding of how cli-
mate change is resulting in marine environment and human community-level changes 
and associated alterations to human uses of the ocean and ocean services. Researchers 
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engaged in climate change research know that scientific assessments such as this help to 
identify knowledge gaps arising out of the difficulty in documenting and understanding 
complex natural and social systems. Greater attention in both the natural and social sci-
ences is now being paid to the coupled nature or enmeshed reality of social, economic, 
and ecological systems. This section has showcased how different forms of science-based 
knowledge and expertise reveal the complex relations between climate change and ma-
rine environments and users as well as how knowledge gaps expose new pathways of 
scientific focus, practice, and public involvement (Button and Peterson, 2009), including 
a broader inclusion of traditional or local ecological knowledge (Acheson, 2003; Beau-
dreau et al., 2011; García-Quijano, 2007; Gasalla and Diegues, 2011; Nazarea, 2003).

Tools for filling some of these knowledge gaps are emerging to allow better under-
standing of social and economic impacts of climate change. Grafton (2010), for instance, 
has developed a risk and vulnerability assessment and management decision-making 
framework for adaptation. Existing hazards research (e.g., Cutter et al., 2008) can also 
provide insight. However, additional targeted research and case studies are also needed.

Socio-economic impacts for commercial and recreational fisheries 

Currently, only a few examples exist of work that quantifies or predicts the socio-eco-
nomic impacts of climate change on U.S. fisheries and fishing-dependent communities. 
In order to fill in this information gap, the following research topics should be addressed.

• The interconnections between climate change and marine-based socio-economic 
change. This type of research would benefit from integrations with emerging 
social science research on both the social and economic indicators of community 
resilience and vulnerability and of fishery performance.

• Case studies that examine the historical experiences of fisheries and fishing-
dependent communities in response to changes in fishery conditions. Changes 
that are similar in type and magnitude to predicted climate change effects offer 
insight into the changes fisheries may undergo in the future (Crate and Nuttall, 
2009).

• An interdisciplinary research effort and community-based risk assessment of the 
effects of ocean acidification. This would draw out the critical linkages between 
the biophysical and socio-economic consequences informed by ocean acidifica-
tion scenarios in marine environments.

• Development of models of fleet dynamics, vessel operator income, and commu-
nity social and economic impacts linked to biophysical models of climate-
induced changes. This type of work can be performed within the framework of 
Integrated Ecosystem Assessment programs, even though these assessments are 
themselves simplified representations of complex social, economic, and ecolog-
ical relations that call for greater interdisciplinary perspectives and policy based 
on human-environment relations (Nuttall, 2001; Nuttall and Callaghan, 2000).

• Development of dynamic models that incorporate risk and uncertainty to guide 
decisions on investment in adaptation and mitigation measures to prioritize 
expenditures related to adaptation and mitigation.
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Subsistence fisheries

One domain of fisheries science where knowledge gaps persist is subsistence fisheries 
research. A variety of reports and workshops have been held to discuss these gaps (Call-
away et al., 1999; United Nations, 2009) and some research has been conducted in certain 
areas, such as the Arctic (Moerlein and Carothers, 2012; Moller et al., 2004; Nuttall et al., 
2004). However, significant gaps in knowledge still exist related to how climate change 
is going to affect subsistence uses of marine resources. These research gaps include the 
following.

• Identifying specific challenges and opportunities that subsistence-dependent 
communities have for adapting to climate change;

• Improving understanding of the ability of subsistence-dependent communities 
to predict local climate, social, biological, and economic trends;

• Understanding of the flexibility of subsistence living approaches and the 
capacity of subsistence communities to overcome potentially detrimental effects 
of climate change;

• Ethnographic research that collects and integrates traditional ecological knowl-
edge (TEK), including the establishment of community-based monitoring 
projects;

• Development of protocols that ensure appropriate inclusion of TEK into biolog-
ical and physical research projects and resource management decisions;

• Understanding the most effective means for developing co-management strate-
gies that bring subsistence-resource users into discussions of climate change 
adaptation strategies; and

• Determining mechanisms for allowing resource management institutions to be 
flexible and able to respond rapidly to changes when setting annual limitations 
on subsistence harvests.

Offshore energy development

In order to advance our understanding on the impacts of climate change on the oil and 
gas industry in general, and on offshore production in particular, several reports and 
authors (e.g., Acclimatise, 2009a, b; Burkett 2011) suggest that research should be under-
taken to develop knowledge related to a number of aspects of the industry, including:

• Understanding of the impact of climate change on oil and gas companies’ busi-
ness models to inform industry participants as they adapt to climate change;

• Addressing both the impacts of extreme events and the impacts of incremental 
change on offshore energy that may go unnoticed until thresholds are crossed 
(Acclimatise, 2009a);

• Evaluate the environmental, operational, and human safety risks of exploration 
and production in new areas made accessible by climate change impacts;

• Conducting research at the level of individual corporations to evaluate appro-
priate risk management alternatives; and
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• Consultation with local governments to anticipate possible changes in regula-
tions and thus more easily incorporate change into operations.

Tourism and recreation

Researchers are beginning to explore how the major stressors associated with climate 
change might impact marine recreation and tourism. One significant contribution has 
been the development of indices, considered under projected climate change scenari-
os, to predict movements in preferred locations for tourism and recreation (Scott et al., 
2004). In addition, Moreno and Becken (2009) developed a methodology to assess vul-
nerability of locations to the impacts of climate change. One suggestion identified by 
this research is for the institutions and infrastructure that support coastal tourism and 
recreation to be flexible in responding to climatic changes.

In many areas further information is needed to determine the impacts of climate 
change on ocean-based tourism and recreation in the U.S., including the following:

• Development of local-to-regional scale projections of climate impacts on ocean 
tourism and recreation (Scott et al., 2004; Lambert et al., 2010; Pallab et al., 2010);

• Development of a framework to adapt to the anticipated impacts of climate 
change through policy and management actions (Pallab et al., 2010);

• Development of agreements, institutions, and capabilities that ensure the safety 
of life at sea in more extreme weather conditions and new, more hostile oper-
ating environments; and

• Understanding of the impacts of climate change on cetacean movements.

Public health

Knowledge gaps remain in understanding climate-related public health impacts, risks, 
and human responses for marine systems. The U.S. will be better able to adapt to these 
changing conditions given better understanding of the following research areas:

• Improved understanding of ocean acidification impacts on human health;
• Enhanced protocols for testing domestic and imported seafood for toxins and 

infectious agents that may increase as a result of climate change; 
• Development of integrated health warning systems through deployment of 

marine sensors for monitoring, updating public health surveillance systems, and 
developing early warning systems and risk communication strategies;

• Development of coupled socio-economic and biophysical models that can assist 
in the prediction of outbreaks of waterborne pathogens and harmful algal 
blooms; and

• Case studies of both individual species targeted for seafood poisoning and of 
decision-making processes of fishermen who struggle to negotiate the trade-offs 
they must make in choosing among different available species.
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4.10 Conclusion

This section has shown how climate-related biophysical changes to marine resources 
lead to socio-economic, cultural, and governance effects. This section has also elaborated 
on questions that continue to dominate climate change discussions. What are the future 
effects of climate change? What effects are anticipated in the near future? What role 
will science and scientific assessments, in particular social scientific assessments, play in 
climate-change planning and policy? To meet the challenges of climate change in gen-
eral, and climate change impacts on ocean services in particular, broad, interdisciplinary 
cooperation will become more critical in the years to come (Østreng, 2010). 
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chapter 5 

International Implications of  
Climate Change

executive Summary

Climate change and marine ecosystems neither begin nor end at the U.S. border. Many 
marine organisms, such as fish, marine mammals, and seabirds, are highly migratory 
and do not remain in one jurisdictional boundary. As discussed in Section 3 and 4, we 
are currently observing and documenting widespread shifts in the timing, distribution, 
and abundance of many marine resources. Many of these species occupy the U.S. at 
some stage of their life cycle and are of conservation concern. As climatic changes be-
come more apparent, and the rate of change potentially increases, habitats and species 
ranges will continue to shift significantly as species expand into countries where they 
had not previously lived. Current protected area networks may not match critical sites 
needed in the future. The focus of much conservation work has historically been on criti-
cally endangered species. In light of climate change, attention must be given to ensuring 
that other species and populations remain robust and resilient to the changes that are 
projected to occur throughout the marine biome (Simmonds and Eliott, 2009). 

Multilateral regional fisheries management organizations (RFMOs) of which the U.S. 
is a member are aware of the issue of climate change.  Flexible management strategies 
will be needed that will allow these organizations to manage fisheries sustainably. Only 
half of the 12 RFMOs that include U.S. fish species have taken or are taking actions to 
address climate change (Table 5.3). In addition, none of the six existing bilateral fisher-
ies agreements between the U.S. and neighboring countries have formally addressed 
climate change issues. Bilateral fishing regimes, which tend to be re-negotiated periodi-
cally, will have to evolve over time in response to abundance and spatial and temporal 
changes in fish stocks brought about by climate change. The fishery governance process 
is much slower to adapt for an RFMO, where the process is built on existing environ-
mental conditions and a stable decision environment such as a convention or treaty. 

Security and transportation issues are at play in terms of expected climate change 
impacts to ocean services in the U.S. Most notably, climate shifts in the Arctic, especially 
sea ice coverage, are provoking discussion on the future of ocean governance, includ-
ing marine resource and ecosystem-based management. Perhaps the most noteworthy 
issue in this arena is the increase in shipping accessibility in the Arctic. National secu-
rity concerns and threats to national sovereignty have also been a recent focus of at-
tention (Borgerson, 2008; Campbell et al., 2007; Lackenbauer, 2011). Ocean change will 
lead to an expanded geopolitical discussion involving the relationships among politics, 
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territory, and state sovereignty on local, national, and international scales (Nuttall and 
Callaghan, 2000).

International forums that deal with species conservation have a major role to play 
in providing coordination and direction; therefore, international collaboration is both 
fundamental and foundational to understanding and managing climate change in the 
U.S. Strengthening existing international partnerships and developing new partnerships 
for knowledge sharing and strategy development will be necessary to understand and 
address climate change impacts on marine ecosystems and communities around the 
world. Working closely with partner countries to enhance the level of understanding 
related to climate change impacts is needed to build capacity to effectively plan and 
implement adaptation actions.

Key Findings

1. Many migratory species that span jurisdictional boundaries are exhibiting shifts in 
distribution and abundance.

• Current policy and structured agreements assume species stationarity, which is 
no longer the case.

• Many species will continue to shift significantly, expanding their ranges in coun-
tries where they previously have not lived. As a result, current protected area 
networks may need to be expanded to match critical sites needed in the future. 

• Several global conventions, as well as regional and bilateral migratory species 
agreements, are well-placed to support coordinated, multi-country climate 
change adaptation efforts on behalf of migratory species. 

2. International partnerships will be necessary to ensure that monitoring protocols, 
management plans, and training programs are robust and coordinated for effective 
long-term implementation on shared marine resources.

• Multinational large-scale and long-term work is needed to better understand the 
risks to oceans and marine resources as a result of climate change.

• Strengthening synergies across existing treaties and conventions would provide 
better coordination and improved focus and facilitate the development of shared 
priorities.

3. Although aware of climate change, only half of the existing Regional Fisheries Man-
agement Organizations (RFMO) have addressed the issue.

• Agreements, both multilateral and bilateral, will need flexibility to adapt to 
changing circumstances, particularly unanticipated, climate-driven changes in 
stock levels or distribution across EEZs or high-seas areas. 

• The potential for spatial displacement of aquatic resources and people as a result 
of climate change impacts will require existing regional structures and processes 
to be strengthened or enhanced.

4. Climate change will affect transportation and security issues in both the short and 
long term.
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• Changes in available shipping lanes in the Arctic created by a loss of sea ice have 
generated an expanded geopolitical discussion involving the relationship among 
politics, territory, and state sovereignty on local, national, and international 
scales.

5. Accounting for the carbon sequestration value of coastal marine systems has the po-
tential to be a transformational tool in the implementation of improved coastal policy 
and management.

• A number of countries including Indonesia, Costa Rica, and Ecuador have iden-
tified “Blue Carbon” as a priority issue and are currently developing strategies 
and approaches.

5.1 Implications of Climate Change in International Conventions 
and Treaties

A number of international treaties and conventions have been developed to aid in ad-
dressing ocean issues that affect multiple jurisdictions and countries. Many of these fo-
cus either primarily on marine resources or involve them in some fashion. Exploring 
and strengthening synergies between these treaties and conventions would be extreme-
ly beneficial for providing increased value, better coordination, and improved focus and 
facilitation of the development of key priorities (Robinson et al., 2005). The following 
discussion includes only a subset of the larger body of international conventions and 
treaties.

Convention on Migratory Species (CMS)

The Convention on Migratory Species (CMS) of Wild Animals is the only global, inter-
governmental convention that is established exclusively for the conservation and man-
agement of migratory species (Robinson et al., 2005). The CMS recognizes that nations 
have a duty to protect migratory species that live within or pass through their jurisdic-
tional boundaries, and acknowledges that, if effective management of these species is 
to occur, concerted actions will be required from all nations and range states in which a 
species spends any part of its life-cycle (Robinson et al., 2005). Species are listed under 
two CMS Appendices: Appendix I lists those species threatened with extinction and Ap-
pendix II lists species that would benefit from internationally-coordinated efforts. The 
U.S. is a range state for many of the marine species listed in these Appendices, including 
whales, seabirds, turtles, and sharks (see Table 5-1).

Cooperation between countries to tackle the impacts of climate change on specific 
migratory species is mandatory for effective management. The CMS provides an impor-
tant opportunity to develop climate change strategies at the international level, a num-
ber of which have led to climate change actions that the CMS has undertaken already. A 
small working group called the Scientific Council Working Group on Climate Change 
reviewed the results of scientific work of other bodies, such as the Convention on Bio-
logical Diversity (CBD), the International Whaling Commission (IWC) and the Ramsar 
Convention, to ensure that the CMS had the most recent scientific information and to 
improve and strengthen links to these works. The sharing of information and expertise 
has been an important means of speeding up the responses of different countries to 
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climate change issues and has given rise to a number of policy reports on species vul-
nerability as well as guidelines and incorporation of information into agreements and 
action plans (UNEP/CMS, 2011).

table 5-1: Marine species with u.s. ranges listed in cMs appendices

Appendix Taxa Species

I Mammals
Humpback Whale (Megaptera novaeangliae), Bowhead Whale (Balaena mysticetus), 
Blue Whale (Balaenoptera musculus), Northern Atlantic Right Whale (Eubalaena 
glacialis), North Pacific Right Whale (Eubalaena japonica)

I Birds
Short-tailed Albatross (Phoebastria albatrus), Bermuda Petrel (Pterodroma cahow), 
Hawaiian Petrel (Pterodroma sandwichensis), Pink-footed Shearwater (Puffinus 
creatopus)

I/II Mammals Sperm Whale (Physeter macrocephalus), Sei Whale (Balaenoptera borealis), Fin 
Whale (Balaenoptera physalus), West Indian Manatee (Trichechus nanatus)

I/II Birds Steller’s Eider (Polysticta stelleri)

I/II Reptiles
Green Turtle (Chelonia mydas), Loggerhead Turtle (Caretta caretta), Hawksbill 
Turtle (Eretmochelys imbricate), Kemp’s Ridley Turtle (Lepidochelys kempii), Olive 
Ridley Turtle (Lepidochelys olivacea), Leatherback Turtle (Dermochelys coriacea)

I/II Fish Basking Shark (Cetorhinus maximus), Great White Shark (Carcharodon carcharias), 
Manta Ray (Manta birostris) Beluga Whale (Delphinapterus leucas)

II Mammals

Narwal (Monodon monoceros), Pantropical Spotted Dolphin (Stenella attenuate), 
Spinner Dolphin (Stenella longirostris), Striped Dolphin (Stenella coeruleoalba), 
Killer Whale (Orcinus orca), Baird’s Beaked Whale (Berardius bairdii), Northern 
Bottlenose Whale (Hyperoodon ampullatus), Bryde’s Whale (Balaenoptera edeni), 
Dugong (Dugong dugong)

II Birds

Black-footed Albatross (Phoebastria nigripes), Laysan Albatross (Phoebastria 
immutabilis), Black-browed Albatross (Thalassarche melanophris), Shy Albatross 
(Thalassarche cauta), Salvin’s Albatross (Thalassarche salvini), White-chinned 
Petrel (Procellaria aequinoctialis), Spectacled Petrel (Procellaria conspicillata), 
Roseate Tern (Sterna dougallii), Arctic Tern (Sterna paradisaea), Little Tern (Sterna 
albifrons)

I/II Fish
Whale Shark (Rhincodon typus), Shortfin Mako Shark (Isurus oxyrinchus), Longfin 
Mako Shark (Isurus paucus), Porbeagle (Lamna nasus), Spiny dogfish (Squalus 
acanthias), Green Sturgeon (Acipenser medirostris)
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The Zoological Society of London has also developed and tested a climate change 
vulnerability assessment method for the UNEP/CMS Secretariat on approximately half 
of the Appendix I species. Of these, approximately 50 percent are marine species. Re-
sults indicate that all of these species will be negatively impacted by climate change, 
including many species with ranges in the U.S. (Table 5-2). Key vulnerabilities and the 
main factors limiting adaptation have been identified for these species. Continuing this 
work in a more quantitative way is considered a key priority for the future. 

A technical workshop held in June 2011 included experts from academia, non-gov-
ernmental organizations (NGOs), inter-governmental organizations (IGOs), and gov-
ernment agencies that work on issues associated with migratory species and climate 
change. This workshop helped to charter a way forward by recommending key areas for 
future action and focus (UNEP/CMS/SCC17/Inf.12) under the CMS, including:

• Predicting how future range shifts should be considered;
• Establishing long-term datasets and baselines of species listed under CMS, as 

well as their critical prey items;
• Developing maps related to zoning, historical and shifting baselines, threats at 

spatio-temperal scales including transport routes, etc.,for use in the planning of 
renewable energy projects;

• Focusing on populations that are resilient and adaptive to climate change;
• Emphasizing ecological networks and design of protected areas;
• Highlighting that mitigation of climate change can be potentially more harmful 

to migratory species if sites are not carefully selected;
• Recognizing that tertiary effects, such as new shipping routes in the Arctic, are 

Figure 5-1 First short-tailed albatross chick to hatch outside Japan. (Source: Pete Leary).



124 Oceans and Marine resOurces in a changing cliMate

increasing disturbance and exploitation of marine migrants, and acknowledging 
that coordinating responses with biodiversity-related Multilateral Environ-
mental Agreements may be beneficial;

• Continuing to address research needs related to emerging issues including 
disease, invasive species, and ecosystem changes;

• Building capacity at the local level through climate change literacy training, 
participatory monitoring, and incentive creation for conservation among 
communities;

• Integrating climate change policies in more Multilateral Agreements and 
strengthening collaboration with the Convention on Biological Diversity (CBD), 
Ramsar, the Bern Convention, and UNFCCC.

Multinational large-scale and long-term work is needed to better understand risks 
associated with ocean and marine resources as a result of climate change. Focus must 
be given to ensuring that species and populations other than just those critically en-
dangered remain robust and resilient to the changes predicted to occur throughout the 
marine biome (Simmonds and Eliott, 2009). 

Convention on Wetlands of International Importance (Ramsar)

The U.S. is a Contracting Party to Ramsar, which is an intergovernmental treaty that 
provides the framework for voluntary national action and international cooperation for 
the conservation and wise use of wetlands and their resources. Parties of Ramsar “work 

table 5-2: Marine species under cMs with u.s. ranges vulnerable to climate change

Vulnerability Taxa Species

High Reptiles
Green Turtle (Chelonia mydas), Hawksbill Turtle (Eretmochelys imbricate), Kemp's 
Ridley Turtle (Lepidochelys kempii), Loggerhead Turtle (Caretta caretta), Olive Ridley 
Turtle (Lepidochelys olivacea), Leatherback Turtle (Dermochelys coriacea)

High Mammals
North Pacific Right Whale (Eubalaena japonica), Northern Atlantic Right Whale 
(Eubalaena glacialis), Bowhead Whale (Balaena mysticetus), Blue Whale (Balaenoptera 
musculus), Narwhal (Monodon monoceros)

High Birds Short-tailed Albatross (Phoebastria albatrus), Bermuda Petrel (Pterodroma cahow), 
Steller's Eider (Polysticta stelleri)

Medium Mammals Sperm Whale (Physeter macrocephalus), Sei Whale (Balaenoptera borealis), Humpback 
Whale (Megaptera novaeangliae) 

Medium Fish Basking Shark (Cetorhinus maximus), Great White Shark (Carcharodon carcharias)
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towards the wise use of all their wetlands through national land-use planning, appro-
priate policies and legislation, management actions, and public education; designate 
suitable wetlands for the List of Wetlands of International Importance (“Ramsar List”) 
and ensure their effective management; and cooperate internationally concerning trans-
boundary wetlands, shared wetland systems, shared species, and development projects 
that may affect wetlands” (http://www.ramsar.org). Nearly 2,000 designated Ramsar 
sites exist around the world, over 30 of which are in the U.S.

Marine/coastal wetlands are an identified wetland type recognized by Ramsar. Many 
of these are particularly important habitats for ocean and marine species, and include, 
among others: permanent shallow marine waters such as sea bays and straits; marine 
subtidal aquatic beds including kelp and sea-grass beds; tropical marine meadows; coral 
reefs; and rocky marine shores such as rocky offshore islands and sea cliffs). Similar to 
the CMS, the Ramsar Convention has explicitly recognized the threats caused by climate 
change and plays an important role in the future by understanding that additional work 
is required to understand the relationship between wetlands and climate changes. 

Convention on International Trade in Endangered Species (CITES) of Wild Fauna 
and Flora 

The U.S. is a Party to CITES, which regulates trade in species based on their conserva-
tion status. Appendix-I species are those threatened with extinction that are, or may be, 
affected by trade. Parties are not allowed to trade in Appendix I species for commercial 
purposes. Appendix-II species are not necessarily threatened with extinction but might 
be if trade is not regulated, and Parties may trade in these species as long as trade is not 
detrimental to the species’ survival. Appendix III species are listed unilaterally by Par-
ties seeking international cooperation in controlling trade.

Recently, CITES has begun to focus attention on the issue of climate change. At the 
UNFCCC Conference of the Parties (CoP) 15 in 2010, the Animals and Plants Commit-
tees were directed to identify the scientific aspects of the provisions of the CITES Con-
vention and the Resolutions of the Conference of the Parties that are or are likely to be 
affected by climate change and to make recommendations for further action. A working 
group was created to draft recommendations to be finalized at the joint Animals and 
Plants Committees meeting in March 2012 and presented at the 62nd Standing Commit-
tee meeting in July 2012. The working group was tasked with addressing climate change 
in six CITES processes or mechanisms: species listing, non-detriment findings, Periodic 
Review of the Appendices, management of nationally stablished export quotas, Review 
of Significant Trade, and trade in alien invasive species.

The March 2012 joint meeting of the Animals and Plants Committee resulted in gen-
eral consensus that the decision-making framework developed within CITES is flexible 
enough to accommodate the consideration of climate change in each of its six processes 
or mechanisms. 

Inter-American Convention (IAC) for the Protection and Conservation of  
Sea Turtles

The IAC is focused on marine turtles, which are particularly vulnerable to climate change 
(see Section 3). It promotes the protection, conservation, and recovery of the populations 
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of marine turtles and those habitats on which they depend on the basis of the best avail-
able data that take into consideration the environmental, socio-economic, and cultural 
characteristics of the Parties (Article II, Text of the Convention). These actions should 
cover both nesting beaches and the Parties’ territorial waters. International collaboration 
is essential to marine turtle conservation because turtles that breed on U.S. beaches or 
migrate through U.S. waters need continued protection once they leave U.S. jurisdiction. 
The IAC is an intergovernmental treaty that provides the legal framework for countries 
in the Western Hemisphere to take actions for the benefit of these species. Continued ac-
tive involvement of the U.S. in international expert groups and initiatives provides key 
support to emerging collective adaptation action for marine turtles. 

In 2009, the Parties agreed to a number of actions to address the impacts of climate 
change on marine turtles specifically, including management actions as well as research 
and monitoring activities (http://www.iacseaturtle.org). According to annual reports 
submitted by the Parties, overall performance against these goals has been fair; however, 
climate adaptation concerns are often overtaken by more immediate priorities such as 
bycatch and non-climate impacts on nesting beaches. 

Convention on Biological Diversity (CBD)

The objectives of the CBD are threefold: 1) the conservation of biological diversity, 2) the 
sustainable use of its components, and 3) the fair and equitable sharing of the benefits 
arising out of the utilization of genetic resources. The CBD affirms that conservation of 
biodiversity is a common concern of humankind and reaffirms that nations have sov-
ereign rights over their own biological resources. The CBD covers both terrestrial and 
marine biota and Parties are explicitly required to implement the CBD consistent with 
the rights and obligations of States under the United National Convention on the Law 
of the Sea. The United Nations Convention on Environment and Development in Rio de 
Janeiro, June 1992 opened the CBD for signature and entered it into force on December 
29, 1993. The U.S. has signed the CBD but has not yet ratified it.

Climate change and biodiversity is one of the CBD’s major crosscutting issues. Ac-
cording to the Millenium Ecosystem Assessment2, climate change is likely to become 
one of the most significant drivers of biodiversity loss by the end of the century. Climate 
change is already forcing biodiversity to adapt either through shifting habitat, changing 
life cycles, or the development of new physical traits. Conserving and restoring ma-
rine ecosystems, including their genetic and species diversity, is essential for the overall 
goals of both the CBD and the UNFCCC and plays a key role in the global carbon cycle 
and in adapting to climate change.

The CBD Conference of the Parties has made over 40 decisions regarding biodiversity 

2 The Millenium Ecosystem Assessment was called for by UN Secretary General Kofi Annan in 2000. The objec-
tive of the Assessment was to assess the consequences of ecosystem change for human well-being and the 
scientific basis for action needed to enhance the conservation and sustainable use of those systems and their 
contribution to human well-being. The Assessment involved the work of more than 1,360 experts worldwide. 
Their findings provide a state-of-the-art scientific appraisal of the condition and trends in the world’s eco-
systems; the services they provide; and the options to restore, conserve, or enhance the sustainable use of 
ecosystems.
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and climate change since it entered into force. Decision x/33 (Biodiversity and Cli-
mate Change) (http://www.cbd.int/climate/doc/cop-10-dec-33-en.pdf), adopted at 
the 10th meeting of the CBD in Nagoya, Japan in 2010, encourages the Parties, 
among other things, to “Enhance the conservation, sustainable use and restoration 
of marine and coastal habitats that are vulnerable to the effects of climate change 
or which contribute to climate-change mitigation, such as mangroves, peatlands, 
tidal salt marshes, kelp forests and seagrass beds, as a contribution to achieving 
the objectives of the United Nation Framework Convention on Climate Change, 
the United Nations Convention to Combat Desertification, the Ramsar Conven-
tion on Wetlands and the Convention on Biological Diversity.”

5.2 Climate Change Considerations in Other  
International Organizations

Agreement for the Conservation of Albatross and Petrels (ACAP)

The Agreement for the Conservation of Albatross and Petrels (ACAP) is an inter-
national multilateral agreement that seeks to reduce known threats to albatrosses 
and petrels through coordination of international activity. The development of 
ACAP began in 1999 under the auspices of the Convention on the Conservation of 
Migratory Species of Wild Animals (CMS). Twenty-two species of albatrosses and 
seven species of petrels are currently listed under ACAP. 

Since 2008, the ACAP Advisory Committee has had a standing agenda item 
titled Impacts of Global Climate Change. Recently, ACAP Parties have acknowledged 
growing scientific evidence that present climate change is already affecting marine 
ecosystems at all levels of the food webs, and projection of future change suggests 
that these effects will increase considerably. For this reason, the Parties recognized 
the importance of reviewing the potential impact of global climate variability and 
change on the conservation status of albatrosses and petrels. Despite this, pub-
lished studies to date are limited to just a few species in the Indian Ocean; there-
fore, the Committee has recommended that Parties and Range States encourage 
further analyses on the combined impacts of environmental change and fisheries 
on albatross and petrel population trends.

International Whaling Commission (IWC)

The IWC is the body charged with the proper conservation of the world’s whale 
stocks to make possible the orderly development of the whaling industry. The 
main duty of the IWC is to review and revise as necessary the measures laid down 
in the Schedule to the Convention that govern the conduct of whaling organiza-
tions throughout the world. Among other things, these measures: provide for the 
complete protection of certain species; designate specified areas as whale sanctu-
aries; set limits on the numbers and size of whales that may be taken; prescribe 
open and closed seasons and areas for whaling; and prohibit the capture of suck-
ling calves and female whales accompanied by calves. The compilation of catch 
reports, as well as other statistical and biological records, is also required.
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Climate change and its impacts on cetacean species have been highlighted in dis-
cussions at the IWC Scientific Committee, which has considerable expertise in under-
standing and modeling climate impacts. The IWC passed Resolution IWC/61/16 entitled 
Consensus Resolution on Climate and Other Environmental Changes and Cetaceans at the 2009 
IWC Annual Meeting in Madeira, Portugal. This resolution requested Contracting Gov-
ernments to incorporate climate change considerations into existing conservation and 
management plans; directed the Scientific Committee to continue its work on studies of 
climate change and the impacts of other environmental changes on cetaceans as appro-
priate; and appealed to all Contracting Governments to take urgent action to reduce the 
rate and extent of climate change. The IWC has also hosted a number of workshops to 
enhance collaborations among various experts in cetacean biology, marine ecosystems, 
modeling, and climate change, as well as improving the conservation outcomes for ceta-
ceans under climate change scenarios. 

Future climate change-related challenges facing whale stocks require innovative, 
large-scale, long-term, and multinational response from scientists, conservation man-
agers, and decision makers. Moreover, the reactions to emerging developments and 
changes will need to be swift (Simmonds and Eliott, 2009).

Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR)

The CCAMLR was established mainly in response to concerns that an increase in krill 
catches in the Southern Ocean could have a serious effect on populations of krill and 

Figure 5-2  
Sperm whale 
rolling onto its 
side (Source: 
Stephen Tuttle).
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other marine life, particularly birds, marine mammals, and fish, that depend on krill 
for food. Climate change is on the agenda of CCAMLR’s Scientific Committee, which 
reports on this item to the CCAMLR. Climate change is also a factor the U.S. is consider-
ing in the development of a proposal for a marine protected area in the Ross Sea. The 
U.S. would likely leave one area open to fishing and close an equivalent area so that 
the impacts of climate can be differentiated from the impacts of fishing. The CCAMLR 
welcomed the Scientific Committee’s deliberation on climate change and, in particular, 
noted the recommendation of the EU/Netherlands-sponsored workshop on “Antarctic 
Krill and Climate Change” (SC-CAMLR-xxx/BG/3).

North Pacific Marine Science Organization (PICES)

The primary role of the Convention for a North Pacific Marine Science Organization 
(PICES) is to promote and coordinate marine research undertaken by the Parties (Cana-
da, Japan, China, Korea, Russia, and the U.S.) in the temperate and sub-Arctic region of 
the North Pacific Ocean and its adjacent seas; to advance scientific knowledge about the 
ocean environment, global weather and climate change, living resources and their eco-
systems, and the impacts of human activities; and to promote the collection and rapid 
exchange of scientific information on these issues. PICES provides an international fo-
rum to promote greater understanding of the biological and oceanographic processes of 
the North Pacific Ocean and its role in the global environment. 

PICES is on the forefront of climate change issues in the North Pacific. PICES has 
published numerous scientific reports on the impacts of climate and climate change on 
fish species in the North Pacific and forecasting climate impacts on future production of 
commercially exploited fish and shellfish (Beamish, 2008; Hollowed et al., 2008). Since 
2002, PICES has also hosted approximately 11 international symposia, 15 workshops, 
and 5 Special Sessions with climate change-related themes (see http://www.pices.int/
publications/default.aspx).

Wider Caribbean Sea Turtle Conservation Network (WIDECAST) 

WIDECAST is an active network of biologists, managers, community leaders, and edu-
cators in more than 40 nations and territories including the U.S. committed to an in-
tegrated, regional capacity that ensures the recovery and sustainable management of 
depleted marine turtle populations. WIDECAST has conducted workshops geared to-
wards marine turtle conservationists and marine protected area practitioners, covering 
climate-related topics including monitoring, vulnerability assessment, selecting and pri-
oritizing adaptation options, and communicating climate change.

5.3: Climate Change Considerations by Regional Fisheries 
Management Organizations and Living Marine Resource 
Conservation Organizations

On December 6, 2011, the United Nations General Assembly adopted draft resolution 
A/66/L.22, which stated, “Sustainable fisheries, including through the 1995 Agreement 
for the Implementation of the Provisions of the United Nations Convention on the Law 
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of the Sea of 10 December 1982 relating to the Conservation and Management of Strad-
dling Fish Stocks and Highly Migratory Fish Stocks, and related instruments” (Reso-
lution 66/68). Resolution A/66/L.22 expressed concern over the current and projected 
adverse effects of climate change on food security and the sustainability of fisheries. The 
resolution urged nations, either directly or through appropriate subregional, regional, 
or global organizations or arrangements, to intensify efforts to assess and address, as 
appropriate, the impacts of global climate change on the sustainability of fish stocks and 
the habitats that support them, in particular the most affected ones.

As discussed in Sections 3 and 4, climate-related shifts in species geographic range 
will affect the distribution and composition of fisheries resources, which, in turn, may 
affect fishing operations, the allocation of catch shares, and the effectiveness of fisher-
ies management measures (Sumaila et al., 2011). Multilateral regional fisheries manage-
ment organizations (RFMOs) in which the U.S. is a member are cognizant of the issue 
of climate change, but, with few exceptions, most have done little to reduce the pos-
sible effects or develop contingency plans despite the growing body of fisheries research 
on climate change. Only half of the 12 RFMOs that include U.S. fishery resources have 
taken or are taking actions to address climate change (Table 5.3). In addition, none of the 
six existing bilateral fisheries agreements between the U.S. and neighboring countries—
five with Canada (albacore tuna, Pacific salmon, Pacific hake, Pacific halibut, and Great 
Lakes fisheries) and one with Russia (North Pacific and Bering Sea fisheries)—have for-
mally addressed climate change issues. The common assumption is that bilateral fishing 
regimes, which tend to be renegotiated periodically, will have to evolve over time in 
response to abundance and spatial and temporal changes in fish stocks brought about 
by climate change; in other words, the effects of climate change are de facto taken into 
consideration in these negotiations. The fishery governance process is much slower to 

Figure 5-3  Green 
turtle (Source: David 
Patte).
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adapt for an RFMO, where the process is built on existing environmental conditions and 
a stable decision environment such as a convention or treaty. In addition, many RFMOs 
rely on consensus decision-making, which is an additional complicating factor, espe-
cially if the RFMO has many member countries.

table 5-3: Primary rFMOs and arrangements that include u.s. living marine 
resources, by organization/membership, mission, relevant species, and  
climate change actions, 2012

Organization/
U.S. membership 
status Mission Relevant species Climate change actions

Commission for 
the Conservation 
of Antarctic 
Marine Living 
Resources 
(CCAMLR)/
Member

Protect and 
conserve the 
marine living 
resources in the 
waters surrounding 
Antarctica

Fish, mollusks, 
crustaceans, 
and all other 
species of living 
organisms, 
including birds

CCAMLR includes climate change on the agenda of 
its Scientific Committee, which reports on this item to 
the Commission. Climate is also a factor considered in 
the development of a proposal for a marine protected 
area in the Ross Sea.

North Atlantic 
Salmon 
Conservation 
Organization 
(NASCO)/ 
Member

Promote scientific 
research and the 
conservation, 
restoration, 
enhancement, 
and rational 
management of 
salmon stocks in 
the North Atlantic 
Ocean

Atlantic salmon 
(Salmo salar)

NASCO is concerned about the potential impacts 
of climate change on wild Atlantic salmon and 
has requested the International Council for the 
Exploration of the Sea (ICES), which provides 
scientific advice to the organization, to advise it 
on the potential implications of climate change for 
salmon management at the 29th NASCO Annual 
Meeting to be held in Edinburgh, Scotland on June 
5-8, 2012. NASCO has not published any studies 
directly addressing climate change and salmon to 
date.

Northwest 
Atlantic Fisheries 
Organization 
(NAFO)/ 
Member

Study, conserve 
and manage fishery 
resources in the  
NAFO Regulatory 
Area in the North 
Atlantic Ocean 
beyond 200-mile 
zones of member 
states

Cod, flounders, 
redfish, capelin, 
hake, skates,  
shrimp

The NAFO Scientific Council Standing Committee on 
Fisheries Environment has been discussing change 
patterns including climate change for nearly 50 years. 
Beginning in 1964, NAFO conducted four symposia 
on decadal reviews (1950-1959, 1960-1969, 1970-1979, 
1980s-1990s) of environmental conditions in the 
Northwest Atlantic and their influence on fish stocks. 
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table 5-3 Primary rFMOs and arrangements that include u.s. living marine resources, 
by organization/membership, mission, relevant species, and  
climate change actions, 2012 (continued)

Organization/
U.S. membership 
status Mission Relevant species Climate change actions

North Pacific 
Anadromous 
Fish Commission 
(NPAFC)/ 
Member

Promote the 
conservation of 
anadromous stocks 
and ecologically-
related species in the 
high seas areas of the 
North Pacific Ocean

Pacific salmon 
(chum, coho, pink, 
sockeye, chinook, 
cherry, and 
steelhead)

The Bering-Aleutian Salmon International 
Survey-II (BASIS-II) is NPAFC's coordinated 
program of cooperative research on Pacific 
salmon in the Bering Sea designed to clarify 
the mechanisms of biological response by 
salmon to the conditions caused by climate 
change. Climate change and its impact on 
salmon have been discussed in a Symposium 
and two Special Publications: 1) a report on 
understanding impacts of future climate and 
ocean changes on the population dynamics 
of Pacific salmon (Beamish et al., 2009) and 
2) a bibliography of literature associated with 
climate and ocean change impacts on Pacific 
salmon (Beamish et al., 2010) 

The overarching theme of the NPAFC 2011-
2015 Science Plan is “Forecast of Pacific 
Salmon Production in the Ocean Ecosystems 
under Changing Climate.”

Western and 
Central Pacific 
Fisheries 
Commission 
(WCPFC)/ 
Member

Ensure, through 
effective management, 
the long-term 
conservation and 
sustainable use of 
highly migratory fish 
stocks in the western 
and central Pacific 
Ocean in accordance 
with the 1982 United 
Nations Convention 
on the Law of the Sea 
and the 1995 UN Fish 
Stocks Agreement. 

All fish stocks of 
the species listed 
in Annex 1 of the 
1982 Convention 
on the Law of the 
Sea occurring in the 
Convention Area, 
and other species 
of fish that the 
Commission may 
determine necessary 
to cover

The WCPFC Science Committee is becoming 
aware that the impact of oceanographic and 
climate variability is a key area of uncertainty 
that should be integrated in future stock 
assessments (Summary Report of the Seventh 
Regular Session of the Scientific Committee, 
21 September 2011).
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Straddling fish stocks

In some cases, changes in the location of straddling fish stocks may lead to challenges 
in international fisheries management. The United Nations defines straddling stocks 
as stocks of fish that migrate between or occur in both the EEZ of one or more states 
and the high seas (Figure 5-4). One example of such a challenge occurred within the 
U.S.–Canada Pacific Salmon Commission (McIlgorm, 2010). Pacific salmon are anadro-
mous fish that cross state and international boundaries in their oceanic migrations. Fish 
spawned in the rivers of one jurisdiction are vulnerable to harvest in other jurisdictions. 
The turbulent history of U.S. and Canadian cooperative management of their respective 
salmon harvests suggests that environmental variability may complicate the manage-
ment of such shared resources. For six years beginning in 1993, the U.S. and Canada 
were unable to agree on a full set of salmon fishing regimes under the terms of the Treaty 
between the Government of Canada and the Government of the United States of America con-
cerning Pacific Salmon. The breakdown in cooperation was fueled by strongly divergent 
trends in Alaskan and southern salmon abundance and a consequent change in the bal-
ance of each nation’s interceptions of salmon spawned in the other nation’s rivers. Al-
though several natural and anthropogenic factors contributed to these trends, evidence 
shows that changing ocean conditions, notably the warm phase of the PDO, played a 
role. The period of high productivity in Alaska contributed to increased Alaskan inter-
ceptions of British Columbia salmon at a time when Pacific Northwest coho and chi-
nook salmon could least withstand retaliatory actions by the Canadian salmon fleet. The 
mounting crisis led to a fundamental shift in the approach taken by the two nations to 
determine their respective salmon harvest shares. On June 30, 1999, Canada and the U.S. 
signed a 10-year agreement that laid the groundwork for a more sustainable, coopera-
tive, abundance-based management regime (Miller et al., 2000). In 2009, that agreement 
was renegotiated and extended for another 10 years. The latest agreement improved 
modeling capabilities, and refined harvest rate calculations, and resulted in substantial 
investments in cooperative research programs. 

Figure 5-4 Types of fish stocks (Source: 
Munro et al., 2004).
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Future climate change will continue to impact fisheries governance under the Pacific 
Salmon Treaty in the future as fisheries management science tries to assess the impact of 
climate change on Pacific salmon (McIlgorm, 2010).

Transboundary fish stocks

Climate change is also likely to impact the spatial distribution of transboundary fish 
stocks. These are stocks that range in the EEZs of at least two countries (Figure 5-4), 
such as hake stocks off the U.S. Atlantic and Pacific Coasts that straddle the U.S.-Canada 
border (Helser and Alade, 2012). Pacific hake spawn off the coast of California and for-
age off the coasts of Oregon, Washington, and Canada. As discussed in Sections 3 and 4, 
ocean conditions influence the latitudinal extent of Pacific hake and silver hake foraging 
migrations (Agostini et al., 2007; Nye et al., 2009). In addition, the age structure of the 
population also has a strong effect on the northerly distribution of Pacific hake; in other 
words, older fish are found farther north in warm years. In 2003, the U.S. and Canada 
signed a treaty to establish national shares of the coast-wide Pacific hake stock. Shares 
were initially determined by the percentage of the hake stock found in each country’s 
waters during the summer fishing season. Shifts in spatial distribution of the foraging 
distribution will impact the stock assessment and may necessitate changes to current 
management agreements for these stocks.

Another consideration is the lack of formal conservation and management agree-
ments for transboundary fish stocks. Pacific sardines, which migrate across international 
boundaries, are a case in point. Currently, no international management agreement ex-
ists for Pacific sardines, but scientists and members of industry from the U.S., Mexico, 
and Canada informally meet at the annual Trinational Sardine Forum, where research 
results and ideas are exchanged. In view of the combined impact of fishing and ocean 
climate variability on the sardine stock, an important emerging issue is the need for 
stable transboundary management, given potential changes in the stock’s availability 
within the affected countries’ EEZs. The question becomes whether cooperative man-
agement of the stock will result in economic and biological gains to all three countries. 
If cooperative conservation and management is a positive sum game, a related concern 
then becomes whether cooperative management will be stable in the face of climate 
change (Herrick et al., 2007; see Section 4 for more details).

Similar situations exist for a number of West Coast transboundary groundfish stocks 
such as sablefish, petrale sole, and numerous rockfish species. These are currently man-
aged separately by the U.S. Pacific Fishery Management Council and Canada’s Depart-
ment of Fisheries and Oceans in British Columbia. 

Highly migratory fish stocks 3 

3 The term “highly migratory species” comes from Article 64 of the United Nations Convention on the Law of 
the Sea (UNCLOS). Although the Convention does not provide an operational definition of the term, UN-
CLOS Annex 1 lists the species considered highly migratory by Parties to the Convention. The list includes: 
tuna species (albacore, bluefin, bigeye, skipjack, yellowfin, blackfin, little tunny, southern bluefin, and bul-
let), and tuna-like species (pomfret, marlin, sailfish, swordfish, saury and ocean going sharks, dolphins, and 
other cetaceans).
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Some fish populations migrate over long distances, passing through multiple territo-
rial waters (Figure 5-4). The stability and success of RFMOs that govern the harvests 
of straddling and highly migratory fish stocks will depend, in part, on how effectively 
they can maintain member nations’ incentives to cooperate despite the uncertainties and 
shifting opportunities that may result from climate-driven changes in productivity, mi-
gratory behavior, or catchability of the fish stocks governed by the RFMO (Miller, 2007). 

The reliance of island nations on tuna fisheries, and the potential adverse effects of 
climate change on this resource, emphasizes the need for precautionary approaches to 
management. The Western and Central Pacific is a complex ocean fishery with island na-
tions and foreign fishers including the U.S. taking purse seine and longline tuna catches 
in areas to the north and east of Papua New Guinea. Independent states in the Pacific 
have several regional organizations such as the South Pacific Forum Fisheries Agency 
(FFA) and the Western and Central Pacific Fishery Commission. The majority of fishery 
production is by distant water-fishing nations under access agreements to FFA member 
states. Gaining economic benefits from domestic tuna fishery processing by island states 
is a priority to supplement income from access license fees. 

Tuna are relatively sensitive to sea temperature and move quickly to areas of pre-
ferred temperature. Consequently, the total stock of tuna does not necessarily change 
dramatically if the sea temperature changes, but the spatial distribution may shift sub-
stantially (Aaheim and Sygna, 2000). Climate change will impact all industrial fishers 
and processors due to changes in the location of fishing sites, with vessels spending sev-
eral months of the year inside a national EEZ as fish move to the high seas or an adjacent 
EEZ. This movement has implications for licensing of foreign fishing vessels and tuna 
canneries using local suppliers. The increased risk of fish availability will have implica-
tions for future capital investment and labor requirements. Fishery governance systems 
need to be aware of potential climate change impacts on annual catches and the location 
of fish schools, both of which increase the variability in an already complex system (Mc-
Ilgorm, 2010, see Section 4).

Arctic

Climate change is expected to have profound impacts in the Arctic; some of these chang-
es are already being observed (see Sections 2, 3, 4). The loss of sea ice is expected to 
impact the timing of seasonal production and extend the growing season. Expansion or 
movement of some sub-Arctic species into the Arctic may occur over time and the rates 
of expansion and movement will differ by species in relation to their vulnerability to 
climate change (see Section 3). Fishing may expand in response to periods of reduced 
ice cover in the Chukchi and Beaufort seas. In recognition of this possibility, the North 
Pacific Fishery Management Council acted swiftly to close the U.S. Arctic Exclusive EZ 
to commercial fishing until sufficient information is obtained to manage the stocks sus-
tainably (Wilson and Ormseth, 2009; see Section 6). Although this action protects stocks 
within the U.S. Arctic EEZ, the Arctic highseas waters are international waters in which  
international fishing agreements may be needed for fisheries sustainability.

On a regional fisheries level, the potential for spatial displacement of aquatic re-
sources and people as a result of climate change impacts will require existing regional 
structures and processes to be strengthened or enhanced. Agreements, both multilateral 



136 Oceans and Marine resOurces in a changing cliMate

and bilateral, will need flexibility to adapt to changing circumstances, particularly un-
anticipated, climate-driven changes in stock levels or distribution across EEZs or high 
seas areas.

5.4 Climate Change and Other International Issues

Maritime transportation and security

Climate change will likely affect maritime security, transportation, and governance. For 
example, the warming of the Arctic is making regions of the ocean more passable by ves-
sels than in the past, which has provoked discussion on the future of ocean governance, 
including marine resource and ecosystem-based management. According to some re-
searchers, the Arctic region could slide into a new era featuring jurisdictional conflicts 
and increasingly severe clashes over the extraction of natural resources among the global 
powers (Berkman and Young, 2009). National security concerns and threats to national 
sovereignty have also been a recent focus of attention (Borgerson, 2008; Campbell et al., 
2007; Lackenbauer, 2011). Others are confident that existing bilateral and international 
arrangements are robust enough to handle the new challenges. In any case, given that 
the effects of climate change will vary across regions of the U.S. and the world, diverse 
and novel governance and security challenges will likely emerge. 

Climate change adaptation and mitigation actions often extend beyond regional 
scales and regional governance and security concerns. According to the Energy, Envi-
ronment, and Development Programme (EEDP) of the United Nations, “Climate change 
is no longer an environmental protection’ issue but one intimately connected with a 
wider world. Given the scale and urgency of the challenge, many of the decisions critical 
for global climate security and the effective transition to a low-carbon, high-efficiency 
economy will take place outside the field of climate change. It is the decisions made in the 
areas of foreign and trade policy, security and geopolitics, energy policy and investment 
that will have an influence on the global response to climate change” (Paskal, 2007, page 
11; also see Section 5).

SECURITY. The topic of security is a growing theme of global environmental change 
discussions, especially those focusing on climate change (Barnett, 2006). In general, the 
U.S. is unlikely to escape the plausible adverse consequences of global climate change, 
and marine-dependent communities are in an especially vulnerable position. If a sub-
stantial rise in sea levels occurs, humans will be forced to move away from the coast, 
leading to a reorganization of populations in U.S. coastal regions, which could result in 
radical socio-economic changes to marine resource-based communities. The central role 
of the U.S. in emerging discussions of the relationship between climate change and se-
curity response strategies is largely due to the strong likelihood that: “In the immediate 
aftermath of any natural disaster, whether caused by climate change or other factors, the 
international community will look to the U.S., with its unique world role and response 
assets (including those in the U.S. military), to assume a leading role in organizing the 
relief operation” (Campbell et al., 2007:108).

U.S. foreign policy and national security agencies, and the government and popula-
tion they serve and represent, face numerous challenges in this and coming decades. 
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In addition to energy security, global trade, terrorism, nuclear non-proliferation, and 
global poverty, global climate change may become a significant foreign policy and na-
tional security challenge as it complicates and exacerbates many more traditional secu-
rity issues. 

TRANSPORTATION. According to the Arctic Council’s 2009 Arctic Marine Shipping 
Assessment (AMSA) Report, “The Arctic is now experiencing some of the most rapid 
and severe climate change on earth… Of direct relevance to future Arctic marine ac-
tivity, and to the AMSA, is that potentially accelerating Arctic sea ice retreat improves 
marine access throughout the Arctic Ocean” (Arctic Council, 2009, page 26). With sea 
ice receding in the Arctic as a result of warming temperatures (see Section 2; Figure 5-5), 
global shipping patterns are already changing and will continue to change consider-
ably in the decades to come (Berkman and Young, 2009; Cressey, 2007; Khon et al., 2010; 
Stewart et al., 2007; Figure 4-14). 

As the Northern Sea Route and Northwest Passage routes become more passable by 
vessels because of melting Arctic sea ice, these regions are experiencing greater mari-
time travel (Khon et al., 2010) and sailors are witnessing “an age-old dream come true” 
(Kerr, 2002, page 1490). This regional transformation has global economic implications. 
The international shipping industry influences much of current world trade, suggest-
ing that increasing the capacity of maritime transport in the Arctic may highly affect 
the import and export of goods throughout the global economy. Furthermore, world 
seaborne trade is increasing, which is tightening the linkages among economic growth, 
trade, and demand for maritime transport services (Kitagawa, 2008). Given this state of 
affairs, climate change impacts on marine resources and users will likely involve direct 
and indirect challenges and opportunities for the U.S. seaborne transportation sector.

Many of these challenges and opportunities will also be manifested in coastal areas, 
and particularly in and around ports and harbors, by climate change-related effects such 
as sea level rise. These issues are considered in depth in the Coastal Impacts, Adapta-
tion, and Vulnerabilities Technical Input for the 2013 National Climate Assessment.

Blue carbon 

Blue carbon is a term to describe the carbon dioxide sequestered by seagrasses, tidal 
marshes, and mangroves and stored in large quantities in both the plants and in the 
sediment of coastal and marine ecosystems (as discussed in section 2.9). Accounting for 
the carbon sequestration value of coastal marine systems has the potential to be a trans-
formational tool in the implementation of improved coastal policy and management. 
Currently no policy, financing, management, or other system specifically values the 
role of marine and coastal ecosystems in sequestering greenhouse gases or the potential 
emissions that result from degradation or conversion of these systems. However, atten-
tion on carbon sequestration in blue carbon systems is increasing both within the U.S. 
and internationally. A number of policy and financing mechanisms currently exist that 
support nature-based climate change mitigation solutions such as blue carbon: 

• The United Nations Framework Convention on Climate Change (UNFCCC): 
Reducing Emissions from Deforestation and Forest Degradation (REDD+), 
National Appropriate Mitigation Actions (NAMAs), and the Clean Development 
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Mechanisms (CDM) and Land-Use, Land-Use Change and Forestry (LULUCF) 
(Climate Focus, 2011). These mechanisms provide incentives and financial 
support for national-level accounting and project-level activities including 
conservation, restoration, and sustainable use of natural systems such as 
forests and peatlands. Coastal ecosystems can be integrated into these existing 
UNFCCC-supported mechanisms.

• The UNFCCC Subsidiary Body for Scientific and Technological Advice (SBSTA) 
has recognized the need for increasing policy-maker awareness and capacity on 
coastal carbon and has invited the submission of information on emissions from 
coastal and marine ecosystems to the body (UNFCCC SBSTA, 2011). 

• Under the UNFCCC, the IPCC has established an expert working group to 
update the 2006 IPCC Guidelines for including wetlands in National Green-
house Gas Inventories. This revision will include a chapter on Coastal Wetlands 
that was previously absent (IPCC, 2011).

• The Blue Carbon Initiative is a global agenda to maintain the blue carbon 
stored in coastal ecosystems and to avoid emissions from their destruction. The 
initiative, coordinated by Conservation International (CI), the International 
Union for Conservation of Nature (IUCN), and the Intergovernmental Oceanic 

Figure 5-5 U.S. Coast Guard Vessel in Arctic Ocean (Source: http://www.msnbc.msn.com/id/39394645/ns/world_news-
world_environment/t/ships-take-arctic-ocean-sea-ice-melts/).
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Commission (IOC) of UNESCO, has established international expert working 
groups to develop: 1) the necessary scientific basis and tools and 2) the inter-
national- and national-level policy framework needed to support blue-carbon-
based policy, management, conservation, and science globally. Field-based 
demonstration projects have been identified by the working groups as a current 
priority to test the viability of blue carbon projects and to facilitate the develop-
ment of practical, science-based methodologies and building capacity in target 
countries. 

• The Verified Carbon Standard, an international carbon registry, is updating its 
requirements to provide for the inclusion of eligible wetlands projects for carbon 
financing.

• A number of countries including Indonesia, Costa Rica, and Ecuador have iden-
tified blue carbon as a priority issue and are currently developing strategies 
and approaches. A number of U.S. federal agencies are currently investigating 
the integration of coastal blue carbon into their priority activities. These coun-
tries are in need of technical and resource support to complete this process and 
implement effective coastal-carbon-based management and policy.

• Snapshots, The Nature Conservancy’s Coastal Resilience Tool for New York/
Connecticut
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chapter 6

Ocean Management Challenges, 
Adaptation Approaches, and 
Opportunities in a Changing Climate

executive Summary

Individuals, communities, resource managers, and governments across the U.S. are be-
ginning to understand, plan for, and address the impacts of climate change on oceans. 
Although the practice of climate adaptation is relatively nascent, particularly for marine 
systems, strategies and actions are emerging. Adaptation planning requires access to the 
best available science, including long-term monitoring and assessment of environmental 
and societal change, to understand baselines, track changes through time, and evaluate 
the effectiveness of actions. Tools and services are currently being developed to meet the 
growing demand for user-friendly, science-based information that supports ocean ad-
aptation efforts. Two-way communication between scientists and practitioners is critical 
for ensuring that information meets the needs of decision makers.

Climate change presents a challenge as well as an opportunity to revisit and improve 
existing plans and management strategies to make them more robust and forward-
looking. Integration of climate change into management and stewardship efforts such 
as fishery management plans and the design of protected areas will enhance ocean resil-
ience. A key strategy to enhance ecosystem function and resilience to climate change is 
to reduce non-climatic stressors such as pollution and habitat destruction. Existing legal 
and regulatory frameworks can also be leveraged to promote ocean adaptation efforts. 
Future success will depend on flexible, adaptive management that can accommodate 
uncertainty. 

Key Findings

1. Climate change presents both challenges and opportunities for marine resource man-
agers and decision makers. 

• In comparison to terrestrial, freshwater, and coastal systems, relatively few 
adaptation actions have been designed and implemented for marine systems. 

• Barriers to ocean adaptation currently exist and include a lack of usable scientific 
information, awareness, and institutional capacity. 

• Despite barriers, creative solutions are emerging for advancing adaptation plan-
ning and implementation for ocean systems.
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2. Ocean-related climate information, tools, and services are being developed to address 
the needs of decision makers and managers.

• Long-term observations and monitoring of ocean physical, ecological, social, and 
economic systems provide essential information on past and current trends as 
well as insight into future conditions. An impending challenge is ensuring that 
the provision and accessibility of high-quality information regarding resolutions 
is commensurate with the scales at which adaptation decisions are made.

• User-friendly tools, guidance, and services are emerging to foster dialogue, grow 
communities of practice, and inform and support decisions to enhance ocean 
resilience in the face of climate change.

3. Opportunities for adaptation include incorporation of climate change into existing 
ocean policies, practices, and management efforts.

• Climate considerations can be integrated into fisheries management and spatial 
planning, as well as the design of marine protected areas to enhance ocean resil-
ience and adaptive capacity.

• Application of existing legislative and regulatory frameworks can advance 
climate adaptation efforts in the marine environment.

4. Progress is being made across the U.S. to enhance ocean resilience to climate change 
through local, state, national, federal, and non-governmental adaptation frameworks 
and actions; however, much work still remains.

Key Science Gaps/Knowledge Needs:

A strategic, use-inspired, and integrated science agenda is necessary to inform and sup-
port efforts to anticipate and effectively adapt to a changing climate. Adaptation will re-
quire sustained dialogue, mutual information exchange, and feedback among scientists, 
decision makers, and information users throughout the research and implementation 
processes, as well as robust evaluation of the performance of adaptive actions. There is 
a growing need to:

• Enhance and sustain long-term observations and monitoring of ocean physical, 
ecological, social, and economic systems to inform adaptive management;

• Apply integrative indicators of ocean ecosystem health to foster holistic under-
standing, monitoring, assessment, and evaluation of change;

• Advance assessments of climate risks, impacts, and vulnerabilities in marine 
systems, with an emphasis on local-to-regional scales, to inform adaptive 
actions;

• Support research on relevant social, behavioral, and economic sciences to assess 
adaptation options and trade-offs, determine costs of action vs. inaction, design 
effective governance processes, identify thresholds and tipping points in social 
systems, investigate decision making under uncertainty, and improve under-
standing of human responses to change for marine systems; and
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• Develop and implement methods for evaluating the effectiveness of adaptation 
actions in order to enable a flexible and responsive management approach.

6.1 Challenges and Opportunities for Adaptation in  
Marine Systems

Adaptation involves processes related to preparing for and building resilience to climate 
change, as well as responding to unavoidable impacts (IPCC, 2007b; NRC, 2010a). The 
climate impacts observed today will continue to increase at least into the next several de-
cades, regardless of whether greenhouse gas emissions are limited (NRC, 2010a); there-
fore, climate change adaptation is a critical component of society’s effort to foster a more 
sustainable future through enhancing the social, economic, and ecological resilience of 
ocean systems. 

Although a diversity of adaptation actions exist, most processes use the following 
general approach, as articulated by Glick et al. (2011):

• Assess vulnerability to climate change;
• Identify, design, and implement management, planning, and/or regulatory 

actions and policies to reduce the vulnerabilities identified;
• Design and implement monitoring programs to assess change and evaluate 

effectiveness; and
• Create an iterative process by which adaptation actions can be re-evaluated and 

redesigned as necessary.

Tenets of adaptation for ecosystem managers include protecting adequate and appro-
priate space, reducing non-climatic stressors that interact with the impacts of climate 
change, and adopting adaptive management practices (Hansen et al., 2010; Glick et al., 
2011).

Compared to terrestrial, aquatic, and coastal systems, relatively few adaptation ac-
tions have been designed and implemented for marine systems. To better understand 
perceived and real barriers to action, a survey was conducted of North American coastal 
and marine managers, who articulated the following as barriers (Gregg et al., 2011):

• Lack of economic resources and budgetary constraints;
• Lack of institutional support, governance, and mandates to take adaptation 

action;
• Lack of institutional capacity and guidance on how to take action; 
• Lack of key information on locally and regionally specific climate projections, 

and tools to support assessments and monitoring;
• Uncertainty about risk and vulnerability; and
• Lack of awareness, stakeholder support, and engagement.

These constraints have been echoed by others (e.g., CCSP, 2008; Glick et al., 2009; 
IPCC, 2007a). Fortunately, solutions exist for overcoming many of these barriers, includ-
ing enhanced provision of information, tools, and services that support ocean-related 
adaptation decisions and integration of climate change into existing policies, practices, 
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and management. This section synthesizes and assesses progress, strategies, and solu-
tions for ocean adaptation in the U.S.

6.2 Information, Tools, and Services to Support  
Ocean Adaptation

Indicators, tools, and services are currently being developed to meet the growing de-
mand for user-friendly, science-based information that supports ocean adaptation 
efforts. Incorporation of science is essential for successful adaptation planning, imple-
mentation, and evaluation. Decision makers rely on science to assess vulnerability and 
risk to a plausible range of climate change futures, understand potential impacts, inform 
adaptive actions, and evaluate the effectiveness of response options. Sustained interac-
tion and feedback between scientists and information users such as adaptation practi-
tioners can help to ensure that the information provided is accessible, understandable, 
and relevant. In addition, these interactions can grow scientists’ awareness of decision 
makers’ key information needs. 

Importance of long-term observations and monitoring for management

The establishment of current baselines and trends are a core element of adaptation ap-
proaches (CCSP, 2008). Long-term data are essential for enhancing understanding of 
how ecosystems and human communities respond and adapt to climate change (Heinz 
Center, 2008; Peterson and Baringer, 2009). A range of observations on physical, ecologi-
cal, social, and economic systems are needed to provide information on past and current 
trends as well as to gain insight into future conditions. These observations detect changes 
and help communicate trends to managers and the public in addition to assessing risks, 
developing meaningful climate indices, and supporting adaptive management. Obser-
vations and monitoring data can provide critical insight into the relative contributions 
of anthropogenic change versus natural variability in ocean systems. In addition, long-
term data can inform the development of more accurate and higher-resolution climate 
models that enhance the predictive capacity of managers and other decision makers. 

Key variables that inform the development of ocean adaptation actions include but 
are not limited to:

• Physical parameters, such as surface and subsurface water temperature, water 
quality, sea level, salinity, pH, currents, and solar radiation (NCA, 2010a); 

• Ecological parameters such as phenology (e.g., timing of the spring phyto-
plankton blooms and life-history events), species abundance, distribution, diver-
sity, and primary productivity (NCA, 2010b); and 

• Socio-economic parameters, such as demographics, food supplies, social and 
economic well-being, and public health (NCA, 2011).

This information can help support assessments of vulnerability as well as the devel-
opment of strategies for minimizing climate risks to ecosystems and communities. One 
opportunity is to leverage existing observation and monitoring systems, including those 
in marine protected areas (Case Study 6-A), to establish sentinel sites for understanding 
and managing for climate change (National Ocean Council, 2012). 
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A challenge ahead is to ensure that coastal and ocean resource managers have access 
to high-quality information at resolutions commensurate with the scales at which deci-
sions are made (Fauver, 2008; National Ocean Council, 2012). For example, oyster grow-
ers in the Pacific Northwest depend on local observations to alert them to potentially 
harmful changes in ocean pH levels so that they can take proactive measures to protect 
young animals (see Case Study 3-A). Oceanographic models developed at the Woods 
Hole Oceanographic Institution and supported by long-term observations are now able 
to predict blooms of the toxic alga, Alexandrium fundyense, providing local public offi-
cials and harvesters with an early warning tool to minimize health risks and economic 
losses from tainted shellfish (Li et al., 2009). These examples illustrate the utility of ac-
cessible information at relevant decision scales. 

Under the 1999 Marine Life Protection Act, and 
through a public-private partnership, California is 
implementing a statewide, 1,100-mile network of 
marine protected areas (MPAs) to protect marine 
life, habitats, and ecosystems. The task of moni-
toring and evaluating these MPAs to inform adap-
tive management of the network is significant. 
Recognizing this, the California Ocean Protection 
Council has invested over $20M to conduct base-
line characterizations of the ecosystem and to de-
velop a novel approach for objective, scientifically 
rigorous, and cost-effective MPA monitor-
ing. Monitoring now underway in California 
is establishing a benchmark against which 
future assessments of ecosystem health and 
MPA performance can be evaluated.

The emerging network also provides 
a unique opportunity to advance our un-
derstanding of climate change effects on 
temperate marine ecosystems. A statewide 
network of MPAs, in which other anthro-
pogenic stressors are reduced, provides a 
large-scale natural laboratory to understand 
how climate changes manifest in ocean eco-
systems. The innovative approaches to MPA 
monitoring being developed in the state also 
provide a framework that can be applied to 

inform the climate change management dialogue. 
Through a partnership with EcoAdapt, Cali-

fornia has recently developed a new framework 
for climate change monitoring (MPA Monitoring 
Enterprise, 2012), leveraging the opportunity pre-
sented by the MPA network. This approach effi-
ciently and effectively augments MPA monitoring 
with metrics that can track climate change effects 
on habitats and species, understand the effects on 
MPA performance, and evaluate climate change 
adaptation measures.

case study 6-a
Marine protected areas as sentinel sites for monitoring, understanding,  

and managing climate change

Sea Ranch, California (Photo Credit: J.J. Meyer).
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Barriers remain in providing long-term information to support ocean adaptation de-
cisions. Distilling and synthesizing large quantities of data into useful products is in-
creasingly important for providing practical information to inform management. The 
lack of a systematic approach to sustained, high-resolution climate observations is cur-
rently constraining attempts to develop informative and meaningful climate indices 
(NCA, 2011). Efforts such as the Ocean Health Index (Case Study 6-B) offer a promising 
approach for synthesizing and improving accessibility of information on ocean stress-
ors as well as the valuable ecosystem services on which humans depend. User-friendly 
climate tools, services, and products based on long-term data will be essential for under-
standing changes and informing adaptation measures (Heinz Center, 2008).

Tools and services for supporting ocean management in a changing climate

Efforts are underway to enhance the development and deployment of science in support 
of adaptation; to improve understanding and awareness of climate-related risks; and to 
enhance analytic capacity to translate understanding into planning and management ac-
tivities (e.g., Moser and Luers, 2008). In order for science to be useful to decision makers, 
the information provided must be timely, accessible, relevant, and credible. Although 
critical knowledge gaps exist, a wealth of climate- and ocean-related science pertinent to 
adaptation can be found. However, the majority of this information is currently “inac-
cessible” to adaptation practitioners; it is either unavailable, too technical to be under-
stood and applied by non-scientists, or does not address the specific needs of decision 
makers. To address this challenge, a diversity of user-friendly tools and services are 
emerging.

Below are some examples of accessible tools, guidance, and services developed to 
foster dialogue, grow communities of practice, and inform and support decisions to en-
hance ocean resilience in the face of climate change.

• The Sea Grant Climate Network is an online resource that includes adapta-
tion-relevant information for coasts and oceans, a discussion forum, links to 
upcoming events, and social networking opportunities for the broader Sea Grant 
community, including extension agents (http://sgccnetwork.ning.com/).

• Coral bleaching is a significant climate challenge for marine resource managers. 
Several tools and services have been developed to help reef managers anticipate 
and respond to bleaching events. For example:

 − The Reef Manager’s Guide to Coral Bleaching, produced by NOAA, the 
Australian Great Barrier Reef Marine Park Authority, and the International 
Union for the Conservation of Nature, provides information on the causes 
and impacts of coral bleaching, as well as a set of management strategies 
to help reef managers respond and enhance resilience to bleaching events. 
(http://coris.noaa.gov/activities/reef_managers_guide/)

 − NOAA’s Coral Reef Watch (http://coralreefwatch.noaa.gov/satellite/) has 
developed several tools, including the Satellite Bleaching Alert System 
(http://coralreefwatch-satops.noaa.gov/SBA.html), an automated email 
alert system that notifies subscribers when thermal conditions become 
conducive to bleaching at select reef.



• Scanning the Conservation Horizon: A Guide to Climate Change Vulnerability 
Assessment (Glick et al., 2011): This guide, produced by the National Wildlife 
Federation in partnership with the Department of Defense, the National Park 
Service, the U.S. Fish and Wildlife Service, the U.S. Forest Service, NOAA, and 
the U.S. Geological Survey, provides conservation practitioners and resource 
managers with methods and guidance for understanding and addressing the 
impacts of climate change on species and ecosystems (http://www.nwf.org/
News-and-Magazines/Media-Center/Reports/Archive/2011/Scanning-the-
Horizon.aspx).

• The Climate Adaptation Knowledge Exchange (CAKE), a joint project of 
Island Press and EcoAdapt, is aimed at building a shared knowledge base for 
managing natural systems including oceans in the face of climate change. CAKE 
helps users by vetting and organizing available information, communicating 
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Protecting or restoring healthy oceans represents a 
core goal of almost any marine resource manage-
ment action, but exactly what is meant by “ocean 
health” is often vague and poorly defined. Even 
with a definition in hand, what is not measured 
cannot be managed. The Ocean Health Index was 
developed to solve both of these problems with 
the aim of providing a tool for guiding manage-
ment decisions. 

The Index defines a healthy ocean as one that 
can sustainably deliver a range of benefits to 
people now and in the future and measures this 
health along 10 widely held public goals for the 
ocean and coasts, such as clean water, food pro-
vision, livelihoods, and cultural values (McLeod 
et al., in review). As such, the Index provides as-
sessments that are relevant to management objec-
tives and mandates and allows systems that are 
sustainably used, rather than simply protected, to 
score highly. The Index converts into a common 
measure the disparate ways in which climate im-
pacts, fisheries production, pollution, species pro-
tection, coastal jobs, and other factors are assessed. 

The Index can be used to assess the impacts of 
climate change on each of the 10 public goals as 
well as the likely benefit to any given goal under 
management scenarios that target climate impact 
reduction versus improved fisheries management, 
land-based pollution regulations, or other mea-
sures. For example, climate change impacts that 
reduce the extent of coastal habitats (e.g., through 
sea level rise, increased storm intensity) will af-
fect many goals including carbon storage, coast-
line protection, and biodiversity, in turn reducing 
overall ocean health. Management actions that 
increase resilience and reduce non-climatic pres-
sures on coastal habitats should help ameliorate 
climate impacts and maintain or even improve 
ocean health in the face of climate change. 

Global results for the Index have recently been 
calculated (Halpern et al., 2012), with the U.S. 
scoring above average but with ample room for 
improvement. Regional assessments for the Cali-
fornia Current along the U.S. West Coast and the 
Mid-Atlantic Bight are currently underway.

case study 6-B
The Ocean Health Index
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adaptation case studies, building a community via an interactive online plat-
form, creating a directory of practitioners to share knowledge and strategies, 
and identifying and explaining data tools and information available from other 
sites (http://www.cakex.org/).

• The Coastal Climate Adaptation website of the NOAA Coastal Services Center 
provides a diversity of resources in support of coastal and ocean adaptation, 
such as state-level adaptation plans, case studies, climate communications infor-
mation, risk and vulnerability assessments, and guidance and outreach materials 
(http://collaborate.csc.noaa.gov/climateadaptation/default.aspx). 

These tools and guidance documents help decision makers and managers navigate 
the complex landscape of information as they work to enhance preparedness and re-
sponse efforts to safeguard ocean resources in a changing climate. The existing and 
emerging efforts to coordinate and provide timely, useful, and relevant climate infor-
mation, tools, and services serve as a critical platform. However, a great deal of work 
remains in providing accessible information to meet the diverse set of adaptation plan-
ning, implementation, and evaluation challenges faced by marine resource managers 
and practitioners. Creative partnerships will be required in the near future to improve 
multi-directional communication and ensure that information provided by the scientific 
community meets the needs of decision makers. 

6.3 Opportunities for Integrating Climate Change into u.S. Ocean 
Policy and Management

Although climate change presents challenges to marine resource managers and other 
ocean decision makers, solutions exist for incorporating climate change into ocean man-
agement. For example, because climatic and non-climatic stressors interact, reducing 
stressors such as land-based pollution and habitat destructure over which there is more 
direct control can enhance resilience to climate change and ocean acidification (Kelly 
et al., 2011; Lubchenco and Petes, 2010). Below, we describe opportunities for reducing 
climate-related vulnerabilities of oceans by incorporating climate change considerations 
into marine spatial planning and marine protected area design, fisheries management, 
and application of existing legislative and regulatory frameworks.

Incorporating climate change into marine spatial planning and marine protected 
area (MPA) design

Both coastal and marine spatial planning (CMSP) and MPAs spatially allocate human 
uses of the ocean as a means to better protect and sustainably use marine resources. 
CMSP focuses on all human uses of the oceans and seeks to allocate those uses across the 
ocean in a way that minimizes ecological, social, cultural, and economic impacts while 
supporting and improving resource use and conservation goals (Ehler and Douvere, 
2009). MPAs instead focus primarily on limiting access to some or, in the case of “no-
take” marine reserves, all human uses within particular locations, typically for conserva-
tion or fisheries management purposes (Klein et al., 2008). Improving the enforcement 
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and management of existing protected areas and refugia, and increasing connectivity 
and the amount of protected space, provide mechanisms for enhancing climate resil-
ience (Glick et al., 2009). In addition, in order to enhance long-term effectiveness, CMSP 
and MPA processes must incorporate climate change into their planning, implementa-
tion, and evaluation efforts.

Accounting for the impacts of global climate change in CMSP and MPA planning 
may appear challenging because impacts can be diffuse and are often not under local 
control or management. However, at least three direct mechanisms exist for incorporat-
ing climate change into the design of management plans: 1) build resilience to climate 
impacts, 2) account for spatial patterns of climate impacts, and 3) anticipate future pat-
terns of change.

Building climate resilience into spatial management remains the most commonly 
pursued approach of the three options (Halpern et al., 2008a; McLeod et al., 2009), in 
part because this mechanism is relatively straightforward and can leverage existing 
regulations and mandates. Targeted actions to limit or remove non-climatic stressors 
can help reduce the cumulative impact of total stressors, thus improving the ability of 
the ecosystem to cope with increases in climate-related stressors (Halpern et al., 2008b, 
2010). For example, land-based pollution is the overwhelmingly dominant stressor to 
coastal areas off the Gulf of Mexico due to nutrient run-off from the human-dominated 
Mississippi River watershed, which drains into adjacent coastal areas (Halpern et al., 
2009a). Efforts to reduce land-based stress would enhance resilience to climate impacts 
such as sea level rise by improving the health of coastal salt marshes and wetlands. Fur-
thermore, the size of protected areas or zones for limited use can be increased, and the 
spacing between conservation patches decreased, as a means of buffering climate-relat-
ed impacts and other increasing or catastrophic stressors (Allison et al., 2003; McLeod et 
al., 2009). For example, the large areas encompassed by the MPAs recently established in 
the Northwestern Hawaiian Islands, the Papahānaumokuākea Marine National Monu-
ment, and U.S. Pacific holdings, Marianas Trench, Rose Atoll, and Pacific Remote Islands 
National Marine Monuments, are protected from many human activities and therefore 
may be  more resilient to climate impacts than are areas subject to higher levels of non-
climatic stress from human activities.

Equally important are efforts to account for smaller-scale variation in climate impacts 
when designing spatially explicit resource management. Patterns of existing and pro-
jected impacts of changing sea surface temperature, ocean acidification, and sea level 
rise can be highly variable (Burrows et al., 2011; Halpern et al., 2008b). For management 
with a conservation goal, as in the case of MPAs, one potential strategy is to place pro-
tected areas in locations that exhibit high resilience to climate change. As assessments 
designed to inform CMSP and MPA planning processes engage and inform more sectors 
and more comprehensive planning, these efforts will be better able to address costs, ben-
efits, and trade-offs across multiple sectors (White et al., 2012).

Anticipating future patterns of climate impacts and using these predictions in CMSP 
and MPA design is the most challenging of the three options, primarily because of the 
difficulty in predicting small-scale patterns of future climate impacts. Projected shifts 
in species ranges and ocean circulation patterns can be used to anticipate where spe-
cies will exist in the future as well as the potential for population connectivity through 
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larval transport. MPA planning and CMSP processes can be designed to both anticipate 
and facilitate the transition to new geographies through strategies such as the creation 
of stepping stone reserves that offer refuge or habitat to species as they migrate in re-
sponse to warming waters (McLeod et al., 2009). In some cases, implementing networks 
of MPAs may help to diffuse climate risks by protecting multiple replicates of the full 
range of habitats and ecological communities within an ecosystem (CCSP, 2008).

Integrating climate change into fisheries management 

Climate-related processes are affecting, and will continue to affect, the production of 
fisheries resources in marine ecosystems under U.S. jurisdiction and beyond (Cochran 
et al., 2009; Doney et al., 2012; see Sections 3, 4, and 5). Fish resources may respond 
to climate change in a variety of ways including changes in mortality, migration, and 
distribution patterns, and these changes can have important ramifications for fishery 
population dynamics, the ability to assess the status of fish populations, and the validity 
of future stock forecasts and rebuilding plans (Kraak et al., 2009).

The future sustainability and adaptation of fish resources in a changing climate de-
pends on: 1) understanding past, current, and projected future climate impacts and 2) 
incorporating this information into the scientific bases of fishery management decisions 
so that decision-makers can effectively respond to impacts on existing fisheries and take 
advantage of new opportunities as conditions change (Link et al., 2010; Sumaila et al., 
2011). Although some progress is being made, much work remains to ensure that fisher-
ies management can effectively prepare for and adapt to the impacts of climate change 
on fish resources and the communities and economies that depend on them (Hare et al., 
2010; Link et al., 2010). 

Most of the progress to date is in understanding climate impacts on fisheries. For ex-
ample, in some U.S. regions, oceanographic and fisheries observing systems are increas-
ingly being mobilized to monitor and track the impacts of climate variability and change 
on fish and other living marine resources. These observation systems have been instru-
mental in producing the growing number of studies documenting persistent changes in 
spatial distribution of fishes attributable to large-scale changes in oceanographic pro-
cesses (Link et al., 2010; Nye et al., 2009, 2011; Overholtz et al., 2011). The development 
of marine ecosystem status reports in some regions is also providing a key mechanism 
for compiling and assessing marine ecosystem conditions as a part of efforts to move 
towards ecosystem-based management (EAP, 2009). 

An increasing number of efforts are underway to understand and project the risks 
and impacts of climate variability and change on fish populations as well as to ad-
vance modeling tools and their application to fisheries management (Hollowed et al., 
2009; Stock et al., 2011). For example, Hollowed et al. (2009) developed and tested a 
framework for modeling fish and shellfish responses to future climate change. Hare et 
al. (2010) used an ensemble-based modeling approach to project increases in average 
spawning biomass of Atlantic croaker and a northward shift in population distribution 
that could translate into a 30-100 percent increase in maximum sustainable yield. Mueter 
et al. (2011) applied a variety of modeling techniques to project negative impacts of cli-
mate change such as reduced recruitment on walleye pollock populations in the Bering 
Sea. Another promising step is the development of ecosystem models to help explore 
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the complex dynamics of marine ecosystems in a changing climate (Link et al., 2010). 
In addition, the body of literature and tools for assessing the vulnerability of natural 
resources in a changing climate is growing (e.g., Glick et al., 2011). Although most of 
this work has historically focused on terrestrial or freshwater environments, some recent 
effort has focused on developing and conducting vulnerability assessments for marine 
species (Johnson and Welch, 2010).

Relatively few examples exist of fishery management efforts that have explicitly 
incorporated climate-related information, but these efforts are expected to increase as 
more information and tools on climate impacts and vulnerabilities become available. 
One of the key questions is how fisheries managers respond to changing climate, eco-
system, and fisheries conditions. In other words, what are the adaptation options avail-
able to fisheries managers, and how and when should they be applied? At present, little 
information and guidance exists to support fisheries management decisions along this 
path. Link et al. (2011, page 461) provide guidelines for incorporating distribution shifts 
into fisheries management, concluding that their approach is “feasible with existing in-
formation, and as such, fisheries managers should be able to begin addressing the role of 
changes in stock distribution in these fish stocks.” Consideration of climate impacts on 
fishery resources will likely become more common with the development and applica-
tion of ecosystem-based approaches through mechanisms such as integration of chang-
ing environmental and ecological conditions into fishery management plans. 

Efforts to integrate climate considerations into existing legislative and  
regulatory frameworks 

Recent years have witnessed an increase in awareness that climate strategies must in-
clude both efforts to limit and adapt to climate change (Lazarus, 2009; Ruhl, 2010). Regu-
latory and management frameworks must be able to operate and remain effective in the 
face of increased and potentially significant uncertainty and change (Craig. 2010; Gregg 
et al., 2011). Although no single piece of existing federal legislation directly targets cli-
mate change adaptation in the marine environment, several potential mechanisms have 
been developed, some of which are already being implemented, to incorporate climate 
change considerations into existing statutory and regulatory processes (Gregg et al., 
2011; Sussman et al., 2010). As noted by the Government Accountability Office, federal 
resource management agencies “are generally authorized . . . to address changes in re-
source conditions resulting from climate change in their management activities” (GAO, 
2007, page 2). Whether agencies are required to address climate change depends on their 
delegated statutory and regulatory authority. 

Broadly applicable policy initiatives may enable climate change adaptation in the 
ocean and marine environment. For example, the National Ocean Council has devel-
oped draft implementation plans for two relevant national priority objectives: 1) “Re-
siliency and adaptation to climate change and ocean acidification,” and 2) “Changing 
conditions in the Arctic” (National Ocean Council, 2012). The Council on Environmental 
Quality has also drafted guidance for federal agencies regarding the incorporation of 
consideration of greenhouse gas emissions and adaptation measures into environmental 
reviews conducted pursuant to the National Environmental Policy Act (NEPA; 42 U.S.C. 
§ 4371 et seq.; CEQ, 2010). 
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In addition, the U.S. is undertaking specific efforts to address adaptation to climate 
change impacts in the marine environment through existing legislative and regulatory 
frameworks. The following describe efforts related to incorporating climate change con-
siderations into regulation and management.

• Ocean Acidification: The Clean Water Act (CWA) has been cited as a potential 
mechanism for managing climate change impacts in U.S. waters (Craig, 2009; 
Kelly et al., 2011). The purpose of the CWA is to restore and maintain the chemical, 
physical, and biological integrity of U.S. waters (33 U.S.C. § 1251 et seq.). One of 
the statutory tools that may help manage ocean acidification is the designation of 
impaired waters, which are water bodies that fail to meet specified water quality 
standards. Pursuant to a settlement between the Center for Biological Diversity 
and the Environmental Protection Agency (EPA), the EPA solicited input on 
state approaches to determining whether waters are threatened or impaired by 
ocean acidification (CBD v. EPA 2009; Federal Register. 2010a). The result was the 
agency’s reassertion that states should seek scientific information on impacts and, 
when sufficient information is available, list as impaired those water bodies for 
which pH is below the recommended range (CWA § 304(a), EPA, 2010; Kelly et 
al., 2011). States can also list as impaired water bodies that fail to meet biological 
water quality standards because of ocean acidification; that is, water bodies that 
fail to meet criteria established for coral reef ecosystems, bivalves, or other organ-
isms protected under CWA aquatic life designated uses can be listed as impaired 
(Bradley et al., 2010).

• Threatened and Endangered Species: Climate change is adversely impacting 
a number of marine species as well as the habitats on which they depend (see 
Section 3). Public and private efforts have worked to ensure consideration of 
climate impacts through protected species management laws and listing deci-
sions. In accordance with the Endangered Species Act (16 U.S.C. § 1531 et seq.), 
NOAA and the U.S. Fish and Wildlife Service (USFWS) designate, protect, and 
recover threatened and endangered species. These agencies cited climate change 
impacts such as increased sea surface temperatures, sea level rise, loss of sea ice, 
and ocean acidification as habitat stressors in their decisions to list as threatened 
elkhorn and staghorn coral species (Federal Register, 2006), polar bears (Federal 
Register, 2008), and the southern distinct population segment of the spotted seal 
(Federal Register, 2010b), as well as the finding that listing of the Pacific walrus as 
threatened or endangered is warranted (Federal Register, 2011). NOAA also iden-
tified climate change as a key factor in finding that 82 coral species may warrant a 
threatened or endangered listing (Federal Register, 2010c). In addition to listings, 
agencies could factor climate adaptation considerations into critical habitat desig-
nations, recovery plans, and consultations on proposed Federal actions (Craig, 
2009: Kostyack and Rohlf, 2008; Owen, 2012). 

• Fisheries Management: Climate change is affecting the abundance, distribution, 
and diversity of fish species as well as the species and habitats they rely upon (see 
Sections 3 and 4). The Magnuson Stevens Fishery Conservation and Management 
Act (16 U.S.C. §1801 et seq.) requires regional fishery management councils to 



develop fishery management plans (FMPs) that must be approved by the Secre-
tary of Commerce. Although no requirements specifying consideration of climate 
change exist, at least one regional council has begun to consider such impacts. In 
2009, the North Pacific Fishery Management Council (NPFMC) issued an FMP 
that closed Arctic fisheries to commercial harvesting (NPFMC, 2009). Recognizing 
that loss of sea ice could remove barriers to previously inaccessible fisheries, the 
Arctic FMP established a prohibition against commercial fishing until adequate 
information is available to support sustainable management (NPFMC, 2009; see 
Sections 4 and 5). This decision reflects a precautionary approach to managing 
and developing fisheries in the face of climate change. 

Enhancing the resilience of the Nation’s oceans to climate change will require action 
at all levels. The federal statutory, regulatory, and policy efforts noted above represent 
some of the existing approaches that agencies are taking to support adaptation to and 
management of climate change impacts in the marine environment. In addition, many 
state and local actors are taking steps to address climate change effects on oceans. For 
example, many state coastal management programs have already developed adapta-
tion policies (CSO, 2007). Kelly et al. (2011) identify several actions that local and state 
governments may take to help reduce the causes and impacts of ocean acidification, in-
cluding management of runoff and coastal erosion. The actions described in this section 
provide an illustrative but not comprehensive picture of how existing legal and policy 
frameworks can be used to undertake climate change adaptation efforts for oceans.

6.4 emerging Frameworks and Actions for Ocean Adaptation

Although the science and practice of marine adaptation are relatively nascent, many 
individuals, communities, ecosystem managers, and governments across the U.S. are 
developing strategies for enhancing ocean resilience in the face of a changing climate. 
Marine systems, and especially coral reef systems, are the sites of some of the earli-
est efforts to develop adaptation strategies and policies (Marshall and Schuttenberg, 
2006). Adaptation frameworks, including ocean-related adaptation efforts, are emerging 
across the U.S. Federal Government (Center for Climate and Energy Solutions, 2012; see 
Table 6-1 for examples). In addition, a diversity of frameworks for ocean adaptation ac-
tion have been developed at national, regional, state, local, and non-governmental levels 
(see Table 6-1 for examples). These efforts provide a platform to inspire and support the 
planning and implementation of on-the-ground actions. 

In addition to the development of adaptation frameworks, incorporation of climate 
change into forward-looking adaptive management actions is beginning to occur for ma-
rine systems throughout the U.S. For example, the North Pacific Climate Regimes and 
Ecosystem Productivity (NPCREP) (http://www.pmel.noaa.gov/foci/NPCREP/) project 
is working closely with resource managers to understand and address impacts of cli-
mate change on North Pacific and Bering Sea ecosystems. From 2000-2005, anomalously 
high sea surface temperatures in the Bering Sea coincided with low pollock recruitment. 
The NPCREP integrated this information into fisheries stock assessment models and 
projected poor pollock recruitment conditions, which were reported to the North Pacific 
Fishery Management Council (NPFMC)’s Science and Statistical Committee. Based on 
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recommendations from the Committee, the NPFMC temporarily reduced pollock quo-
tas between 2006 and 2010 until conditions became more favorable. This effort illustrates 
adaptive management based on changing environmental conditions.

table 6-1: examples of ocean-related climate adaptation frameworks in the u.s.

Adaptation project Description

NATIONAL/FEDERAL

Interagency Climate 
Change Adaptation  
Task Force 

The Interagency Climate Change Adaptation Task Force (ICCATF) was initiated in 
Spring 2009 to determine progress on federal agency actions in support of national 
adaptation and to develop recommendations for additional actions. The ICCATF is 
composed of over 20 federal agencies and Executive branch offices and has in-
volved over 300 federal employees. One outcome of this effort is a mandate under 
Executive Order 13514 for all federal agencies, including those with ocean-related 
responsibilities, to develop adaptation plans.

http://www.whitehouse.gov/administration/eop/ceq/initiatives/adaptation

National Fish, Wildlife 
and Plants Climate 
Adaptation Strategy

The National Fish, Wildlife, and Plants Climate Adaptation Strategy, initiated 
through Congressional directive in 2009, is currently under development. The Strat-
egy provides a nation-wide blueprint for coordinated action among federal, state, 
tribal, and non-governmental entities to safeguard the nation’s valuable natural re-
sources, including marine resources, against a changing climate. The draft Strategy 
was released in January 2012 for public review and input. 

http://www.wildlifeadaptationstrategy.gov/index.php

National Ocean Policy The National Ocean Policy was created in July 2010 under Executive Order 13547 
to create a comprehensive, integrated framework for the stewardship of the ocean, 
coasts, and Great Lakes of the U.S. In January 2012, a draft Implementation Strategy 
was released including a set of interagency actions and milestones focused on 
enhancing the resiliency of oceans to climate change and ocean acidification.

www.whitehouse.gov/administration/eop/oceans/policy

REGIONAL

West Coast  
Governors Alliance  
on Ocean Health

The U.S. West Coast Governors launched an Agreement on Ocean Health in 2006 
to create a framework for regional collaboration on protection and management of 
ocean and coastal resources. The Alliance includes a Climate Change Action Co-
ordination Team that is initially focusing on a West Coast assessment of shoreline 
change and anticipated impacts to coastal areas and communities due to climate 
change over the next several decades. This effort will inform adaptation to climate 
change and coastal hazards.

http://www.westcoastoceans.org/
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table 6-1: examples of ocean-related climate adaptation frameworks in the u.s.  
                                                        (continued)

Adaptation project Description

STATE

State of California 
Climate Adaptation 
Strategy

In 2009, recognizing the need to prepare for climate change, the State of California 
released their Climate Adaptation Strategy. The Coastal and Ocean Resources 
Working Group is currently working to implement components of the strategy 
through assessing the risks of sea-level rise, mapping susceptible transportation areas, 
and conducting vulnerability assessments, among other actions. 

http://resources.ca.gov/climate_adaptation/docs/Statewide_Adaptation_ Strategy.pdf

http://www.climatechange.ca.gov/adaptation/

Massachusetts Climate 
Change Adaptation 
Report

In response to the state’s Global Warming Solutions Act of 2008, the Secretary of Energy 
and Environmental Affairs and the Massachusetts Climate Change Adaptation Advisory 
Committee produced the Massachusetts Climate Change Adaptation Report to describe 
state-level climate impacts, vulnerabilities, and adaptation strategies for key sectors, 
including Coastal Zone and Oceans.

http://www.mass.gov/eea/air-water-climate-change/climate-change/climate-change-adaptation-
report.html

http://www.mass.gov/eea/docs/eea/energy/cca/eea-climate-adaptation-chapter8.pdf

NON-GOVERNMENTAL

Alaskan Marine Arctic 
Conservation Action 
Plan for the Chukchi 
and Beaufort Seas

The Nature Conservancy’s Alaska chapter developed the Conservation Action Plan 
to guide the organization’s management and conservation efforts in the region. 
Climate change is identified in the Plan as the primary threat to the region’s natural 
resources. An expert panel helped guide the selection of primary conservation targets 
including bowhead whales, ice-dependent marine mammals, seabirds, boulder patch 
communities, and benthic fauna and fish. Recommendations include promoting 
adaptation strategies and ecosystem-based management, investing in baseline and long-
term data collection, and identifying and protecting climate refugia, among others.

http://www.nature.org/images/summary-of-arctic-cap-2.pdf

A Climate Change 
Action Plan for the 
Florida Reef System 
(2010-2015)

The Florida Reef Resilience Program, a public-private partnership, released a Climate 
Change Action Plan in 2010. Florida reefs are subject to non-climatic and climatic 
stressors that are degrading overall ecosystem resilience. Priority actions identified 
in the Plan include expanding disturbance response monitoring throughout the 
Florida Reef Tract, developing a marine zoning plan to address non-climate stressors, 
decreasing negative user impacts from fishing and diving, mapping areas of high and 
low resilience to prioritize protection, and restoring resistant reefs. The Plan can be 
adopted by reef managers into existing management plans. 

http://frrp.org/SLR%20documents/FL%20Reef%20Action%20Plan-WEB.pdf 
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Coral reefs are being impacted by both climatic and non-climatic stressors (see Sec-
tion 3). To understand and address these threats, the U.S. Geological Survey’s Coral 
Reef Ecosystem Studies (CREST) (http://coastal.er.usgs.gov/crest/) project is investigat-
ing drivers and trends of coral reef ecosystem change. CREST is conducting monitoring 
and research efforts in National Parks such as the Dry Tortugas, Virgin Islands, and Bis-
cayne and areas of the Florida Keys National Marine Sanctuary. Projects include habitat 
mapping, assessment of calcification change related to ocean acidification, identification 
of diseases, and improving understanding of reef responses to sea-level change, among 
others. This work will improve understanding about coral health, advance the ability to 
forecast future change, and guide management decisions. 

Oyster producers in the Pacific Northwest have been facing persistently low seed 
survival, in part due to acidified waters. These failures are resulting in low harvest rates 
and economic impacts to shellfish hatcheries. In response, the Pacific Coast Shellfish 
Growers Association and partners launched the Emergency Oyster Seed Project (http://
www.seafoodchoices.com/whatwedo/profile_pcsgaOA.php) in Washington State to es-
tablish monitoring programs in key estuaries, develop solutions for enhancing hatchery 
production, and identify resilient oyster genotypes. Some hatcheries are already imple-
menting adaptive management practices by coordinating water intake to avoid periods 
of high acidity.

These efforts represent only a handful of the emerging ocean adaptation activities 
underway in the U.S. They demonstrate that, although much work remains to be done, 
actions are taking place across a spectrum of adaptation-related efforts, from risk, im-
pact, and vulnerability assessments, to the development of guidance and tools, to on-
the-ground implementation. In general, most ocean-related adaptation activities are still 
in the phases of improving understanding of risks, impacts, and vulnerabilities; some 
are in planning phases, while a few are in implementation. However, this also means 
that we can expect to see more actions in the future as marine managers and decision 
makers advance through the process of adaptation.
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chapter 7 

Sustaining the Assessment of  
Climate Impacts on Oceans and  
Marine Resources

Key Findings

1. Sustained assessment of climate impacts on U.S. ocean ecosystems is critical to under-
standing current impacts, preparing for future impacts, and taking action for effective 
adaptation to a changing climate.

2. Assessing what is known about past, current, and future impacts is a challenging 
task for a variety of reasons. Many uncertainties and gaps still exist in understanding 
about the current and future impacts of climate change and ocean acidification on 
marine ecosystems. 

3. A number of steps could be taken in the near term to address these challenges and 
advance assessment of impacts of climate change on oceans and marine resources.

• Identify and collect information on a set of core indicators of the condition of 
marine ecosystems that can specifically be used to track and assess the impacts 
of climate change and ocean acidification as well as the effectiveness of mitiga-
tion and adaptation efforts over time at regional to national scales.

• Assess capacity and effectiveness of existing ocean-observing systems to detect, 
track and deliver useful information on these indicators as well as other phys-
ical, chemical, biological, and social/economic impacts of climate change on 
oceans and marine resources.

• Increase capacity and coordination of existing observing systems to collect, 
synthesize, and deliver integrated information on physical, chemical, biological, 
and social/economic impacts of climate change on U.S. marine ecosystems.

• Conduct regional-scale assessment of current and projected impacts of climate 
change and ocean acidification on ocean physical, chemical, and biological 
components and human uses.

• Increase data, information, and capacity needed to assess and project impacts of 
climate change on marine ecosystems.

• Build and support mechanisms for sustained coordination and communication 
between decision makers and science providers to ensure the most critical infor-
mation needs related to impacts, vulnerabilities, mitigation, and adaptation of 
ocean ecosystems in a changing climate are being met.



sustaining the assessment of climate impacts on Oceans and Marine resources                 157

• Build and support mechanisms for getting and sharing information and 
resources on impacts, vulnerabilities, and adaptation of U.S. ocean ecosystems 
in a changing climate.

• Build and support mechanisms with neighboring countries and other inter-
national partners for assessing and addressing impacts of climate change and 
ocean acidification on marine ecosystems of key interest to the U.S.

7.1 Challenges to Assessing Climate Impacts on Oceans and 
Marine Resources

Based on current understanding and projections, it is very likely that marine ecosys-
tems under U.S. and other jurisdictions will continue to be affected by climate change 
through a suite of changes in ocean physical, chemical, biological, social, and economic 
systems (Doney et al., 2012; Hollowed et al., 2011; see previous sections). These climate-
driven changes will have significant impacts on U.S oceans (see Sections 2 and 3), the 
communities and economies that depend on them (see Section 4), and U.S. international 
relations (see Section 5). 

Despite this foundation of information, many uncertainties and gaps remain in un-
derstanding the current and future impacts of climate change and ocean acidification 
on marine ecosystems (see research gaps articulated in Sections 2, 3, 4, 5, 6 and Doney 
et al., 2012). Assessing what is known about past, current, and future impacts is a chal-
lenging task, but addressing these challenges is critical to preparing for and responding 
to impacts of climate change on U.S. ocean ecosystems. The following is a list of some of 
the major barriers and needs encountered in completing the work for this assessment. 

• Lack of a clear set of indicators and information on the condition of marine 
ecosystems that could be used to track and assess: 1) the impacts of climate 
change and ocean acidification on U.S. oceans and 2) the effectiveness of adapta-
tion efforts over time.

• Limited capacity and coordination of existing observation systems to collect, 
assess, integrate, and deliver information on physical, chemical, biological, 
social, and economic impacts of climate change on U.S. marine ecosystems at 
decision-relevant scales.

• Lack of regional-scale assessments of impacts of climate change and ocean acidi-
fication on U.S. ocean ecosystems.

• Lack of assessments and information on the implications of climate change for 
U.S. international responsibilities, agreements, and interests related to ocean 
ecosystems.

• Limited capacity for integrating and synthesizing data and information acquired 
at different levels of space, time, taxonomic resolution, etc. into useful forms for 
assessing impacts and decision making.

• Large gaps in key data, information, and capacity to assess and project impacts 
of climate change on marine ecosystems (see previous sections for lists of key 
science needs).
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• Compared to terrestrial and coastal systems, relatively few strategies, tools, and 
examples for incorporating climate change information into ocean management 
processes.

• Relatively few ocean adaptation actions implemented to date.

7.2 Steps for Sustained Assessment of Climate Impacts on 
Oceans and Marine Resources

Sustained assessment of climate impacts on U.S. ocean ecosystems is critical to under-
standing current impacts, preparing for future impacts, and taking action for effective 
adaptation to a changing climate. Many key steps are needed to sustain and advance 
the capacity to assess and respond to climate impacts on ocean and marine resources 
(Doney et al., 2012; Fautin et al., 2010; Murawski, 2011; Osgood, 2008). The following are 
some near-term steps that would greatly aid in addressing the challenges for sustain-
ing and advancing future assessments of climate change impacts on oceans and marine 
resources. This is not intended to be a comprehensive list, and items are not listed in 
priority order.

• Identify a set of core indicators of the condition of marine ecosystems that can 
specifically be used to track and assess: 1) the impacts of climate change and 
ocean acidification and 2) the effectiveness of mitigation and adaptation efforts 
over time at regional to national scales.

• Assess capacity and effectiveness of existing ocean-observation and monitoring 
systems to detect, track, and deliver useful information on the physical, chem-
ical, biological, social, and economic impacts of climate change on oceans and 
marine resources.

• Enhance capacity and coordination of existing observing systems to collect, 
synthesize, and deliver integrated information on physical, chemical, biological, 
social, and economic impacts of climate change on U.S. marine ecosystems.

• Conduct regional-scale assessments of current and projected impacts of climate 
change and ocean acidification on ocean biological, physical, and chemical 
systems as well as ocean-dependent human systems.

• Increase data, information, and capacity needed to assess and project impacts of 
climate change on marine ecosystems, including (also see previous sections for 
lists of key science needs):

 − Information on how the various physical, chemical, biological and ocean 
use components of marine ecosystems respond to changes in climate and 
ocean acidification, how these responses are interconnected, and where 
tipping points or thresholds can be found that could produce major 
changes in marine ecosystems;

 − Information on past variability in climate and ocean conditions for use in 
understanding how anthropogenic climate changes may influence future 
ocean conditions on a variety of temporal and spatial scales;
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 − Information and capacity to model and project impacts of climate change 
on ocean physical and chemical conditions at finer spatial (e.g., regional) 
and temporal (e.g., decadal) scales most relevant for decision makers; and

 − Information and capacity to couple models and projections of climate 
change impacts on physical, chemical, biological, and ocean use compo-
nents of marine ecosystems. 

• Build and support mechanisms for sustained coordination and communication 
between decision makers and science providers to ensure that the most critical 
information needs are being met related to impacts, vulnerabilities, and adapta-
tion of ocean ecosystems in a changing climate.

• Build and support mechanisms for obtaining and sharing information and 
resources on impacts, vulnerabilities, and adaptation of U.S. ocean ecosystems 
in a changing climate.

• Build and support mechanisms with neighboring countries and other inter-
national partners for assessing and addressing impacts of climate change and 
ocean acidification on marine ecosystems of high relevance to the U.S.

A diversity of potential mechanisms could enhance the sustained coordination and as-
sessment of climate impacts on ocean systems. For example:

• Regular communication and interaction between personnel involved with 
federal ocean and/or climate efforts such as the National Climate Assessment, 
National Ocean Policy, National Fish, Wildlife, and Plants Climate Adaptation 
Strategy, and Interagency Climate Change Adaptation Task Force. This would 
help to ensure that emerging knowledge needs of decision makers are addressed 
through a coordinated federal science agenda.

• Enlist a core team of experts to continuously work on the ocean climate assess-
ment process for the National Climate Assessment. These individuals could 
draw in additional experts as needed and membership of the core team could be 
on a staggered rotational basis. 

• Informally convene federal agencies that are developing ocean-related compo-
nents for their agency adaptation plans mandated under EO13514 to share ideas 
and lessons learned and to look for opportunities for further collaboration.

• Hold a workshop on ocean climate impacts and adaptation to convene relevant 
scientists and local, state, tribal, federal, NGO, and private sector practitioners to 
discuss ocean adaptation challenges, approaches, and opportunities. This effort 
could potentially lead to a handbook, tool, or online community of practice.

• Improve regional coordination to connect climate information to the large 
marine ecosystem scale through informal dialogues between relevant regional 
climate and ocean entities such as NOAA Fisheries Science Centers, NOAA 
Regional Climate Service Directors, DOI Climate Science Centers, and DOI 
Landscape Conservation Cooperatives and their marine partners within the 
regions.
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appendix a 

Status of and Climate Change Impacts to 
Commercial, Recreational, and Subsistence 
Fisheries in the u.S.

A1 Commercial and Recreational Fisheries 4 

Commercial fisheries

In 2009, commercial fishermen in the U.S. harvested 7.9 billion pounds of finfish and 
shellfish. The value of this catch, measured as landings or ex-vessel revenue, was $3.9 
billion. The leading species in terms of revenue were shrimp ($378 million), sea scal-
lop (Placopecten magellanicus; $376 million), Pacific salmon ($370 million), and walleye 
pollock (Theragra chalcogramma; $308 million). In terms of pounds landed, the leading 
species were walleye pollock (1.9 billion pounds), menhaden (Brevoortia tyrannus; 1.4 
billion), and Pacific salmon (705 million), which altogether comprised over half of total 
pounds landed in 2009. The U.S. seafood industry in 2009 supported approximately 1 
million full- and part-time jobs and generated $116 billion in sales impacts, $32 billion in 
income impacts, and $48 billion in value added impacts.5

Landings, revenue, and economic impacts vary widely across individual regions of 
the U.S. (Figure A-1). For example, commercial fishermen in Alaska caught the most 
salmon (Oncorhynchus spp.; 671 million pounds) and earned $345 million for their catch 
in 2009. Landings of tuna in Hawai’i totaled 15 million pounds and generated $48 mil-
lion in revenue. On the East Coast, Maine fishermen landed the vast majority of Ameri-
can lobster (Homarus americanus) in 2009, earning $231 million for the 79 million pounds 
landed. In Massachusetts, sea scallop was a major contributor to total revenue, earning 
$197 million for 30 million pounds landed. Louisiana harvesters caught more blue crab 
(Callinectes sapidus; 51 million pounds) than any other state, earning over $36 million, 
and more than half of the U.S. menhaden harvest in 2009 (786 million pounds), earn-
ing $43 million in landings revenue. In the Gulf of Mexico, shrimp was a highly valued 
species, earning $131 million for the 2009 harvest of 90 million pounds by Texas fisher-
men. Although more pounds of shrimp were landed in Louisiana (114 million pounds), 
the total landings revenue was less ($121 million). The greatest employment impacts 

4 Data reported in this subsection (Commercial Fisheries) are documented in NOAA Fisheries, 
2010.

5 The seafood industry includes the commercial harvest sector, seafood processors and dealers, seafood 
wholesalers, and distributors, importers, and seafood retailers.
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generated by the seafood industry were in California with 121,000 jobs, followed by 
Massachusetts with 78,000 jobs, Florida with 65,000 jobs, and Washington with 58,000 
jobs. The lowest number of jobs was supported in Delaware, which had only 407 sea-
food-industry jobs. The import sector generated the greatest job impacts in California, 
Massachusetts, Florida, and Washington. 

Recreational fisheries 6 

In 2009, approximately 11 million recreational anglers operated across the U.S. Ap-
proximately 9.4 million of these anglers were residents of a U.S. coastal county and 1.7 
million anglers were residents of a non-coastal county. These anglers took 74 million 
saltwater fishing trips, spending $4.5 billion on those trips as well as $15 billion on dura-
ble fishing-related equipment. These expenditures contributed $50 billion in sales to the 
U.S. economy and supported over 327,000 jobs. Recreational anglers most often caught 
sea trout (Cynoscion regalis; 44 million fish) and Atlantic croaker and spot (Micropogon 
undulatus and Leiostomus xanthurus, respectively; 36 million fish). 

6 Data reported in this subsection (Recreational Fisheries) are documented in NOAA Fisheries, 2010.

Figure A-1 U.S. Commercial Fisheries by region (2009 landings, revenue, and job impacts) (Source: 
National Marine Fisheries Service, 2010).
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The Gulf of Mexico was the destination for 2.8 million anglers, who took 22 mil-
lion trips there in 2009, with the Mid-Atlantic (2.6 million anglers, 17 million trips) and 
the South Atlantic (2.4 million anglers, 19 million trips) the next most popular regions. 
The Pacific (1.8 million anglers, 6.3 million trips), New England (1.4 million, 7.5 mil-
lion trips), North Pacific (284,000 anglers, 914,000 fishing days), and the Western Pacific 
(246,000, 2.2 million trips) regions followed in terms of total anglers.

Anglers fishing in the Mid-Atlantic caught most of the Atlantic croaker (15 million 
fish) and summer flounder (Paralichthys dentatus; 24 million), while New England an-
glers caught most of the striped bass (Morone saxatilis; 9 million) in 2009. Most sea trout 
(35.5 million) were caught in the Gulf of Mexico. In the North Pacific region, salmon 
(Chinook (Oncorhynchus tshawytscha), chum (Oncorhynchus keta), coho (Oncorhynchus 
kisutch), pink (Oncorhynchus gorbuscha), and sockeye and Pacific halibut (Oncorhynchus 
nerka and Hippoalossus stenolepis, respectively) were the most commonly caught species 
or group in 2009 with 1.1 million fish and 761,000 fish caught, respectively. Rockfish and 
scorpion fish (2.7 million fish), mackerel (Scomber scombrus; 2 million fish), barracuda 
(Sphyraena barracuda), white sea bass (Atractoscion nobilis) and bonito (Sarda chiliensis) 
(1.6 million fish) were caught in high numbers in the Pacific region, while bigeye tuna 
(Thunnus obesus) and mackerel (1.1 million fish) were the most numerous fish caught by 
anglers in the Western Pacific. 

A2 Commercial and Recreational Fishing-dependent 
Communities 7

U.S. fishing-dependent communities and ports are located in coastal areas that span a 
wide range of climate zones. Many important fishing-dependent communities are lo-
cated within the North Pacific arctic and polar zones as well as the temperate middle 
latitudes that characterize the New England and Mid-Atlantic regions, most of the Pa-
cific region, and some of the South Atlantic region. The southern third of California, the 
coastal areas of the South Atlantic region’s states of South Carolina, Georgia, and Florida 
are all subtropical as are the coastal areas of all the states in the Gulf of Mexico region. 
The tip of the Florida Keys, the Caribbean region, and the Western Pacific region are in 
the tropics. These differences affect local and regional fisheries.

The nation’s top commercial fishing-dependent communities and ports, defined as 
the top ten commercial landings locations per state, range from subareas of major met-
ropolitan centers such as Houston, Texas (pop. 1,953,631), San Diego, California (pop. 
1,223,400), Honolulu, Hawai’i (pop. 876,156), and Jacksonville, Florida (pop. 735,617), to 
small villages such as Winter Harbor, Maine (pop. 988), Naknek, Alaska (pop. 678), La 
Push, Washington (pop. 371), Wachapreague, Virginia (pop. 236), and Valona, Georgia 
(pop. 123). These 222 top fishing-dependent communities in the U.S. have an average 
poverty rate of 10.1 percent, just above the national rate of 9.2 percent. Poverty rates in 
top commercial fishing-dependent communities range from 0 percent in Valona, Geor-
gia to 33.7 percent in Crescent City, California, with the majority of communities falling 

7 Data reported in this subsection (Commercial Fishing-dependent communities) are documented in NOAA 
Fisheries, 2009a.
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between 2 percent and 10 percent. These fishing-dependent communities also exhibit 
a wide range in other important social characteristics. For example, the percentage of 
residents in fishing-dependent communities five years of age or older who speak a lan-
guage other than English at home range from 0 percent of Crescent, Georgia’s residents 
and 1 percent in Bowers Beach, Delaware to 87 percent in Brownsville, Texas and 93 
percent in Ni’ihau, Hawai’i. Twenty-two percent, or 48 of 222, of the top fishing-depen-
dent communities in the U.S. had a higher rate of such residents than the national rate. 
The national median household income was $42,000 according to the 2000 U.S. Census; 
top commercial fishing-dependent communities had median household incomes that 
ranged between $18,000 in Crisfield, Maryland and $146,755 in Darien, Connecticut. 
Thirty-eight percent, or 84 of 222, of the top commercial fishing-dependent communities 
in the U.S. had a higher median income than the national median, although this was not 
always primarily due to income from fishing.

A3 Regional Involvement in Commercial and Recreational Fishing

Although described to some extent in the previous sections, a more detailed description 
of the socio-economic impacts and climate change implications of commercial and recre-
ational fisheries in each region of the U.S. are provided below.

North Pacific

Three large marine ecosystems exist in the waters off Alaska: the Gulf of Alaska (GOA), 
the Bering Sea–Aleutian Islands (BSAI), and the Arctic ecosystems. The first two cur-
rently support major fisheries, and fishing is currently excluded in the third. The GOA 
is exposed to the ocean environment of the central North Pacific Ocean. The dominant 
circulation in the GOA is characterized by the cyclonic flow of the Alaska Gyre. The Ber-
ing Sea is a semi-enclosed high-latitude sea and its broad continental shelf is one of the 
most biologically productive areas in the world. An important feature is ice coverage 
over most of its eastern and northern continental shelf during winter and spring.

The main groundfish species harvested in the BSAI fisheries are walleye pollock 
(Theragra chalcogramma), Pacific cod (Gadus macrocephalus), yellowfin sole (Limanda 
aspera), northern rock sole (Lepidopsetta polyxystra), and Atka mackerel (Pleurogrammus 
monopterygius). Other species comprise a minor fraction of the total catch. Total ground-
fish catch in the BSAI region is limited to two million tons under the BSAI Groundfish 
Fishery Management Plan. In the GOA, the dominant species harvested are walleye pol-
lock, Pacific cod, flatfishes, Pacific ocean perch (Sebastes alutus), various species of rock-
fish, and sablefish (Anoplopoma fimbria). 

Groundfish fisheries in the Bering Sea and GOA are among the most productive in 
the world. From Hiatt et al. (2010), the commercial groundfish catch off of Alaska totaled 
1.5 million tons of retained catch in 2010 with an ex-vessel value of $636 million, which 
accounted for 43 percent of the weight, and 14 percent of the ex-vessel value, of total 
U.S. domestic landings. The gross value after primary processing of the 2010 groundfish 
catch off of Alaska was approximately $1.9 billion, an increase of 11 percent from 2009. 
The groundfish fisheries accounted for the largest share (41 percent) of the ex-vessel 
value of all commercial fisheries off Alaska in 2010, while the Pacific salmon fishery was 
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second with $506 million or 32 percent of the total Alaska ex-vessel value. The value of 
the shellfish fishery amounted to $206.3 million or 13 percent of the total for Alaska and 
exceeded the value of Pacific halibut by about $5.8 million.

Walleye pollock has been the dominant species in the commercial groundfish catch 
off Alaska. The 2010 pollock catch of 888,500 metric tons accounted for 56 percent of the 
total groundfish catch of 1.6 million tons. However the stock has gone through major 
changes recently. The total allowable catch (TAC) for Eastern Bering Sea pollock, the 
largest component, was close to 1.5 million metric tons from 2004-2007. It was reduced 
sharply in 2008 to 1.0 million metric tons and further reduced in 2009 and 2010 to a little 
over 800 thousand metric tons, but the final TAC for pollock in the Eastern Bering Sea for 
2011 and 2012 was expanded to 1.2 million metric tons. 

Haynie and Pfeiffer (2012, pers. comm.) found that although pollock fishing has 
shifted northward in recent years (2006-2009), the northward shifts are associated with 
colder than average years in the Bering Sea. A large ice and cold pool extent concentrates 
fish populations in the northern region of the fishing grounds, giving fisherman in the 
north an advantage over those in the south. The redistribution has occurred in the sum-
mer pollock fishery, but the winter Pollock fishery, which is driven by the pursuit of 
valuable roe-bearing fish that spawn in the southern part of the Eastern Bering Sea, has 
seen little redistribution of effort. This large difference in value per fish in the roe fishery 
means that harvesters are unlikely to shift to the north for marginal increases in catch.

Uncertainty remains as to the impacts of warming temperatures on the distribution of 
pollock fishing, because the relationship between climate and biomass complicates both 
retrospective analyses and predictions. Decreases in pollock biomass have been associ-
ated with warmer temperature regimes (Mueter et al., 2011), but the effects on fishable 
abundance are lagged by several years. For the time periods used in Haynie and Pfei-
ffer’s (2012a, b) research, warm periods did not correspond to years with low fishable 
biomass. This complicates the separation of the direct ice and cold pool effects from the 
effects of climate on abundance, which is necessary for prediction. Their work highlights 
the importance of considering the economic, institutional, and ecological characteristics 
of a fishery to improve understanding of the effects of climate change on fisheries.

The 2010 catch of flatfish, which includes yellowfin sole (Pleuronectes asper), rock sole 
(Pleuronectes bilineatus), and arrowtooth flounder (Atheresthes stomias), was 291,800 tons 
or 18.3 percent of the total 2010 groundfish catch (Hiatt et al., 2011). The Pacific cod 
catch in 2010 accounted for 250,300 tons or 16 percent of the total 2010 groundfish catch, 
up about 9 percent from a year earlier. Pollock, Pacific cod, and flatfish comprised just 
under 90 percent of the total 2010 catch. Other important species are sablefish (Anoplo-
poma fimbria), rockfish (Sebastes and Sebastolobus spp.), and Atka mackerel (Pleurogrammus 
monopterygius). 

Pacific halibut (Hippoglossus stenolepis) are managed by the International Pacific Hali-
but Commission separately from other groundfish species. The fishery has been man-
aged under an Individual Transferable Quota system since 1995. The species is found 
throughout the coastal waters of the GOA and BSAI and concentrate in the central GOA 
between Kodiak Island and the Kenai Peninsula. In 2009, fishermen landed 57.7 million 
pounds of halibut valued at $134.6 million in Alaska, following only pollock, salmon, 
and crab landings in overall value of Alaskan commercial fisheries (NOAA Fisheries, 
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2010, page 20). In addition, a growing sport fishery with both private anglers and char-
ter businesses targets halibut. In 2009, recreational anglers in the state kept or released 
486,000 halibut.

Climate variability has been shown to affect the life history and distribution of Pacific 
halibut. During the 20th century, dramatic and persistent changes in the growth and 
recruitment of the species have occurred that cannot be readily explained by changes in 
stock size (Clark et al., 1999). Recent work has strongly suggested that halibut recruit-
ment is driven primarily by the Pacific Decadal Oscillation (PDO) (see Section 2 for de-
tails) (Clark and Hare, 2002). The PDO has alternated between positive, or productive 
for halibut, and negative, or unproductive, phases every 25 to 35 years (Mantua et al., 
1997).

Three species of king crab: red (Paralithodes camtschatica), blue (P. platypus) and gold-
en or brown (Lithodes aequispina), and two species of Tanner crab, Tanner crab (Chionoece-
tes bairdi) and snow crab (C. opilio), have traditionally been harvested commercially off 
Alaska. Until 1967, Japanese and Russian fisheries dominated Bering Sea landings, but 
those fisheries were phased out by 1974 (Low, 2008). In the Bering Sea, domestic catches 
peaked in 1980 and then dropped precipitously in 1981. In the GOA, catches peaked in 
1965 and varied at a relatively low level for the next decade before dropping lower still 
in 1983. Almost all GOA king crab fisheries have been closed since 1983. For Tanner crab, 
the 1965-1975 period was a developmental phase for the fisheries. Catch peaked in 1979 
and then declined to 1984. After 1984, the catch increased, reaching an all-time high in 
1991, and then decreased to 1997, when the Tanner crab fishery was closed. Abundance 
trends for Bering Sea stocks indicate that the Tanner crab stock declined from a rela-
tively high level in the late 1970s to a low level in 1985. The stock recovered and then 
declined again subsequent to 1989 and is currently at a low level. Snow crab rebounded 
sharply from a low level in 1985, producing large catches in the 1990s, and then declined 
in 1999 to low levels (Low, 2008).

In 2007-2009, the most recent reporting year available, the Bristol Bay red king crab 
fishery produced an annual average of nearly 12 million pounds of finished products 
and was estimated to have generated real first-wholesale revenues of about $107 mil-
lion dollars per year (all values in 2009 U.S. dollars; Garber-Yonts and Lee, 2011). In 
addition, the Eastern Bering Sea (EBS) snow crab fishery produced an annual average 
of about 26 million pounds of finished products and was estimated to have generated 
first-wholesale revenues of about $117 million per year. Catches are restricted by quotas, 
seasons, and size and sex limits, with landings limited to large male crabs. Bering Sea 
crab fisheries were rationalized during 2004-2005. Fishing seasons are set at periods of 
the year to avoid molting, mating, and soft-shell periods to both protect crab resources 
and maintain product quality. Because of poor biological conditions and other factors, 
the status of North Pacific crab stocks is currently vulnerable. 

Recruitments of red king crab were estimated to have been relatively high during 
the 1970s but then declined sharply and have remained low since about 1985. In par-
ticular, recruitments were estimated to have been extremely low in the past five years 
(NPFMC, 2011, page 168). The EBS snow crab population was declared overfished by 
NOAA Fisheries in 1999, and a rebuilding plan with a maximum ten-year rebuild pe-
riod was adopted. In 2009, NOAA Fisheries determined that EBS snow crab did not 
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make adequate progress towards rebuilding within the specified rebuilding period and, 
therefore would not be rebuilt within the maximum ten-year period. EBS Tanner crab is 
another economically important fishery that has experienced dramatic swings in abun-
dance and catch. The federal Tanner crab fishery was closed between 1997-2004 because 
of severely depressed stock conditions (NPFMC, 2011, page 301), and, based on the 
2010 stock assessment, this stock was determined by NOAA Fisheries to be overfished 
(NPFMC, 2011, page 285). 

The Aleutian Islands golden king crab fishery is also commercially important, with 
average annual finished products of more than two and a half million pounds and esti-
mated first-whole revenues of almost $17 million per year. A population dynamics mod-
el is under development for this fishery to determine whether the stock is overfished 
and to establish catch limits under mandated harvest regimes. Catch in this fishery has 
not exceeded the overfishing limit in recent years, but an allowable biological catch was 
not established until this year. Overall, status of this stock will be extremely uncertain 
until a population dynamics model is available for an assessment. 

Blue king crab stocks are in a depressed state and and cannot be commercial fished 
currently. Blue king crab population in the Pribilof Islands area have been considered 
overfished since the mature biomass fell below threshold levels in 2002 (Low, 2008). 
Abundance of mature biomass continued to decrease in 2004 and is now the lowest on 
record. Little or no recruitment is apparent in the population, which has been declining 
continuously since 1995. Continued warm conditions in the surrounding waters may be 
contributing to the decline. Blue king crab popoulations around St. Matthew Island are 
also considered overfished. That population has declined steeply since 1998 (Low, 2008). 

The eastern Bering Sea Tanner crab population was high in the early 1980s and from 
1988 to 1992 (Low, 2008). The population has been low since then and currently contin-
ues to decrease due to low recruitment. The mature biomass is below threshold level 
and the stock is therefore considered overfished. The fishery has been closed since 1996 
(Low, 2008).

The mature biomass of EBS snow crab was moderate to high in the early 1980s and 
from 1987 to 1997 (Low, 2008). The biomass declined sharply from 1998 to 1999, and the 
stock is considered overfished. Snow crab recruitment was higher during 1979-1987 than 
in other years (Low, 2008). Low recruitment estimates since 1988 could be due to fishing, 
climate, and/or a northward shift in snow crab distribution (Low, 2008). 

Most crab population fluctuations off Alaska are caused by recruitment variability, 
which is driven primarily by variability in the egg and larval stages when survival of 
the crabs is determined by oceanic circulation. Zheng and Kruse (2006) examined the 
effects of environmental factors on recruitment of six crab stocks in the Eastern Bering 
Sea. Among the crab stocks, Bristol Bay red king crab recruitment trends appeared to re-
late most strongly to decadal shifts in physical oceanography, particularly the Aleutian 
Low Pressure Index, hypothesized to affect food availability for these crab larvae (Zheng 
and Kruse, 2006). Loher (2001) hypothesized that changes in near-bottom temperatures 
associated with the 1976/77 regime shift were causes for spatial shifts of red king crab 
female distributions. These regime shifts slowed juvenile growth due to relatively low 
temperatures in the north (Stevens, 1990), thus affecting recruitment strength. Orensanz 
et al. (2004) proposed a similar hypothesis to explain spatial changes for snow crab. In 
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addition, correlations exist between Tanner crab year classes and warm spring sea sur-
face temperatures (Rosenkranz et al., 1998, 2001). 

Five species of Pacific salmon exist in the Gulf of Alaska and Bering Sea and Aleu-
tian Islands: pink (Oncorhynchus gorbuscha), sockeye (O. nerka), chum (O. keta), coho (O. 
kisutch), and Chinook (O. tshawytscha). Each species spends most of its ocean life in the 
offshore, pelagic environment, with brief periods of migration through coastal areas 
as juveniles and returning adults. A scenario with oceanic and atmospheric warming 
includes increases in snow melt and water flows including fall/winter floods, which 
would affect salmon eggs laid in gravel beds (Low, 2008). In the summer, higher average 
summer temperatures could diminish the oxygen content of the water in streams where 
smolts live. Warmer temperatures could also affect migration of smolts and lead to tim-
ing mismatches with their zooplankton prey base, timing that is critical as they enter 
salt water. Salmon survival is likely determined early in its marine life when mortality 
is high. Actual impacts at these various life phases are difficult to quantify because these 
fish occupy an exceptionally wide latitudinal and geographical range. Alaskan salmon 
production in commercial fisheries increased from the mid-1970s to the late 1990s and 
has been at or near historical highs recently. This may be attributed to changes in oceanic 
and atmospheric conditions that increased wild fish survival and hatchery success (Low, 
2008). 

The main areas where Pacific herring (Clupea pallasii) are harvested commercially 
include Prince William Sound (PWS), southeast Alaska, and the Togiak district in the 
Bering Sea, areas that have high recruitment variability. Pacific herring recruitment in 
PWS experiences high variability as a result of at least three main types of factors: large-
scale environmental factors, smaller-scale environmental factors, and diseases such as 
viral hemorrhagic septicemia virus and parasite Ichthyophonus hoferi (Low, 2008; Moffitt, 
2004). Additionally, the spawning biomass of Pacific herring in southeast Alaska has 
been variable. Since 1980, seven of the nine primary locations have exhibited long-term 
trends of slightly increasing biomass with major fluctuations of both increasing and de-
creasing biomass around these long-term trends (Low, 2008). Decadal-scale variability 
of recruitment is not apparent in the three widely-recognized climate regimes of 1978-
1988, 1989-1998 and post-1998 in the North Pacific (Low, 2008). However, Togiak herring 
recruitment events are variable. A large-year class occurs once every 9 or 10 years, and 
these events drive the Togiak herring population. The larval stage of herring life history 
is the most important factor for determining year-class strength to which environmental 
conditions are critical, with temperature having the strongest influence on recruitment 
(Low, 2008; refer to Section 3 for more details). 

West coast

The Pacific region includes California, Oregon, and Washington. Federal fisheries in this 
region include Pacific coast groundfish, Pacific coast salmon, coastal pelagic species, and 
West coast highly migratory species. The Pacific groundfish and salmon fisheries are 
subject to weak stock management in which access to the harvestable surplus of health-
ier stocks is often restricted to protect the weaker stocks with which they co-mingle in 
the ocean. These weaker stocks include eight rebuilding groundfish stocks and salm-
on listed under the Endangered Species Act as well as other non-listed stocks that also 
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constrain the fishery. Salmon management is further complicated by the need to ensure 
equitable allocation of harvest among diverse user groups, including tribal governments 
that have treaty rights to harvest salmon, and to coordinate with other entities that have 
jurisdiction over other aspects of salmon management.

In 2009, commercial fishermen in the Pacific region landed roughly 894 million 
pounds of finfish and shellfish (NOAA Fisheries, 2010, page 29). Hake and squid had 
the highest annual landings in the Pacific region in 2009, with 253 million pounds and 
204 million pounds, respectively. Although they accounted together for 51 percent of 
the total landings in the Pacific region, they accounted for only 14 percent of the $488 
million in total landings revenue generated in 2009. Landings revenue was dominated 
by other shellfish ($129 million) and crab ($124 million). In terms of pounds landed, 
California contributed the most (372 million pounds), followed by Oregon (198 million 
pounds) and Washington (164 million pounds). Washington had the highest landings 
revenue in the region, with $228 million in 2009, followed by California ($150 million) 
and Oregon ($102 million). The Pacific region’s seafood industry generated $20 billion 
in sales impacts in California, $1.1 billion in sales impacts in Oregon, and $7.3 billion in 
sales impacts in Washington. California also generated the largest value added income 
and employment impacts ($4.3 billion; $7.1 billion; 121,000 jobs) (NOAA Fisheries, 2010, 
page 29). 

In 2009, almost 1.8 million recreational anglers took 6.3 million fishing trips in the Pa-
cific region (NOAA Fisheries, 2010, page 30). Over 64 percent of these anglers were resi-
dents of a regional coastal county. In terms of the Pacific region’s key species and species 
groups, rockfishes and scorpion fishes (2.7 million fish), mackerel (2 million fish), bar-
racuda, bass and bonito (1.6 million fish) and surf perches (1.5 million fish) were the 
most often caught by anglers in 2009. Most of the rockfishes and scorpion fishes in the 
Pacific region were caught in California, while most of the salmon and other tunas were 
caught in Washington and Oregon. Employment impacts from recreational fishing ex-
penditures in California were the highest in the region with almost 14,000 full- and part-
time jobs generated in that state, with Washington (3,300 jobs) and Oregon (1,600 jobs) 
following. In addition to employment impacts, the contribution of recreational fishing 
activities to Pacific region’s economy can be measured in terms of sales impacts and 
the contribution of these activities to gross domestic product (value-added impacts). In 
2009, sales impacts were also the highest in California ($2 billion in sales impacts), fol-
lowed by Washington ($347 million) and Oregon ($168 million) (NOAA Fisheries, 2010, 
page 30).

Pacific sardines (Sardinops sagax) off the West Coast of North America form three sub-
populations or stocks: a northern subpopulation (northern Baja California, Mexico, to 
Alaska); a southern subpopulation (off Baja California); and a Gulf of California, Mexico 
subpopulation. The northern stock inhabits the California Current Ecosystem (CCE) 
and is a transboundary stock, occupying the EEZs of Mexico, the U.S., and Canada. The 
stock is fished and managed independently by each country in an arrangement that has 
worked reasonably well recently, while sardines have been relatively abundant in the 
CCE. The productivity of the sardine stock in the CCE is strongly influenced by climate 
variability on both inter-annual and decadal scales. Observed decadal-scale climate vari-
ability, such as the PDO (Mantua et al., 1997), affects both the sardine stock’s abundance 
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and its geographic range (Emmett et al., 2005; Herrick et al., 2006; Rodriguez-Sanchez et 
al., 2002); therefore, the PDO is probably the best indicator of how the Northeast Pacific 
commercial sardine fisheries might be impacted by global climate change (Figure A-2). 

Relationships between climate and productivity of the Pacific sardine stock (e.g., SST 
anomalies vs. sardine abundance; Figure A-3; Hill et al., 2000) have been previously ex-
amined (Herrick et al., 2007; Norton and Mason, 2003, 2004, 2005). During a warm re-
gime, biomass of Pacific sardine increases. Conversely, a cold-water regime results in a 
decrease in abundance of the sardine stock and reduces its distribution to an area almost 
exclusively off Southern California, U.S., and Baja California. When sardine disappear 
from the U.S. EEZ under cold-water conditions, anchovy, herring, mackerel, and market 
squid become more prevalent, filling the void left by sardine both in terms of directed 
harvests and forage. This pattern was documented for pre-fishery times using sediment 
samples from the Southern California Bight (Baumgartner et al., 1992). Similarly, the 
U.S. fishery shows a 70-year pattern of sardine boom, bust, and boom during the 20th 
century (Norton and Mason, 2003, 2004, 2005).

In response to fluctuations in productivity due to climate variability, the U.S. Pacific 
sardine fishery is managed with an environmentally-based harvest control rule that de-
termines the annual harvest level (Figure A-4). The harvest control rule is intended to 
prevent overfishing, sustain consistent yield levels (Herrick et al., 2006), and reduce the 
exploitation rate if stock biomass decreases or if ocean conditions become cooler and 
less favorable for the stock (Figure A-4). For sardine, the harvest control rule formula is 
based on a three-year average of SST observed at the Scripps Institution of Oceanogra-
phy pier in La Jolla, California (Hill et al., 2011). Including this factor reflects the posi-
tive relationship between sardine reproductive success and water temperature; at higher 
SSTs, a greater fraction of the available biomass can be harvested. However, recent work 
by McClatchie et al. (2010) finds that the Scripps Institution of Oceanography SST series 
is no longer valid for predicting sardine reproductive success and should not be used in 
sardine conservation and management. In its statement on Pacific sardine management 
for 2012 to the Pacific Fishery Management Council (PFMC) in November 2011, the man-
agement team recognized that, although sardine reproductive success is clearly related 
to environmental conditions, the temperature relationship underlying the harvest con-
trol rule needed to be revised. At this time, the PFMC has yet to consider how this find-
ing should be incorporated into its Coastal Pelagic Species Fishery Management Plan. 

In general, the motivation for an environmentally-based harvest-control rule is that 
fishing mortality associated with maximum sustainable yield and the productivity of 
the sardine stock have both been shown to increase when relatively warm-ocean condi-
tions persist. The use of environmentally-based rules has advantages for responding to 
climate change.

• Environmentally-based rules can avoid destabilizing feedbacks that can cause a 
fishery to collapse; an example is the infamous collapse of the California sardine 
fishery in the 1940s, which has been attributed to a combination of climatic 
conditions and overfishing (Herrick et al., 2006). 

• The use of well-defined harvest control rules reduces uncertainty for fishermen 
and processors and thus provides direct efficiency gains and promotes incen-
tives for conservation. 
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• Environmentally-based harvest control rules can potentially incorporate other 
ecosystem interactions, including the availability of important forage species like 
Pacific sardine.

Given the general lack of existing research and modeling capabilities on socio-eco-
nomic impacts of climate change on fisheries, the impacts on Pacific sardine fisheries 
are uncertain. To this end, two scenarios have been considered out the many potential 
scenarios that could occur in the Eastern Pacific. The first assumes that the increase in 
ocean temperature due to climate change will be consistent with that experienced dur-
ing a warm water regime in the CCE, which is favorable to sardine productivity. This 
results in an increase in the northern sardine stock biomass in the U.S. EEZ off of the 
West Coast, particularly off of the Pacific Northwest, increased biomass in Canada’s 
EEZ, and, depending on the extent of ocean warming, potentially harvestable biomass 
in the U.S. EEZ off of Alaska (Figure A-5). This is essentially the status quo scenario, 
with perhaps a slight increase in U.S. Pacific sardine fishing opportunities followed by a 
corresponding increase in economic activity and economic value. 

Figure A-2 Pacific sardine yield, abundance, and the Pacific Decadal Oscillation (PDO) through 2001. 
Sardine productivity is higher during the warm, positive phase of the PDO, and the collapse of the 
sardine stock that began in the 1940s has been attributed to a regime shift around 1945 (Source: M. 
Dalton, pers. comm.).



The second scenario assumes that an increase in ocean temperature results in a north-
erly expansion of the entire subtropical marine biota. This would include an increase in 
abundance and a northerly shift of all Pacific sardine stocks, allowing sardine fisheries, 
and potentially fisheries of species that prey on sardines, to expand along the entire 
Northeast Pacific coast. This scenario is suggestive of what has been observed during 
ENSO events in the eastern Pacific; for example, dring an ENSO event, tropical tunas, 
which U.S. sardine vessels are capable of harvesting, typically become more available 
off Southern California. Under these circumstances, fishing opportunities would in-
crease significantly for U.S. vessels that target Pacific sardine as would fishing-related 
economic activity and economic value.

Northeast

The Northeast region is often divided into New England (Maine to Connecticut) and 
the Mid-Atlantic (New York to Virginia). In the Northeast, commercial landings in 2009 
were 1.3 billion pounds, valued at $1.2 billion. Landings revenue in New England was 
dominated by American lobster ($298 million) and Atlantic sea scallop ($210 million). 
These species represented 65 percent of total landings revenue but only 20 percent of 
total landed pounds (NOAA Fisheries, 2010, page 50). Mid-Atlantic landings revenue 
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Figure A-3 Pacific sardine abundance and cumulative SST anomalies observed at the Scripps 
Institution of Oceanography pier in La Jolla, California (Source: S. Herrick, pers. comm.).
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came largely from sea scallop ($162 million) and blue crab ($85 million), comprising 57 
percent of total landings revenue but only 15 percent of total landed pounds (NOAA 
Fisheries, 2010, page 74). In terms of overall economic impacts, in 2009, the seafood in-
dustry in the Northeast region was responsible for 232 thousand jobs, $25 billion in 
sales, $6 billion in income, and $16 billion in value added from such activities as process-
ing (NOAA Fisheries, 2010, pages 55 and 78).

In terms of pounds landed, Virginia contributed the most (426 million pounds), fol-
lowed by Massachusetts (356 million pounds) and Maine (185 million pounds). Mas-
sachusetts had the highest landings revenue in the region with $400 million in 2009, 
followed by Maine ($286 million) and Virginia ($153 million). The Northeast region’s 
seafood industry generated $1.2 billion in sales impacts in Maine, $6.7 billion in Mas-
sachusetts, $651 million in New Hampshire, $906 million in Rhode Island, $57 million in 
Delaware, $1.6 billion in Maryland, $5.8 billion in New Jersey, 5.3 billion in New York, 
and $1.7 billion in Virginia (NOAA Fisheries, 2010). Massachusetts also generated the 
largest value-added income and employment impacts ($1.7 billion; $2.6 billion; 77,820 
jobs) (NOAA Fisheries, 2010, page 63).

Figure A-4 Pacific sardine harvest-control rule implements a decreasing exploitation fraction in cool 
years based on a 3-year moving average of sea surface temperatures (SST) at Scripps Pier, San Diego, 
California. ‘Harvest’ is the guideline harvest level in metric tons (mt), ‘Biomass’ is current biomass 
estimate, ‘Cutoff’ is the lowest level of estimated biomass at which harvest is allowed (150,000 mt), 
and ‘Fraction (SST)’ is the environmentally-based percentage of biomass above the cutoff that can be 
harvested (Source: M. Dalton, pers. comm.).
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For commercial fishermen in the Northeast and elsewhere, however, fishing is more 
than a job or an income; it is a way of life. Studies show that fishermen value the inde-
pendence and risk-taking afforded by fishing (Apostle et al., 1985; Gatewood and Mc-
Cay, 1990; Pollnac and Poggie, 1988; Smith and Clay, 2010) and may even subsidize 
fishing with income from another job (Veltre and Veltre, 1983, pages 185-193) or by us-
ing kin as crew, which they often subsidise by providing lesser incomes to individual 
crewmembers (Doeringer et al., 1986, page 47). In the Northeast, ethnic groups that most 
commonly use kin as crew include the Sicilians of Gloucester, Massachusetts, the Portu-
guese of New Bedford and Provincetown, Massachusetts, and small, inshore vessels, es-
pecially from rural areas such as Downeast Maine and areas of Maryland and Virginia. 
Household needs such as debt and cultural norms of equity can also influence both the 
degree to which fishermen maximize profits (Davis, 1991; Durrenberger, 1997) and the 
type of fishing, especially day versus trip fishing, that fishermen choose to undertake. 
Especially while their children are young, or if they desire stronger involvement in com-
munity groups and activities, they may choose small boat, inshore fishing over larger, 
trip vessels, even if this means earning a more modest living (Maurstad, 2000). Festivals 
celebrating fishing, such as Blessings of the Fleet, are common throughout the Northeast 
and involve the entire community, not just fishermen and their families (see and NOAA 
Fisheries, 2009b for examples from the Northeast).

Recreational finfish anglers also value fishing for multiple reasons (Holland and Dit-
ton, 1992), including relaxation and following in the tradition of their parents. Sport-
fishing is a cultural subset that revolves around tournaments (see NOAA Fisheries, 
2009b for examples in the Northeast). Recreational fishing can also mask subsistence 
fishing, potentially based on ethnicity, gender, or location (Toth and Brown, 1997). In the 

Figure A-5 The expected changes in the 
harvestable biomass and distribution of the 
northern Pacific sardine stock due to climate 
change. The harvestable biomass increases 
(lower left to upper right) and decreases 
(upper right to lower left, heavy arrows) 
depending on the duration of favorable 
climate conditions. The vertical lines show 
which fisheries become involved as the 
harvestable biomass increases and declines: 
left, at lowest harvestable biomass, is a 
Mexican (Mex)-only fishery; middle left is 
Mex and California (CA) fisheries; middle 
right is Mex, CA, Oregon (OR), Washington 
(WA) and Canadian (Can) fisheries; and 
the far right is Mex, CA, OR, WA, Can and 
Alaskan (AK) fisheries. (Source: Sam Herrick, 
NOAA).
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Northeast, Steinback et al. (2009) found that 28 percent of presumed recreational anglers 
in fact fished for reasons other than recreation, including food or income, though fewer 
than 3 percent stated that they fished all or mostly for food or income. Overall, 54 per-
cent of all interviewed anglers, whatever their motivations for fishing, ate at least some 
of their catch. Those who fished in part for food or income were also statistically more 
likely to collect non-finfish marine resources such as shellfish, squid, seaweed, or kelp 
(Steinback et al., 2009, page 54). 

Atlantic cod, primarily found from Maine to Connecticut is likely to experience nega-
tive impacts from climate change, while Atlantic croaker, primarily found from New 
York to Virginia, is likely to experience positive impacts. In 2009 (NOAA Fisheries, 
2010), Atlantic cod and haddock (Melanogrammus aeglefinus) accounted for $36.6 million 
and 30.8 million pounds of commercial landings in New England. Of this, 92.1 percent 
was landed in Massachusetts (Figure A-6), 7.3 percent in New Hampshire, and 0.6 per-
cent in Maine. Total cod plus haddock value was only 4.7 percent of all landed value in 
New England in 2009 and 4.8 percent of landed pounds, but the groundfish fishery as 
a whole is the cornerstone of the Northeast region’s fishing industry, with the greatest 
number of vessels of any fishery in the region (1,347 limited access permits and 900 ac-
tive vessels) in fishing year 2010 (Kitts et al., 2011). Cod is also an important recreational 
fishing species; in 2009 (NOAA Fisheries, 2010), 483,000 cod were harvested by anglers 
in New England, with an additional 1.1 million cod captured but then released. 

Cod are sensitive to increases in ocean temperature (Fogarty et al., 2008), although 
the level of impact varies. Some research suggests that certain prey species may not 
move in synch with cod, creating further difficulties in the Northeast region (Murawski, 
1993). If cod move north, likely off of Georges Bank and potentially even completely out 
of the Gulf of Maine (Fogarty et al., 2008; Nye et al., 2009), then U.S. commercial fisher-
men will need to substitute other species because they cannot follow the cod north into 
Canadian waters.

Even where climate change has a positive effect on a species, social and econom-
ic impacts can be felt. Atlantic croaker are found from the Gulf of Maine to Argentina 
(ASMFC, 2011), but in the Northeast, their primary range is from Hudson Canyon off 
the coasts of New York and New Jersey south to Cape Hatteras, North Carolina (Hare et 
al., 2010). Croaker is not one of the top commercial species, representing only 0.7 percent 
of total Mid-Atlantic landings revenue and 2 percent of Mid-Atlantic landed pounds 
in 2009 (NOAA, 2010), but it is one of the key recreational species, with 15 million fish 
caught, second only to summer flounder (Paralichthys dentatus) in the Mid-Atlantic. 

Spawning stock biomass (SSB) estimates for croaker have exhibited a cyclical trend 
based on environmental conditions (ASMFC, 2007). As of 2010, croaker was coming off a 
peak and moving into a low biomass status (ASMFC, 2012). Hare et al. (2010, page 452) 
estimate that as ocean temperatures warm, “[a]t current levels of fishing, the average 
(2010-2100) spawning biomass of the population is forecast to increase by 60-100 per-
cent. Similarly, the center of the population is forecast to shift 50-100 km northward. A 
yield analysis, which is used to calculate benchmarks for fishery management, indicates 
that the maximum sustainable yield will increase by 30-100 percent.” These estimates 
were based on three scenarios of CO2 emissions into the 21st century, the first being the 
commitment scenario that makes projections based on a fixed CO2 concentration of 350 
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ppm, the second is the B1 scenario that assumes an increase in CO2 to 550 ppm, and the 
third is the A1B scenario that assumes an increase in CO2 to 720 ppm (IPCC, 2007b). 
With rising ocean temperatures, the fishery is expected to leave the Southeast region 
but remain in the Mid-Atlantic and expand into southern New England, through Con-
necticut, Rhode Island, and Massachusetts. Montane and Austin (2005) also found that 
hurricanes coincide with spikes in juvenile croaker recruitment.

Commercial fishermen in the Mid-Atlantic will likely be able to increase their land-
ings of croaker, while fishermen further north will gain a new species, croaker, with a 
high biomass, potentially raising the importance of croaker as a commercial species. 
Further, Mendelsohn and Markowski (1999) and Loomis and Crespi (1999) note that 
recreational fishing and boating activities may significantly increase with warming. 
Tournament fishermen in New England (see NOAA Fisheries, 2009a, for examples of 
New England tournaments) will likely be able to add croaker to their repertoire. Subsis-
tence fishermen in southern New England may add croaker to their landings, providing 
an additional species at a time when they may be able to collect fewer local shellfish 
(Steinback et al., 2009) because shellfish are expected to be negatively impacted by in-
creasing ocean acidification.

Pacific Islands

In Hawai’i, commercial landings in 2009 were 27 million pounds of finfish and shell-
fish, valued at $71 million. Landings of tuna comprised 67 percent ($48 million) of the 

Figure A-6  Gloucester, MA Stern Trawler (Source: http://www.photolib.noaa.gov/htmls/fish0533.htm).
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landings revenue and 54 percent of total landings (15 million pounds; NOAA Fisheries, 
2010, page 100). Swordfish ($7.3 million, 3,881 pounds), mahi mahi ($2.9 million, 1,287 
pounds), moonfish ($2.4 million, 1,884 pounds), and marlin ($2.1 million, 1,678 pounds) 
also contributed to the region’s overall landings. In terms of overall economic impacts, 
in 2009, the seafood industry in Hawai’i was responsible for 14 thousand jobs, $1.3 bil-
lion in sales, $369 million in income, and $546 million in value added from such activities 
(NOAA Fisheries, 2010, pages 100 and 120).

Recreational fishing is undertaken throughout the state and adds value in the local 
economy. In Hawai’i, 2.2 million trips were taken by private anglers in 2009. Recreational 
fishing in the region was responsible for 4,286 jobs, $460.8 million in sales, $228.6 million 
in value added from the industry, and $150.9 million in income (NOAA Fisheries, 2010, 
page 47). The most fished species by anglers in Hawai’i included bigeye, mackerel, and 
goatfishes.

Southeast

The Southeast region is often divided into the South Atlantic, which is comprised of areas 
from North Carolina down to the tip of the east coast of Florida, and the Gulf of Mexico, 
which contains the area from the west coast of Florida to Texas. In the Southeast, com-
mercial landings in 2009 were 1.5 billion pounds, valued at $773.4 million. Landings rev-
enue in the South Atlantic was dominated by blue crab ($35.3 million) and shrimp ($32.7 
million). These species represented 47 percent of total landings revenue and 51 percent 
of total landed pounds (NOAA Fisheries, 2010, page 100). Gulf landings revenue came 
overwhelmingly from shrimp ($324.7 million); however, although shrimp comprised 51 
percent of total landings revenue, it only comprised 17.4 percent of total landed pounds 
(NOAA Fisheries, 2010, page 120). The next most economically-important species in the 
Gulf were oysters ($72 million or 11.5 percent) and menhaden ($60.6 million or 9.6 per-
cent). In terms of overall economic impacts, in 2009, the seafood industry in the Southeast 
region was responsible for 210 thousand jobs, $32.8 billion in sales, $6.5 billion in income, 
and $11.2 billion in value added from such activities as processing (NOAA Fisheries, 
2010, pages 100 and 120). In addition, Adams et al. (2009) reported that the Gulf region 
supported 20,470 commercial fishing craft, which was approximately one-third of the 
nation’s commercial fleet in 2003, and contains a quarter of the U.S. seafood processing 
plants and wholesale establishments that generate approximately 25 percent of the total 
value of domestically-processed fisheries products. Finally, Yoskowitz (2009) estimated 
that the total productive value of the Gulf of Mexico to the U.S., as defined as the market 
value of resources extracted from, or value of services generated as a result of, proximity 
to the Gulf, at nearly $76 billion, assuming crude oil is $28.50 per barrel, including nearly 
$700 million from fisheries in 2003.

In terms of pounds landed, Louisiana contributed the most by far (1 billion pounds), 
followed by Mississippi (230 million pounds) and Texas (100 million pounds). Louisiana 
also had the highest landings revenue in the region with $284 million in 2009, followed 
by Florida ($157 million) and Texas ($150 million). The Southeast region’s seafood indus-
try generated $13 billion in sales impacts in Florida, $1.7 billion in Texas, $1.7 billion in 
Louisiana, $1 billion in Georgia, $700 million in North Carolina, $400 million in Alabama, 
$300 million in Mississippi, and $70 million in South Carolina (NOAA Fisheries, 2010). 
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Florida also generated the largest value-added income and employment impacts ($2.5 
billion; $4.3 billion; 64,744 jobs) (NOAA Fisheries, 2010, page 102).

Recreational fishing is also important to the economy of the Southeast. In the South 
Atlantic, 19.1 million trips were taken by private anglers in 2009. In addition, recreation-
al fishing in the region was responsible for 51,314 jobs, $5.6 billion in sales, $1.8 billion in 
value added from the industry, and $2.9 billion in income (NOAA Fisheries, 2010, page 
101). The most fished species by anglers in the South Atlantic included Atlantic spot and 
croaker, spotted seatrout, and blue fish. In the Gulf, 22.3 million trips were taken by 
private anglers in 2009. In addition, recreational fishing in the region was responsible 
for 92,241 jobs, $9.9 billion in sales, $3.3 billion in value added from the industry, and 
$5.1 billion in income (NOAA Fisheries, 2010, page 121). In addition, charter and party 
boat operations in particular have “generated $149.5 million in economic output, $68.5 
million in incomes, and 3,487 jobs withing the overall Gulf of Mexico regional economy” 
(see references cited in Adams et al., 2009, page 39). In 2004, the Gulf of Mexico was es-
timated to have supported 7.3 million recreational anglers who took 25.6 million fishing 
trips that represent approximately one-third of U.S. totals. Non-residents took about 
half of these trips, indicating the importance of these resources to all U.S. residents (Ad-
ams et al., 2009). Anglers in the Gulf overwhelmingly target spotted seatrout, although 
red drum and sand and silver seatrouts are also caught in substantial numbers.

Economic benefits generated from coastal recreation extend beyond the costs associ-
ated with traveling. These non-market values, according to Kildow et al. (2009, page 75), 
“reflect important changes in the net economic value of [Gulf] coastal resources and can 
result from changes in resource access, availability, or quality.” Using a benefits transfer 
method, Kildow et al. (2009) estimate the non-market economic value of coastal and 
ocean recreational fishing in Texas, Louisiana, Alabama, and Mississippi to be between 
$2.2 billion and $2.8 billion in 2004.

In 2009, Kildow et al. (2009, page 47) examined the changing coastal ocean economies 
of the U.S. Gulf of Mexico and noted that “stresses on the rich natural resources of this 
special area have been intensifying for many years … and the economies of the Gulf 
states are inextricably linked to the quality and values of the Gulf’s natural resources,” 
which stand to be significantly affected by climate change.

Changes in the Gulf of Mexico marine environment have the potential to change the 
mix of available species; therefore, fishermen that rely on a portfolio of species will be 
affected. Perruso et al. (2005) examined optimal species-targeting strategies of the long-
line fleet in the Gulf of Mexico and found that the joint production behavior affected tar-
geting strategies as a result of potential area closures. Should climate change affect the 
distribution of species or development of marine protected areas, these results would 
mimic those estimated from examining the effect of climate change directly. In addition, 
with respect to the value generated from commercial fisheries, Yoskowitz (2009, pages 
25–26) notes, “The fisheries industry in particular faces several challenges. In the north-
ern Gulf a zone of low oxygen, or hypoxia, is tied to pollution from the Mississippi River 
[which is likely to be exacerbated due to climate change]…. It forces shrimp and certain 
fish into areas that may be harder and more expensive for fishing boats to reach, and it 
also has devastating effects on the ecosystem.”
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A4 Subsistence Fisheries 

For generations, subsistence harvesting of marine resources has been important to rural 
communities around the U.S. where it makes an important contribution to limited live-
lihoods. In addition to providing basic nutrition and sustenance, subsistence activities 
are also recognized by native peoples as supporting spiritual values, community well-
being, family structures, and resource conservation.

Based on the numerous physical and biological changes that are occurring in the 
marine environment due to climate change (see Sections 2 and 3), people who rely on 
subsistence fisheries are expected to have to deal with a number of impacts. The technol-
ogy needed to support marine subsistence activities, such as motors, boats, fishing gear 
motors, snow machines, firearms, ammunition and fuel, is expensive for low-income 
people to maintain (Callaway et al., 1999). In addition, the distribution of fish stocks 
such as salmon and marine mammal populations in the North Pacific, which subsistence 
and other fishermen rely on, have altered or are expected to alter significantly in the 
coming years. Projected ecosystem shifts are likely to displace or change the resources 
available for subsistence, requiring communities to change their practices or move (Ger-
lach et al., 2011). 

Perhaps most importantly, subsistence resource users are typically the least mobile 
constituency of all marine resource users due to their strong, place-based cultural identi-
ties and/or limited incomes. Partly because of this, many subsistence resource users fall 
within categories listed in Executive Order 12898 (59 FR 7629, 1994), “Federal Actions to 
Address Environmental Justice in Minority Populations and Low-Income Populations.” 
As species distributions shift, subsistence users will have to find new sources of nutri-
tion and are therefore likely to be the most impacted group of marine resource users. 

The majority of impacts on subsistence fisheries in the U.S. are expected to occur in 
Alaska and the Arctic, but impacts are also expected to occur on subsistence fisheries 
that are not as well documented. The following subsections describe what is known 
about subsistence fishing in each of the major regions of the U.S. and the known and 
anticipated effects of climate change on those fisheries.

North Pacific

Rural livelihoods in Alaska are tightly connected to climate, weather, and ecosystems. 
Northern people have relied for millennia on the landscape for their food through a 
variety of subsistence activities including hunting, herding, gathering, fishing, and 
small-scale gardening. The importance of wild fish, whether anadromous species such 
as salmon or non-anadromous species such as whitefish (Caulolatilus princeps) is the no-
table constant from south to north in rural Alaska. (For more background on subsistence 
harvest in Alaska, see Wolfe, 2004, Nelson, 1986, Nelson, 1969, and Norris, 2002). 

Subsistence fisheries in Alaska are the only officially-documented subsistence fisher-
ies in the U.S. In general, fish, including salmon, halibut, and other species, provide the 
most substantial contribution to subsistence diets throughout rural Alaska. However, 
regions vary in important ways; for instance, communities in Western Alaska are much 
more focused on harvesting fish for subsistence while communities in Northern Alaska 
are more reliant on harvesting marine mammals.
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Reliance on salmon for subsistence harvests is significant throughout the state, both 
in coastal communities that fish for salmon in the marine environment and inland com-
munities that fish the rivers that flow from Alaska’s interior (Figure A-7). The most 
recent data available about subsistence salmon harvests in Alaska show that, in 2008, 
23,780 subsistence salmon-fishing permits were issued and an estimated total of 989,266 
salmon, including all five species of salmon, were caught for subsistence use by families 
in 177 communities around the state (Fall et al., 2011). 

Through the Subsistence Halibut Registration Certificate (SHARC) program admin-
istered by NOAA Fisheries, residents of rural Alaskan communities have been fishing 
for halibut for subsistence purposes since the SHARC program was initiated in 2003. As 
of 2009, residents of 77 Alaskan communities actively fished for halibut and reported 
having caught 44,989 halibut weighing a total of 851,579 pounds (Fall and Koster, 2011). 
The majority of subsistence halibut harvests occur in Southeast and Southcentral Alaska, 
where halibut is important to the diets of residents in small rural communities (Figure 
A-7).

Between 2002 and 2007, residents of 56 Alaskan communities reported having fished 
for other non-salmon fish species for subsistence purposes (Figure A-7). During that 
time frame, a total of 810,757 fish (1,404,217 pounds) were reported to have been caught 
both in coastal regions and on freshwater rivers in the state. The majority of non-salm-
on-fish marine harvesting occurs at the mouths of rivers in Western Alaska, on Kodiak 
Island, and in southeast Alaska. In addition, between 2000 and 2007, residents of 32 
Alaskan communities reported having fished for marine invertebrates for subsistence 
purposes. The Alaska Department of Fish and Game (ADFG) reported that, during this 
time period, 32,478 invertebrates of multiple marine species totaling 83,033 pounds were 
caught (ADFG, 2011). The majority of subsistence fishing for marine invertebrates has 
been documented on Kodiak Island, the southern tip of the Alaska Peninsula, and in 
Southcentral Alaska.

Harvest of marine mammals throughout Alaska is equally important to Alaska Na-
tive communities, especially in Western Alaska (Figure A-8). In 2010, an estimated 13 
polar bears (Ursus maritimus), 678 walruses (Odobenidae divergens) and 969 sea otters (En-
hydra lutris kenyoni) were taken for subsistence purposes (USFWS, 2011). The most re-
cent data available on beluga whale (Delphinapterus leucas) harvests for subsistence show 
that 222 beluga whales were taken in 2006 (Frost and Suydam, 2010). As seen in Figure 4, 
the majority of walrus and polar bear harvests occur on St. Lawrence Island, the Seward 
Peninsula, and in Barrow. Beluga whale harvests mainly occur in Western Alaska and 
in the community of Point Hope in the Arctic. The majority of sea otter harvests occur in 
Southeast Alaska, but significant harvests also occur on Kodiak Island and in the com-
munities of Cordova and Valdez.

Other subsistence fisheries

Although anecdotal accounts of subsistence fisheries that occur in other regions of the 
U.S. exist, NOAA Fisheries and state-level fisheries management agencies do not disag-
gregate subsistence fishing from recreational fishing. The following provides an over-
view of what is known about both traditional and non-traditional subsistence fishing in 
the West Coast, New England, the Pacific Islands, and the Gulf of Mexico.
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West coast

Native Americans have harvested marine resources along the West Coast for centuries. 
Historically, marine species comprised a large portion of the diet of coastal settlements 
(NOAA Fisheries, 2009a). 50 federally-recognized tribes live in the region (29 in Wash-
ington, 10 in Oregon and 11 in California), many of which are culturally and/or econom-
ically dependent upon marine resources, specifically Pacific salmon. Of these, 20 have 
been included under treaties with the U.S. that preserve their rights to harvest marine 
resources (NOAA Fisheries, 2009a). 

As exemplified by coastal Washington State’s Makah Nation, coastal Northwest tribes 
harvest and make use of a diverse range of marine resources. Makah tribal members 
have identified over 80 species consumed or used in subsistence practices, including 
primarily marine and anadromous animal resource categories (Sepez, 2001). Moreover, 
when surveyed, 99 percent of Makah households participated at least annually in sub-
sistence activities (Sepez, 2001). The principal marine resources that Northwest Tribes 
rely on are coho, chinook, sockeye, and chum salmon; however, tribal communities rely 
on a vast array of marine resources for subsistence near their reservations or traditional 
use areas. Tribal communities farther to the north rely more heavily on shellfish har-
vests such as Dungeness crab (Cancer magister), shrimp, geoduck (Panopea abrupta), but-
ter clams (Saxidomus giganteus), and manila clams (Corbicula manilensis). In central Puget 
Sound, tribes rely more heavily on salmon harvests but also pursue shellfish for subsis-
tence purposes. Tribes in the southern reaches of Puget Sound rely primarily on chum 
salmon harvests as well as geoduck and crab (Impact Assessment, 2005).

Salmon are at the heart of cultural values within most if not all Northwest Tribes. The 
cultural context and values of each tribe are intimately tied to salmon harvests and con-
sumption. In addition, members of many tribes collect salmon for ceremonial purposes 
and for community functions. However, as seen for subsistence harvests elsewhere, little 
incentive is offered to tribes to report their use of subsistence harvests and mechanisms 
for reporting are often absent. These realities lend themselves to absent or underreported 
subsistence harvest data through the states’ formal reporting programs. Figure A-10 de-
picts the total annual salmon harvest for the members of the Northwest Indian Fisheries 
Commission, including both commercial and subsistence harvests. Based on interviews 
conducted with tribal members, tribal members are estimated to retain approximately 
25 percent of their total catch for personal consumption (Impact Assessment, 2005).

Over the last two decades, a dramatic reduction has been seen in the overall number 
of salmon taken by Northwest Tribes for subsistence (Figure A-9). Lower species abun-
dance is considered to be one of the main factors in this decline (Impact Assessment, 
2005). Salmon abundance is expected to decrease between 20 and 40 percent by 2050 
as changes occur in the biological and physical environments off the coast of Washing-
ton and Oregon (Battin et al., 2007). Given that so many tribes depend on salmon for 
their high fat content and large size, as well as the central position of salmon within 
Northwest tribal cosmology and culture, it is likely that a significant decline in salmon 
stocks in the Northwest U.S. could dramatically affect the overall health and well-being 
of tribal communities (Colombi, 2009).

In addition to finfish and shellfish, the Makah have traditionally harvested a variety 
of marine mammals and seabirds, and the tribe has made a concerted effort over the last 



sustaining the assessment of climate impacts on Oceans and Marine resources                 181

decade to formally revive marine harvest treaty rights and the whaling traditions cen-
tral to its culture (Firestone and Lilley, 2004). 

In addition to the subsistence harvests of marine resources by tribal entities, subsis-
tence harvests by non-tribal individuals on urban and rural coastal piers throughout 
the U.S have been documented , particularly along the West Coast (CIC Research, 2004; 
Environmental Health Coalition, 2005; Sechena, 2003). Many of these subsistence fishers 
are a part of low-income, immigrant, and minority populations and therefore fall under 
the purview of the Environmental Justice Initiative of Executive Order 12898 (Pitchon 
and Norman, under review). Such subsistence-fishing practices are readily observed in 

Figure A-7a–d Relative harvests of non-salmon fish, salmon, marine invertebrates, and halibut in 
subsistence reliance communities around Alaska. Points on the maps represent species group harvests 
in individual communities. The point size varies based on the relative harvest of each community’s 
residents compared to all other communities harvesting that species group in the state. (Source: Amber 
Himes-Cornell, NOAA).
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West Coast urban centers, including cities like Seattle, San Francisco, San Diego, and 
Los Angeles, but no comprehensive data collection effort at the federal or state level 
exists to document these activities. Extant data on non-tribal subsistence and personal 
use fishing comes primarily from independent case studies conducted in urban centers 
(CIC Research, 2004; Pitchon and Norman, under review). For example, a survey of pier 
fishers in Los Angeles County revealed that, as opposed to purely recreational fishing, 
27 percent of surveyed pier fishers were fishing in order to consume what they caught, 
and these individuals identified food security issues within their households (Pitchon 
and Norman, under review).

a

c d

Figure A-8a–d Relative harvests of walrus, beluga whales, polar bears, and sea otters in subsistence 
reliance communities around Alaska. Points on the maps represent species group harvests in individual 
communities. The point size varies based on the relative harvest of each community’s residents 
compared to all other communities harvesting that species group in the state. (Source: Amber Himes-
Cornell, NOAA).

b
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Northeast

Unlike in the Pacific Northwest, none of the federally-recognized tribes in the Northeast 
U.S. have fishing rights under treaty. In addition, subsistence use of marine resources is 
not specifically regulated or systematically documented. Limited research has been con-
ducted regarding the extent of subsistence fishing that occurs in the region. The most 
recent research highlights the relationship between fishing by saltwater anglers for rec-
reational purposes and behaviors traditionally characterized as subsistence uses such 
as home consumption and giving away self-caught catch to friends and relatives (Stein-
back et al., 2009). Steinback et al. (2009) also note that a general lack of knowledge about 
the size of the angling population who specifically keep fish for personal consumption 
as compared to those who fish solely for recreation. Given this and the fact that, with 
few exceptions, selling recreationally-caught fish is illegal, subsistence fishing activities 
in the Northeast are likely highly under-estimated.

Steinback et al. (2009) estimate that 28 percent of saltwater anglers who live in coastal 
counties of the Northeast U.S. fish for marine resources for personal consumption or 
for supplemental income on at least some of their fishing trips. Of these anglers, an es-
timated 33 percent rely on their catch as a cost-saving food source or as a supplement 
to household income. In addition, of those anglers who fish primarily for recreation 
(72 percent), half reported using at least some of their catch for personal consumption. 

Figure A-9 Total number of salmon taken by Northwest Indian Fisheries Commission tribes (Source: 
Impact Assessment, 2005).
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Steinback et al. (2009) estimated that approximately 783,000 saltwater anglers in the 
Northeast U.S. relied, at least partially, on self-caught fish for food, 127,000 relied on 
self-caught fish all or mostly for food, and 105,000 relied on self-caught fish to supple-
ment their income, for a total of 1.22 million anglers who rely to some extent on their 
recreational catch for food or income. Overall, they estimated that 69.8 percent of those 
anglers who fish all or mostly for food or income rely to some degree on self-caught 
catch for personal consumption versus 54.2 percent of all anglers; however, although 
many anglers report that they personally consume or share their catch with their social 
network, the results did not show that extensive reliance on self-caught marine resourc-
es by anglers in the Northeast. Some anglers, however, do appear to rely more heavily 
on self-caught marine resources, but the subset who do tended to have lower household 
incomes, lower education levels, and were more likely to characterize themselves as a 
minority.

Steinback et al. (2009) also noted that approximately 12 percent of anglers in the 
Northeast collect non-finfish marine resources such as shellfish, squid, and seaweed, 
with the percentage being higher (16.5 percent) among those who fished for finfish all 
or mostly for food or income. The top five species of finfish caught by all anglers in 
2005 were estimated to be striped bass (Morone saxatilis), summer flounder (Paralichthys 
dentatus), bluefish (Pomatomus saltatrix), Atlantic croaker (Micropogonias undulatus), and 
black sea bass (Centropristis striata), which together constitute about 75 percent of all 
consumed species.

Pacific Islands

Nearly all Hawai’i shoreline fishermen are considered subsistence fishermen because 
they tend to keep their catch for home consumption rather than selling it, but in Hawai’i, 
as in other places, clearly distinguishing boat-based subsistence fishing from other types 
of fishing, such as recreational and commercial, is difficult. Many, if not most, small-boat 
fishermen participate in several of these types of fishing depending on the year, season, 
or even the trip.

In Hawai’i, recreational fishing is focused on food (Glazier, 2002; Miller, 1996). One 
reflection of this is that Hawai’i typically has the highest ratio of fish kept to fish released 
among all states having marine recreational fisheries (NOAA Fisheries, 2011). Fisher-
men who define themselves as recreational fishermen keep their catch for both personal 
use and sharing with friends and family, and many will sell a portion of their catch 
after a good trip to help cover their fishing expenses. In a 2006 study of 400 Hawaiian 
recreational fishermen (Allen and Duffield, 2011), nearly 40 percent reported that sub-
sistence, defined as fishing for food for one’s self, family, friends, or community, was a 
purpose for all of their fishing trips. An additional 27 percent said it was a motivation for 
most of their trips, 25 percent for some of their trips, and less than 10 percent said that 
none of their trips were motivated by subsistence purposes.

Even small-boat commercial fishing has subsistence aspects because some fish, up to 
one-third of the catch from a trip (Glazier, 2002), are typically taken home or shared with 
friends and family. Hospital et al. (2011) reported that 38 percent of pelagic fish caught 
by commercial fishermen is not sold and that 97 percent of fishermen sampled said they 
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participate in fish-sharing networks with friends and relatives. More than 62 percent 
considered the fish they catch to be an important source of food for their family.

A study conducted by the Molokai Subsistence Task Force (1994) found that 28 per-
cent of respondents’ food was acquired through subsistence activities, which increases 
to 38 percent for Hawaiian families. Nearly everyone believed that subsistence was im-
portant to the Molo`kai lifestyle, meeting many other purposes in addition to food pro-
curement, including exercise, recreation, time spent in nature, a sense of environmental 
kinship, and a means of enhancing family and community cohesion. Subsistence harvest 
is a basis for sharing and gift-giving as both a process of reciprocity and providing re-
sources to people who cannot obtain them on their own.

On Molokai especially but also on the other Hawaiian islands, subsistence resources 
continue to provide a source of food for a variety of celebrations and events, further cul-
tivating a sense of communal identity and enhancing social networks. The importance 
of fishing for food is also strong on Molokai, which, along with Hawai’i, is under the ju-
risdiction of the Western Pacific Regional Fishery Management Council. The small-boat 
fleets in these island areas consist primarily of vessels that would meet many definitions 
of artisanal or subsistence fishing.

Fishermen in the Marianas Islands are also known to keep a significant portion of 
their catch for personal consumption. A 2011 survey of Marianas archipelago commer-
cial fishermen (Hospital and Beavers, 2012) reported that, for the Commonwealth of the 
Northern Marianas Islands, a vast majority of the pelagic fishermen (84 percent), the 
bottomfish fishermen (89 percent), and the reef fishermen (92 percent) said the fish they 
caught were an important source of food for their families. Consistent with that result, 
a higher proportion of their catch from the last 12 months was consumed at home (29 
percent) or given away to crew, family members, or friends and neighbors (33 percent) 
than was sold (25 percent) and an additional portion (8 percent) was described as being 
caught for fiestas or other community and cultural events. Even the highliners, those 
who catch the largest amount fish, reported that 19 percent of their catch was consumed 
at home, 24 percent was given away, and 8 percent was caught for fiestas or other com-
munity or cultural events.

When asked why they went fishing, Rubinstein’s (2001) sample of offshore fishermen 
on Guam revealed three motivations. The predominant motivation reported by 65 per-
cent of respondents was the personal enjoyment derived from fishing; for some, this en-
joyment, as reported especially by the indigenous Chamorros and other Micronesians, 
included a heightened sense of cultural identity. A second motivation (18 percent) was 
consumption of fish by the family. The final motivation (16 percent) was income derived 
from fishing. More than half (51 percent) of the respondents claimed multiple motiva-
tions, and, frequently, respondents who indicated that recreation was their primary mo-
tivation said they provided fish to family and friends. Nearly all fishermen (96 percent) 
reported that they share fish regularly, giving fish to family (36 percent), friends (13 
percent), or both (47 percent).

Based on creel surveys of Guam fishermen in the mid-1980s, about one-quarter to 
one-third of the inshore catch was sold while the remainder entered noncommercial 
channels (Knudson, 1987). Reef fish continue to be important for social obligations such 
as fiestas and food exchanges with friends and families; one study found a preference 
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for inshore fish species in noncommercial exchanges of food (Amesbury and Hunter-
Anderson, 1989). Fishing in Guam continues to be important in terms of contributing 
to the subsistence needs of the Chamorro population and in preserving their history 
and identity (Allen and Bartram, 2008). Fishing has assisted Chamorros and immigrant 
cultures to keep alive what remains of the maritime attributes of their traditional culture 
and maintaining their connection to the sea and its resources. High value is placed on 
sharing one’s fish catch with relatives and friends, a social obligation that includes part-
time and full-time commercial fishermen (Amesbury and Hunter-Anderson, 1989).

Nearshore fishing in American Samoa is largely for subsistence. A 2005 survey of 
425 people from 34 villages found that most respondents felt subsistence fishing was an 
important use of coral reef resources and that 55 percent of respondents fished for sub-
sistence to some degree (Kilarski et al., 2006). Subsistence fishing activity has declined 
on the reefs over the past two decades (Sabater, 2007) due to societal changes including 
a shift away from a subsistence economy coupled with a shifting of dietary preferences 
to canned and frozen fish, poultry, and meat. A trend of decreasing reliance on local fish 
as a food source is one that might be expected from a society that has been undergoing a 
shift from a subsistence-oriented economy to a cash economy (Levine and Allen, 2009); 
however, fishing events such as the annual atule and palolo harvests continue to organize 
and mobilize many villages. Brookins and Sabater (2007) reported that the current coral 
reef fishery has characteristics of a sustainable fishery based on the available data (low 
effort, stable CPUE, low catch, expanding fish populations).

Southeast

As with the other regions outside of Alaska, although we know that various types of 
subsistence fishing take place in the Southeast, they cannot be disaggregated from rec-
reational fishing statistics and therefore cannot be quantified. That said, Native Ameri-
can groups in the Southeast are known to have relied on inshore marine resources for 
subsistence purposes for the last few centuries and continue to maintain strong ties with 
subsistence livelihoods today (NOAA Fisheries, 2009a). Coastal counties and parishes 
throughout the Southeast maintain bayou fishing camps and have integrated subsis-
tence fishing into their cultural lifestyles, given the historical abundance of seafood in 
the region (Gardner, 1989). The central species fished for include red snapper, crawfish, 
shrimp, and crab species (Gardner, 1989; NOAA Fisheries, 2009b).
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