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ABSTRACT

There is a growing body of knowledge that climate change has already affected, and will increasingly
affect, the nation’s ability to maintain productive and resilient ecosystems. Climate change is having
global and regional effects on marine, estuarine, and riverine habitats and prey that are critical to
sustaining fisheries. Some of these effects include warming waters, changes to coastal wetland
productivity and resilience from rising sea levels, increased stratification and hypoxia, acidification
of ocean water, and changes in primary productivity.

While impacts to and degradation of coastal habitats are historically associated with coastal
development activities, such as land-use and land-cover change, point and non-point pollution,
extraction of natural resources, dredging and filling of wetlands, and the loss of and physical
obstructions to freshwater habitats for migratory fish, it is also becoming evident that climate change
will exacerbate the vulnerability of habitats that are already affected by natural and other
anthropogenic stressors.

This guidance was developed to assist the Greater Atlantic Region Habitat Conservation Division
(HCD) increase effectiveness, efficiency, and consistency when evaluating the effects of climate
change on NOAA trust resources and develop advice to avoid and minimize adverse effects to those
resources. Part 1 of this guidance includes a strategy and process for integrating climate change
information into the HCD consultation processes. Part 2 provides a synthesis of global and regional
information on climate change science and the effects of climate change on coastal and marine
ecosystems. In addition, a summary of existing climate change resources and tools (e.g., website
links to reports, studies, and climate projection models) has been included to assist HCD staff in
assessing and communicating climate-related impacts on NOAA trust resources.
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Part 1. Strategies for Integrating Climate Change Information into the HCD
Consultation Processes

Introduction

The National Oceanic and Atmospheric Administration’s National Marine Fisheries
Service (NOAA Fisheries) is responsible for the stewardship of the nation’s ocean resources and
their habitat. As discussed throughout this guidance, climate change impacts marine, coastal, and
riverine ecosystems through the direct effects of increased water temperature and ocean
acidification (OA) (Bindoff et al. 2007; Doney et al. 2009; Doney et al. 2012; Pershing et al.
2018). In addition, numerous indirect effects impacts these resources, including sea level rise
(SLR), ocean stratification, reduced sea-ice extent, changing ocean circulation, changes in
precipitation and freshwater input, and increased deoxygenation (Doney et al. 2012; Hoegh-
Guldberg and Bruno 2010; Pershing et al. 2018; Scavia et al. 2002; Walther et al. 2002).

NOAA Fisheries Greater Atlantic Region (GAR) Habitat Conservation Division (HCD)
works to conserve and manage marine, coastal, and riverine resources through consultation and
coordination with other federal, state, and local agencies, and the public. This guidance will
increase the effectiveness, efficiency, and consistency of HCD staff when evaluating the effects
of climate change on NOAA trust resources and developing advice to avoid, minimize, and
compensate adverse effects to those resources through our various consultation authorities.

The objective of this guidance is to assist in integrating the consideration of climate
change in the protection and restoration of marine, coastal and riverine habitats needed to
maintain productive fisheries and rebuild depleted stocks in the Northeast United States. Coastal
communities in particular depend on productive commercial and recreational fisheries as an
economic driver. Including climate change considerations into our habitat consultation processes
can minimize the negative effects on fishery habitats and maintain the sustainability of these
valuable fisheries. The HCD program in GAR encompasses the coastal area, including many
tidally-connected inland rivers, streams and estuaries, from Virginia through Maine and the U.S.
Northeast Continental Shelf out to the Exclusive Economic Zone.

There are two primary components to this guidance:

Part 1
e A strategy for integrating climate change information into the HCD consultation processes

Part 2

e A synthesis of global and regional information on climate change science

e Information on the effects of climate change on coastal and marine ecosystems, with a focus
on fisheries and fish habitats

e A summary of existing climate change resources and tools (e.g., website links to reports,
studies, and climate projection models) intended to assist HCD staff in assessing and
communicating climate-related impacts on NOAA trust resources

10
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Section 1. Fisheries Habitat and Climate Change

Ecosystems, the species and habitats contained within them, and the biodiversity and
services they support, are intrinsically dependent on climate (Staudinger et al. 2012). Climate
plays an important role in shaping fish habitat, as changes to water temperature, pH, and other
water column properties are affected by larger climate conditions (Gaichas et al. 2016). Wide-
ranging climate change effects have been observed on all continents, oceans, and coastal regions
around the world, and are projected to increase in frequency and severity as climate change
continues and possibly accelerates through the 21% century and beyond (Grimm et al. 2013b). In
particular, climate change is having global and regional effects on the marine, estuarine, and
riverine habitats that are critical to sustaining fisheries.

Climate change is one of the most critical problems in human history because its effects
are global and irreversible on ecological timescales (IPCC 2014a; NRC 2010). The rate of
physical and chemical changes in marine ecosystems have been most rapid in recent decades and
will most certainly accelerate over the next several decades without immediate and dramatic
efforts in climate mitigation (Doney et al. 2012; NRC 2011; Pershing et al. 2018; Portner et al.
2014; Wong et al. 2014). The survival of marine biological systems under a changing climate
depend on their ability to adapt to change, but also to what degree other human activities may
impair their natural adaptive capacity (Scavia et al. 2002).

There is a growing understanding that the consequences of climate change have already
affected, and will increasingly affect, the nation’s ability to maintain productive and resilient
ecosystems (Howard et al. 2013; IPCC 2014b; Nelson et al. 2013; Pershing et al. 2018). Impacts
and degradation of coastal habitats are historically associated with coastal development
activities, including land-use and land-cover change, point and non-point pollution (e.g.,
intensive use of fertilizers, industrial and sewage effluent), dredging and filling, extraction of
natural resources (e.g., overexploitation of fish stocks, sand and gravel mining), and the loss of
and physical obstructions to freshwater habitats for migratory fish (e.g., dams and culverts)
(Johnson et al. 2008; Lotze et al. 2006; Nightingale and Simenstad 2001). The effects of climate
change will exacerbate the vulnerability of ecosystems that are already under stress from natural
and other anthropogenic stressors (Bierbaum et al. 2013; Brander 2008; Pershing et al. 2018;
Staudt et al. 2013).

This guidance document describes the observed and projected effects of climate change
to the physical, chemical, and biological attributes of the benthic and water column habitats. The
term “climate change” throughout this document includes acidification due to the increased
uptake of anthropogenic-origin atmospheric CO; into the ocean. The use of the term “habitat” in
this document is broadly defined as the environment in which fish and invertebrate species and
their prey are supported. As defined in the NOAA National Habitat Policy, “habitat” is the
“coastal rivers and watersheds, estuaries, the Great Lakes, and marine waters; bottom zones
through the water column; and an area’s physical, geological, chemical, and biological
components” (NOAA 2015a). In essence, habitat is the physical space used by the life stages of
marine, estuarine, and riverine species. As such, changing physical and chemical attributes of the
water column impacts the habitats of the organisms living in that space.
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This guidance provides a reasonably in-depth review of the state of scientific knowledge
on climate change and the responses by living marine resources to a changing climate, including
changes projected to occur over the 21% century. However, climate change involves complex
interactions, sometimes resulting in unexpected responses by living marine resources. In
addition, there remains some uncertainty regarding the rate and degree to which some of these
changes will take place in the future, and in the responses by living marine resources to these
projected changes.

In recognition of the rapidly growing field of climate and other scientific disciplines that
serve to increase our knowledge on this issue, this document is intended to be a starting point for
HCD staff to integrate climate science into our work to protect and enhance living marine
resources. Because of the rapid advancements of the discipline, we expect new climate science
information to become available which will provide our program with greater understanding of
climate change effects to our trust resources. In addition, we expect to identify case studies from
HCD consultations, as well as data needs and gaps, as we gain experience in assessing potential
climate-related impacts to NOAA trust resources. This new information may warrant future
revisions of this guidance document.

While our knowledge and understanding of the effects of climate change to living marine
resources is far from complete, the rapidly growing field of climate science has matured to a
degree that allows integration of climate adaptation strategies in conservation and resource
management decisions (Grimm et al. 2013a; Grimm et al. 2013b; Staudinger et al. 2012).
Knowledge gaps remain in the application of climate science for natural resource management
and conservation tools and resources to address climate change vary in scope and scale.
Although the resolution of climate models is improving, they typically provide projections at
coarse global or regional scales that may lack the resolution needed to make decisions at local,
site-specific scales (Stock et al. 2011). In addition, gaps remain in the scientific understanding of
climate change effects at the species, community, and ecosystem level. Nonetheless, efforts are
underway to close these knowledge gaps, as demonstrated by the development of the NOAA
Fisheries Climate Science Strategy (Link et al. 2015) and regional climate science action plans
(Hare et al. 2016a).

Section 2. Regulatory Authorities

The HCD, through federal mandates including the Magnuson-Stevens Fishery
Conservation and Management Act (MSA), the Fish and Wildlife Coordination Act (FWCA), the
Federal Power Act (FPA), and the National Environmental Policy Act (NEPA), provides advice
to federal and state action agencies on activities that may adversely affect NOAA trust resources.
The consultation responsibilities include assessing the direct, indirect, and cumulative adverse
effects to fishery habitats and providing recommendations to avoid, minimize, and compensate
for those effects. By combining HCD’s knowledge and expertise in assessing traditional
anthropogenic activities that may impact fishery habitats with current scientific information on
climate change, we can provide important advice to federal action agencies regarding the
nation’s ability to maintain resilient coastal habitats and ecosystems.
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MSA:

In the MSA, Congress determined that one of the greatest long-term threats to the
viability of commercial and recreational fisheries is the continuing loss of marine, estuarine, and
other aquatic habitats. As a result, one of the purposes of the MSA is to promote the protection of
essential fish habitat (EFH) in the review of projects conducted under federal permits, licenses,
or other authorities that affect or have the potential to affect such habitat. To accomplish this,
each federal agency is required to consult with NOAA Fisheries with respect to any action
authorized, funded, or undertaken, or proposed to be authorized, funded, or undertaken, by such
agency that may adversely affect any EFH (50 CFR 600.905; 16 U.S.C. 1855(b)(2-4)) as defined
in the MSA and designated by NOAA Fisheries and the eight regional fishery management
councils. The EFH regulations broadly define an adverse effect to mean any impact that “reduces
the quality and/or quantity of EFH, and may include direct or indirect physical, chemical, or
biological alterations of the waters or substrate”. An adverse effect may include the loss of, or
injury to, benthic organisms, prey species and their habitat, and other ecosystem components, if
such modifications reduce the quality and/or quantity of EFH. Furthermore, the adverse effects
to EFH may “result from actions occurring within EFH or outside of EFH and may include site
specific or habitat-wide impacts, including individual, cumulative, or synergistic consequences
of actions” (50 CFR 600.810). The “individual, cumulative, and synergistic consequences of an
action” should be considered in the context of other known effects in the project vicinity, which
may include climate change.

FWCA:

The FWCA represents one of the earliest indications of the intent of Congress that fish
and wildlife considerations should be a major component of the analysis of projects affecting
bodies of water and were to receive equal consideration with other traditional project purposes
such as navigation and flood damage reduction (Smalley 2004). The FWCA requires
consultation between federal agencies whenever the waters of any stream or other body of water
are proposed or authorized to be impounded, diverted, channelized, controlled, or modified for
any purpose with a view to the conservation and development of fish and wildlife resources.
Subsection 2(a) of the FWCA states that consultations are accomplished “with a view to the
conservation of wildlife resources by preventing loss of and damage to such resources as well as
providing for the development and improvement thereof”.

The FWCA consultation process may be used to assess impacts to habitats that are not
identified as EFH, including shellfish, certain SAV, and riverine habitats for diadromous fish.
Unlike EFH, the FWCA consultation process also applies to the species themselves. Some of the
species identified in FWCA consultations include alewife (Alosa pseudoharengus), rainbow
smelt (Osmerus mordax), American shad (A. sapidissima), striped bass (Morone saxatilis), and
American lobster (Homarus americanus).

FPA:

Under the FPA, when a new hydropower project is proposed, or when an existing license
expires, the Federal Energy Regulatory Commission (FERC) can issue a new license for a period
of 30 to 50 years. Federal actions occurring over these timeframes can involve substantial
climate risks to both fish and wildlife resources and the hydropower operations (Viers 2011).
Section 10(j) of the FPA requires the FERC, pursuant to the FWCA, to consider NOAA
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Fisheries’ recommendations to protect, mitigate damages to, and enhance fish and wildlife
resources (including related spawning grounds and habitat) affected by the development,
operation, and management of a licensed hydropower project (16 U.S.C. 803(j)(1)). The FERC is
required to include NOAA Fisheries’ recommendations unless it finds that they are inconsistent
with Part | of the FPA or other applicable law, and that alternative conditions will adequately
address fish and wildlife issues.

In addition, under Section 18 of the FPA, NOAA Fisheries may prescribe fish passage
(e.g., fish ladder or a downstream route of passage that avoids the turbines in the powerhouse)
and any other conditions necessary to ensure effective passage (16 U.S.C. 811). A Section 18
prescription applies to upstream or downstream passage and diadromous or riverine fish and
aquatic species. As with Section 10(j) of the FPA, FERC must incorporate a Section 18
prescription that either NOAA Fisheries or the U.S. Fish and Wildlife Service submits unless it
finds that the condition exceeds the permissible scope of the FPA. The FERC can issue
hydropower licenses under one of several license processes, each with its own statutory timeline
and requirements. Regardless of the FPA licensing process used, HCD has several points of
engagement with the license applicant during the 5-year relicensing process. Although the
licensing process under the FPA is distinct from the MSA consultation process, similar rationale
exists for assessing the long-term effects of a hydropower project on NOAA-trust resources in
relation to climate change.

NEPA:

The NEPA process is “forward-looking”, in that it focuses on the potential impacts of the
proposed action on the “reasonably foreseeable affected” environment. Thus, a review of past
actions may be appropriate to the extent that they are relevant and useful in analyzing whether
the reasonably foreseeable effects of the agency proposal for action and its alternatives may have
a continuing, additive, and significant relationship to those effects. Therefore, NEPA requires the
consideration of “cumulative impacts”, which the Council on Environmental Quality defines as
the "impact on the environment that results from the incremental impact of the action when
added to other past, present, and reasonably foreseeable future actions™ (40 CFR 1508.7).
Considerations for the effects of climate change on NOAA trust resources may be appropriate in
the context of cumulative impacts under NEPA.

Section 3. Prior Guidance on Climate Change

This guidance addresses many of the strategies, goals, and recommendations identified in
a number of federal climate change documents and reports (see Appendix B of this document for
a more detailed listing of relevant reports). In addition, NOAA and NOAA Fisheries have
convened workshops and conferences, and issued guidance and strategy documents to address
climate in resource management decisions.

NOAA Fisheries issued a strategy report in 2008 for incorporating climate change into its

stewardship responsibilities for living marine resources and coastal ecosystems (Griffis et al.
2008). Some of the findings from this report that are relevant to this guidance include:
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1. There is an urgent need and high demand from internal and external customers/partners
for NOAA to provide climate information and decision-support tools that can be used to
assess risks and adaptation strategies for living marine resources, coastal resources, and
coastal communities.

2. NOAA is unique in its mandates and abilities to provide observations for climate
predictions and to help address impacts of climate change on living marine resources,
coastal ecosystems, and communities.

3. NOAA should expand development and delivery of state-of-the-art information and
decision support tools on climate change and marine and coastal ecosystems.

4. NOAA should develop consistent procedures for evaluating climate impacts for its
statutory mandates to protect living resources and habitats.

5. The impacts of climate should be viewed in the context of multiple stressors, such as
extreme events, pollution, land and resource use, and invasive species, which can have
synergistic effects.

In 2011, the NOAA Fisheries” Office of Habitat Conservation developed internal
guidance for including climate information in the regional HCD program’s authorities and
mandates under the MSA, anadromous fish habitat under the FPA, and fish habitat under the
FWCA. The guidance indicates the regional HCD programs should consider climate implications
when implementing conservation authorities and mandates, which fulfills NOAA’s commitment
to use the best available scientific information. Furthermore, the guidance clarified that HCD
programs should not disregard relevant climate change data merely because it may contain
uncertainties or is otherwise inconclusive. In the context of using the best available information
to protect NOAA trust resources, HCD should meaningfully discuss and consider the extent and
nature of the uncertainties and limitations of the available information so it is clear how such
information was weighted and evaluated.

NOAA National Habitat Policy (NOAA 2015a) identified the importance of adapting to
long-term climate change. The policy recommends applying natural and nature-based
infrastructure (e.g., living shorelines) and using best available science to improve the resiliency
of ecosystems. Furthermore, landscape-scale approaches should be applied to address a range of
stressors including SLR, land-based sources of pollution, water shortages affecting river flows,
and habitat loss, each of which can be exacerbated by climate change.

The NOAA Fisheries Habitat Enterprise identified habitat management priorities for
fiscal years 2016 to 2020 (NOAA 2016). This plan identified the need for developing best
practices and guidance for incorporating climate and extreme weather adaptation considerations
into habitat conservation actions related to restoration, EFH consultations, Federal Energy
Regulatory Commission licensing/relicensing agreements, and fishery management actions. In
addition, the plan recommends implementing climate adaptation in each region directly or
through conservation recommendations, including natural and nature-based infrastructure
projects, upland buffers, and removing or modifying stream and tidal barriers.
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Section 4. Integrating Climate Information into the HCD Consultation
Processes

The potential adverse effects of climate change on living marine resources can be
assessed as part of the cumulative and synergistic effects of an action, including changes in the
current and future states of the environment. For simplicity, we have focused on the EFH
consultation process in this guidance, although as described previous HCD conducts
consultations on activities under a variety of authorities including the FWCA, FPA, and NEPA.

The MSA requires federal agencies and NOAA Fisheries to take measures that avoid
irreversible or long-term adverse effects on fishery resources and the marine environment (16
U.S.C. 1801). The EFH Final Rule defines an adverse effect to mean any impact that “reduces
the quality and/or quantity of EFH, and may include direct or indirect physical, chemical, or
biological alterations of the waters or substrate.” An adverse effect may include the loss of, or
injury to, benthic organisms, prey species and their habitat, and other ecosystem components, if
such modifications reduce the quality and/or quantity of EFH. Furthermore, the adverse effects
to EFH may “result from actions occurring within EFH or outside of EFH and may include site
specific or habitat-wide impacts, including individual, cumulative, or synergistic consequences
of actions” (50 CFR 600.810). The “individual, cumulative and synergistic consequences of an
action” should be considered in the context of other known effects in the project vicinity, which
may include climate change if the assessment is based on the best available information and can
reasonably project the directionality of climate change and overall extent of effects to the species
and/or the habitats. Climate impacts to fishery habitats are best analyzed as part of the EFH
assessment or NEPA document if it has the potential to cause additive, cumulative, or synergistic
effects to fishery habitats relative to the proposed action.

Climate-related effects to NOAA Fisheries trust resources should be included in the EFH
assessment if the best available information indicates climate change may cause the action to
have an adverse effect, or exacerbate the adverse effect of the action. Additional information
should accompany an assessment, including climate projections and assessments of effects to
habitats and species in the project area from climate change. For example, site-specific effects of
the project may include projections of SLR for the site, including an analysis of the interactions
of SLR and habitats due to a proposed action (e.g., bulkhead, seawall). The assessment may
include alternatives that avoid or minimize adverse effects on EFH (50 CFR 600.920(e)(4)).
Alternatives that could avoid or minimize adverse effects on EFH may include adaptation
measures that modify the design of a project upon construction or at some future period (i.e.,
adaptive management), or it may involve eliminating an alternative if there are significant
adverse impacts and adaptation is not possible.

Climate change is only one of many factors affecting the function and condition of
species and their habitats. While challenges will arise in our ability to identify and isolate
impacts due to climate change from other anthropogenic and natural changes that affect living
marine resources, a robust body of scientific knowledge supports evidence that species and
habitats are currently affected by climate change at multiple scales and through various physical,
chemical, and biological mechanisms, and many of those changes are expected to accelerate in
the future.
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Integrating climate science into the consultation process is consistent with HCD’s
strategic planning, but it is also a matter of recognizing that decision-making under changing
climate conditions means managing scientific uncertainty. A range of uncertainty exists in the
rate and magnitude of climate-related change, including future energy pathways chosen by
society. Furthermore, our understanding of response of various organisms to those changes,
including the degree to which organisms can acclimate to changing conditions and the ability of
species and populations to adapt genetically to climate-related change remains limited. However,
the EFH regulations stipulate that federal agencies and NOAA Fisheries must use the best
scientific information available regarding the effects of the action on EFH, and measures that can
be taken to avoid, minimize, or offset such effects (50 CFR 600.920(d)). Where scientific
uncertainty exists, a well-reasoned explanation that is based on consideration of all relevant
information, including scientifically-defensible climate projections and an assessment of adverse
effects to species and habitats from climate change, does not require that information be free
from uncertainty. Nor does it require a higher degree of specificity, or fineness of scale in
projections, than existing climate studies allow (NMFS 2016a).

To provide a general indication of activities the HCD program reviews under its
consultation responsibilities that may have climate-related effects, a matrix of five general
categories of climate factors (i.e., temperature, salinity, SLR, water quality, and OA) was
developed (Appendix A). This matrix was adapted from the list of development activities
evaluated in Impacts to Marine Fisheries Habitat from Nonfishing Activities in the Northeastern
United States (Johnson et al. 2008). Although the description of climate-related effects for each
activity in the matrix is generalized and abbreviated and may not apply to all projects for which
HCD consults, the intent is to provide context for initial considerations that may be relevant for
climate change impacts. In addition, proposed actions often contain multiple activities that could
each have their own distinct climate-related effects, which may result in additive, synergistic,
and cumulative impacts at different time horizons over the life of the project.

We have developed the criteria for a five-step, sequential assessment process for determining the
potential climate change effect of an action and for developing conservation recommendations.
A decision tree, modified from the NOAA Fisheries West Coast Region white paper for treating
climate change in Endangered Species Act biological opinions (NMFS 2016b), is used to
illustrate the process HCD staff should follow to evaluate potential climate change effects from
an action (Figure 1). The climate effects of an action can be evaluated using the following
iterative steps:

Assessment Criterion 1: Could species or habitats be adversely affected by the proposed
action due to projected changes in the climate?

The first criterion involves assessing exposures and sensitivities of species and habitats to
changes in climate and an action. In most cases, this will require at least a modest level of
climate change analyses to make a determination. Climate vulnerability can be interpreted as a
combination of exposure to climate variables that have potential effects on the species and
habitats (e.g., changes in temperature or pH), the sensitivity of the species and habitats to the
climate variables (e.g., intrinsic resilience to changes in temperature or pH), and the adaptive
capacity to accommodate or cope with the change with minimal disruption (Glick et al. 2011).
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This criterion not only evaluates the climate exposure and sensitivity of species and habitats, but
also the capacity and capability of species and habitats to adapt to the effects of changes in the
climate with respect to the project. At this stage, a qualitative assessment of potential direct and
indirect climate change effects for vulnerable species and habitats, including potential
amplification of effects from the project due to changes in the climate, is necessary. Site specific,
guantitative analyses (e.g., downscaled climate modeling of future temperature or sea levels for
the project area) is not appropriate for this level of assessment. The use of existing global climate
change assessments and, if available state or regional climate change assessments, will suffice
for this analysis.

If the assessment of potential climate exposures and sensitivities of species or habitats to
changes in the climate and by an action indicate an adverse effect is unlikely, a more detailed,
quantitative climate assessment is not needed. However, if a qualitative assessment indicates
species or habitats could be adversely affected by the action due to climate change, or is
uncertain without further analysis, then Assessment Criterion 2 should be considered.

Examples of Criterion 1
Climate change can affect habitats and aquatic organisms in a variety of ways. For example,
the rate of SLR can exceed the capacity of salt marsh wetlands to accrete and maintain optimal
elevation (Cahoon and Guntenspergen 2010; Crosby et al. 2016; Donnelly and Bertness 2001;
Kennedy et al. 2002; Kirwan et al. 2010; Nicholls et al. 1999). Increased flooding of the salt
marsh due to SLR and subsidence has been shown to stress marsh vegetation (Donnelly and
Bertness 2001; Kearney et al. 2002; Kirwan and Guntenspergen 2012). If a salt marsh builds
vertically at a rate slower than the sea rises, it cannot maintain its elevation relative to sea level,
will become submerged for progressively longer periods during tide cycles, and may die due to
waterlogging. Some salt marsh wetlands have demonstrated a response to moderate rates of
SLR that suggests increased rates of vertical accretion and inland migration is possible (Kirwan
et al. 2010; Kirwan et al. 2009; Kirwan et al. 2016; Kolker et al. 2010; Morris et al. 2002).
However, coastal flooding structures (e.g., seawalls) interfere with inland migration of salt
marsh wetlands (Kennedy et al. 2002; Nicholls et al. 1999; Scavia et al. 2002) and can interfere
with the ability of the habitat to adapt and persist over time.

Another example is a new or proposed replacement bridge over a tidal stream, which can be
inundated with seawater if the design of the bridge does not account for SLR. A bridge that is
inundated during storm or high tides events can impede the flow of water in a tidal stream and
erode and impact adjacent stream banks and salt marsh wetlands.

Some species and habitats may have a greater degree of exposure and sensitivity to changes in
climate than others. Those populations and habitats occurring near the northern extent of their
range may benefit from warming ocean temperatures by expanding their range and/or
increasing abundance, while those occuring near the southern extent of their range may be
highly vulnerable to the warming. Published climate projections for SLR and temperature can
help determine the future state of the environment, and species or habitat climate risk
assessments (Hare et al. 2016b) can be used when available to identify vulnerable habitats that
may be affected by an action.
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Assessment Criterion 2: Is the expected lifespan of the action greater than 10 years?

The second criterion is the lifespan of the expected effects that a proposed action may
have on species and habitats in the project area. The expected lifespan of an action is important
in the context of climate change because the effects of an action must be relevant within a period
of time that future climate change signals can be identified.

In order to assess the potential for future direct or indirect climate change effects to
habitats, one needs to compare the “climate normal” for the geographic area of a proposed action
with the projected climate during the expected life of the action. NOAA and the World
Meteorological Organization define “climate normals” as the previous 30 years of observations,
including temperature and precipitation (NOAA 2010). All climate projection models contain
inherent uncertainties because of factors affecting future climate forcing (e.g., greenhouse gas
emissions, solar input, volcanic eruptions), climate model error, and natural variability (Snover et
al. 2013). Climate models tend to be dominated by uncertainties in natural climate variability
early in the projection period, while the other sources of uncertainty (e.g., emissions pathways)
become more important later in the projection period (NMFS 2016b).

Actions that are proposed to occur over a period of less than a decade will be affected by
both long-term climate change and annual- to decadal-scale climate variability, such as the North
Atlantic Oscillation (NAO) and the Arctic Oscillation (AO). Distinguishing long-term climate
change from climate variability will generally be difficult for actions having short life spans
(e.g., small, timber-pile docks or boat moorings). For general purposes, we recommend using a
10-year lifespan of an action to assess the effects of future climate change. However,
considerations for identifying potential climate change effects for shorter-term actions may be
appropriate on a case-by-case basis.

If the duration of potential effects of a proposed action is less than 10 years, Assessment
Criteria 3 should be used to determine the vulnerability of species and habitats due to historic or
current climate change trends, and if the proposed action would exacerbate those effects.

If the lifespan of potential effects of a proposed action is greater than 10 years and there
is evidence that species or habitats may be vulnerable to climate change impacts due to the
action, a more detailed and quantitative climate change assessment is likely necessary and
Criterion 4 should be used to determine if the effects of the action will be amplified due to
climate change.
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Example of Criterion 2

Some projects or activity types may have long-term climate impacts that are not apparent
immediately or in the short-term. For example, bulkheads constructed landward of the mean
high water line may not have an immediate adverse effect on salt marsh vegetation in the
adjacent intertidal zone. However, given the range of global SLR projections over the expected
life of the project (e.g., 20-30 years), without a pathway for salt marsh migration the marsh
vegetation could become inundated with progressively higher tides and the salt marsh would be
lost over time.

Another example is a cooling-water system for a new proposed or relicensed power plant that
would increase the water temperature surrounding the outfall structure. Under existing
conditions, the elevated water temperature from the cooling-water system may not exceed the
upper temperature threshold for species and habitats in the area. However, using the range of
modeled projected water temperature within the life of the power plant (and its operating
license), the upper temperature threshold of species and habitats may be exceeded and cause an
adverse effect to the species and habitats in the project area.

In most cases, determining the expected lifespan of a structure, such as a bulkhead or a structure
built within the floodplain, can be based on historical experience. However, the duration of a
permit or license granted for a proposed project may be considered, as well. For example, a
bulkhead or structure may have an expected life of 20 years, but because the permit or license
granted for the construction of the structure often allows for repair and replacement of the
structure, the potential lifespan of a structure may last many decades longer than the initial
action. In most cases, a hardened structure proposed within the coastal floodplain may have a
lifespan of multiple decades, and the time horizon relevant for climate change projections.

For large-scale projects with extended lifespans, such as power plants or hydropower dams, the
operating license granted by the regulatory agency can be valid for 30 years or more.
Furthermore, federal regulations permit license holders to initiate the relicensing process several
decades prior to the expiration of an existing license. For these time scales, past and current
climate variability is unlikely to adequately describe the environmental baseline conditions of
an action. Assessing the effects of an action with lifespans of multiple decades will require the
use of more detailed climate change analyses, including model projections for temperature, sea
level rise, and other climate variables that may be appropriate. Climate change analyses for these
time scales may require modeling of both project operations and climate change (e.g.,
precipitation-runoff hydrologic modeling for hydropower dams).

Assessment Criterion 3: Is climate change currently affecting vulnerable species or habitats,
and would the effects of a proposed action be amplified by climate change?

Although future changes in the climate is an important consideration in assessing climate
change effects on living marine resources, short-term actions (i.e., < 10 years) may also result in
adverse effects to species or habitats if historic changes in the climate (i.e., those observed during
the past 50 years) are not considered in the context of the proposed action. Recent extreme
events, such as flooding, precipitation, tropical and temperate storms, anomalous tidal events
(e.g., “king tides”) and anomalous warming events (e.g., Gulf of Maine 2012 temperature
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record), should be included in the range of climate conditions expected in the near future. For
example, the mean rate of global sea level rise since 1990 has been shown to be more than twice
the rate observed during the first half of the 20" century (Church et al. 2013; Hay et al. 2015). In
the northeast U.S. precipitation falling in very heavy events has increased by over 70 percent
from 1958 to 2012 (Karl et al. 2009) coinciding with increased river and coastal flooding
(Collins et al. 2014; Walsh et al. 2014).

Historical climate information is useful in assessing climate-related effects for short-term
proposed actions, where climate model projections may not be appropriate. To the extent
possible, the assessment should consider recent historical climate information for the action area.
For example, recent tide data for the site, if available, should be reviewed in context with the
proposed project to assess the effect structures may have on adjacent habitats. Data on extreme
astronomical tides (e.g., “king tides”) and nuisance or “sunny day” flooding may be of particular
interest. Proposed actions that have failed to account for recent climate information may fail to
function as designed and cause adverse effects to species and habitats.

If an assessment of the historical climate information indicates the proposed action would
not adversely affect species or habitats, further analysis is not necessary. However, if the
assessment concludes that species or habitats may be adversely affected by the action, then a
more site specific climate assessment may be needed and modeled quantitative projections may
be necessary. If so, Assessment Criterion 4 should be used to determine if the effects of the
action will be amplified due to climate change.

Assessment Criteria 4: Do the results of the assessment indicate the effects of the action on
habitats and species will be amplified by climate change?

For the purposes of quantitative climate change assessment of future impacts to habitats
for HCD consultations, it is recommended that at least two possible future climate scenarios be
used, including the IPCC *“business as usual” scenario Representative Concentration Pathway
RCP8.5 (see Climate Models and Uncertainty in Part 2 for more detail).

The use of RCP8.5 is consistent with other NOAA Fisheries climate guidance
recommendations, including the NOAA Fisheries Endangered Species Act national guidance for
climate change (NMFS 2016a) and the NOAA Fisheries Endangered Species Act Listing
determination for corals (NOAA 2014). A second, lower emissions scenario used for the
projections may be either the RCP4.5 or RCP6.0.

All climate projection models contain inherent uncertainties because of factors affecting
future climate forcing (e.g., greenhouse gas emissions, solar input, volcanic eruptions, cloud
dynamics), climate model error, and natural variability (Snover et al. 2013). Climate models tend
to be dominated by uncertainties in natural climate variability early in the projection period,
while the other sources of uncertainty (e.g., emissions pathways, cloud dynamics) become more
important later in the projection period (NMFS 2016b).

If results of a more detailed climate assessment for either short- or long-term actions
indicate the adverse effects of an action on habitats will be amplified by climate change, HCD
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should evaluate potential adaptive management strategies that may avoid or minimize adverse
effects using Assessment Criterion 5. If the analyses suggest the adverse effects of a proposed
action would unlikely be greater as a result of projected climate change (for long-term actions) or
historic climate change (for short-term actions), no further climate change analysis is necessary
and conservation recommendations for climate-related effects are not needed.

Assessment Criterion 5: Can adaptive management strategies (AMS) be integrated into the
action to avoid or minimize adverse effects of the proposed action as a result of climate
change?

This criterion evaluates whether or not an action can be modified during the life of the
project or constructed in a manner that provides resiliency to the effects of climate change. AMS
are alternatives to avoid or minimize the potential additive/cumulative effects of climate change
and the action. The potential for integrating AMS is an important exercise that allows HCD to
explore project designs or operational measures that we can recommend to federal action
agencies to avoid or minimize adverse effects from a project caused by climate change. This may
include adaptation measures in the design of a project that increase the resiliency of the project to
projected changes in the climate. In addition, adaptive management may be recommended for a
license or permit that allows for specific changes in the operations or the structure at some point
in the future if a predetermined threshold is exceeded. In situations where substantial uncertainty
exists regarding the adverse effects of climate change on living marine resources and/or
exacerbation of effects caused by climate change, an adaptive management approach may be
appropriate. These recommendations can be provided as conservation recommendations in an
EFH consultation or as part of a more general review of a NEPA document.

Examples of Adaptive Management Recommendations

e Recommending hydropower licenses include fish passage requirements that condition base
flow rates and generation to future changes in water levels due to temperature or precipitation
patterns.

e Recommending nature-based shoreline protection designs (e.g., living shorelines) that may
reduce adverse effects to habitats compared to hardened shorelines such as vertical seawalls.
These designs may allow vegetated habitats to migrate inland with SLR (See Appendix D on
living shorelines).

e Recommending the design of bridge structures account for projected SLR and flood water
heights that provide appropriate flow rates for fish and minimize erosion of river and stream
banks and bottom.

e Recommending the design of culverts account for projected changes in water volume due to
higher rainfall events and SLR.

e Recommending the permit conditions for tide gates anticipate SLR, including gate closure
criteria that ensure appropriate tidal flow regime to salt marsh wetlands, tidal creeks, and
mudflats.

It is important to acknowledge that it may not be possible for AMS to avoid climate
impacts to habitats permanently but may simply delay the impact to a future time. For example,
designing larger culverts to accommodate a higher volume of water or raising bridge elevations
to account for future SLR may provide temporary avoidance of the impacts until the elevation or
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hydraulic capacity of the structures is exceeded, rather than permanently avoiding the climate
change impact. The need for identifying alternative analyses is relevant in the context of the
scientific uncertainty pertaining to climate change scenarios and projections, the significance of
the adverse effects of climate change and the action on habitats, and the efficacy of adaptive
management strategies in avoiding or minimizing the adverse effects.

Lastly, HCD may have to recommend a “no-build” alternative in situations where AMS
is not possible or feasible and the project cannot be modified to minimize significant adverse
impacts to habitat and species. While a “no-build” recommendation may be applicable on a case-
by-case basis, HCD should do so only after working with an action agency to investigate and
evaluate alternatives. We may find that after climate change analysis is conducted the projected
impacts to a structure or project will help persuade the agency to seek alternative solutions.
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Figure 1. Decision tree for evaluating the potential climate change effects of a proposed action.
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Part 2. Climate Science Information and Tools

Section I. The Physical Science of Climate Change

Introduction

Much of the information contained within this report on the state of the physical science
of climate change, particularly the global effects chapter of this report, came from various
chapters the Fourth and Fifth Assessment reports (AR4 and ARS5) by the Intergovernmental
Panel on Climate Change (IPCC). The IPCC was established by the United Nations Environment
Programme and the World Meteorological Organization in 1988 and is the leading international
body for the assessment of climate change. The purpose of the IPCC is to provide the world with
a clear scientific view on the current state of knowledge in climate change and its potential
environmental and socio-economic impacts.

The Third and Fourth National Climate Assessment (NCA) reports, including the
technical reports associated with the NCA reports, were used to describe climate-related effects
in the Northeast region. The National Climate Assessment is produced by the U.S. Global
Change Research Program and is the most comprehensive review of climate and climate change
affecting the United States. In addition to regional chapters, the NCA reports include chapters for
coastal and oceans, ecosystems, and ancillary reports with additional details for some regions
and subject areas.

The IPCC ARS has established the highest degree of certainty on the state of the science
on climate change by stating, “Warming of the climate system is unequivocal, and since the
1950s, many of the observed changes are unprecedented over decades to millennia. The
atmosphere and ocean have warmed, the amounts of snow and ice have diminished, and sea level
has risen” (IPCC 2013). Multiple lines of independent evidence have confirmed that human
activities are the primary driver of climate change over the past 50 years.

Since the pre-industrial era, anthropogenic greenhouse gas (GHG) emissions have
resulted in growing concentrations of these gases, primarily CO2, CH4 and N2O, in the
atmosphere (Figure 2). The evidence of increased concentration of GHGs and its effects on the
climate system has been observed globally at all levels of the atmosphere to the depths of the
oceans, in the cryosphere, the water cycle, in sea levels, and in ocean chemistry (IPCC 2013).
Empirical evidence of climate change is also visible in the observed and measured changes in the
geographic ranges, seasonal activities, migration patterns, abundances, and species interactions
in terrestrial, freshwater, and marine species (IPCC 2014a).
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Figure 2. Atmospheric CO,, CH4, and N2O concentrations from year 0 to the year 1750 (left)
and over the industrial era (right), determined from air enclosed in ice cores and firn air (color
symbols) and from direct atmospheric measurements (blue lines, measurements from the Cape
Grim observatory) (Ciais et al. 2013).
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Chapter 1. Global Climate Change

A. Climate Predictions and Projections

To understand the effects of increased concentrations of GHGs on the climate system, as
well as the concurrent effects on ecosystems and society, climate scientists use climate
projections based on various likely emission pathways that may be taken. These projections
provide a range of possible future climate trajectories. Confusion sometimes exists over the
correct meaning, interpretation, and application of the terms “projections” and “predictions or
forecasts”.
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A prediction is a statement that something will happen in the future based on what is
known today, and generally assumes that future changes in related conditions will not have a
significant influence. In this sense, a prediction is most influenced by "initial conditions". For
example, a one-day lead-time weather forecast is a prediction for tomorrow’s weather based on
the state of the atmosphere today and not on unpredictable changes in "boundary conditions™,
such as how ocean temperatures or even society may change between today and tomorrow
(MacCracken 2001).

Because the rate of GHG emissions are mainly driven by population size, economic
activity, lifestyle, energy use, land-use patterns, technology and climate policy, the rate of
emissions in the future depends upon socioeconomic and technological developments that may
or may not be realized (IPCC 2014a). Consequently, predictions of the rate of GHG emissions in
the future are subject to a high degree of uncertainty, hence the necessity of producing a number
of projections using a variety of emissions pathway scenarios (e.g., business as usual, 20 percent
reduction, etc.).

In contrast to a prediction, a projection specifically allows for changes in the set of
"boundary conditions" that might influence the future state of the climate system, creating "if
this, then that™ types of statements. Thus, a projection is a probabilistic statement that it is
possible that something will happen in the future if certain conditions develop. The set of
boundary conditions that is used in conjunction with making a projection is often called a
scenario, and each scenario is based on assumptions about how the future will develop
(MacCracken 2001). While scenarios do not predict future changes, they do provide potential
conditions that support decision-making under conditions of uncertainty. Such an approach
strengthens our ability to recognize, adapt to, and take advantage of changes (Parris et al. 2012).

B. Climate Models and Uncertainty

Climate models are critical tools for studying the human impact on the climate as well as
the effects of a changing climate on society and the environment. These models can run
simulations on the physical, chemical, and biological processes in the atmosphere, ocean,
cryosphere, and land surface for future simulations out to 2100 and beyond, as well as
simulations of past climate conditions, or “hindcasts”. Climate models are the most advanced
tools currently available for simulating the response of the global climate system to increasing
GHG concentrations.

State of the art global climate models (GCMs) consist of complex mathematical
representations of the major climate system components and their interactions. GCMs depict the
climate using a three-dimensional grid over the globe, typically having a horizontal resolution of
between 100 and 600 km, 10 to 20 vertical layers in the atmosphere, and sometimes as many as
30 layers in the oceans (IPCC 2014c). Most GCMs simulate the climate based upon four main
components: 1) the atmospheric component simulates clouds and aerosols and plays a large role
in transport of heat and water around the globe; 2) the land surface component simulates surface
characteristics such as vegetation, snow cover, soil water, rivers, and carbon storage; 3) the
ocean component is the dominant reservoir of heat and carbon in the climate system and
simulates observed movement and mixing, and biogeochemistry and; 4) the sea ice component
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modulates solar radiation absorption and air-sea heat and water exchanges (GFDL 2014).
Simulating the general behavior of the climate system over long periods requires models to
represent the important properties of the atmosphere, cryosphere, land surface, and the oceans in
four dimensions. At the interfaces, the modeled atmosphere is coupled to the land, ice and oceans
through exchanges of heat, moisture, and momentum.

The resolutions of GCMs are very coarse (often 1-2°) relative to the scale of exposure
needed for most regional impact assessments. Downscaling is used to resolve the mismatch in
scale between the coarse spatial resolution of GCM output and the need for weather and climate
information at a higher resolution. Two techniques for downscaling GCMs are statistical
downscaling and dynamical downscaling. Dynamical downscaling refers to the use of high-
resolution regional simulations to dynamically extrapolate the effects of large-scale climate
processes to regional or local scales of interest. Regional climate models receive initial and
boundary conditions from the coupled GCM and use more detailed physical parameterizations
and regional topography to project the GCM information onto a higher resolution grid (e.g., 1,
10, 25 km) and/or time interval.

Unlike dynamical downscaling, which relies on physically-based numerical equations
that govern atmospheric behavior, statistical downscaling is an approach that involves
establishing statistical relationships between large-scale climate conditions and those at a local
scale (e.g., regression, weather classification), then applying those relationships to coupled GCM
output to produce predicted conditions at a finer spatial or temporal resolution (Hoar and Nychka
2008). Dynamical and statistical downscaling techniques each have strengths and weaknesses
and are normally selected based on available information and the specific application need.

Many physical processes (e.g., clouds and air turbulence) occur at smaller scales and
cannot be properly modeled by GCMs. Therefore, their known properties must be averaged over
the larger scale in a technique known as parameterization. This is one source of uncertainty in
GCM-based simulations of future climate. Other uncertainties relate to the simulation of various
climate feedback mechanisms, such as water vapor and warming, clouds and radiation, ocean
circulation, and ice and snow albedo.

Other uncertainties in climate modeling include gaps in knowledge of the climate system
and processes. Climate projection uncertainty can be broken down into three major contributors:
1) imperfect knowledge of the drivers of change (i.e., the sources and sinks of anthropogenic
GHGs and aerosols); 2) the response of the climate system to those drivers (e.g., ice sheet
contribution to SLR) and; 3) how unforced variability [e.g., NAO, El Nifio Southern Oscillation
(ENSO)] may mask the forced response to drivers (Mote et al. 2011).

Climate change projections are made using a hierarchy of climate models ranging from
simple climate models, to models of intermediate complexity, to comprehensive climate models,
and Earth System Models (IPCC 2013). These models simulate changes to the climate based on a
set of scenarios for anthropogenic forcings (e.g., changes in the atmospheric concentration of
greenhouse gases). Natural forcings (e.g., volcanic eruptions, changes in the energy output of the
sun) are employed in the GCM calculations and output, but they are kept constant in the set of
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future climate scenarios for the 21% century. For example, the 1985-2005 solar cycle is repeated
for solar forcing in each of the climate scenarios (Collins et al. 2013).

Since the IPCC’s first report in 1990, GCM calculations have used various GHG
emission scenarios or futures. These provide a quantitative basis for estimating likelihoods for
many aspects of future climate change, and climate model simulations cover a range of possible
futures that present alternative development pathways covering a wide range of demographic,
economic, and technological driving forces and resulting GHG emissions.

The global climate model simulations used in the IPCC’s 2007 Assessment Report 4
(AR4) projections were based on the scenarios described in the Special Report on Emissions
Scenarios (SRES) (IPCC 2000) and carried out using the simulations of the third phase of the
Coupled Model Intercomparison Project (CMIP). The SRES scenarios are grouped into four
scenario families (A1, A2, B1, and B2) that represent different demographic, economic, and
technology forces and GHG emissions for the 21% century. The A1 family assumes a world of
very rapid economic growth, a global population that peaks in mid-century, and rapid
introduction of new and more efficient technologies. Al is subdivided into three groups that
describe alternative directions of technological change: fossil intensive, high-emissions rate
(A1FI); non-fossil energy resources, lower-emissions rate (A1T); and a balanced emissions rate
across all sources (A1B). The A2 scenario family describes a very heterogeneous world with
high population growth, slow economic development, and slow technological change. The A2
scenario may also be referred to as the “business as usual” or “high-emissions” scenario. The B1
storyline describes a convergent world, with the same global population as A1, but with more
rapid changes in economic structures toward a service and information economy. The B1
storyline may be referred to as the “low emissions” scenario. The B2 storyline describes a world
with intermediate population and economic growth and may be referred to as an “intermediate”
emissions scenario.

For the IPCC AR5, Representative Concentration Pathways (RCPs) are used for the new
global climate model simulations carried out under the framework of the CMIP Phase 5 (CMIP5)
of the World Climate Research Programme. The RCPs were modeled as four possible 21°
century pathways for GHG emissions and atmospheric concentrations. The RCPs include a
stringent mitigation scenario (RCP2.6), two intermediate scenarios (RCP4.5 and RCP6.0), and
one scenario with high GHG emissions (RCP8.5) (sometimes referred to as the “business as
usual” scenario). The RCP2.6 requires net-negative global emissions in the last quarter of the 21
century, through a combination of intensive GHG mitigation and at least modest active CO>
removal, while RCP4.5 involves moderate GHG mitigation policies. The RCP6.0 and RCP8.5
scenarios are pathways without additional efforts to constrain “baseline emissions” (IPCC
20144a).

In most cases for the purposes of assessing future impacts to species and habitats for
HCD consultations, the default GHG emissions scenario should be RCP8.5. This is consistent
with other NOAA Fisheries climate guidance recommendations, including the NOAA Fisheries
Endangered Species Act national guidance for climate change (NMFS 2016a) and the NOAA
Fisheries Endangered Species Act Listing determination for corals (NOAA 2014). As with any
resource management decision, uncertainties exist in the projections of future climate conditions.
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However, in cases of uncertainty, it is appropriate to assume conditions similar to the status quo
until new information suggests a change is appropriate. Recent trends in GHG emissions are
within the high end of emissions scenarios in AR5 (about 407 ppm reported in August 2018,
https://www.esrl.noaa.gov/gmd/ccgg/trends/index.html). At least two possible future scenarios
are recommended to determine the “reasonably foreseeable affected” environment. The second
emissions scenario used for the projections may be either the RCP4.5 or RCP6.0. The RCP2.6
involves net-negative emissions for the end of the 21% century and, based on the current rate of
GHG emissions, is an increasingly unlikely scenario based on current global energy use and
sources.

While CMIP Phase 3 (CMIP3) and CMIPS5 are both climate model ensembles, and a
number of the models used in CMIP3 form the basis of CMIP5 models, the climate projections
produced by the two ensemble projects are not directly comparable owing to differences in the
various scenario assumptions. From an operational standpoint, the primary differences between
CMIP3 and CMIP5 are the increased number of numerical models used by CMIP5 and the
advanced state of those models compared to their CMIP3 predecessors. While AR5 relies heavily
on CMIP5 RCPs, it also integrates results of the CMIP3 modeling. The IPCC has noted that there
exists overall consistency between both CMIP3 and CMIP5 projections, with variations in
temperature and precipitation patterns attributed largely to changes in the scenario assumptions
(IPCC 2013).

C. Observed and Projected Atmospheric Greenhouse Gases Concentrations

CO: emissions from fossil fuel combustion and industrial processes contributed about 76
percent of the total GHG emission increase between 1970 and 2010 and it is the main
anthropogenic GHG contributor. Of the remaining GHGs, 16 percent comes from methane
(CHa), 6.2 percent from nitrous oxide (N20), and 2.0 percent from fluorinated gases (IPCC
2014a).

The current concentration of anthropogenic GHGs in the atmosphere is unprecedented in
at least the last 800,000 years based on ice core data (IPCC 2013; 2014a). The rising
concentration of greenhouse gases in the atmosphere, together with other anthropogenic drivers
(e.g., deforestation), has been detected throughout the climate system and is extremely likely to
have been the dominant cause of the observed warming since the mid-20" century (IPCC 2014a).
The atmospheric concentration of CO- has increased globally from a mean of 278 ppm in 1750
to about 407 ppm in August 2018 (https://www.esrl.noaa.gov/gmd/ccgg/trends/index.html).
About one-half of all anthropogenic GHG emissions between 1750 and 2011 occurred in the last
40 years of that period (IPCC 2014a), while the rate of increase in atmospheric CO-
concentration has tripled between 1959 and 2016, from 0.96 ppm per year to 2.89 ppm per year,
respectively.

Between 1750 and 2011, the cumulative anthropogenic CO2 emissions to the atmosphere
were about 2,040 gigatons of CO». About 40 percent of these emissions have remained in the
atmosphere and the ocean has absorbed about 30 percent of the emitted anthropogenic CO; the
remainder (~30 percent) was removed from the atmosphere and stored on land (in plants and
soils) (IPCC 2014a).
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Future emissions pathways for atmospheric CO2 mean concentrations simulated by the
CMIP5 Earth Systems Models for 2100 are 421 ppm for the stringent mitigation scenario
(RPC2.6); 538 and 670 ppm for the two intermediate scenarios (RCP4.5 and RCP6.0); and 936
ppm for the very high emissions scenario (RCP8.5) (Meinshausen et al. 2011).

Cumulative CO2 mean emission scenarios simulated by the CMIP5 Earth Systems
Models for the 2012 to 2100 period are 990 gigatons of CO, for RCP2.6; 2,860 gigatons of CO>
and 3,885 gigatons of CO, for RCP4.5 and RCP6.0, respectively; and 6,180 gigatons of CO- for
RCP8.5 (IPCC 2013).

D. Observed and Projected Radiative Forcing

Natural and anthropogenic substances and processes that alter the Earth’s energy budget
are drivers of climate change. Measures of the energy budget can be expressed as radiative
forcing (RF) which quantifies the change in energy fluxes caused by changes in the drivers. A
positive RF leads to surface warming, whereas a negative RF leads to surface cooling. Emissions
of CO; alone have caused an RF of 1.68 watts (W) per m? in 2011 relative to pre-industrial
conditions in 1750, whereas the RF from CH4 emissions was 0.97 W per m? (IPCC 2013).

Solar irradiance and volcanic aerosols are natural sources of changes to RF but have
made small contributions to the net RF throughout the last century. The RF from stratospheric
volcanic aerosols can have a large cooling effect some years after major eruptions. However,
global annually averaged emissions of CO> from volcanic eruptions since 1750 have been at least
100 times smaller than anthropogenic emissions, and sulphate aerosols from eruptions have
lifetimes from several months to about one year and are inconsequential for climate on millennial
and shorter time scales (Myhre et al. 2013). The RF for stratospheric volcanic aerosols from
2008 to 2011 was -0.11 W per m? (IPCC 2013). The RF due to changes in solar irradiance was
0.05 W per m?, which is estimated to have contributed only around 2 percent of the total RF in
2011, relative to 1750 (IPCC 2014a).

Another measure of the energy absorbed by individual gases is Global Warming Potential
(GWP), which is a measure of the total energy that a gas absorbs over a particular period of time
(usually 100 years), compared to CO- (Forster et al. 2007). The larger the GWP, the more
warming the gas causes. For example, the 100-year GWP for CH4 is 21, which means that the
gas will cause 21 times as much warming as an equivalent mass of CO. However, CO; persists
in the atmosphere for thousands of years, whereas a molecule of CH4 has an average residence
time in the atmosphere of around a decade (NRC 2010).

Application of the four IPCC future emissions pathways for projected total RFs in year
2100 (relative to 1750) are 2.6 W per m? for the stringent mitigation scenario (RCP2.6); 4.5 W
per m? and 6.0 W per m? for the two intermediate scenarios (RCP4.5 and RCP6.0), respectively;
and 8.5 W per m? for the very high emissions scenario (RCP8.5) (IPCC 2013).
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E. Observed and Projected Atmospheric Temperature

The globally averaged land surface temperature data show a warming of 0.10 °C per
decade from 1880 to 2017 (Figure 3), and at an average rate of 0.29 °C per decade since 1970
(NOAA 2018a). Globally, the warmest year on record was 2016, and nine of the top ten warmest
years in the 137-year period of record have occurred in the 21% century (NOAA 2018b). The
average global surface temperature has been higher every year between 1977 and 2016 compared
to the long-term average since 1880 (NOAA 2018b). In the Northern Hemisphere, 1983-2012
was likely the warmest 30-year period of the last 1,400 years (IPCC 2013).

Figure 3. Global mean land-surface temperature anomalies, 1880-2017 (NOAA National Centers
for Environmental Information; http://www.ncdc.noaa.gov/cag/time-series).
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Despite a robust multi-decadal warming trend over the past century, global mean surface
temperature has exhibited substantial decadal and interannual variability. Natural climate
variability influences short-term temperature trends that do not in general reflect long-term
climate trends. For example, according to the IPCC the rate of global warming in the period
between 1998 and 2012 (which began with a strong El Nifio) was 0.05 °C per decade and is
smaller than the rate of 0.12 °C per decade calculated between 1951 and 2012 (IPCC 2013). The
reduced rate of rising global mean surface temperature between 1998 and 2012, despite a
sustained rate of anthropogenic greenhouse gases, is paradoxical and the center of much debate.
Various explanations for a “hiatus” in the rate of global surface warming during this period have
been proposed, including an increase in ocean heat uptake below the superficial ocean layer
(Balmaseda et al. 2013; Guemas et al. 2013; Yan et al. 2016), prolonged solar minimum, changes
in stratospheric water vapor and stratospheric and tropospheric aerosols, incomplete global data
coverage resulting in bias of global temperature reconstructions in unsampled regions (e.g.,
Arctic) (Cowtan and Way 2014; Karl et al. 2015), and biases in sea surface temperature data
(Karl et al. 2015). However, an assessment of newly corrected and updated global surface
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temperature data by Karl et al. (2015) refutes the occurrence of a warming “hiatus” between
1998 and 2012. Their analysis shows the temperature trends from 1950-1999 were virtually
indistinguishable from 2000-2014, at 0.113 °C per decade and 0.116 °C per decade,
respectively. Even starting the trend calculation with 1998, the extremely warm EI Nifio year, the
newly corrected data show warming of 0.106 °C per decade from 1998-2014. Other publications
have similarly concluded that there have been no statistically significant differences in trends, no
stalling of the global mean temperature, and no change in year-to-year temperature increases
(Lewandowsky et al. 2016; Rajaratnam et al. 2015).

Mid-21% century (2046-2065) global projections for mean surface temperature relative to
1986-2005 suggest a 1.0 °C increase for the stringent mitigation scenario (RCP2.6); 1.4 °C and
1.3 °C increases for the two intermediate scenarios (RCP4.5 and RCP6.0), respectively; and a 2.0
°C increase for the very high emissions scenario (RCP8.5). The projected global mean surface
temperature by the end of the 21% century (2081-2100) relative to 1986-2005 is likely to increase
by 1.0 °C under RCP2.6; 1.8 °C under RCP4.5; 2.2 °C under RCP6.0; and 3.7 °C under RCP8.5
(IPCC 2013) (Figure 4).

Figure 4. CMIP5 multi-model simulated time series from 1950 to 2100 for change in global annual
mean surface temperature relative to 1986-2005. Time series of projections and a measure of
uncertainty (shading) are for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the
modelled historical evolution using historical reconstructed forcings. The mean and associated
uncertainties averaged over 2081-2100 for all RCP scenarios as colored vertical bars. The numbers
of CMIP5 models used to calculate the multi-model mean is indicated (modified from IPCC 2013).
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F. Observed and Projected Ocean Temperature

Warming of the ocean accounts for about 93 percent of the energy accumulated between
1971 and 2010, with only about 1 percent stored in the atmosphere (Figure 5). On a global scale,
the greatest warming occurred near the surface— the temperature of the upper 75 m increased by
0.11 °C per decade over the period 1971 to 2010 (IPCC 2014a). Global sea surface temperature
(SST) composite reconstructions from NOAA'’s Extended Reconstructed Sea Surface
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Temperature version 4 indicate a warming rate of 0.12 °C per decade from 1998 to 2016
(Hausfather et al. 2017). Ocean temperature trends from 0 to 700 m depth between 1971 and
2010 are positive in each major basin and nearly all latitudes (Levitus et al. 2012), with more
prominent warming in the Northern Hemisphere, especially the North Atlantic (Rhein et al.
2013). The warming of the upper (0 to 700 m) ocean accounts for about 64 percent of the total,
but the oceans below 700 m were much more strongly involved in the heat uptake after 1998 and
subsequently accounted for about 30 percent of the ocean warming (Balmaseda et al. 2013;
Rhein et al. 2013). Similar trends were reported by Gleckler (2016) using a model-based analysis
of global ocean heat content (OHC), who reported nearly half of the increase in OHC occurred
since 1997 and 35 percent of this increased from depths below 700 m.

Figure 5. Energy accumulation within the Earth’s climate system.
Estimates are in 10% J and are relative to 1971 and from 1971 to 2010,
unless otherwise indicated. Components included are upper ocean (above
700 m), deep ocean (below 700 m; including below 2000 m estimates
starting from 1992), ice melt (for glaciers and ice caps, Greenland and
Antarctic ice sheet estimates starting from 1992, and Arctic sea ice
estimate from 1979 to 2008), continental (land) warming, and
atmospheric warming (estimate starting from 1979). Uncertainty is
estimated as error from all five components at 90 percent confidence
intervals (IPCC 2014b).
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Ocean warming trends, ranging from 0.08 °C to 1.35 °C, were observed for the period
1980-2006 in 61 of the 63 large marine ecosystems (LME) evaluated by Sherman et al. (2009).
For those LME where warming exceeded 0.6 °C, almost all were exclusively the middle and
high latitudes (Belkin 2009; Sherman et al. 2009).

Global OHC estimates from 0 to 700 m depth appeared to increase more slowly from
2003 to 2010 than over the previous decade (Rhein et al. 2013). This apparent change in the
upper ocean warming rate was concurrent with a slowing of global land temperature. Global
OHC from 0 to 2000 m showed less slowing after 2003 than did 0 to 700 m (Levitus et al. 2012).
Using reconstructed temperature data, Cheng et al. (2017) reported a nine-fold increase in OHC
for 700 to 2000 m for 1992-2015, compared to 1960-1991. Various explanations for this
differential in OHC include changes in the state of the ENSO and/or Pacific Decadal Oscillation
(PDO), volcanic eruptions, and a weakening of the meridional overturning circulation
(Balmaseda et al. 2013). In addition, this change coincided with the transition to a new ocean
observing system which could have introduced spurious signals (Rhein et al. 2013). However,
based on reconstructed temperature data, Cheng et al. (2017) found no slowdown in global OHC
since 1998 compared with the previous decade. Their analysis showed a four-fold increase in
OHC for 0-to 700 m depth for 1992-2015, compared to 1960-1991.

The largest warming projected during the 21% century is in the top few hundred meters of
the subtropical gyres, similar to the observed warming pattern during the 20"" century and early
21% century (Collins et al. 2013; Levitus et al. 2012). Surface waters in the tropical and Northern
Hemisphere subtropical regions are projected to experience the strongest ocean warming but
varies considerably between emission scenarios and ranges from about 1 °C in RCP2.6 to more
than 3 °C in RCP8.5. Mixing and advection processes gradually transfer the additional surface
heat to deeper levels of about 2000 m at the end of the 21st century. Collins et al. (2013)
projected ocean warming by the end of the 21% century in the top one hundred meters will be
about 0.6 °C for the RCP2.6 and 2.0 °C for the RCP8.5 scenario; at a depth of about 1000 m,
projections are 0.3 °C for RCP2.6 and 0.6 °C for RCP8.5 scenario. By the end of the 21 century
in the RCP4.5 scenario, 50 percent of the energy taken up by the ocean will be stored in the
uppermost 700 m and 85 percent in the uppermost 2000 m (Collins et al. 2013).

Under IPCC emissions scenario RCP8.5 (“business as usual”), Henson et al. (2017)
projected the global median SST will exceed the bounds of natural seasonal variability in much
of the world oceans by 2034. Indeed, their analysis indicates the climate change signal in SST
has also already exceeded the bounds of natural variability in the subtropics and the Arctic. SSTs
in LMEs adjacent to North America, Europe, and the Arctic Ocean were summarized by
Alexander et al. (2018) under RCP8.5 using 26 models in the CMIP5 archive and 30 simulations
from the National Center for Atmospheric Research Large Ensemble Community Project. They
reported the annual SST trends from 1976-2099 in the 18 LMEs examined ranged from
approximately 0.25° to 0.5°C per decade, with the strongest warming in the Bering Sea, along
~45°N in the western North Atlantic, and in the Norwegian and Barents seas. The projected
warming trends are generally larger in summer than in winter. They found the change in the
mean SST is so large that in many regions the period from 2070-2099 will always be warmer
than the warmest year during 1976-2005 (Alexander et al. 2018).
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G. Observed and Projected Sea Level

Two major processes are responsible for altering the volume of water in the global oceans
and raising global sea levels. Steric forces involve changes in the density of seawater, and
include thermosteric, or thermal expansion, which is the result of increased warming of the
oceans, and halosteric, or the freshening of ocean waters. Eustatic forces are contributions from
the melting of glaciers, ice caps, ice sheets, and other land water reservoirs, including changes in
land hydrology and the atmosphere. In addition, regional sea level can be affected by dynamic
changes associated with changing ocean currents and the redistribution of mass in the ocean and
by isostatic forces, or vertical land movements resulting from postglacial rebound, plate
tectonics, subsidence, and sedimentation (Church et al. 2013; Church et al. 2008).

The maximum global mean sea level during the last interglacial period (129,000-116,000
years ago) was at least 5 m higher than present sea levels and occurred in the context of different
orbital forcing and with high-latitude surface temperature (IPCC 2014a). Recent reconstructions
of global temperature during the last interglacial period indicated peak mean SSTs were 0.5 °C
warmer than the climatological mean from 1870-1889, and indistinguishable from the 1995-2014
mean (Hoffman et al. 2017).

Since the mid-19™ century, the rate of global SLR has been larger than the mean rate
during the previous 2,000 years (IPCC 2014a; Kemp et al. 2011). Using statistical meta-analysis
of proxy relative sea-level reconstructions and tide-gauge data, Kopp et al. (2016) reported a
significant acceleration of global SLR beginning in the 19" century and yielded a 20" century
rise that is extremely likely to be greater than during any of the previous 2,800 years.

The major contributions to global SLR in the 20" century were ocean thermal expansion
and the melting of glaciers and ice caps (Bindoff et al. 2007). Since the early 1970s, the
combined glacier mass loss and ocean thermal expansion from warming are attributed to about
75 percent of the observed mean global SLR (IPCC 2014a). Continental glaciers (excluding
Greenland and Antarctica ice sheets) are believed to be the second largest contributor to 20™
century global SLR after thermal expansion (Cazenave and Nerem 2004). However, Marcos et
al. (2011) suggested ocean mass contributions from the melting of glaciers and ice sheets has
been the main contributor to regional SLR during the second half of the 20™" century. Although
melting of ice sheets may have played a secondary role in global SLR over the past century, this
IS expected to be the largest contributor to global SLR in the future (Bindoff et al. 2007; Church
et al. 2008).

Tide-gauge records indicated global SLR was 0.19 m between 1901 and 2010, a rate of
1.7 mm per year, compared to satellite-derived data of about 3.2 mm per year between 1993 and
2010 (Church et al. 2013). Efforts to account for the observed rate from tide-gauge records
before 1990 by summing estimates of individual contributions to global SLR have fallen short of
observed rates of SLR. Probabilistic reanalysis of tide gauge records by Hay et al. (2015)
suggests the 1901-1990 rate of global SLR was 1.2 mm per year, lower than previous estimates
by Jevrejeva et al. (2008) and Church and White (2011), but matches the global SLR estimates
from individual contributions. This reanalysis suggests that, compared to 1901-1990, rates for
global SLR since 1993 have been larger than previously believed (Hay et al. 2015). Using a
semi-empirical relation for global SLR to global mean surface temperature, Rahmstorf (2007)
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reported a global SLR rate of 3.4 mm per year per °C during the over the 20™" century. This
matches closely altimeter measured SLR since 1993 as reported by the National Aeronautics and
Space Administration and the University of Colorado Sea Level Research Group (Figure 6).

Figure 6. Change in global sea level (mm) from 1993-2018 estimated from the TOPEX and Jason
satellite radar altimeters and monitored against a network of tide gauges (Nerem et al. 2018;
http://sealevel.colorado.edu/).
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Several researchers reported an approximate 30 percent slow-down in the rate of global
SLR in the 2000s, compared to the 1990s (Cazenave et al. 2014; Leuliette and Miller 2009;
Willis et al. 2008). However, recent corrections of satellite altimetry-based global SLR due to
interannual variability, such as the ENSO (Cazenave et al. 2014), and vertical land movement
effects to global positioning systems (Watson et al. 2015), indicate there has been no slow-down
of the rate of global SLR in the 2000s.

The rate of SLR is not uniform spatially, and in some regions the rates can be several
times higher than the global mean, while in other regions sea level is falling (Bindoff et al.
2007). For example, rates of SLR between 1993 and 2009 in the Western Pacific are up to three
times larger than the global mean, while those for much of the Eastern Pacific are near zero or
are negative (Beckley et al. 2010; IPCC 2014a). In addition, there is considerable inter-annual to
multi-decadal variation in the rates of SLR in different ocean basins due to intensification of
Pacific trade winds (Merrifield and Maltrud 2011), differential heating, and salinity changes of
various ocean layers and associated physical processes (Han et al. 2014; Yin et al. 2010).
Dynamic sea level changes associated with changing ocean currents, including the Atlantic
Meridional Overturning Circulation (AMOC), have been attributed to an accelerating rate of
SLR (3-4 times higher than the global average) north of Cape Hatteras, North Carolina
(Levermann et al. 2005; Sallenger et al. 2012; Yin et al. 2009). An extreme SLR event occurring
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along the northeast coast of North America in 2009-2010 was attributed to a 30 percent
downturn of the AMOC and a significant negative NAO Index (Goddard et al. 2015).

The confidence in the range of global SLR projections for the IPCC AR5 has increased
since the AR4 because of the improved physical understanding of the components of sea level,
the improved agreement of process-based models with observations, and the inclusion of ice-
sheet dynamical changes (IPCC 2013). Although significant uncertainties remain, including
those related to the magnitude and rate of the ice-sheet contribution and the regional distribution
of SLR, global mean sea level will continue to rise during the 21% century under all AR5 RCP
scenarios. Furthermore, future SLR will very likely exceed the rate observed between 1971 and
2010 due to increased ocean warming and increased loss of mass from glaciers and ice sheets
(IPCC 2013).

According to the IPCC, the global mean SLR for the period 2081-2100 (relative to 1986—
2005) will likely be in the ranges of 0.26-0.55 m for RCP2.6; 0.32-0.63 m for RCP4.5; 0.33—
0.63 m for RCP6.0; and 0.45-0.82 m for RCP8.5. Thermal expansion accounts for 30-55 percent
of 21% century global mean SLR, and glaciers for 15-35 percent. For RCP8.5, the rate of SLR
for the period 2081 to 2100 is projected to be 8-16 mm per year (IPCC 2013).

The IPCC SLR projections use process-based models, which deliver projections for the
main components of climate-driven SLR (i.e., thermal expansion, glaciers and ice caps, the
Greenland ice sheet, and the Antarctic ice sheet). An alternative method of semi-empirical
modeling uses statistic relations between global mean temperature or radiative forcing and sea
level from past observations. The full physics of sea level components are not captured in semi-
empirical models, but instead assume past statistical relations in SLR holds true in the future
(Mengel et al. 2016). Some semi-empirical model projections of global mean SLR are higher
than process-based model projections (up to about twice as large), but there is no consensus in
the scientific community about their reliability and thus were not included in the AR5 RCP
projections.

Recent research in ice sheet mass balance suggests ice sheets may currently be melting at
a faster rate than previously reported in IPCC reports (Bamber et al. 2009; Ivins 2009; Vaughan
2008; Velicogna 2009). Although complete loss of the ice sheets in the 21% century is unlikely,
even a partial loss of large ice masses would have a significant effect on global sea levels. The
Antarctic and Greenland ice sheets contain about 99 percent of the freshwater available on Earth,
and they would raise global sea level by 70 m if totally melted (Cazenave and Nerem 2004).
Bamber et al. (2009) estimated global eustatic SLR of about 3.3 m from the complete collapse of
the West Antarctic Ice Sheet alone, with important regional variations. Complete loss of the
Greenland Ice Sheet would raise sea levels approximately 7 m (Gregory et al. 2004).

Observed acceleration in the Greenland and Antarctica ice sheet mass suggest a shift in
global SLR currently dominated by ocean thermal expansion to one dominated by the melting of
polar ice sheets (Overpeck and Weiss 2009). Combining climate modeling and paleoclimatic
data, global SLR of about 2.0 m by 2100 has been estimated as the maximum that could occur
under physically possible glaciological conditions, with a best estimate of about 0.8 m (Pfeffer et
al. 2008). Using semi-empirical approaches to projecting future global SLR based upon a
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correlation between the magnitude of warming and SLR between 1880 and 2000, Rahmstorf
(2007) projected global SLR in 2100 at 0.5 to 1.4 m above 1990 levels, while Vermeer and
Rahmstorf (2009) reported a range of 0.75 to 1.9 m. Using a global network of tide gauges, Kopp
et al. (2014) projected a 90 percent probability of global SLR of 0.5-1.2 m under RCP8.5, 0.4—
0.9 m under RCP4.5, and 0.3-0.8 m under RCP2.6. Similarly, using the maximum plausible loss
rate from Greenland established by Pfeffer et al. (2008), Parris et al. (2012) reported a 90 percent
confidence in projected global mean SLR between 0.2 but no more than 2.0 m by 2100 (Figure
7).

Figure 7. Observed and projected global mean sea level rise (m) scenarios to 2100 (Parris et al. 2012).
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Mengel et al. (2016) combined long-term sensitivity and individual observations to
constrain estimates of SLR using semi-empirical relations for each sea level contributor. Their
projections for global sea levels for 2100 were 0.28-0.56 m for RCP2.6, 0.57-0.77 m for
RCP4.5, and 0.57-1.31 m for RCP8.5, which are consistent with the IPCC AR5 range of
projections. Kopp et al. (2016) used a semi-empirical model based on statistical meta-analysis of
proxy relative sea-level reconstructions and tide-gauge data to project global SLR for 2100, and
reported similar ranges for RCP2.6, RCP4.5, and RCP8.5 of 0.24-0.61 m, 0.33-0.85 m, and
0.52-1.31 m, respectively. These newer semi-empirical models reconcile differences with
process-based models of 21% century SLR projections and strengthen confidence in both sets of
projections (Kopp et al. 2016).

Using a coupled ice-sheet/ice-shelf model, Golledge et al. (2015) projected the collapse
of the major Antarctic ice shelves over century to millennial time-scales, with long-term
commitments and unstoppable contributions to global sea level. Under RPC8.5, they projected
Antarctic SLR contributions to global SLR to be 0.1-0.39 m by 2100, 1.6-2.96 m by 2300, and
5.2-9.31 m by 5000.

Reconstruction of global mean sea level during the late Pleistocene (130,000 to 115,000
years ago) and the Pliocene (about 3 million years ago) interglacial periods indicate sea levels
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were 10-30 m (Miller et al. 2012) and 6-9 m higher than today (Dutton et al. 2015; Kopp et al.
2009; O'Leary et al. 2013), respectively, while global mean temperatures were only slightly
higher than today (McKay et al. 2011). These findings suggest the Antarctic ice sheet has
considerable sensitivity to warming and may have contributed to higher sea levels to a greater
degree in the past than the Greenland ice sheet (DeConto and Pollard 2016). Using a coupled ice-
sheet and climate dynamics model calibrated against Pliocene and Last Interglacial sea level
estimates, DeConto and Pollard (2016) projected sea levels using future emissions scenarios.
They concluded under a high emissions scenario (RCP8.5), Antarctica alone has the potential to
contribute >1 m of global mean SLR by 2100 and >15 m in the next 500 years. In addition, in the
RCP8.5 the projected onset of major ice sheet retreat begins around 2050 and at a rate faster than
projected in previous studies.

Based upon the most recent observational data and modeling related to rapid ice melt and
ice sheet instability in Greenland and Antarctica discussed above, Sweet et al. (2017) presented
revised projections for global and U.S. regional SLR. Observational data and modeling led them
to develop a revised “extreme” upper-bound scenario of global SLR of 2.5 m by the year 2100,
which is 0.5 m higher than the upper bound reported by Parris et al. (2012) used for the Third
National Climate Assessment. Sweet et al. (2017) reported six global SLR scenarios for 2100:
Low (0.3 m), Intermediate-Low (0.5 m), Intermediate (1.0 m), Intermediate-High (1.5 m), High
(2.0 m), and Extreme (2.5 m). Based upon analyses conducted by Kopp et al. (2014), the
probabilities of exceeding the global mean SLR for the Low and Intermediate-Low scenarios
under RCP8.5 emissions scenario are 100 percent and 96 percent, respectively (Sweet et al.
2017).

H. Observed and Projected Meridional Overturning Circulation

Global Meridional Overturning Circulation, sometimes referred to as the global ocean
conveyor belt, is responsible for much of the ocean’s capacity to carry excess heat from the
tropics to middle latitudes, and important in the ocean’s sequestration of carbon. The AMOC is
responsible for most of the meridional transport of heat and carbon in the mid-latitude Northern
Hemisphere and associated with the production of about half of the global ocean’s deep waters in
the northern North Atlantic Ocean (Rhein et al. 2013). The AMOC consists of an upper limb
from the surface to approximately 1200 m depth with net northward transport, and a lower limb
between 1200 m and 5000 m of denser, colder, fresher waters returning southward (Rhein et al.
2013). There is no observational evidence of a trend in the AMOC, based on the short, decade-
long record of the complete AMOC (IPCC 2013). However, using Atlantic SST anomalies as an
indirect indicator of the evolution of the AMOC, Rahmstorf et al. (2015) demonstrated a
correlation in a persistent subpolar North Atlantic cooling south of Greenland and a weakening
of the AMOC from 1975 and 1995. They attributed this to freshening of the Arctic Ocean due to
increasing river discharges and from increasing meltwater and iceberg discharge from the
Greenland Ice Sheet. Although major uncertainties remain about the evolution of the AMOC,
indirect evidence suggests linkages between surface temperature, ocean circulation, and
Greenland ice mass balance (Rahmstorf et al. 2015). More recently, Caesar et al. (2018) found
that the enhanced warming of the Northwest Atlantic (including the NES) and the cooling of the
North Atlantic subpolar gyre were linked to a weakening AMOC in both a high-resolution
climate model published by Saba et al. (2016) and in long-term observations. Caesar et al. (2018)
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suggest an AMOC weakening of about 15 percent since the mid-twentieth century and that this
weakening is caused by anthropogenic GHG emissions.

Coupled climate models find that a slowdown of the AMOC in the next decades is very
likely, though with uncertain magnitude (IPCC 2014a). Estimates are for the AMOC to weaken
over the 21% century, with model ranges for a reduction of 1-24 percent for the RCP2.6 scenario
and 12-54 percent for the RCP8.5. Rahmstorf et al. (2015) suggested accelerated melting of the
Greenland Ice Sheet, which reached an extreme in 2012, could lead to weakening of the AMOC
over the next few decades. However, an abrupt transition or collapse of the AMOC in the 21
century is not expected (IPCC 2014a).

I. Observed and Projected Ocean Salinity

Regional differences in ocean salinity have been observed since the 1950s, such that
saline surface waters in the evaporation-dominated mid-Ilatitudes have become more saline, while
relatively fresh surface waters in rainfall-dominated tropical and polar regions have become
fresher (Rhein et al. 2013). Curry et al. (2003) found systematic freshening at both poleward
ends of the world’s oceans, contrasted with large increases of salinity pervading the upper water
column at low latitudes between the 1950s and the 1990s. These regional trends in ocean salinity
provide indirect evidence that evaporation and precipitation over the oceans have changed.

The CMIP5 climate model projections suggest these trends in global surface salinity will
continue as the century progresses, indicating the Atlantic subtropical surface waters will
become more saline and the Pacific (particularly the Northern Pacific) will become less saline
(Collins et al. 2013). Using a higher resolution model and a doubling of atmospheric CO>
concentration, Saba et al. (2016) projected warming of the Northwest Atlantic Ocean at nearly
three times the global average would result in an increase in salinity due to changes in water
mass distribution related to a retreat of the Labrador Current and a northerly shift in the Gulf
Stream.

J. Observed and Projected Ocean pH

The carbonate chemistry of the oceans, including pH, has been constant for hundreds of
thousands of years, with typical surface ocean variations of no more than 0.2 pH units (Rhein et
al. 2013). However, since the beginning of the industrial revolution, the oceans have taken up
approximately 30 percent of the CO2 produced from fossil fuel burning, cement manufacturing,
and land use changes (Sabine et al. 2004). The oceans have absorbed approximately 155 + 30 Pg
of carbon from the atmosphere since the beginning of the industrial revolution (Rhein et al.
2013). Although ocean absorption has significantly reduced the GHG levels in the atmosphere
and minimized some of the impacts of global warming, the uptake of CO- in the ocean is having
a significant impact on the chemistry of seawater. It is very likely that the oceanic anthropogenic
carbon dioxide inventory increased between 1.0 and 3.2 Pg of carbon/year from 1994 to 2010
(Rhein et al. 2013).

Ocean uptake of CO> results in gradual acidification of seawater; this process is termed
ocean acidification (OA). Dissolved CO, forms a weak acid (carbonic acid, H2CO3) and, as CO>
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in seawater increases, the pH, carbonate ions (COs%"), and calcium carbonate (CaCOs3) saturation
state of seawater decrease while bicarbonate ions (HCO3") and free hydrogen ions increase
(Rhein et al. 2013). Most surface waters in the global ocean are currently supersaturated with
respect to CaCOa. The current global mean sea surface saturation state values for aragonite and
calcite (notated as Qar and Qca) 1s 2.98 + 0.9 and 4.58 £ 1.3, respectively, where Q = 1 expresses
saturation (Feely et al. 2009). When seawater is supersaturated with respect to aragonite and
calcite (i.e., Q > 1), calcification is favored more than dissolution.

OA can also be caused by other chemical processes in the oceans that are natural (e.g.,
increased volcanic activity, methane hydrate releases, long-term changes in net respiration) or
human-induced (e.g., release of nitrogen and sulfur compounds into the atmosphere) (Rhein et al.
2013). In addition to global changes in oceanic carbon conditions, regional factors such as
eutrophication, upwelling of CO2-enriched waters, and river discharges temporarily increase OA
in coastal waters (Ekstrom et al. 2015).

The normal mean pH of surface waters ranges between 7.8 and 8.4 in the open ocean, so
the ocean remains mildly basic (pH >7) at present (Feely et al. 2009). The average pH of global
ocean surface waters has fallen by about 0.1 units, from about 8.2 to 8.1 since the beginning of
the Industrial Revolution, corresponding to a 26 percent increase in the hydrogen ion
concentration of seawater (Feely et al. 2009; Rhein et al. 2013; Zeebe 2012). The pH scale is
logarithmic, so a change of 1 unit corresponds to a 10-fold change in hydrogen ion
concentration. This rate of change in ocean pH is likely unprecedented in Earth’s history (Zeebe
2012), and the fastest in the past 300 million years (Caldeira and Wickett 2003; Honisch et al.
2012). The largest reduction of ocean surface water pH (-0.10) has been recorded in the northern
North Atlantic and the smallest reduction (-0.05) in the subtropical South Pacific (Rhein et al.
2013).

OA reduces the CO3?~ concentrations and the saturation states (Q) of CaCO3z minerals
such as calcite (Qca) and aragonite (Qar), and can substantially effect the physiology of shell-
forming marine organisms (Cooley et al. 2009; Doney et al. 2009; Fabry et al. 2008; Kroeker et
al. 2013; Kroeker et al. 2010). Planktonic foraminifera, coccolithophores, and some bivalves
(e.q., oysters) secrete tests or shells made of calcite, the stable form of CaCOs (Orr et al. 2005),
whereas euthecosome pteropods (high-latitude zooplankton taxa), stony corals, and some
bivalves (e.g., mussels) form shells made of aragonite, a metastable form of CaCOg, which is 50
percent more soluble in seawater than calcite (Mucci 1983). See Chapter 5. Ocean Acidification
and CO»-related Effects for a detailed review.

Projections of future OA from rising atmospheric CO do not suffer from the
uncertainties associated with other climate change forecasts (Doney et al. 2009). The Earth
System Models project an increase in global OA for all RCP scenarios by the end of the 21%
century, with a slow recovery after mid-century under the RCP2.6 scenario. The projected
change in surface ocean pH by the end of this century is 0.06-0.07 (i.e., 15-17 percent increase
in acidity) for RCP2.6; 0.14-0.15 (38-41 percent increase in acidity) for RCP4.5; 0.20-0.21 (58—
62 percent increase in acidity) for RCP6.0; and 0.30-0.32 (100-109 percent increase in acidity)
for RCP8.5 scenario (IPCC 2014a).
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Water in the high latitudes and in upwelling regions are projected to be the first areas of
the globe to become undersaturated with respect to aragonite. In the Arctic Ocean, reductions in
pH and CaCOz saturation states are projected to be exacerbated by increased freshwater influx
due to melting of sea ice, increased precipitation, and greater air-sea CO fluxes due to less sea
ice cover (Steinacher et al. 2009; Yamamoto et al. 2012). For example, 10 percent of Arctic
surface waters are projected to become undersaturated by 2025 when atmospheric CO>
concentration reaches 428 ppm (under all IPCC emission scenarios) (Steinacher et al. 2009), and
by 2050 all of the Arctic will become undersaturated with respect to aragonite (Qar) under the A2
(“business as usual”) scenario (Feely et al. 2009) (Figure 8). Henson et al. (2017), using the
IPCC emissions scenario RCP8.5 (“business as usual”) and a combination of historical runs
(1860-2005) and future scenarios (2006-2100), reported the climate change signal in pH already
exceeds the bounds of natural variability in 99 percent (0.5 percent) of the open oceans.
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Figure 8. Based on IPCC A2 scenario, (top) the CC SM-modeled decrease in surface Qar
between the decades centered around the years 1875 and 2095 (AQar = Quar, 1875 — Qar, 2095),
and (bottom) the CCSM modeled percent decrease in surface Qa between the decades
centered around 1875 and 2095 (100 x AQar, 2005/Qur, 1875). Deep coral reefs are indicated by
darker gray dots; shallow-water coral reefs are indicated with lighter gray dots. White areas
indicate regions with no data (Feely et al. 2009; https://doi.org/10.5670/oceanog.2009.95).
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K. Observed and Projected Ocean Dissolved Oxygen

The long-term reduction in dissolved oxygen (DO) concentration in the open ocean is
consistent with the expectation that warmer waters can hold less dissolved oxygen (solubility
effect), and that warming-induced stratification leads to a decrease in the transport of oxygen
from surface to subsurface waters (stratification effect) (Rhein et al. 2013). About 15 percent of
the observed oxygen decline that occurred between 1970 and 1990 can be explained by warming
and the solubility effect. The remainder of the decline is attributed to increased ocean
stratification, which is generally strengthened by warming surface waters, but can also be
affected by changes in wind and ocean circulation patterns and by freshening due to an enhanced
hydrological cycle (Helm et al. 2011; Keeling et al. 2010). From 1970 to 1990, the global ocean
DO concentration between 100 and 1,000 m in depth decreased by 0.55 + 0.13 x 10'** mol yr!
(Helm et al. 2011). While the dominant global pattern is a decrease in oxygen concentration,
there are substantial region variations.

Hypoxic zones, often referred to as “dead zones”, in coastal oceans have spread
exponentially since the 1960s, and have been reported from more than 400 systems around the
world (Diaz and Rosenberg 2008). Hypoxic zones may be exacerbated by climate change
through increased stratification, ocean warming, and precipitation patterns (Portner et al. 2014).
In addition, coastal hypoxia is exacerbated by increased deposition of organic matter and
microbial growth, which increases respiration and biological oxygen demand. If organic matter
and nutrients continue to accumulate in the sediments, and DO concentrations continue to fall,
anoxia is established and microbially-generated hydrogen sulfide is released which is toxic to
most organisms (Diaz and Rosenberg 2008).

The DO content of the global oceans is projected to decrease by a few percent during the
21% century in response to surface warming, predominantly in the subsurface mid-latitude oceans
(IPCC 2014a). Under IPCC emissions scenario RCP8.5 (“business as usual’), Henson et al.
(2017) projected the global median DO will exceed the bounds of natural seasonal variability in
much of the world oceans by 2052. Keeling et al. (2010) reviewed various modeled projections
of ocean average DO concentrations, which ranged from a 1-7 percent decline by 2100.

L. Observed and Projected Precipitation

The amount of precipitation over the mid-latitude land areas of the Northern Hemisphere
has likely increased since 1901, with high confidence of increased precipitation after 1951 (IPCC
2014a). The observed changes in ocean surface salinity have also provided indirect evidence for
changes in evaporation and in the global water cycle. Specifically, parts of the global oceans
where evaporation dominates have become more saline, while areas where precipitation
dominates have become fresher since the 1950s. The frequency and intensity of heavy
precipitation events has likely increased in North America and Europe, and this pattern appears
to hold true in land regions where observational coverage is sufficient for assessment (IPCC
2014a).

Although recent detection of increasing trends in extreme precipitation and discharges in

some catchments implies greater risks of flooding on a regional scale, a lack of long-term records
for many catchments, and the prevalence of widespread human activities affecting flooding,
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make detection of changes in the frequency and magnitude of fluvial floods on a global scale
difficult (IPCC 2014a).

Although global precipitation is projected to increase with rising global mean surface
temperature, projected changes will not be uniform. High latitude areas and the equatorial Pacific
is projected to experience an increase in annual mean precipitation by the end of the 21% century
under the RCP8.5 scenario, while for many dry, mid-latitude and subtropical regions mean
precipitation will likely decrease (IPCC 2014a). For all scenarios except RCP2.6, global
precipitation is projected to increase 1-3 percent per °C by 2100 (Collins et al. 2013). Extreme
precipitation events over most mid-latitude land masses and wet tropical regions will very likely
become more intense and more frequent as global mean surface temperature increases (IPCC
2014a).

M. Observed and Projected Cryosphere

The Earth’s cryosphere is defined generally as places subject to temperatures at or below
0 °C for at least part of the year and refers collectively to the portions of the earth where water is
in solid form (NSIDC 2017). Ice and snow on land are one component of the cryosphere,
including the continental ice sheets, ice caps, glaciers, and areas of snow and permafrost. The
other part of the cryosphere is ice that is found in water, including frozen parts of the ocean (sea
ice) such as waters surrounding Antarctica and the Arctic, and frozen rivers and lakes, which
mainly occur in polar areas.

Currently, about 10 percent of the Earth’s surface (over 15 million km?) is covered with
glacial ice, including glaciers, ice caps, ice shelves, and the ice sheets of Greenland and
Antarctica (NSIDC 2017). Ice sheets are glacial land ice that extends at least 50,000 km?, while
glaciers are areas of land ice less than 50,000 km?. Ice sheets contain more than 99 percent of the
freshwater ice on Earth. Glaciers form when snow remains in one location long enough to
transform into ice. Due to sheer mass, glaciers flow like very slow rivers. Ice shelves are
platforms of ice that form where ice sheets and glaciers move out into the oceans. Ice shelves
exist mostly in Antarctica and Greenland, as well as in the Arctic near Canada and Alaska
(NSIDC 2017).

All components of the cryosphere are inherently sensitive to changes in air temperature
and precipitation, and hence to a changing climate. The largest increases in global temperature
are occurring closer to the poles, especially in the Arctic (Walsh et al. 2014). Since the mid-
1990s, the Greenland and Antarctic ice sheets have been losing mass, glaciers have continued to
shrink almost worldwide, and Arctic sea ice and Northern Hemisphere spring snow cover have
continued to decrease in extent (IPCC 2013). The total Antarctic sea ice extent very likely
increased over the last decade, although strong regional differences exist (IPCC 2014a).

The components of the cryosphere play an important role in regional and global climate,
as well as global ocean circulation and marine ecosystem productivity (Vaughan et al. 2013).
Snow and ice reflect heat back into space, which has a cooling (albedo) effect and is important in
regulating the planet’s temperature. Sea ice also affects the movement of ocean waters. When sea
ice forms, most of the salt is transferred into the ocean water below the ice. Water below sea ice
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therefore has a higher concentration of salt and is denser than surrounding ocean water, causing
it to sink. Sea ice contributes to the ocean's global "conveyor-belt" circulation (e.g., AMOC).
Cold, dense, polar water sinks and moves along the ocean bottom toward the equator, while
warm water from mid-depth to the surface travels from the equator toward the poles.

a. Glaciers, Ice Sheets, and Ice Shelves

Almost all glaciers worldwide have declined according to the time series of measured
changes in glacier length, area, volume, and mass (Vaughan et al. 2013). The greatest ice loss
between 2003 and 2009 was from glaciers in Alaska, the Canadian Arctic, the periphery of the
Greenland ice sheet, the Southern Andes, and the Asian Mountains, accounting for more than 80
percent of the total global ice loss (Table 1) (Vaughan et al. 2013).

Table 1. Regional glacier mass change rates for the period 2003—2009 (Vaughan et al.
2013, from Gardner et al. 2013)

Region No. Region Name (kg m2yr?) (Gtyr?)
1 Alaska -570 + 200 50+ 17
2 Western Canada and USA -930 + 230 -14+3
3 Arctic Canada North -310+ 40 -33+4
4 Arctic Canada South -660 + 110 27 +4
5 Greenland periphery -420+ 70 -38+7
6 Iceland -910 + 150 -10+2
7 Svalbard -130+ 60 -5+2
8 Scandinavia —-610 + 140 -2+0
9 Russian Arctic -210+ 80 -11+4
10 North Asia -630 + 310 -2+1
11 Central Europe -1060 + 170 -2+0
12 Caucasus and Middle East -900 + 160 -1+0
13-15 High Mountain Asia —220 + 100 2612
16 Low Latitudes -1080 + 360 -4+1
17 Southern Andes -990 + 360 -29+10
18 New Zealand -320+ 780 0+1
19 Antarctic and Sub-Antarctic -50+70 -6+ 10
Total -350 + 40 —259 + 28

The rate of ice mass loss from the Greenland ice sheet has accelerated since 1992,
resulting in a greater mass loss from 2002-2011 compared to 1992-2011 (Figure 9) (Vaughan et
al. 2013). Over the past 20 years, a significant portion of mass loss of the Greenland ice sheet has
occurred from glaciers in southeast, west, and northwest Greenland (Khan et al. 2014). However,
glaciers located in the northeast Greenland ice stream, extending more than 600 km into the
interior of the ice sheet and covering about 16 percent of the Greenland ice sheet, is now also
undergoing sustained dynamic thinning and is expected to continue as regional temperatures
continue to increase (Khan et al. 2014). During the summer of 2012, nearly 97 percent of the ice
sheet’s surface had melted, representing the most extreme extent of melting scientists had seen in
three decades of satellite records.
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Figure 9. Monthly change in the total mass of the Greenland ice sheet between April 2002 and
September 2016, estimated from Gravity Recovery and Climate Experiment (GRACE)
measurements. Gray dots are the GRACE data, the black line is the interpolated values between
two successive GRACE points, and the dashed line is the best linear fit over the entire time
period (Blunden and Arndt 2017; © American Meteorological Society. Used with permission).
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The Canadian Arctic Archipelago, which contains about one-third of the global volume
of land ice excluding Greenland and Antarctica, has undergone a recent accelerated rate of mass
loss. Using radiocarbon dated rooted plants, Miller et al. (2013) demonstrated unprecedented
recent warming in the eastern Canadian Arctic, with average summer temperatures for
approximately the last 100 years being higher than any century in more than 44,000 years. In
four Canadian Arctic Archipelago glaciers monitored since 1963, between 30-48 percent of the
total mass lost has occurred since 2005 (Sharp et al. 2011). The mean rate of mass loss from
these glaciers from 2005-2009 was nearly five times greater than the 1963-2004 average. In
another study from the region comparing the years 2004—2006 and 2007-2009, the rate of mass
loss increased from 31 + 8 Gt per year to 92 + 12 Gt per year (Gardner et al. 2011). The authors
attribute the increased rate of melting to warmer summer air temperatures in the Arctic.
Although the duration of this study was too short to establish a long-term trend, this rate in mass
loss makes the Canadian Arctic Archipelago the single largest contributor to eustatic SLR
outside Greenland and Antarctica during the years of the study (Gardner et al. 2011).

The rate of ice mass loss from the Antarctic ice sheet, mainly from the northern Antarctic
Peninsula and the Amundsen Sea sector of West Antarctica, has likely increased from 2002-2011
compared to 1992-2011 and most of this is a result of an acceleration of loss of outlet glaciers
(Vaughan et al. 2013). DeConto and Pollard (2016) suggested the Antarctic ice sheet has
considerable sensitivity to warming and may have contributed to higher sea levels to a greater
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degree in the past than the Greenland ice sheet, indicating considerable instability of the
Antarctic ice sheet as warming continues. The ice shelves of the Antarctic Peninsula have
undergone progressive decline over the past five decades, including the catastrophic collapses of
Larsen A and Larsen B ice shelves in 1995 and 2002, respectively (Cook and Vaughan 2010).
Recent research by Holland et al. (2015) indicates the surface of Larsen C Ice Shelf, the largest
ice shelf on the peninsula, has been lowering due to both ice loss and firn-air loss. On the
Amundsen Sea sector of the West Antarctic Ice Sheet, recent studies (Joughin et al. 2014; Rignot
et al. 2014) have measured rapid and accelerated retreat of several glaciers, mostly likely a
response to the increased presence of warm modified Circumpolar Deep Water on the adjacent
continental shelf. These authors found no major obstacles preventing further retreat, suggesting
early-stage collapse has already begun and will significantly contribute to SLR in the decades to
centuries to come. Recent research has also found high mass loss and basal melt rates of the East
Antarctica glaciers (Greenbaum et al. 2015), indicating potential ice sheet instability in both
Antarctic regions.

By the end of the 21st century, the global glacier volume (excluding glaciers on the
periphery of Antarctica) is projected to decrease by 15-55 percent for RCP2.6 and by 35-85
percent for RCP8.5 (IPCC 2013). Using the IPCC AR5 RCP4.5 (moderate-warming scenario)
and GCM model ensemble for the 21 century, Lenaerts et al. (2013) projected mass loss of the
Canadian Arctic Archipelago glaciers by the end of the 21% century to be 12,400 + 8,500 Gt.
This is an 18 percent total surface mass loss for this region compared to current volume, and
equivalent to a eustatic global SLR of 0.35 + 0.24 mm per year (Lenaerts et al. 2013).

Using a state-of-the-art continental ice sheet model, Feldman and Levermann (2015)
demonstrated currently observed sea ice retreat could cause a complete disintegration of the
marine ice in the Amundsen Sea sector after approximately 60 years, after which further marine
ice-sheet instability fully unfolds and is not halted by topographic features. Their model suggests
currently observed sea ice melt rates may mark the beginning of self-sustaining ice discharge
from West Antarctica that will irrevocably contribute at least 3 m to global SLR over centuries to
millennia.

Using an ice-sheet/ice-shelf model, Golledge et al. (2015) projected the collapse of the
major Antarctic ice shelves triggered by atmospheric warming of 1.5 to 2 °C over centuries to
millennial time scales. Although the projected time scales for the complete collapse of West
Antarctic Ice Sheet are uncertain at this time, present observations and ice-sheet models suggest
it may occur in the range of a few centuries to a millennium (Golledge et al. 2015; Joughin et al.
2014; Rignot et al. 2014).

b. Sealce

Since satellite observations began in 1979, the annual mean Arctic sea ice extent has
decreased at a rate of between 3.5-4.1 percent per decade (0.45 to 0.51 million km? per decade).
This reduction in Arctic sea ice extent has occurred in every season and in every successive
decade since 1979 (Vaughan et al. 2013). Lindsay and Schweiger (2015) reported evidence of
substantial reduction in sea ice thickness in the Arctic Basin. Using direct measurements from
various observational sources, they found a decrease in annual Arctic Basin sea ice thickness
from 3.59 m in 1975 to 1.25 m in 2012, a 65 percent reduction. The reduction in Arctic ice began
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in the late 19" century, becoming most pronounced over the last three decades—conditions not
documented in at least the last few thousand years (Polyak et al. 2010).

Arctic sea ice minimum extent is typically reached in mid-September, sea ice extent
increases through autumn and winter, and the maximum occurs between February and April.
Between 1979 and 2012, the Arctic summer sea ice minimum (i.e., summertime minimum)
decreased at a rate of 9.4-13.6 percent per decade (IPCC 2014a). The September Arctic
minimum extent reached record lows in 2012 (49 percent below the 1979 to 2000 average), after
previously breaking records in 2005 and 2007 (Figure 10) (NSIDC 2017). The Arctic sea ice
maximum (i.e., winter maximum) generally occurs in February or March each year. In March
2017, the Arctic Ocean maximum sea ice extent reached 14.42 million km?, reported to be a
record low maximum extent for the third straight year and the lowest in the 38-year satellite
record. The 2017 Arctic sea ice maximum extent was below the 2015 maximum of 14.517
million km? and the 2016 maximum of 14.52 million km? (NSIDC 2017). The linear rate of
decline is 42,700 km? per year, or of 2.74 percent per decade (Figure 11).

Figure 10. Arctic sea ice extent as of September 17, 2017, along with daily ice extent data for
five previous years. The 1981 to 2010 median is in dark gray. The gray areas around the median
line show the interquartile and interdecile ranges of the data (National Snow and Ice Data Center
2017; http://nsidc.org/arcticseaicenews/files/2017/09/Figure2a-1.png).
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Figure 11. Monthly March Arctic sea ice extent from 1979 to 2017. The linear rate of decline
is 42,700 km? per year, or 2.74 percent per decade (National Snow and Ice Data Center 2017;
http://nsidc.org/arcticseaicenews/2017/04/).
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In the Antarctic, the annual mean sea ice extent increased from 1.2-1.8 percent per
decade since 1979. However, strong regional differences exist in annual sea ice extent,
increasing in some regions and decreasing in others (Vaughan et al. 2013). The 2017 Antarctic
winter maximum sea ice contracted to 2.287 million km?, smaller than the previous low of 2.290
million km? measured in February 1997 (NSIDC 2017).

Reductions in Arctic sea ice extent are projected year-round by the end of the 21% century
based on multi-model averages. These reductions range from 43 percent (RCP2.6) to 94 percent
(RCP8.5) for sea ice minimum in September and from 8 percent (RCP2.6) to 34 percent
(RCP8.5) for sea ice maximum in February-April (IPCC 2013).

Based on an assessment of the subset of models that most closely reproduce the
climatological mean state and 1979 to 2012 trend of the Arctic sea ice extent, a nearly ice-free
Arctic Ocean in September is likely before mid-century for scenario RCP8.5. For the other
scenarios, projections for when the Arctic might become nearly ice free in the 21% century could
not be made with confidence (IPCC 2013).

For the Antarctic, the climate models show wide ranges of sea ice responses. For
comparisons between 1986-2005 and 2081-2100, the CMIP5 models project sea ice declines
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from 16 percent for RCP2.6 to 67 percent for RCP8.5 in February, and from 8 percent to 30
percent in September (Collins et al. 2013). About 75 percent of the CMIP5 models project a
nearly ice-free Antarctic in February under RCP8.5 by 2100 (about 60 percent under RCP4.5).
For RCP8.5, only small portions of the Weddell and Ross Seas stay ice-covered in February
during 2081-2100 in those models that do not project a seasonally ice-free Southern Ocean
(Collins et al. 2013).

c. Snow Cover

Between 1967 and 2012, the extent of Northern Hemisphere snow cover has decreased
since the mid-20th century by 1.6 percent per decade for March and April, compared to a rate of
11.7 percent per decade for June (IPCC 2014a). In response to increased surface temperature and
changing snow cover, permafrost temperatures have increased in most regions of the Northern
Hemisphere since the early 1980s, with reductions in thickness and areal extent in some regions
(IPCC 2014a). The area of Northern Hemisphere spring snow cover is projected to decrease by 7
percent for RCP2.6 and by 25 percent in RCP8.5 by the end of the 21st century for the model
average (IPCC 2013).

Chapter 2.  Northeast Region Climate Change

The climate of the northeast United States region, which for the purposes of this guidance
includes the coastal region from Virginia through Maine, is highly diverse with large spatial
variations. The moderating effect of the Atlantic Ocean affects coastal-area climates, while the
prevailing westerly flow of air masses from the interior of the continent bring bitter cold to the
region during the winter. The polar jet stream is often located near or over the region during the
winter, bringing with it frequent storm systems. In the southern portions of the region, the
Appalachian Mountains act to partially shield coastal regions from these interior air masses,
while also shielding the western part of the region from the warm, humid air masses
characteristic of the western Atlantic Ocean. The mountain range also influences the position,
track, and movement of synoptic pressure events that affect the region (e.g., high- and low-
pressure centers, “back door cold fronts”). However, the western part of the region can be
affected by humid air masses from the Gulf of Mexico (Kunkel et al. 2013).

A semi-permanent high-pressure system over the subtropical Atlantic Ocean draws
warm, humid maritime air into the southern parts of the region during the summers, while in the
north the summers are considerably more moderate due to their latitude and the frequent
intrusions of cooler air masses from Canada. The northeast region is subject to a strong seasonal
cycle and is often affected by extreme events such as ice storms, floods, droughts, heat waves,
hurricanes, and nor’easters (Kunkel et al. 2013).

Several dominant synoptic storm tracks converge over the northern Atlantic states,
bringing frequent adverse weather conditions such as low temperatures, heavy rainfall, high
winds, and blizzard conditions. These tracks include Alberta Clippers, Gulf and Hatteras Lows,
and Colorado Lows. In addition, the region is part of the area that is affected by tropical cyclone
systems that originate in the Atlantic and Caribbean basins.
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A. Observed and Projected Atmospheric Temperature

Between 1895 and 2011, mean annual land surface temperatures in the northeast
increased by almost 1.1 °C, or 0.09 °C per decade (Horton et al. 2014). In comparison, over this
period the entire U.S. mean annual temperature increased by approximately 0.89 °C, or 0.07 °C
per decade (Walsh et al. 2014). As with the global rate of atmospheric warming, the most rapid
rate has occurred in the last half of the 20™ century. Between 1970 and the early 2000s, the rate
of warming in the northeast was substantially higher at 0.25°C per decade (Frumhoff et al. 2007,
Hayhoe et al. 2007). Mean annual temperatures across the northeast have generally remained
above the 1901-1960 average for the last 30 years, especially during the winter and spring
seasons (Kunkel et al. 2013; Vose et al. 2017) (Figure 12). For example, winter temperatures
rose at a rate of 0.72°C per decade between 1970 and 2000 (Frumhoff et al. 2007), and fifteen of
the twenty winters from 1992-2011 had surface temperatures that were above average (Kunkel

et al. 2013).

Figure 12. Observed changes in annual, winter, and summer temperature (°F). Changes are the
difference between the average for present-day (1986—2016) and the average for the first half
of the last century (1901-1960) for the contiguous United States, 1925-1960 for Alaska and

Hawai‘i) (Vose et al. 2017).
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The Fourth National Climate Assessment (NCA 4) temperature projections for the
northeast region are based on global model results and associated downscaled products from
IPCC AR5 CMIP5 climate models and the RCP4.5 (lower) and RCP8.5 (higher) emission
scenarios (Horton et al. 2014; Vose et al. 2017). If global emissions continue to increase
(RCP8.5 scenario), mid-century (2036-2065) and late-century (2071-2100) warming of 2.8 °C
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and 5.1 °C, respectively, is projected; if global emissions were reduced substantially (RCP4.5),
projected warming for mid-century and late-century is 2.2 °C and 2.9 °C, respectively (Horton et
al. 2014; Vose et al. 2017).

Karmalkar and Bradley (2017) analyzed the United States regional and national
implications for projected changes in temperature when the global mean air temperature reaches
the 1.5 °C and 2.0 °C thresholds using the CMIP5 models. Although the rates of warming differ
across the regions, the authors reported all regions in the United States are expected to reach the
+2 °C mark about 10 to 20 years before the global mean. Furthermore, the northeast showed the
highest rate of warming and is expected to warm by 3 °C when the global mean anomaly reaches
+2 °C. The northeast also stands out as the only region that is projected to have greater warming
during winter months than in summer (Karmalkar and Bradley 2017).

Temperature extremes for the northeast region are projected to increase under both
emissions scenarios. Under the RCP8.5 scenario, the coldest and warmest days of the year for
mid-century (2036—2065) are projected to increase by 5.3 °C and 3.6 °C, respectively, compared
to the mean for near-present (1976-2005) (Vose et al. 2017).

B. Observed and Projected Ocean Temperature

The U.S. Northeast Shelf (NES) is characterized by the southward flowing, cold and
relatively fresh water from the Labrador Sea and the Gulf of St. Lawrence, and from the
northward flowing, warm and saltier Gulf Stream (Fogarty et al. 2007). The NES is influenced
by cross-shelf exchanges of these two sources of slope water, which in turn is influenced by
remote forcing (Greene and Pershing 2003). Some of this forcing is linked to shifts in
atmospheric pressure gradients over the North Atlantic, including the NAO and the related AO,
which are the principal modes of annual- to decadal-scale climate variability in the North
Atlantic (Hurrell et al. 2003). The NAO can influence ocean temperature, salinity, vertical
mixing, circulation patterns, and ice formation of the North Atlantic Ocean, which in turn can
influence marine ecosystems and fish stocks through both direct and indirect pathways (Fogarty
et al. 2007; Hurrell et al. 2003).

The ocean thermal conditions in the Northwest Atlantic Ocean, and in the NES
ecosystem specifically, have experienced some of the largest rates of change in the world on
centennial and decadal time scales and in both the mean value and range (Hobday and Pecl 2013;
Wu et al. 2012). The annual mean SST in the NES ecosystem has increased more than 1.0 'C
since 1854, and > 0.5 °C in recent decades (Friedland et al. 2013; Taboada and Anaddn 2012)
(Figure 13 and 14).
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Figure 13. Changes in Atlantic Ocean mean sea surface temperature [°C per decade] between
1982-2017 (from Taboada and Anadén 2012 and updated by primary author. Reprinted with
authors' permission).
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Figure 14. Annual sea surface temperature for the Northeast U.S. Shelf Ecosystem based on
the Extended Reconstructed Sea Surface Temperature Analysis (NOAA/OAR/ESRL PSD;
http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html).
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A general latitudinal gradient of SST warming has been observed along the NES
ecosystem, with reported warming rates of 0.2 °C/decade in the Middle Atlantic Bight (MAB),
0.3 °C/decade in Southern New England, and 0.4 °C/decade in the Gulf of Maine (GOM) (F.
Taboada, personal communication). Shearman and Lentz (2010) reported long-term SST
warming for the GOM and MAB, whereas they reported no warming in the South Atlantic Bight
and off Florida. They found temperatures on the NES had risen at a rate 1.8-2.5 times higher
than the regional atmospheric temperature trend but are comparable to warming rates for the
Arctic and Labrador, the source of ocean waters north of Cape Hatteras, North Carolina.
Mountain (2003) reported an approximate 1°C warming in the waters of the MAB in the 1990s,
compared to the 1977-1987 period, with large interannual variability. Similarly, Forsyth et al.
(2015) found water temperature of the continental shelf off New Jersey increased by 0.11°C per
year between 2002 and 2013. The authors also reported increased intensity of warm-water
anomalies, while the cold-water anomalies remained relatively uniform throughout the record.

While the spatial extent of warmer, surface water thermal habitats (16-27 °C) for the
NES ecosystem has increased, cooler water habitats (5-15 °C) have declined (Friedland et al.
2013). However, the extent of the coldest thermal habitats (1-4 °C) has increased slightly, or
remained constant, reflecting a discontinuity in the progression of warming along a latitudinal
gradient. Friedland et al. (2013) suggests this discontinuity could be the result of recent changes
in the circulation of water masses in the northern GOM, potentially associated with the Labrador
Current.

Recent warming of the NES indicates a bifurcation in trends of minima and maxima SST
and increased temperature range, suggesting that this is being driven by warming summer
conditions while winter conditions have remained cool (Friedland and Hare 2007; Friedland et
al. 2013). Ocean temperatures in the Northwest Atlantic also show signals of the AMO with high
SST temperatures in the late 1940s and early 2010s, suggesting that oceanic conditions are a
combination of anthropogenic climate change and natural climate variability (Alexander et al.
2014; Nye et al. 2014).

The recent warming trend in the GOM is particularly dramatic. From 2004-2013 the
GOM waters warmed at a rate faster than the overall NES ecosystem, and 99 percent of the
global ocean (Figure 15) (Pershing et al. 2015). From 1982-2013, the satellite-derived mean SST
in the GOM rose at a rate of 0.03 °C per year, increasing to almost 0.30 °C per year from 2004 to
2013 (Mills et al. 2013a; Pershing et al. 2015). A large and intense ocean warming event
occurred in the Northwest Atlantic in 2012. From Cape Hatteras, North Carolina to the Labrador
Sea, SST in 2012 was 1-3 °C warmer than the 1982—-2011 average (Mills et al. 2013a). The
GOM warming event in 2012 was particularly pronounced. The SST anomaly for that year was 2
°C above the 1982-2011 climatology and 3.5 standard deviations from the mean (Mills et al.
2013a).
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Figure 15. Sea surface temperature (SST) trends from the Gulf of Maine and the global ocean. A.
Daily (blue, 15d smoothed) and annual (black dots) SST anomalies from 1982-2013 with the long-
term trend (black dashed line) and trend over the last decade (2004-2013) (red solid line). C.
Histogram of global 2004-2013 SST trends with the trend from the Gulf of Maine indicated at the
right extreme of distribution (Pershing et al. 2015). Reprinted with permission from AAAS.
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Khan et al. (2013) analyzed projections of SST for six LME in the Northwest Atlantic
during the period 2071-2100 using global climate models and earth system models and under the
IPCC AR5 RCP8.5 (“business as usual” emissions scenario) and RCP4.5 (“low” emissions
scenario). The projected increase in the NES summer SST under RCP8.5 was 4.12 £ 0.32 °C,
and 2.65 = 0.21 °C under RCP4.5; increases in the NES winter SST is projected to be 3.15 + 0.50
°C under RCP8.5 and 2.62 £ 0.33 °C under RCP4.5 for 2100. The projected increase in SST for
the Scotian Shelf, an important source of cold water to the GOM, was the highest of all six LME.
By 2100, under RCP8.5, increases in the summer Scotian Shelf SST are projected to be 4.76 £
0.31 °C, and 3.72 = 0.34 °C for the winter (Khan et al. 2013).

Using CMIP5 climate models, NOAA'’s Earth Systems Research Laboratory website
provides maps depicting SST changes for the world’s oceans under high (RCP8.5) and low
(RCP4.5) for the mid- and late-21% century (https://www.esrl.noaa.gov/psd/ipcc/ocn/ccwp.html).
The SST changes for the North Atlantic Ocean under RCP8.5 for the period 2050-2099 are
shown in Figure 16. Henson et al. (2017) projected median SST in the NES will exceed the
bounds of natural seasonal variability by 2034.
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Figure 16. Projected sea surface temperature anomaly for the North Atlantic Ocean under IPCC
RCP8.5 emission scenario for the time-period 2050-2099 (NOAA/OAR/ESRL PSD;
https://www.esrl.noaa.gov/psd/ipcc/ocn/ccwp.html).
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However, the SSTs simulated in the CMIP5 climate models have been shown to contain a
cold bias for the North Atlantic Ocean, such that the projected SSTs generally show too low
values (Wang et al. 2014). This bias has been attributed to CMIP5 models not adequately
resolving regionally-complex processes, including ocean eddies, coastal upwelling, and
interactions with topographic features, and where western boundary currents separate from the
coast (Wang et al. 2014). Using a high-resolution global climate model (CM2.6) with ocean
resolution of 0.1° (~10 km horizontal), Saba et al. (2016) was able to resolve Northwest Atlantic
circulation and water mass distribution more accurately than previous models. Using the higher
resolution model, the projected doubling of atmospheric CO2 concentration would result in a
warming of the NES in the upper 300 m depth by about 3 °C, a rate twice that of the coarser
models and nearly three times the global average (Figure 17). The CM2.6 model projects a
northwestern shift of the Gulf Stream and a poleward retreat of the Labrador Current, increasing
the proportion of warmer and saltier Atlantic Temperate Slope Water entering the Gulf of Maine
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(Saba et al. 2016). This enhanced warming of the Northwest Atlantic Shelf is also linked to a
weakening of the AMOC in both the model and in observations (Caesar et al. 2018).

Figure 17. Projected Northwest Atlantic versus global upper-ocean (0-300 m)
temperature change. Ocean temperature change is smoothed by a 10-year moving average
and is based on monthly differences between the doubling CO- run and the preindustrial
control run (Saba et al. 2016. Reprinted with authors' permission).

40 Northwest Atlantic vs. global ocean warming
g =CM2.6 Northwest Atlantic
5
I 3.0 1 ==CM2.6 Global
o
&
€ 2.0 1
S
s
® 1.0 1
©
g
£
g 0.0 - Atmos. CO,
§ doufles
[&]
(@)
'1 _0 T T T T T T T 1
0 10 20 30 40 50 60 70 80
Years (atmos. CO, increases 1% per year)

C. Observed and Projected Tropical and Extratropical Storms

The IPCC AR5 reported no significant observed trends in frequency of global tropical or
extratropical cyclones over the past century (Hartmann et al. 2013). However, historical data
indicate that between the 1950s and 2010s, mid-latitude synoptic storm systems (i.e.,
extratropical cyclones) which include blizzards and nor'easters in the northeast region, increased
in intensity and their tracks shifted northward (Vose et al. 2014; Wang et al. 2012). Lehmann et
al. (2014) examined the results of CMIP5 RCP8.5 and concluded that up to the year 2100 the
northeast region would likely experience an increase in the frequency and intensity of winter
extratropical cyclone events, but a slight decrease in summer events. (Colle et al. 2013) projected
extratropical cyclones may become more intense (10-40 percent) along the northeast coast,
especially during the mid-twenty-first century as a result of an increase in latent heat release due
to a moister atmosphere.

The northeast region is also affected by tropical cyclone systems that originate in the
Atlantic and Caribbean basins. Various researchers have hypothesized that an increase in SST
will increase the maximum potential intensity of tropical cyclones and should be reflected by an
increase in the frequency of the strongest hurricanes (Knutson et al. 2010; Kossin et al. 2007;
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Trenberth 2005). In fact, over the satellite era the intensity of the strongest hurricanes in the
Atlantic increased, although there is little evidence for this trend in other regions and the globe
(Hartmann et al. 2013; Kossin et al. 2007). The intensification of Atlantic tropical cyclones is
borne out in the historical record. Between the 1970s and early 2000s, the number of major
hurricanes (Category 4 and 5) in an average year approximately doubled (Emanuel 2005;
Webster et al. 2005).

D. Observed and Projected Sea Level

Over the past thousand years, sea levels along the northeast coast have been rising at a
rate of 8.6 to 10.9 mm per decade (Kunkel et al. 2013). This change was primarily the result of
geological processes (i.e., glacio-isostatic adjustments) following the retreat of the Laurentide Ice
Sheet tens of thousands of years ago. Land areas near the southern periphery of the ice sheet
forced upward by the weight of ice to the north have slowly subsided in response to the melting
of the ice sheet (DeJong et al. 2015).

The mean rate of SLR along the northeast coast has accelerated during the 20" century to
approximately 3.1 mm per year (Kunkel et al. 2013), which exceeds the global average of
approximately 1.7 mm per year (Church et al. 2013). The increased rate of SLR over the past 100
years or so reflects increased ocean water volume as the oceans warm, the melting of glaciers
and ice sheets, changes to the Atlantic Ocean circulation, and geological processes (e.g.,
subsidence and postglacial rebound). Yin et al. (2009) found that changes in ocean circulation in
the North Atlantic — specifically, a weakening of the Gulf Stream — is playing a role in increasing
SLR. Sallenger et al. (2012) reported a recent acceleration in SLR on 1,000 km of the east coast
of North America north of Cape Hatteras, which may be attributed to high-latitude North
Atlantic warming and rising surface water buoyancy. This hotspot of SLR is consistent with a
slowdown of the AMOC. Long-term tide gauge records identified an extreme SLR event north of
New York City in the 2009-2010 period (i.e., an increase of 128 mm), which was considered
unprecedented (a 1-in-850-year event) during the entire history of the tide gauge records
(Goddard et al. 2015). This extreme SLR event was attributed to a combined effect of a 30
percent downturn of the AMOC and a significant negative NAO. Ezer (2015) also reported
significant weakening in AMOC between 2009 and 2010 occurred during a period of faster than
normal SLR along the northeastern U.S. coast.

Figure 18 depicts the mean annual rates of relative SLR during the 20" century and the
first two decades of the 21% century for twenty-six northeast region cities. The mean annual rate
of SLR for nearly all northeast stations is higher than the global average and, in general, the rate
for the Mid-Atlantic region are higher than the New England region. For example, the mean rate
of SLR for Virginia locations is more than twice the rate in Maine. Comparing the rates between
1950-1979 and 1980-2009, Sallenger et al. (2012) found an area along a 1,000-km-long area
between Cape Hatteras, North Carolina and Boston, Massachusetts experienced relative SLR
about 3—4 times higher than the global average rate. The relative SLR in the Chesapeake Bay
region between 1927 and 2006 was 3.5-4.4 mm per year, faster than any other location on the
Atlantic coast and twice the global average eustatic rate (DeJong et al. 2015; Eggleston and Pope
2013). Post-glacial adjustment has been reported to be the primary cause of the deviation from
global SLR trends in the Chesapeake Bay region (DeJong et al. 2015), although compaction due
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to extensive groundwater pumping has been attributed to more than half of the observed land
subsidence in this region (Eggleston and Pope 2013).

Figure 18. Mean relative sea level trends for 26 northeast U.S. tide gauge stations over the 20" century
to 2017. The mean global rate of sea level rise for the 20" century is shown in the red line. The
beginning of record for tide gauge data varies by station and range between 1900 and 1970 (NOAA
Tides and Currents; https://tidesandcurrents.noaa.gov/sltrends/sltrends.html).
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Yin et al. (2009) and Yin et al. (2010) projected higher and more rapid SLR along the
northeast coast of the United States compared to the global mean induced by a weakening of the
AMOC, leading to a larger distribution of water towards the shelf. Yin et al. (2009) projected
combined dynamic and steric SLR for Boston, Massachusetts by 2100 to be 0.52, 0.48, and 0.37
meters above 1990 levels for the high, medium, and low emission scenarios using the AR4
model ensemble. However, these projections did not include meltwater from the Greenland ice
sheet, which may further weaken the AMOC and increase the SLR directly (Yin et al. 2009).

Bamber et al. (2009) projected eustatic SLR on the Atlantic seaboard of the United States
to be about 25 percent greater than the global mean, even for the case of a partial collapse of the
Greenland ice sheet. Climate models project an increase in magnitude and frequency of extreme
interannual SLR events along the northeast coast during the 21% century (Goddard et al. 2015;
Sallenger et al. 2012). DeJong et al. (2015) projected SLR of 0.16 m by 2100 from subsidence
alone in the Chesapeake Bay region due to on-going glacio-isostatic adjustments. Superimposed
on this the likely range of global SLR of 0.33-0.82 m based on the RCP6.0 and RCP8.5
scenarios (IPCC 2013), yields a projected 0.49-0.98 m SLR for this region by 2100 (DeJong et
al. 2015).
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However, the SLR projections for the northeast region discussed above may be too
conservative. Due to changes in ocean circulation patterns in the western Atlantic Ocean, Yin et
al. (2010) projected an additional SLR of 0.15 m in the Chesapeake Bay and Washington, D.C.
area by 2100. Using data from a global network of tide-gauge sites, Kopp et al. (2014) projected
local SLR for New York City and Sewell’s Point in Norfolk, Virginia is likely in the range of
0.7-1.3 m and 0.8-1.3 m, respectively, by 2100 under the RCP8.5 scenario.

Based upon observational data and modeling related to rapid ice melt and ice sheet
instability in Greenland and Antarctica, Sweet et al. (2017) reported six global SLR scenarios
corresponding to global SLR for 2100 of 0.3 to 2.5 m. This study included a revised upper-bound
SLR scenario (Extreme) that is 0.5 m higher than the upper bound reported by Parris et al. (2012)
included in the Third National Climate Assessment (Walsh et al. 2014).

Regionally-projected SLR on a 1-degree grid for U.S. coastlines were derived using
factors important at regional scales, including shifts in ocean circulation patterns and vertical
land movement, such as glacial isostatic adjustment, sediment compaction, and groundwater
withdrawals (Sweet et al. 2017). Their results indicate the northeast Atlantic coast (Virginia
through Maine) is expected to experience SLR greater than the global average under nearly all
SLR scenarios. The six global SLR scenarios adjusted for the city of Boston, Massachusetts over
the 21 century are shown in Figure 19.

A rate of SLR consistent with the Intermediate-Low or Intermediate scenario may occur
during the first half of the 21% century, but because ice-sheet mass loss may change non-linearly
(DeConto and Pollard 2016) higher rates of SLR are possible during the second half of the 21
century and could even exceed the highest projected rates (Sweet et al. 2017).
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Figure 19. Projected sea level rise for Boston, MA, based upon six global sea level scenarios
for the year 2100: Low (0.3 m), Intermediate-Low (0.5 m), Intermediate (1.0 m), Intermediate-
High (1.5 m), High (20 m), and Extreme (25 m) (Sweet et al. 2017
https://tidesandcurrents.noaa.gov/publications/techrpt083.csv).
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E. Observed and Projected Ocean and Coastal Salinity

As discussed above, the NAO and the related AO are the principal modes of annual- to
decadal-scale climate variability in the North Atlantic and effect atmospheric and oceanic
thermohaline circulation patterns in the region. Curry et al. (2003) found systematic freshening
of the North Atlantic Ocean between the 1950s and the 1990s.

Changes to the Arctic climate between the late 1980s and early 2000s are associated with
a strong cyclonic atmospheric circulation pattern that is characteristic of highly positive AO
condition (Greene et al. 2008). Highly-positive AO conditions favor the melting of permafrost,
snow, ice, and river discharge (as a result of increased precipitation) into the Arctic Ocean
(Greene and Pershing 2007; Greene et al. 2008). This, in turn, led to an increase in low-salinity
waters entering the Canadian Archipelago and a general freshening of shelf waters of the
Labrador Sea, GOM, Georges Bank, and the MAB (Hékkinen 2002; Mountain 2003; Smith et al.
2001). Mountain (2003) reported freshening of MAB waters by about 0.25 ppt in the 1990s,
compared to the 1977-1987 period, with large interannual variability attributed to reduced
salinity from greater Scotian Shelf Water inflow into the GOM and Georges Bank (an important
source of MAB water).

63



Johnson et al. 2019 Greater Atlantic Region Policy Series

Using satellite-derived coastal ocean and estuarine modeling, Geiger et al. (2013)
reported decreasing trends in salinity for the Mid-Atlantic region, with the largest areas of
salinity change off the coast of Long Island and New Jersey. They found correlations for positive
intervals of the NAO and a tendency for high discharge and low salinity in the Long Island
Sound and suggested the trends of coastal salinity freshening are linked to a larger natural
climate cycle. The annual streamflow in the Hudson and Connecticut Rivers, which provide
fresh water to the Long Island Sound estuary, have been increasing due to higher flow rates in
the low-flow months (June-December) and the spring freshet is arriving 8-days earlier than a
century ago (EPA 2016).

Balch et al. (2012) reported reductions in the salinity and density of surface waters of the
western GOM between 2005 and 2010, coinciding with extremes in precipitation and river
discharge. They attributed these changes to changes in the North American hydrological cycle,
as well as warming and melting of the polar ice cap that reduces salinities in the southward
flowing Labrador Current. Furthermore, Balch et al. (2012) reported decreases in carbon fixation
by phytoplankton during this time series and suggested the observed physical and chemical
changes attributed to precipation and river discharge are playing a critical role in controlling the
long-term productivity in the GOM.

Four similar salinity anomaly events attributed to Arctic Ocean freshwater pulses have
occurred since the 1970s, affecting the North Atlantic Ocean circulation patterns and climate in
adjacent landmasses (Belkin 2004; Greene et al. 2008). In 1997 and 1998, the strongly positive
AO conditions that prevailed in the 1990s shifted to a negative phase with a corresponding
reduction in freshwater export from the Arctic Ocean and elevated salinities throughout the
Northwest Atlantic shelf waters (Greene et al. 2012).

The changes observed in the Arctic climate in the 1990s, including increased
precipitation and freshwater river discharges into the Arctic Ocean, and increased melting of
permafrost, snow, and ice, may be an indicator of future conditions in a warming climate
(Greene et al. 2008). These changes, in turn, resulted in enhanced freshwater export from the
Canadian Archipelago and freshening of shelf waters from the Labrador Sea to the MAB. In
addition, since the 1970s, the AO has predominantly been in a positive phase, and some studies
have suggested this may be a response to anthropogenic climate change (McBean et al. 2004).
Although the AO has exhibited variable phase patterns in the past decade, the great salinity
anomaly events observed in previous decades have not repeated and the Arctic Ocean has been
in an extended period of freshwater storage (Greene et al. 2012). Consequently, future salinity
trends for the NES waters are difficult to project.

Using a high-resolution global climate model, Saba et al. (2016) found a projected
doubling of atmospheric CO> concentration would result in an increase in salinity in the NES due
to changes in water mass distribution related to a retreat of the Labrador Current and a northerly
shift in the Gulf Stream.
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F. Observed and Projected Ocean and Coastal pH

The average pH of global ocean surface waters has declined about 0.1 units, from about
8.2 to 8.1 since the beginning of the Industrial Revolution, corresponding to a 26 percent
increase in the hydrogen ion concentration of seawater (Feely et al. 2009; Rhein et al. 2013;
Zeebe 2012). The largest reduction of ocean surface water pH (-0.10) has been recorded in the
northern North Atlantic (Rhein et al. 2013).

Coastal waters are generally more susceptible to acidification than oceanic waters
because they are subject to more acid sources and are generally less buffered than oceanic waters
(i.e., differences in the amount of dissolved inorganic carbon, dissolved and particulate organic
carbon, total alkalinity and nutrients from riverine and estuarine sources) (Ekstrom et al. 2015;
Gledhill et al. 2015; Waldbusser et al. 2011). Feely et al. (2010) reported substantially lower pH
and aragonite saturation state values in parts of Puget Sound than would be expected from
atmospheric CO; alone. They estimated approximately 51-76 percent of the reduced pH in Puget
Sound is attributed to decomposition of organic matter within the estuary. A long-term
monitoring program in the Chesapeake Bay found statistically significant declines in daytime
average pH from 1985 to 2008 within polyhaline waters, but not in mesohaline waters of the Bay
(Waldbusser et al. 2011). Coastal acidification generally exhibits higher spatial and temporal
variability relative to OA.

The cold waters of the Arctic Ocean also have naturally low CaCOg saturation states. The
lower saturation state with respect to aragonite and calcite in the Arctic is also related to a
decrease in total alkalinity in surface waters due to higher rates of freshwater inflow from river
water and ice melt (Chierici and Fransson 2009; Mathis et al. 2015; Yamamoto-Kawai et al.
2011; Yamamoto-Kawai et al. 2009). These studies reported surface waters in the Canadian
Basin of the Arctic Ocean in the 2000s to be undersaturated with respect to aragonite, attributed
to recent increased rate of melting sea ice. In addition, Yamamoto-Kawai et al. (2009)
concluded the recent retreat of the ice edge in the Canadian Basin past the shelf-break has
produced conditions favoring enhanced upwelling of subsurface, aragonite-undersaturated water
into the Arctic continental shelf. Additionally, the indirect effect of decreasing sea ice coverage
is providing a positive feedback, in which more open water increases the uptake of atmospheric
CO2 (Mathis et al. 2015).

Most surface waters in the global ocean are currently supersaturated with respect to
CaCO:s. The current global mean sea surface saturation state values is 2.98 + 0.9 for aragonite
(Qar) and 4.58 £ 1.3 for calcite ( Qca), where Q = 1 expresses saturation (Feely et al. 2009).
When seawater is supersaturated with respect to aragonite and calcite (i.e., Q > 1), calcification
is favored more than dissolution.

The current North Atlantic mean sea surface saturation state is approximately Qar = 3.47
+ 0.3, and Qca = 5.31 £ 0.8 (Feely et al. 2009). However, on the continental shelf between the
MAB and Georges Bank, mean sea surface saturation state of aragonite declines to the north, and
generally with depth. Wang et al. (2013) reported mean Qar = 3 east of North Carolina, 2.5
southeast of Massachusetts, and 1.9 east of New Hampshire; the lowest values were found in the
deep waters in the GOM (Qar = 1.3).
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According to Gledhill et al. (2015), New England and Scotian Shelf waters may be
particularly susceptible to OA because of lower temperatures and changes in the concentration of
total alkalinity and dissolved inorganic carbon from river discharge, both of which reduces the
buffering capacity of those waters. Rivers in New England that have a combination of cool
temperatures, low alkalinity, and runoff typically consisting of soils containing carbonic acid, a
by-product of organic decomposition, have particularly low Q4 values (Salisbury et al. 2008).
For example, in the Casco Bay during times of high discharges from the Kennebec River and
down-welling (northerly) winds, acidic river waters with Qar <1.5 have been recorded (Salisbury
et al. 2008).

G. Observed and Projected Ocean Dissolved Oxygen

Coastal waters and estuaries in the northeastern U.S. frequently experience both hypoxic
(low oxygen) and anoxic (zero oxygen) conditions. Natural, periodic high rates of photosynthesis
can induce high rates of oxygen consumption in subsurface waters and sediments, and
eutrophication by agricultural runoff and sewage inputs pose serious problems in many coastal
and estuarine systems (Diaz and Rosenberg 2008; Keeling et al. 2010).

Coastal hypoxia follows four general patterns:

1. Increased deposition of organic matter promotes microbial growth and respiration and
increases biological oxygen demand, resulting in hypoxia.

2. It occurs transiently, often followed by mass mortalities of benthic and sessile
organisms.

3. It occurs seasonally or periodically, characterized by boom-and-bust cycles of
populations.

4. If organic matter and nutrients continue to accumulate in the sediments, and the DO
concentrations continue to fall, anoxia is established and microbially-generated hydrogen
sulfide is released which is toxic to most organisms (Diaz and Rosenberg 2008).

These patterns of hypoxia and anoxia are exemplified in the Chesapeake Bay.
Anthropogenic nutrient loading into the Chesapeake Bay since the mid-20" century has reduced
the system’s ability to assimilate nitrogen inputs without developing hypoxia and have led to
reductions or losses of key ecological processes sensitive to eutrophication (Kemp et al. 2005).

Climate change will likely further complicate the causative factors of natural and
anthropogenic hypoxia (Rabalais et al. 2010). Because a continued warming trend is projected
for the Western Atlantic, including the northeastern U.S. coastal waters (Hayhoe et al. 2007;
Khan et al. 2013; Saba et al. 2016), strengthened stratification alone will worsen hypoxia where
it currently occurs and expand its formation in additional areas (Rabalais et al. 2010).
Furthermore, most models project increases in winter and spring precipitation and in
precipitation intensity in the northeast region (Hayhoe et al. 2007; Horton et al. 2014; Meehl et
al. 2007), suggesting that greater freshwater discharges into bays and estuaries may increase
nutrient inputs and exacerbate eutrophic and hypoxic conditions (Rabalais et al. 2010).
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H. Observed and Projected River and Stream Temperature

Water temperatures are increasing in many streams and rivers throughout the United
States, although some of this change can be attributed to urbanization and deforestation. Kaushal
et al. (2010) found significant increases in annual mean water temperatures in 20 of the 40
assessed U.S. rivers and streams. The authors reported increased water temperatures between
0.009 and 0.077 °C per year that were typically correlated with increases in air temperatures and
urbanization. Although there were significant increases observed for nearly all streams and rivers
in the southeastern, midwestern, and western regions of the United States, the observed rates of
increase were the highest for more urbanized areas of the mid-Atlantic United States. The
highest rates of increased river and stream temperatures were on the Delaware River and
Brandywine Creek in Pennsylvania, the Gunpowder River in Maryland, and the Potomac River
in Washington, D.C. (Kaushal et al. 2010). Rice and Jastram (2015) reported statistically
significant increases in water and air temperature anomalies (0.54 and 0.39 °C, respectively)
between the periods 1961-1985 and 1986—-2010 in the Chesapeake Bay watershed. They found
increasing water temperature trends despite increasing trends in streamflow in the northern part
of the study area. The authors concluded that continued warming in the Chesapeake Bay will
likely result in shifts in distributions of aquatic biota and worsening eutrophic conditions in the
bay and estuary (Rice and Jastram 2015). In a New England study on alewife migration timing,
four streams with both historic and recent temperature data had warmed to 13 °C about 12 days
earlier in the spring than they did in the 1970s (Ellis and VVokoun 2009).

Other measures of river and stream temperature conditions in the northeast are changing,
including ice thickness, dates of spring ice-out, and seasonal stream runoff volume. Huntington
et al. (2003) reported average ice thickness decreased by about 46 percent, and both ice-out and
seasonal center-of-volume date occurred earlier during the 20" century for the Piscataquis River,
Maine. All of these systemic temporal trends were correlated with winter air temperature,
suggesting sensitivity to regional climate forcing (Huntington et al. 2003). Similarly, Hodgkins
et al. (2005) found 12 of the 16 studied unregulated New England rivers demonstrated a
significant decrease in the number of days of ice-affected flow and earlier last dates of ice-
affected flow in the spring.

Correlations between air temperatures and lake, river, and stream water temperatures
have been reported in several studies (IPCC 2001; Kaushal et al. 2010; Livingstone 1997;
Vaughan et al. 2013). This includes water temperature-related conditions such as ice-affected
flow and ice-out dates (Hodgkins and Dudley 2006; Hodgkins et al. 2003; Hodgkins et al. 2005;
Hodgkins et al. 2002; Huntington et al. 2003), and ice thickness (Huntington et al. 2003).
Climate models for atmospheric warming in the northeast U.S. region by the 2080s under the A2
and Bl emission scenarios are projected to be 2.50-5.56 °C and 1.67-3.33 °C, respectively
(Horton et al. 2014), and so it is reasonable to assume river and stream temperatures will warm
accordingly.
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I. Observed and Projected Precipitation and Inland Hydrology

High inter-annual variability for precipitation makes distinguishing long-term trends from
natural fluctuations difficult. Nonetheless, analyses of historical records over the last century
show a consistent long-term positive trend in annual precipitation in the northeast region
(Easterling et al. 2017; Guilbert et al. 2015; Hayhoe et al. 2007; Horton et al. 2014; Karl and
Knight 1998; Thibeault and Seth 2014; Walsh et al. 2014). Between 1895 and 2011, mean annual
precipitation increased by approximately 10 mm per decade (Kunkel et al. 2013). Similar
increases in decadal trends (9.5 mm per decade) for New England over the last century were
reported by Hayhoe et al (2007). Kunkel et al. (2013) reported only fall precipitation trends were
statistically significant (+6.1 mm per decade), but not winter, spring, or summer precipitation
trends. Easterling et al. (2017) reported fall precipitation increased by more than 15 percent
across most of the northeast region between 1986 and 2015 compared to the first half of the last
century (1901-1960).

Guilbert et al. (2015) reported an increased persistence of precipitation events (i.e.,
probability of precipitation in one day and given precipitation in the proceeding day) in the
northeast United States. More than two-thirds of the 222 stations analyzed in the northeast region
showed positive trends (+0.5 mm per day per decade) for the 95™ percentile of daily precipitation
in the months of October through May (Guilbert et al. 2015). However, these trends are not
spatially uniform. Connecticut exhibited the largest increases with a trend of +1.1 mm per day
per decade in the 95" percentile of daily precipitation, while no trends were observed for West
Virginia. Similarly, Thibeault and Seth (2014) attributed observed increases in total annual
rainfall in the northeast U.S. region and adjacent Canada to increasing trends in observed wet
precipitation extremes rather than an increase in the number of wet days.

Annual precipitation has shown a shift towards greater variability and higher totals across
the entire United States since 1970, although extreme precipitation events have been higher on
the east coast than on the west coast and midwest regions (Karl and Knight 1998; Sun and Lall
2015; Walsh et al. 2014). Between 1958 and 2016, the northeast region saw a 55 percent increase
in the amount of precipitation falling as very heavy events (defined as the total precipitation
falling in the top 1 percent of all days with precipitation) (Easterling et al. 2017). Furthermore,
the number of 2-day events with a precipitation total exceeding the largest 2-day amount that is
expected to occur, on average, only once every 5 years increased by 92 percent in the northeast
region (Easterling et al. 2017). Douglas and Fairbanks (2011) reported strong increases in the
magnitude of extreme precipitation events between 1970 and 2008 in New England, and
especially in eastern Massachusetts and southern New Hampshire. They also found increases in
the frequency of extreme rainfall events in New England, which was highest during August
through November, but the increased frequency was not as great as the increase in the magnitude
of extreme events.

In general, stream discharges in New England and the mid-Atlantic have increased over
the past century. A number of investigators have reported increases in minimum and medial flow
quantiles (Douglas et al. 2000; Hodgkins and Dudley 2005; Lins and Slack 1999; McCabe and
Wolock 2002). McCabe and Wolock (2002) also found step increases in annual minimum and
median daily streamflow in the northeast United States beginning around 1970. Collins (2009)
reported 25 of the 28 examined New England stream gages with minimal human influence had
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upward trends in the highest annual instantaneous discharges. This study also demonstrated
evidence for a step increase in flood magnitudes at about 1970. The results of similar studies for
both New England (Armstrong et al. 2012) and mid-Atlantic streams (Armstrong et al. 2014)
have shown evidence of widespread hydroclimatic increases in flood magnitude (Figure 20) and
frequency (Figure 21), as well as evidence of a step increase around 1970 reported by McCabe
and Wolock (2002) and Collins (2009). These studies suggest these hydroclimatic changes in
regional flood response are related to a combination of factors, including cyclic atmospheric
variability and secular trends related to climate warming.

Balch et al. (2012) observed extremes in precipitation and river discharge between 2005
and 2010 from the major watersheds in Maine that appear to have resulted in changes in the
physical, chemical, and biological characteristics of the GOM. The physical and chemical
changes included reductions in salinity and density of surface waters and increases in dissolved
organic matter concentrations and nitrate and phosphate in the western GOM, which likely
decreased primary production via light limitations.

Figure 20. Spatial distribution in flood magnitude for streams in the northeast region,
represented as percent change over the period of record for each gauge. Dark blue and red
symbols are for Mid-Atlantic gauges and lighter symbols are for New England gauges
(Armstrong et al. 2014).
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Figure 21. Spatial distribution of trends in flood frequency in the northeast region,
represented as exceedances of “peak over threshold” discharge occurring in a “water year”
(POT/WY). Dark blue and red symbols are for Mid-Atlantic gauges and lighter symbols
are for New England gauges (Armstrong et al. 2014).
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Collins et al. (2014) reported over half the annual peak floods in the northeast United
States and Atlantic Canada occur in the late winter-early spring period. The floods are
dominantly generated by Great Lakes-sourced storms and coastal lows (also known as
“nor’easters”). They found the dominant mechanism for producing annual floods is rainfall.
Although less dominant than Great Lakes-based storms in terms of the total number of annual
floods they cause, coastal lows generally produce the larger annual floods across the region each
year and account for a substantial proportion of the most extreme events.

Changes in the timing of winter-spring streamflows in the northeast have been reported
(Hodgkins and Dudley 2005; Hodgkins and Dudley 2006; Hodgkins et al. 2003). Hodgkins et al.
(2003) found the timing of high-river flows in New England was positively correlated with late-
winter and early-spring air temperatures. Most of the change has occurred since 1970, with the
date of peak streamflow occurring 1-2 weeks earlier. For gaging stations north of 44° N latitude,
approximately 32 percent have significantly earlier flows over 50, 60, 70, and 90-year periods,
while 64 percent have significantly earlier flows over an 80-year period. Earlier winter-spring
streamflows were attributed to earlier snowmelt runoff, mostly likely due to warmer air
temperatures and/or increased ratios of winter rain to snow (Hodgkins and Dudley 2006).
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Hodgkins and Dudley (2005) reported mean March streamflows increased significantly at
14 unregulated rivers in northern New England, while mean streamflows in May significantly
decreased at 10 stations, primarily in northern or mountainous sections of Maine, New
Hampshire, and Vermont. The authors attributed earlier snowmelt to increased March and April
air temperatures and thus increased streamflows in March and decreased streamflows in May.

Huntington et al. (2003) conducted an assessment of river ice patterns on the Piscataquis
River in central Maine because it is free of any significant confounding influences such as
consumptive use, impoundment and release, or changes to land use. The authors reported
average ice thickness decreased by about 46 percent, and both ice-out and seasonal center-of-
volume date occurred earlier during the second half of the 20" century compared to the first half.
All of these systemic temporal trends were correlated with air temperature, suggesting sensitivity
to regional climate forcing (Huntington et al. 2003). A study of ice-affected flows of rural,
unregulated New England rivers was conducted by Hodgkins et al. (2005), who found 12 of the
16 rivers demonstrated a significant decrease in the number of days of ice-affected flow and
earlier last dates of ice-affected flow in the spring. The total annual days of ice-affected flow
decreased on average by 20 days from 1936 to 2000 with most of the decrease occurring since
the 1960s.

Hayhoe et al. (2007) projected precipitation in the northeast U.S. region using IPCC AR4
atmosphere-ocean general circulation models and reported that almost all model simulations
show consistent increases in winter precipitation and a small decrease in summer rainfall.
Specifically, by 2100 winter precipitation in the northeast region is projected to increase by 11
percent under the B1 (lower) and 14 percent under the A2 (mid-high) emission scenarios
(Hayhoe et al. 2007). For the mid-Atlantic region, projections of annual precipitation are
confounded by a wide spread among climate models, likely owing to the region’s position at the
boundary between subtropical precipitation decreases and subpolar precipitation increases
(Najjar et al. 2010).

The CMIP3 models used in the Third NCA (NCA 3) exhibited large uncertainties in
precipitation for the region, particularly in the first half of the 21% century (Kunkel et al. 2013).
However, the models are mostly in agreement that precipitation is projected to increase across
the entire region. The CMIP3 model projections indicate that under both the A2 and lower
emission (B1) scenarios, the northernmost portions of the northeast region show the largest
simulated increases in mean annual precipitation while the southern and coastal areas show less
of an increase (Kunkel et al. 2013). The geographic gradient is largest in the latter half of the 21
century, especially in the A2 emissions scenario. For example, by 2085 the increase in
precipitation for the southern West Virginia area is projected to be 0-3 percent, while the
northern New England and New York areas area projected to experience a 6—9 percent increase.

Using CMIP5 models and the high-emissions RCP8.5, Thibeault and Seth (2014)
projected increases in total annual precipitation for the northeast region during the latter half of
the 21% century, and largely attributed this to increases in winter wet extremes. They also
projected the largest increases in heavy precipitation extremes will occur in the northern, coastal,
and mountainous areas of the region.
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Karmalkar and Bradley (2017) analyzed the U.S. regional and national implications for
projected changes in precipitation when the global mean air temperature exceeds the 1.5 °C and
2.0 °C thresholds (above pre-industrial levels) using the CMIP5 models for two future periods
(2020-2039 and 2036-2055). They found a high degree of uncertainty among the models in
regional precipitation projections for every region except the northeast United States. Winter
precipitation is projected to increase in the eastern United States (including the northeast), and 75
percent of the models also indicate wetter summers in the northeast during both 20-year periods
leading to an overall increase in annual mean precipitation.

Important progress was made in the multimodel ensembles used in the NCA 4, such as
CMIP5 and the North American Regional Climate Change Assessment Program (NARCCAP),
to characterize projection uncertainty arising from model differences due to internal climate
variability as reported in the NCA 3 (Easterling et al. 2017). The NCA 4 model projections for
the northeast region indicate significant increases in precipitation in all seasons except for
summer, with the largest increases in winter and spring. This is consistent with the simulated
trends in the recent period (1971-2000) but at odds with the observed trends, which show
increases only in fall (Lynch et al. 2016). The winter and spring precipitation is projected to
increase between 10 and 20 percent for most areas of the northeast (Easterling et al. 2017). In the
early to middle parts of this century, precipitation will likely be manifested as increases in
snowfall, but in the latter half of the century precipitation will mostly be rainfall as it will be too
warm to snow in many current snow-producing situations (Easterling et al. 2017).The NCA 4
reported monthly precipitation in the northeast region is projected to be about 2.5 cm greater for
December through April by end of century (2070-2100) under the higher scenario (RCP8.5)
(Easterling et al. 2017) (Figure 22).
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Figure 22. Projected change (percent) in total seasonal precipitation from CMIP5 simulations
for 2070-2099 for the RCP8.5 scenario. The values are weighted multimodel means and
expressed as the percent change relative to the 1976-2005 average. Stippling indicates that
changes are assessed to be large compared to natural variations. Hatching indicates that changes
are assessed to be small compared to natural variations. Blank regions are where projections
are assessed to be inconclusive. Data source: World Climate Research Program’s Coupled
Model Intercomparison Project. (Easterling 2017; Figure source: NOAA NCEI).
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For extreme precipitation, the NCA 3 used NARCCAP regional climate and downscaled
CMIP3 model simulations. These results indicated all areas of the northeast region are expected
to see increases in the average annual number of days with precipitation exceeding 1 inch, with
both model approaches showing a 21 percent increase for the 2041-2070 time-period under the
A2 emissions scenario (Kunkel et al. 2013). The increases are higher for the more extreme
thresholds (e.g., +79 percent for #days >4 inches) in the downscaled CMIP3 model. The greatest
increases will be in parts of New York (30 percent in the 2041-2070 time-period) and the
smallest increases are expected for the coastal region (9-12 percent). The NCA 4 reported
similar projections for extreme precipitation in the northeast region, indicating the 20—year return
period amount for daily precipitation (a daily precipitation quantity that has only a 5 percent
chance of being exceeded in any year) will increase by 14 percent and 22 percent under the
RCP4.5 and RCP8.5 scenarios, respectively (Easterling et al. 2017). For the mid-Atlantic region,
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most IPCC AR4 models have been in agreement that precipitation intensity is projected to
increase. For example, under the high-emissions scenario (A1B), precipitation intensity is
projected to increase by one standard deviation by 2100 (Meehl et al. 2007).

Neff et al. (2000) used general circulation model scenarios to project the effects of
climate change on mid-Atlantic region stream flows. Although both model scenarios indicate
changes in the seasonality of peak flows (earlier autumn and winter-spring peaks), one model
(Hadley Center HADCM2) projects an increase in annual streamflow while the other (Canadian
Climate Center CGCMI) projects a modest decrease in annual streamflow. The authors point out
that the Canadian model projects an increasingly warmer and drier climate than does the Hadley
model, which effects the model outputs for streamflow. However, both models project an
increase in stream flows during winter months due to warming-induced decreases in snow pack
(Neff et al. 2000).

Similar results were reported in eastern Massachusetts by Tu (2009), who found climate
change will mainly affect the timing of streamflow, rather than the annual average. Using the
outputs of the Third Generation Coupled Global Climate Model with the A1B (high) emissions
scenario for the early 21% century (i.e., 2015-2024), stream flows in late fall and winter months
were projected to increase while other months, especially in the summer and early fall, would
decrease in most watersheds. The author attributed the increased streamflow during late fall and
winter months to earlier snowmelt caused by increases in temperature (Tu 2009).

Hodgkins and Dudley (2013) modeled future peak stream flows in the basins of four
coastal Maine rivers (i.e., Pleasant, Narragaugus, Sheepscot, and Royal) which have minimal or
no regulation of stream flows and continuous stream gage data for 19 to 70 years. The projected
annual daily maximum peak flows increased or decreased, depending on the adjusted values of
temperature and precipitation. Specifically, peak flows decreased as air temperature increased
(with no change in precipitation), whereas increases in precipitation (with no change in
temperature) lead to increased peak flows. They found peak flows decreased by larger amounts
as the magnitude of air temperatures increased. As discussed previously, climate model
projections for the northeast region under the high (A2) emissions scenario show warming of
2.50-5.56 °C by the 2080s and annual and winter precipitation increasing as much as 9 percent
and 29 percent, respectively (Kunkel et al. 2013). Assuming an increase in temperature of 4 °C
and a 15 percent increase in precipitation, the annual daily maximum peak flows increased
between 4.5-13.7 percent for the four New England rivers studied; however, under the same
warming scenario, the maximum peak flows for the four rivers increased between 34.2-54.3
percent if precipitation increased by 30 percent (Hodgkins and Dudley 2013).

Section I1. Climate Change Effects on Marine and Coastal Resources

Introduction

The effects of climate change on marine ecosystems have been documented in numerous
scientific publications and in major national and international reports (Doney et al. 2012; IPCC
2014b; Pershing et al. 2018; Portner et al. 2014; Staudinger et al. 2012). Climate change effects
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may manifest at the organismal level through physiological responses to changing environmental
variables, individual-level behavioral changes, and at the population level through changes in the
balance between mortality, growth, and reproduction (Portner and Peck 2010). In addition,
changes in large ocean currents and wind-driven gyres that could occur as a result of climate
change (Rhein et al. 2013) can influence the retention and dispersion of early life stages of
marine organisms (Portner and Peck 2010). Poloczanska et al. (2013) found approximately 83
percent of all observations for marine species’ distribution, phenology, community composition,
abundance, demography, and calcification across taxa and ocean basins were consistent with the
expected impacts of climate change.

Climate-related impacts on living marine resources often involve multiple stressors that
can affect species individually, synergistically, and cumulatively. The vulnerability of marine
species and habitats to climate change can be thought of as a combination of the exposure to
climate variables (e.g., temperature, pH), the sensitivity of the variables that predict the species
and population’s intrinsic resilience to change, and the adaptive capacity to accommodate or
cope with the change with minimal disruption (Glick et al. 2011). The effects can be complex
and interacting because climate change affects biodiversity and ecosystems through a variety of
direct and indirect pathways. Many ecosystems have already been stressed by natural and other
anthropogenic impacts, and human adaptation and mitigation responses are varied across
multiple sectors (Staudt et al. 2013). By projecting the rate of changes for drivers of ocean
ecosystem stress (i.e., SST, pH, DO, and primary production) using IPCC emission scenarios,
Mora et al. (2013) projected biochemical changes (i.e., temperature, oxygen, pH, and primary
food supply) would affect all global habitats and biodiversity hotspots under both RCP4.5 and
RCP8.5. The smallest absolute changes in biogeochemical parameters are expected in deep-sea
habitats, while the largest changes will likely occur in shallow-water habitats, such as coral and
rocky reefs, seagrass beds, and shallow soft-bottom benthos (Mora et al. 2013). Henson et al.
(2017) reported multiple drivers would exceed the background of natural variability in 55
percent and 86 percent of the world’s oceans by the 2030s and 2050s, respectively, under the
RCP8.5 (“business as usual”) scenario.

While the effects of climate change may benefit some habitats and the populations of
species through increased availability of food or nutrients, reduced physiological costs for
maintenance, or reduced competition and predation, a shift in environmental conditions outside
the normal range of variability can result in suboptimal physiological performance for those
habitats and species unable to adapt. This, in turn, may lead to higher mortality, reduced growth,
smaller size, and reduced reproduction or populations (Doney et al. 2012). Thus, climate change
will result in “winners” and “losers”.

For clarity, we have classified climate-related impacts on living marine resources into
five broad effects chapters: 1) temperature-related; 2) salinity-related; 3) sea level rise; 4) water-
quality; and 5) OA and CO-related effects. Chapter 6 of the guidance includes information
related to the synergistic effects attributed to climate change.
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Chapter 1. Temperature-related Effects

Temperature is an important factor in determining the metabolic rate and numerous life
history traits for species including growth, reproduction, the timing of migration (i.e.,
phenology), and defining the range and distribution of individuals within an ecosystem
(Murawski 1993; O'Connor et al. 2007). Generally, the metabolic rate of ectothermic organisms
increases exponentially with temperature (within the range of temperatures that an organism can
tolerate), resulting in higher rates of most physiological processes, such as photosynthesis and
respiration (Doney et al. 2012). However, regardless of metabolic rate, other physiological
requirements must be met, including nutrition, thermal tolerance, oxygen availability, and
environmental and organismal chemistry (Doney et al. 2012).

Ocean warming can affect the availability and distribution of suitable habitat (Bell et al.
2015; Hare et al. 2012a) and the abundance and activity rates of predator and prey species
(Beaugrand et al. 2003; Beaugrand et al. 2009). Changes in the temperature regime of species
and habitats as a result of climate change can result in direct and indirect, cumulative, and
synergistic effects when combined with other natural and anthropogenic environmental impacts.
Changes to the phenology (the annually-recurring life-cycle events such as the timing of
migrations, spring phytoplankton blooms, and flowering, and the peak in the abundance of prey
populations), is one of the key indicators of the impacts of climate change on biological
populations. The different level of response to warming across functional groups and multiple
trophic levels can lead to mismatches between successive trophic levels, which can then lead to
altered food-web structures and ecosystem-level changes (Edwards and Richardson 2004).

A. Observed and Projected Effects for Fish and Invertebrates

a. Observed Changes in Spatial Distribution

One of the primary responses of fish and invertebrate populations to warming oceans is a
shift in their spatial distribution, generally to higher latitudes (i.e., poleward) and to deeper
waters as species seek cooler waters within their normal temperature preferences (Beaugrand et
al. 2009; Cheung et al. 2009; Cheung et al. 2013; Dulvy et al. 2008; Hare et al. 2016b; Kleisner
et al. 2016; Lucey and Nye 2010; Murawski 1993; Nye et al. 2009; Perry et al. 2005; Pinsky et
al. 2013; Weinberg 2005). In general, the latitudinal changes observed in the ranges of marine
species have exceeded those of terrestrial species, despite slower rates of warming in the oceans
(Burrows et al. 2011). Sorte et al. (2010b) found the range shifts of marine species throughout
the 20" century to be an order of magnitude faster than terrestrial species, and 75 percent of all
range shifts in marine species were poleward. Pinsky et al. (2013) found that “climate velocity”
(i.e., the rate and direction that climate shifts across the landscape) explained the magnitude and
direction of shifts in latitude and depth of occurrence more effectively than did species life
history characteristics. Although marine species are capable of more rapid shifts in distribution
than terrestrial species because they face fewer barriers to dispersal and more completely fill
their thermal niches, the observed rapid range shifts will fundamentally reorganize marine
communities (Pinsky et al. 2013). Although the establishment and rates of colonization for
marine species through human introductions (e.g., shipping ballast) are likely greater than range
shifts due to warming waters, the community-level effects of climate change has the potential to
seriously affect the structure and function of ecosystems (Sorte et al. 2010b).
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Although the distributions of marine species over recent decades have generally trended
poleward, there is a high degree of variability within the published literature in the rate of change
in the distributions (Table 2). The global poleward shift in marine species ranges from 4 to 190
km per decade (Przeslawski et al. 2012; Sorte et al. 2010b). Some of the variability in estimates
may be an artifact of methods used to define the range shifts or the study selection criteria used
in the meta-analyses. Poloczanska et al. (2013) found the fastest rates of leading-edge expansions
were found in highly mobile or dispersive pelagic organisms, including phytoplankton (470 km
per decade), bony fishes (278 km per decade), and invertebrate zooplankton (142 km per
decade). These rates are substantially greater than the average range shifts for terrestrial plants
and animals, estimated to be about 6 km per decade (Parmesan and Yohe 2003).

Table 2. Observed poleward shifts in range of marine species

Study Taxa (# of Poleward Shift | Geography | Comments
species/stocks) (km per decade)
Sorte et al. (2010a) Marine spp. 190 Global Includes introduced
(129) species; meta-analysis
Poloczanska et al. Marine spp. 72 Global Measured leading edge of
(2013) (360) range; meta-analysis
Prezeslawski et al. Marine spp. 3.9-9.1 Global Meta-analysis
(2012) (311)
Perry et al. (2005) Marine fish (36) | 71.7 North Sea Measured mean center of
distribution
Overholtz et al. Atlantic 62.5 NES Measured mean center of
(2011) mackerel (1) distribution
Bell et al. (2015) Black sea bass, 37.5-50 NES Measured spring center of
scup (2) biomass
Pinsky and Fogarty | Marine spp. (4) 27-78 NES Measured biomass-
(2012) weighted mean range
Nye et al. (2009) Marine spp. (36) | 10-80 NES Measured mean center of
biomass

Pinsky and Fogarty (2012) compared the shifts in fishery landings and the geographic
distributions of four commercially-important species [i.e., American lobster, yellowtail flounder
(Limanda ferruginea), summer flounder (Paralichthys dentatus), and red hake (Urophycis
chuss)] in the northeast U.S. from the 1970s to 2010. The landings and landed value showed
much weaker shifts than the species geographic distributions, suggesting that economic and
regulatory constraints played important roles in creating lags. Their analysis showed a poleward
shift in geographic distribution for these four species at rates of 27—-78 km per decade,
substantially faster than the shifts in the landings of 3-9 km per decade (Pinsky and Fogarty
2012).

Cheung et al. (2013) reported a statistically-significant positive relationship between
changes in SST and the mean temperature of the catch (MTC) index (i.e., based on the average
inferred temperature preference of exploited species weighted by the annual catch) in 52 large
marine ecosystems covering the majority of the world’s coastal and shelf areas. The analysis
shows an increase in the MTC at a rate of 0.23 °C per decade between 1970 and 2006 in
temperate and subtropical areas. In the northeast Atlantic Ocean, the MTC index increased 0.49
°C per decade (Cheung et al. 2013). Even after accounting for the effects of fishing and large-
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scale oceanographic variability, this study suggests the composition of marine fisheries catch is
significantly related to temperature changes, such that warmer-water species are increasingly
dominant in higher latitudes.

In the northeastern Atlantic Ocean, Perry et al. (2005) found the centers of distribution
(as measured by mean latitude) for North Sea fishes shifted in response to warming waters for 15
of 36 species investigated, and 21 of these species showed a shift in mean latitude or depth, or
both. The mean centers of distribution changed by 172 km for all species assessed between 1977
and 2001, and most (13 of 15 species) of these shifts were northward (Perry et al. 2005). Dulvey
et al. (2008) demonstrated a deepening of the North Sea demersal fish assemblage by 3.6 m per
decade in response to increased winter bottom temperatures over a 25-year period.

In the northwestern Atlantic Ocean, similar poleward changes in the latitudinal
distribution have been observed in response to rising ocean temperatures for large numbers of
U.S. northeast marine species (Bell et al. 2015; Kleisner et al. 2016; Lucey and Nye 2010;
Murawski 1993; Nye et al. 2009; Pinsky and Fogarty 2012). In an analysis of 36 fish and squid
species using over 20 years of fisheries-independent trawl data from the northwest Atlantic,
Murawski (1993) found the variations in water temperature were significant in explaining
changes in mean latitude of occurrence in 12 of the 36 species. Pelagic species, such as Atlantic
mackerel (Scomber scombrus) and Atlantic herring (Clupea harengus), demonstrated the greatest
latitudinal responses to interannual differences in water temperature (Murawski 1993). For
example, with each one-degree C increase in average water temperature, the Atlantic mackerel
stock moved 0.5-0.8 degrees of latitude (about 56-89 km) to the north. Overholtz et al. (2011)
reported changes in the distribution of the Atlantic mackerel stock in the NES waters between
1968 and 2008, indicating the stock moved about 250 km to the north and east, and into
shallower shelf waters in response to long-term warming. They attributed these trends to the
AMO and anthropogenic global warming, as well as interannual temperature variability related
to bottom temperatures and the NAO.

Bell et al. (2015) reported significant poleward shifts in distributions of black sea bass
(Centropristis striata), scup (Stenotomus chrysops), and summer flounder for at least one season,
while the Southern New England/Mid-Atlantic Bight (SNE/MAB) stock of winter flounder
(Pseudopleuronectes americanus) did not shift. The results of their generalized additive model
indicated the changes in the centers of biomass for black sea bass and scup in spring were related
to increased water temperatures on the shelf, while the change in the distribution of summer
flounder was primarily attributed to reduced fishing pressure and an expansion of the length—-age
structure. Their analysis indicated black sea bass and scup have shifted their spring center of
biomass by 150-200 km in the four decades since the 1970s (Bell et al. 2015). Their results
indicating the range of the SNE/MAB winter flounder stock has not shifted northward may be
due to their life history. Winter flounder is a cold-water species that tend to spawn each winter in
their natal estuary (Collette and Klein-MacPhee 2002). Because they show spawning site fidelity,
it appears individuals are not shifting north with their suitable thermal habitat but return to their
natal estuary where conditions are suboptimal. While the abundance of the stock has declined
since the 1980s and has remained low (NOAA 2015b), their range has not shifted or contracted,
suggesting that winter flounder continue to occupy the same area, but their total density within
that area is greatly reduced. Bell et al. (2014) reported a decline in productivity and low
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recruitment of the stock with warming conditions, suggesting a reduction in total fitness has led
to a further decline in abundance despite a stable range (Bell et al. 2015).

In an assessment of fish stock distributions in the northeast U.S. continental shelf from
1968-2007, Nye et al. (2009) reported statistically significant poleward shifts in the mean center
of biomass for 17 of the 36 stocks reviewed over a broad range of taxa and life histories. The
observed shifts in the mean center of biomass for these 36 fish stocks ranged from 1-8 km per
year. In addition, 17 stocks showed statistically significant increases in the mean depth of
occurrence, and eight exhibited poleward shifts in distribution. They found long-term changes in
distributions across many families, life histories, habitat preference, and historical fishing
pressure, and these changes have been correlated to large-scale warming and climatic conditions
over the NES ecosystem. Species that are comprised of northern (i.e., GOM) and southern (i.e.,
southern New England and MAB) stocks, such as red hake, showed larger distributional
responses for the southern stocks (Figure 23). Their study suggested the bathymetry and
geography of the GOM constrains the poleward shift in distribution for many of the species
found in the GOM. If fish shifted directly poleward or in a northwesterly direction from their
historical GOM habitat, the shallow waters of the Bay of Fundy and Scotian shelf would be
suboptimal for many of the cold deep-water fishes of the GOM. Although stocks restricted to the
GOM, such as cusk (Brosme brosme) and pollock (Pollachius virens), generally did not
demonstrate poleward shifts in their centers of biomass, they did exhibit increases in mean depth
of occurrence and temperature of occurrence. In addition, some of the deep-water sedentary
species in the GOM demonstrated range contractions, such as pollock, cusk, American plaice
(Hippoglossoides platessoides), and Acadian redfish (Sebastes spp.), even though temperatures
in the deep waters did not experience fluctuations as great as shallower parts of the NES
ecosystem. This suggests some deep-water sedentary fishes may not be able to adjust their
spatial distribution in response to warming and may experience sublethal effects including
greater changes in growth, reproduction, and recruitment compared to species that have shifted
their distribution (Nye et al. 2009).
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Figure 23. Changing spatial distribution of red hake (northern and southern
stocks combined) in 5-year time blocks from 1968 to 2007 using inverse
distance weighting. Units of biomass are in kg per tow (Nye et al. 2009.
Used with permission).

Although Nye et al. (2009) did not directly assess the role of fishing in distributional
shifts, there is evidence that fishing may exacerbate the effects of climate change (Brander 2010;
Lucey and Nye 2010; Perry et al. 2010; Pershing et al. 2015; Planque et al. 2010; Rose 2004). A
number of historically heavily-exploited species in the NES ecosystem (e.g., Atlantic cod) are at
record low levels, particularly at the southern limit of their range, which can shift the distribution
to higher latitudes. Despite reduced fishing mortality through stricter management, the southern
stocks of many of these species have not recovered to historic population sizes (Nye et al. 2009).
Thus, already stressed populations are expected to be less resilient and more vulnerable to
climate impacts (Staudinger et al. 2012; Staudt et al. 2013).

Data collected from the NOAA Fisheries bottom trawl fall survey data for the U.S. NES
indicate the mean rate of shift in distribution for all species reported in the survey between 1967
and 2016 is approximately 0.11 °N (12.7 km) per decade in latitude and 2.3 m per decade in
depth (Figures 24a and 24b).

80



Johnson et al. 2019 Greater Atlantic Region Policy Series

Figure 24a) Change in mean latitude of catch, and 24b) Change in mean depth of catch.
Species per year of each survey (weighted by biomass) for all fish and invertebrate
species in the U.S. NES Ecosystem from NOAA Fisheries fall bottom trawl survey data,
1967-2016 (data from OceanAdapt, http://oceanadapt.rutgers.edu/regional_data;
Pinsky et al. 2013. Reprinted with authors' permission).
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Nye et al. (2011) and Davis et al. (2017) reported a correlation between the position of
the Gulf Stream and the spatial distribution of silver hake (Merluccius bilinearis) on the U.S.
NES, with the Gulf Stream leading the silver hake biomass by about 6 months. As reported by
Nye et al. (2009), the center of of biomass for the southern population of silver hake has shifted
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poleward in response to warmer bottom temperatures, which has been in part attributed to large-
scale circulation change affecting the Gulf Stream path, namely changes in the AMOC (Nye et
al. 2011). Davis et al. (2017) found a large spring biomass of silver hake was concentrated in the
Gulf of Maine and northern Mid-Atlantic Bight when the Gulf Stream was in its northerly
position, while a large spring biomass was mainly along the outer shelf of southern Mid-Atlantic
Bight when the Gulf Stream was in its southerly position. Using linear autoregressive modeling,
they predicted the Gulf Stream would shift towards its northerly position after 2010, which is in
agreement with recent observations, although the most recent silver hake distribution data were
not available at the time of their publication (Davis et al. 2017). These studies suggest
predictions of Gulf Stream position produces better prediction skills of silver hake center of
biomass than the linear autoregressive modeling projection solely based on the observed silver
hake time series. Furthermore, if the recently observed weakening of the AMOC and the Gulf
Stream continues (Ezer et al. 2013; Sallenger et al. 2012), silver hake distribution will likely
remain in a more northerly position on the U.S. NES.

A recent analysis of observed shifts in marine fish distributions in the U.S. NES
ecosystem with respect to regional climate velocity (i.e., the rate and direction of change of
temperature isotherms) from 1968-2012 found consistent climate-related changes between
groups of species that share similar depth and thermal characteristics (Kleisner et al. 2016).
Species assemblages associated with warmer and shallower waters of the Mid-Atlantic Bight to
Georges Bank have shifted along northerly latitudinal gradients with little change in depth. In
contrast, they reported assemblages associated with the semi-enclosed GOM have exhibited two
different trends: the shallower, warmer water species have tended to shift west-southwest and to
shallower waters, while species associated with relatively cooler and deeper waters have shifted
deeper, with little latitudinal change. In the absence of strong physiographic constraints in the
Mid-Atlantic Bight/Georges Bank region, the shift in distribution for most species has largely
followed the prevailing shift in temperature isotherms toward the northeast. In the GOM, where
physiographic constraints are strong, shallow water assemblages have shifted west-southwest to
where cooler bottom temperatures due to mixing of cooler surface water in the winter have been
observed. In addition, they suggest competition from species entering the GOM from the
southern NES, or species shifting from other parts of the GOM, may also be influencing this
trend (Kleisner et al. 2016).

As NES waters have warmed the Atlantic cod observed range and core habitat areas have
contracted to approximately one-half its maximum extent between 1968 and 2014 (Selden et al.
2018). Cod primarily occupied the coldest bottom temperature areas of the inner shelf of the
Mid-Atlantic Bight, Georges Bank, and coastal regions of the Gulf of Maine in the beginning of
this time series but by 2010, its range extent had contracted to a subset of these cold regions. In
contrast, spiny dogfish (Squalus acanthias), with its warmer sea bottom temperature affinity, has
increased its core habitat area over the time series. Furthermore, Selden et al. (2018) found the
fraction of the range for two prey species (sandlance and Atlantic herring) occupied by cod
declined to 50 percent of the historic maximum by the end of the time series, while the overlap
of core habitat declined for cod and four of its prey (sand lance, Atlantic herring, longfin squid,
and Atlantic mackerel).
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There is evidence that warming ocean conditions may be influencing the distribution of
diadromous fish. The center of biomass on the NES ecosystem for populations of alewife and
American shad has shifted poleward by 5.47 and 6.86 km per year, respectively, from 1968 to
2007 (Nye et al. 2009). The rate of poleward shift of these two species was the fourth and second
highest, respectively, in the 36 species examined in the study. Nye et al. (2009) hypothesized that
widespread warming of the waters in the southern extent of the range for these species was a
contributing factor in the recovery failure of the southern stocks despite reduced fishing pressure.

Changes in the spatial and temporal distributions of larval fish have been reported in the
NES ecosystem between 1977-1987 and 1999-2008 (Walsh et al. 2015). The spatial distribution
of larvae was found to have changed in 43 percent of taxa (predominantly northward), while the
timing of occurrence changed in 49 percent of larval taxa, with shifts evenly split between
occurring earlier and later in the season. Observed changes in the timing of larval occurrence in
this study suggest potential changes in spawning times and locations for some species. In species
where both larvae and adults were analyzed, 48 percent exhibited different shifts between the
larval and adult stages. Many of the changes in larval fish distributions reported in this study are
consistent with warming water temperatures, indicating impacts on the productivity and
distribution of fish stocks in the NES ecosystem are occurring (Walsh et al. 2015).

A shift in the distribution of Atlantic surf clams (Spisula solidissima solidissima) was
reported by Weinberg (2005) near the Delmarva Peninsula in the mid-Atlantic region of the
United States. The area is close to the southern limit of the species range and the population
typically experiences thermal stress during the fall season when nearshore water temperatures
reach their maxima. Unusually warm water was prevalent from 1999-2002 in the Delmarva
region, concurrent with a reduction in the probability of capture of surf clams in shallow waters
based on fishery independent monitoring surveys. The combined effect of poor physiological
condition and thermal stress was attributed to higher mortality of surf clams in shallow water,
resulting in a shift in distribution to deeper water (Weinberg 2005). Jones et al. (2010)
determined the southern range edge of blue mussel (Mytilus edulis) moved poleward by
approximately 350 km since 1960 and provided evidence the shift was directly attributed to adult
mortality related to high summer sea surface temperature.

Temperature-related effects have also been detected in the distribution and abundance of
zooplankton in the northeastern Atlantic Ocean. Beaugrand et al. (2009) observed changes in the
biodiversity of calanoid copepods in response to rising SST over the period 1960-1999, with
shifts from colder-water species to warm-water species in the North Sea. Smyth et al. (2004)
reported satellite imagery from 1989 to 2003 showed the coccolithophorid phytoplankton
Emiliana huxleyi may be advancing northward into the Barents Sea during periods of higher
temperature and less saline conditions. Although coccolithophorid blooms in the Barents Sea are
not a new phenomenon, the authors suggest the frequency of the blooms may be increasing with
concurrent warming and freshening as a result of increased input of melt water and precipitation
in the Arctic and the Barents Sea.

b. Projected Changes in Spatial Distribution

The expected rates of change in the spatial distributions of fish and invertebrates under
projected warming scenarios are generally similar to or exceeding trends observed in recent
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decades. Cheung et al. (2009) projected the global median rate of poleward range shift for
marine fish and invertebrates to be 45-59 km per decade across multiple IPCC emissions
scenarios in the period 2040-2060 compared to 2001-2005. They reported the projected range-
shift for demersal fish under the high emissions scenario (A1B) would be two times greater than
the observed rate of range shift reported by Perry et al. (2005) from 1977 to 2001.

Cheung et al. (2010) projected large-scale changes in distribution of global fisheries catch
potential between 2005 and 2055. Under the IPCC high emissions scenario (A1B), catch
potential in the Arctic and offshore region of the North Atlantic is projected to increase by more
than 50 percent from the 2005 level. However, the catch potential on the east coast continental
shelf is projected to decline approximate 13 percent due to shifts in species distribution and by
changes in total primary production (Cheung et al. 2010).

Using species distribution modeling, Jones and Cheung (2015) predicted global shifts in
the distributions for 802 marine fish and invertebrate species under the low (RCP 2.6) and high
(RCP 8.5) IPCC emission scenarios. The study predicted poleward shifts in the centers of
distribution of 93 percent of marine species from 2000 to 2059 under the low emissions scenario,
and 97 percent under the high emissions scenario in the same period. The median rate of
poleward shift under the low and high emissions scenarios was predicted to be 15.5 km per
decade and 25.6 km per decade, respectively. In addition, the modeling results indicated the
highest rate of novel species immigration is projected to occur in higher latitude regions. For
example, under the high emissions scenario the rate of immigration intensity is predicted to
increase by 26 percent in the Arctic Ocean, with an average immigration rate of two species per
0.5° latitude change (Jones and Cheung 2015).

The geographic ranges of some marine species are projected to expand and may
experience increases is abundances due to warming ocean temperatures. Using a coupled
climate-population model, Hare et al. (2010) projected a northward shift in the center of the
population for Atlantic croaker (Micropogonias undulatus) of 50-100 km by 2100 under two
emissions scenarios. Hare et al. (2012b) projected a northward expansion of gray snapper
(Lutjanus griseus), a reef-associated, tropical species. Although young-of-the-year gray snapper
have been reported as far north as Massachusetts, adults are rarely found north of Florida. Based
on the hypothesis that the northern range of gray snapper is determined by distribution of
overwinter mortality of young-of-the-year, they projected a rate of northward shift of 1.0-1.3 km
per year using the IPCC AR4 low emissions (B1) scenario and 1.7-1.8 km per year under the
high (A1B) scenario (Hare et al. 2012b).

Morley et al. (2018) modeled thermal habitats of 686 marine species in the Atlantic and
Pacific oceans of the North American continental shelves, which were coupled with GCMs run
under high (RCP8.5) and low (RCP2.6) future GHG emission scenarios over the 21% century to
project the magnitude and direction of future shifts in preferred thermal habitat. The West Coast
U.S. and the Gulf of Alaska regions had the highest mean shifts under both emission scenarios,
with 1,162 km and 954 km, respectively, for the RCP8.5 scenario. The NES also had a relatively
high magnitude mean projected shift of 637 km under RCP8.5. In addition, many of the species
on both coasts were projected to experience increases in thermal habitat availability. One
exception noted for the NES was spiny dogfish which, although projected to shift distribution by
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483 km into the Newfoundland shelf and the Gulf of St. Lawrence region, was predicted to have
a 32 percent net loss of thermal habitat due to declines in habitat availability in the southern
portion of its range (Morley et al. 2018).

Selden et al. (2018) investigated the effect of future ocean warming on four important
piscivores (Atlantic cod, spiny dogfish, silver hake, and white hake) and four prey species
(Atlantic herring, Atlantic mackerel, longfin squid, and sand lance) in the U.S. NES. With a
projected doubling of CO2 over an 80-year period (approximate emissions under the IPCC
RCP8.5 scenario), Atlantic cod is projected to lose 3.5 percent of total habitat area per degree of
warming on average, and its range and core habitat increasingly restricted to cold-water habitat
on Georges Bank and the Gulf of Maine. In contrast, spiny dogfish and silver hake are projected
to gain 6 percent and 3 percent of habitat area per degree of warming on average, respectively,
and simultaneously increase their core habitat area. In addition, the authors found projected
ocean warming reduces the overlap in the range of Atlantic cod and the majority of its prey and
limits cod to cold-water habitats in the northern part of the study region. Lower proportions of
Atlantic cod prey range is projected to be occupied by cod as the ocean warms, and cod’s
historically strong top-down control in the NES ecosystem is expected to diminish. Conversely,
the projected range expansion of dogfish and silver hake resulted in enhanced overlap with prey,
likely increasing their relative importance as piscivores in this ecosystem (Selden et al. 2018).
This study demonstrates how a changing climate may benefit some species in the U.S. NES,
while adversely affecting others (i.e., resulting in “winners and losers™). Furthermore, the ability
of other piscivores in the marine ecosystem to functionally replace previously dominant species
may contribute to greater resilience to climate change.

Shackell et al. (2014) proposed a “realized thermal habitat” index (i.e., habitat/niche
constrained by physiology and species interactions such as competition and predation) for marine
fish and invertebrates in the Northwest Atlantic (U.S. and Canadian waters) under two warming
scenarios (i.e., year 2030 = +0.7 °C for < 100 m depth and +0.35 °C for >100 m, and year 2060
=+3 °C for <100 m depth and +1.5 °C for >100 m). On a regional scale, the realized thermal
habitat of most species was projected to withstand warming projected for 2030, but not for 2060.
For MAB, Southern New England, Georges Bank, and GOM waters, under the year 2030
scenario only 8 percent of all species will lose realized thermal habitat, while 10 percent will
gain, and 83 percent will stay neutral. However, under the year 2060 scenario, 65 percent of all
species assessed will lose realized thermal habitat, while 20 percent will gain, and 15 percent
will stay neutral. The loss of realized thermal habitat is most pronounced in the GOM and
Georges Bank, where many temperate/boreal species are already at their southern range limit.
For example, the populations of Atlantic cod are projected to lose approximately 60 percent, 50
percent, and 45 percent of realized thermal habitat in the GOM, Southern New England, and
Georges Bank, respectively (Shackell et al. 2014).

Using a high-resolution global climate model (CM2.6) and historical observations of
species distributions from trawl survey, Kleisner et al. (2017) projected changes in future
distribution of suitable thermal habitat for various demersal and pelagic species on the U.S. NES.
Projected warming, roughly corresponding to RCP8.5 emission scenario for 60-80 years in the
future, for the Mid-Atlantic Bight and Georges Bank (4.1 °C at the surface and 5.0 °C at the
bottom) resulted in a northward shift of thermal habitat for the majority of the species. For
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example, species associated with the southern portion of the NES, including summer flounder,
striped bass, smooth dogfish (Mustelus canis), and Atlantic croaker, are expected to have
significant increases in suitable thermal habitat. The Gulf of Maine subregion is projected to
warm by 3.7 °C (surface) and 3.9 °C (bottom), resulting in substantial reductions in suitable
thermal habitat such that some species currently inhabiting this area may not remain under
continued warming. Kleisner et al. (2017) projected a loss in suitable thermal habitat for species
such as Acadian redfish, American plaice, Atlantic cod, red hake, haddock, and thorny skate, but
potential gains for some species such as spiny dogfish and American lobster. Figure 25 depicts
the projected changes in spring modeled historical and future distribution of suitable thermal habitat of
northern (top two) and southern (bottom two) associated species.

Figure 25. Comparison of spring modeled historical and future distribution of suitable thermal habitat
(red: more suitable, blue: less suitable) for species with more northern distributions (Atlantic cod and
red hake) versus more southern distributions (Atlantic croaker and smooth dogfish) (Kleisner et al.

2017. Reprinted with authors' permission).
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Projections in the distributions of 28 diadromous fish species over 196 basins across
Europe, North Africa, and the Middle East by 2100 under IPCC high-emissions scenario A2
resulted in range contraction for 14 species, the expansion in three species (mainly northward),
and little or no change in the distribution of five species (Lassalle and Rochard 2009).

c. Observed Changes in Population Dynamics

Water temperature can have a profound impact on the survival of fish, from enzyme
reactions, feeding rates, and seasonal distribution (Portner and Farrell 2008), and is especially
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relevant in early life history stages, recruitment, and biomass. The temperature-dependent
survival mechanism may be due to physiological limits of fish, but also from effects of predation
risk and food availability (Bell et al. 2014; Hare and Able 2007; Manderson 2008). Winter water
temperature has been positively correlated with the spring juvenile and adult abundance of
Atlantic croaker and may be important in explaining large year classes of the species and
latitudinal range expansions during sequential warm winters in Chesapeake Bay (Hare and Able
2007). The authors correlated strong recruitment pattern in Atlantic croaker with warm winters
that result in high juvenile survival in mid-Atlantic estuaries. This study demonstrated the
variability of commercial catches of Atlantic croaker catch is strongly correlated with the NAO
index, which is related to winter water temperatures on the east coast of the United States.

Beaugrand et al. (2003) found evidence that warming North Sea waters since the 1980s
have produced unfavorable conditions of the prey (i.e., calanoid copepods) for juvenile Atlantic
cod. They concluded that increasing temperature may have resulted in doubly negative impact on
cod survival by increasing cod metabolism and energetic cost as the availability and size of prey
for juvenile cod was declining.

Collie et al. (2008) reported long-term changes in species composition inside
Narragansett Bay and in Rhode Island Sound from 1959 to 2005. Using weekly trawl data, they
found estuarine communities shifted from vertebrates to invertebrates and since 1980, from
benthic to pelagic species. The abrupt shift from benthic to pelagic species in 1980 and 1981
suggests a regime shift in community composition. Changes in species composition correlated
strongly with spring-summer SST, which increased by 1.6 °C, as well as the winter NAO index.
Demersal species such as winter flounder, silver hake, and red hake declined, while warm-water
fishes, including butterfish (Peprilus triacanthus) and scup, and invertebrates such as American
lobster and longfin squid (Loligo pealeii), increased with time. These changes in the species
composition support the hypothesis that southern species are replacing northern ones in
Narragansett Bay and Rhode Island Sound. A shift towards smaller body size was also correlated
with changes in community structure, which may be a response to fishing pressure but is also a
predicted response to warming waters (Collie et al. 2008). Wood et al. (2009) found the
incidence of warm-water fish species (those generally associated with tropical and subtropical
climates) has generally increased since the 1980s in Narragansett Bay and Long Island Sound,
and warmer years were correlated with greater abundance of warm-water fish. Although they
reported significant correlation with abundance of warm-water species and warmer years, they
suggested non-temperature related factors could also be contributing to the observed trend, such
as shifts in the transport mechanisms responsible for supplying warm-water fishes to northern
habitats.

Fogarty et al. (2008) found Atlantic cod distribution, recruitment, and growth was highly
correlated with bottom temperature on the NES, such that the catch probability, recruitment
success, and weight at age decreased with increasing water temperatures. In a meta-analysis of
Atlantic cod stocks throughout the North Atlantic, Planque and Fredou (1999) demonstrated that
recruitment-temperature relationship was generally positive in cold waters and negative in warm
waters.
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Pershing et al. (2015) found strong associations with the survival and fitness of larval,
juvenile and adult Atlantic cod and ocean temperatures, suggesting the substantial warming
occurring in the GOM has led to reduced recruitment and increased mortality in the stock. They
reported a reduction in recruitment of age-1 fish with higher summer temperatures, and an
increase in mortality of age-4 fish with higher fall temperatures in the GOM, although the exact
mechanism of these relationships was unknown. Unprecedented warming in the GOM between
2005 and 2015 was correlated with reduced recruitment and increased mortality of Atlantic cod.
They suggested neglecting to include the influence of temperature in stock-recruitment models
produced recruitment estimates that are on average 100 percent higher than if temperature were
included and has therefore contributed to overfishing (Figure 26). By incorporating temperature
in a population dynamics model, the authors demonstrated the spawning stock biomass of the
stock had declined steadily rather than remaining constant, as assumed (Pershing et al. 2015).

Figure 26. Time series of Gulf of Maine cod spawning stock biomass (blue), and age-1
recruitment (green) from the 2014 assessment. Cod age-1 recruitment modeled using adult
biomass and summer temperatures (dashed line). Gray squares are recruitment estimates
using a model without a temperature effect fit to data prior to 2004. Yellow diamonds are a
temperature-dependent model fit to this earlier period (Pershing et al. 2015). Reprinted with
permission from AAAS.
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Manderson (2008) reported phase synchrony in nursery production for winter flounder
among 19 southern New England estuaries in the 1990s that were correlated with increased
frequency of warmer spring temperatures. Winter flounder development, growth, and survival of
egg, larvae, and early juvenile stages are generally negatively affected by high spring
temperatures. A number of factors can influence phase synchrony in species, including
population density and phenology in predator-prey populations. Increasing water temperatures in
estuaries may increase the spatial scale of synchrony in nursery production and result in boom or
bust cycles for winter flounder populations in the region (Manderson 2008).
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Bell et al. (2014) found the abundance of winter flounder was negatively correlated with
winter water temperature but did not find this relationship in summer flounder. Conversely, the
authors reported summer flounder abundance was negatively correlated with fishing mortality,
while no such relationship with evident in winter flounder abundance. A reduction in fishing
pressure in the mid-Atlantic and southern New England regions on both species since the mid-
1990s has led to a rebuilding of the southern flounder stock, but winter flounder stocks have
remained very low. The authors suggest that warmer winter temperatures and earlier spring
warming may be reducing the thermally-available habitat and refuge from predation for winter
flounder (Bell et al. 2014).

The decline in abundance of North American and European diadromous fish populations
are well documented and primarily attributed to the fracturing of coastal watersheds by man-
made obstructions (e.g., hydropower dams, culverts) (Hall et al. 2011; 2012; Mattocks et al.
2017). Other anthropogenic factors have been attributed, including habitat loss, pollution,
aquaculture, introduction of non-native species, water withdrawals, overfishing, and climate
change (ASMFC 2012; Fay et al. 2006; Hall et al. 2012; Helfman 2007; Koster et al. 2007;
Limburg and Waldman 2009; Mattocks et al. 2017). Relative abundances have dropped to less
than 98 percent of historic levels in populations of some diadromous species (Limburg and
Waldman 2009). Many populations persist at sharply reduced levels, but all species have
suffered population extirpations, and many species have been classified as threatened or
endangered. The life history strategies of diadromous fish subject individuals and populations to
greater osmoregulatory and energetic demands, and to the uncertainties inherent in adapting to
changing conditions in marine, estuarine, and freshwater environments. There is evidence that
rising river and stream temperatures may be a contributing factor in the population declines of
some North American diadromous fish. In a review of the diadromous fish fauna in the Hudson
River, Waldman (2006) suggested a link between declines in populations of Atlantic tomcod
(Microgadus tomcod) and rainbow smelt, both occurring at the southern margin of their ranges in
the Hudson River, and thermal stress related to climate change. Historic records and publications
indicate rainbow smelt were relatively abundant in the Hudson River prior to the 1980s, but the
species has since declined considerably in both the Hudson River and Delaware River systems
(Waldman 2006). Kaushal et al. (2010) reported the Delaware River exhibited one of the highest
rates of increased river temperature in the United States.

The decline of diadromous fish abundances represents significant loss of the forage base
and trophic dynamics, and several studies have found correlations in the reduced population
abundance of alewife and groundfish (e.g., Atlantic cod, haddock, pollock) in the western GOM
(Ames 2004; Ames and Lichter 2013; Hall et al. 2012). Jordaan et al. (2008) hypothesized low
abundance levels of alewife is a contributing factor in depressed productivity in Atlantic cod and
may by an impediment in the recovery of the species.

Atlantic salmon abundance has declined since the 1970s in all Atlantic populations,
which Jonsson and Jonsson (2004) attributed to reduced marine growth rate, survival-rate, and
production during the marine life stages. Chaput et al. (2005) reported a phase shift in the
productivity of Northwest Atlantic salmon stocks in the 1990s, and low marine survival was
identified as a contributing factor. Mills et al. (2013b) found coherence in the decline in
abundance and productivity of salmon across major regions of North America, suggesting
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marine survivorship, rather than local, river-specific factors are responsible. Friedland et al.
(2014) also reported strong coherence in juvenile salmon survival during post-smolt period in
North American and European stock complexes and attributed the response to trends in SST and
the AMO index. Beaugrand and Reid (2012) attributed marine mortality and low return rates to
spawning rivers since the late 1980s to declines in North American salmon stocks. They reported
parallel declines in zooplankton populations, considered the prey base for salmon, and salmon
catches associated with increasing ocean temperatures.

Friedland et al. (2003a; 2003b) reported negative correlations in North American salmon
stock abundance with winter and spring SST in the inshore areas of the Gulf of Maine and Gulf
of St. Lawrence. Friedland et al. (2003b) found air temperature and rainfall do not appear to be
significant environmental variables in post-smolt salmon survival and concluded that climate
impacts on freshwater habitats must be a secondary factor. However, they did find the timing of
smolt runs appears to be out of synchronization with ocean conditions, with ocean conditions
favorable to post-smolts. Friedland et al. (2003a) reported the highest negative correlations with
stock abundance were for June SST, the time frame associated with the first weeks at sea for
post-smolts for many stocks.

Friedland and Todd (2012) reported a strong positive relationship between growth
(weight and length at age) of post-smolt salmon and warmer waters in the southern portion of the
Labrador Sea from about 1993 to 2009, but not with primary production and other metrics
related to the forage base of salmon (i.e., plankton biomass and bloom timing). Winter-spring
SST records for the Northwest Atlantic confirm spatial increases in 4-8 °C water, considered to
be the preferred temperature for post-smolt salmon. Although higher ocean temperature appears
to be associated with greater growth in post-smolt salmon, which would be expected to increase
the reproductive output and recruitment of adults, the salmon abundance for North American
stocks has nonetheless experienced multi-decadal decline (Friedland et al. 2009a; Friedland et al.
2009b; Hogan and Friedland 2010).

Friedland et al. (2014) reported the large-scale ocean surface climate shifts observed in
the western North Atlantic underlie the historical changes in salmon abundance, although they
suggest this is unlikely directly associated with physiological effect of temperature alone on
post-smolts, but rather probably manifested in temperature-driven changes in the ecosystem,
including changes in the availability of plankton and nekton prey. Similarly, Mills et al. (2013Db)
found changes in climate-driven environmental factors, including warmer ocean temperatures,
are associated with changes in plankton communities and prey availability that directly and
indirectly affects the abundance and productivity of North American salmon stocks. They found
ecosystem responses to warming Northwest Atlantic waters, including changes in the
populations of phytoplankton, zooplankton, and forage fish [e.g., capelin (Mallotus villosus)]
may be more important in the abundance and productivity of salmon than the direct influence of
temperature (Mills et al. 2013Db).

Warmer waters in overwintering young-of-the-year and juvenile habitats in estuaries and
rivers in the Northwest Atlantic caused by climate change may facilitate the expansion of
populations of temperate species and facilitate northerly shifts in their distribution. For example,
Hurst and Conover (1998) found evidence of size-dependent mortality with winter water
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temperatures in age-1 striped bass in the Hudson River, and suggested the severity of winters
plays a fundamental role in regulating juvenile recruitment. Likewise, blue crabs (Callinectes
sapidus) suffered higher mortality rates in the Chesapeake Bay when February water
temperatures were below the 8-year average (Rome et al. 2005).

Although American lobster stock abundance in the GOM and Georges Bank is at an all-
time high and recruitment has remained high between 2008 and 2013, the southern New England
population experienced steep declines beginning in the late 1990s to record low abundance in
2013 (ASMFC 2017). The declining southern New England stock has been attributed to
changing environmental conditions, including warming waters and increased predation, but also
high fishing mortality (ASMFC 2017). The stock has been particularly affected in the inshore
portion of the distribution where environmental conditions have remained unfavorable to lobsters
since the late 1990s (ASMFC 2017). Prolonged elevated water temperatures above 20 °C
throughout southern New England waters, particularly in inshore waters where declines in
population abundance are most pronounced since the late 1990s, is the most likely cause of the
decline in the southern New England lobster stock abundance (ASMFC 2010). In addition, the
loss of optimal shallow water habitat has caused the stock to contract spatially into deeper
waters. Prolonged exposures to water temperature above 20 °C are associated with a variety of
physiological stresses in American lobster, including respiratory and immune stress, and
increased incidence of shell disease and other pathogen infections (Glenn and Pugh 2006;
Robohm et al. 2005), and hemolymph acidosis (Dove et al. 2005).

Sorte et al. (2017) found evidence of long-term declines since the 1970s in blue mussel
populations, a foundation species known to influence diversity and productivity of intertidal
habitats in the Gulf of Maine. At four sites with historical community data, they demonstrated
blue mussel changed from a dominant to a minor contributor to the compositional patterns of
intertidal communities in the Gulf of Maine. During the same period, sessile communities
became increasingly dominated by algal species followed by a reduction in species richness.
Although the authors attributed the loss of blue mussel populations to a multitude of direct and
indirect effects of human activities (e.g., commercial harvesting, invasive species), they
suggested that warming waters likely exacerbated these impacts (Sorte et al. 2017).

Warming of the upper layers of the ocean can increase stratification of the water column,
which reduces vertical mixing and nutrient availability for primary production (Gregg et al.
2003; Polovina et al. 2008). Global satellite observations of ocean chlorophyll are a standard
method used to estimate global ocean primary production. Although global ocean chlorophyll
concentrations increased by about 4 percent from 1998 to 2003, most of the increase occurred in
coastal regions in less than 200 m depth (Gregg et al. 2005). However, major declines in
chlorophyll concentrations were observed in the North and South Pacific and in the North and
South Atlantic. Gregg et al. (2003) reported a 6 percent decline in global ocean primary
productivity between 1997 and 2002, with nearly 70 percent of the decadal decline occurring in
the high latitudes. Furthermore, the reductions in primary productivity corresponded with
increased SST in northern high latitudes. Similarly, Polovina et al. (2008) showed an expansion
of low chlorophyll waters in the North Atlantic Ocean over a 9-year period from 1998-2007.
They found mean SST increased concurrently with the expansion of low chlorophyll waters.
Although the area of low chlorophyll waters has expanded in both northern and southern
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hemispheres of the Atlantic and Pacific oceans, the rate of expansion in the North Atlantic was
greater than other oceans measured in the study. High latitude oceans typically represent net sink
of atmospheric carbon (i.e., carbon absorption exceeds release), primarily due to dominance of
diatoms which grow and sink faster than other phytoplankton groups (Gregg et al. 2003).
Therefore, a reduction in primary production in the North Atlantic could imply a reduced sink of
atmospheric carbon via the photosynthetic pathway. However, longer time series and more
focused analyses are necessary to characterize long-term trends in primary productivity with
anthropogenic climate change and natural decadal oscillatory behavior, such as the NAO and
PDO (Gregg et al. 2005).

Fulweiler and Nixon (2009) reported a climate-induced decline in sediment oxygen
consumption and biogeochemical exchanges between sediment and the water as a result of a 1.7
°C warming in the Narragansett Bay over a 30-year period. They attributed this change to a
reduction in the standing crop of water-column chlorophyll due to shifts from a dominant winter-
spring diatom bloom to ephemeral, less intense summer-autumn blooms, resulting in
oligotrophication of the bay.

d. Projected Changes in Population Dynamics

An assessment of the effects of projected climate change on 82 fish and invertebrate
species in the NES ecosystem by Hare et al. (2016b) found high to very high climate
vulnerabilities for more than half the species based on the RCP 8.5 “business as usual” climate
model projection for 2055 (Figure 27). Out of the seven climate exposure factors examined,
changes in mean ocean surface temperature and mean surface pH were scored as the highest for
all species because of the magnitude of change projected for the NES. The study concluded
approximately half the assessed species would be negatively affected by climate change (e.g.,
decreased productivity and distribution shifts out of the NES ecosystem), including many of the
iconic species such as Atlantic sea scallop (Placopecten magellanicus), Atlantic cod, Atlantic
mackerel, Atlantic cod, and winter flounder. Diadromous fish and benthic invertebrates were
estimated to have the highest climate vulnerabilities of all functional groups, whereas pelagic
fish and cephalopods had no species that scored very highly or highly vulnerable and
elasmobranchs and groundfish had no species that scored very highly vulnerable. This suggests
that species with sessile life stages (e.g., adult shellfish) or species with specialized life histories
or dependence on specific habitats (e.g., diadromous fish) are more vulnerable to climate change.
Conversely, pelagic species and generalist species capable of shifting their distributions may be
more resilient to a changing climate. About 17 percent of the species analyzed in this assessment,
including longfin squid, butterfish, and Atlantic croaker, were estimated to have positive climate
change effects (Hare et al. 2016b). Another study by Hare et al. (2010), using a coupled climate-
population model, projected higher abundances for Atlantic croaker in northeastern U.S. coastal
waters by the end of the century under two CO, emission projections. At current levels of
fishing, the average spawning biomass of Atlantic croaker is projected to increase by 60—100
percent (Hare et al. 2010).
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Figure 27. Climate vulnerability scores, based on individual species climate exposure and biological and
ecological sensitivity attributes, for 82 species of fish and invertebrates in the U.S. NES. Certainty in
score is denoted by text font and text color: very high certainty (>95 percent, black, bold font), high
certainty (90-95 percent, black, italic font), moderate certainty (66—90 percent, white or gray, bold font),
low certainty (<66 percent, white or gray, italic font) (Hare et al. 2016b).
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Fogarty et al. (2008) projected the distribution and production of Atlantic cod for the end
of the 21% century using coupled atmosphere-ocean general circulation models and found
substantial loss in thermal habitat in the MAB and some reduction in fishery yields for the entire
NES fishing area, primarily a result of negative impacts on cod recruitment. Under the high-
emissions (Al) scenario, the 12 °C mean annual bottom temperature threshold for cod will be
exceeded in the MAB and approach the threshold level on Georges Bank by 2100. An increase in
mean bottom temperature of 2 °C relative to the baseline in the GOM under the high-emissions
scenario would result in a 43 percent decline in maximum yields. At the 2 °C temperature level,
the GOM stock is projected to go extinct at fishing mortality rates in excess of F=1.6 (Fogarty et
al. 2008). Using three temperature scenarios for the GOM, Pershing et al. (2015) projected the
spawning stock biomass of Atlantic cod producing a maximum sustainable yield could be
achieved by 2025 under the low and medium scenario, and by 2026 under the high scenario, but
only if fishing mortality was completely eliminated (i.e., fishing moratorium).

Using air temperature projections from the IPCC AR3 as a surrogate for ocean bottom
temperature, Drinkwater (2005) estimated Georges Bank Atlantic cod recruitment would be
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reduced and the stock would begin to decline with a 1 °C increase above baseline. The Georges
Bank cod stock would continue to decline with an increase of 2-3 °C, and the stock would likely
disappear with a 4 °C increase. However, cold-water cod stocks, such as most of those off
eastern Canada, off Greenland, in the Barents Sea, and the Kara Sea would benefit from
increased recruitment with warmer waters. However, the authors caution the responses of cod to
warming projections are highly uncertain, as the populations will also depend on changes to
climate and oceanographic variables besides temperature, such as plankton production, the prey
and predator fields, and industrial fishing.

A summary of projected impacts to Northwest Atlantic cod stocks under various ocean
temperature scenarios for the 21% century is shown in Table 3.

Table 3. Projected changes to Northwest Atlantic cod stocks under various ocean temperature
projections (NR=not reported; msy=maximum sustainable yield)

Study IPCC Emissions | Temp. GOM Georges Projected |Comments
Scenario Anomaly |Stock Bank Stock | Time
(°C) Change Change Frame
Drinkwater |N/R +1 No change |[Decline 2100 Relative to 1961 to 1990
(2005) +2 No change |[Decline baseline
+3 Decline Decline
+4 Decline Collapse
Fogarty et al. |B1 (Low) +1 -21 percent |NR 2080-2084 |Relative to 1982-2003
(2008) msy baseline; evaluated ocean
A2 (High) +2 -43 percent temperature
msy
Shackell et |Historic SST +0.7 -12 percent |-6 percent 2030 Projected loss of thermal
al. (2014) Mid-range SST |+3.0 -60 percent |-45 percent |2060 habitat < 100 m water depths

Clark et al. (2003) used the output from a global climate model and fisheries population
model to simulate recruitment and spawning stock biomass for Atlantic cod populations in the
North Sea between 2000 and 2050. The results suggest that even under a relatively low level of
temperature increase (i.e., B1 emissions scenario), cod stocks are likely to decline more rapidly
at current levels of fishing mortality compared to present-day SST. The model results indicate
that temperature will affect Atlantic cod populations through reductions in recruitment rather
than its influence on adult growth. Under a high level of temperature projection (i.e., A1F
scenario), the model simulations indicate that North Sea cod may be extirpated by 2040 if the
current level of fishing mortality continues unabated (Clark et al. 2003).

The effects of projected increases in water temperature under various climate change
scenarios on the distribution of Northwest Atlantic cusk was evaluated by Hare et al. (2012a),
concluding that its habitat in the GOM, Georges Bank, and the Scotian Shelf will shrink and
fragment as a result of spatial mismatch between high complexity bottom habitat and suitable
temperature. Under two high-emissions scenarios (A1B and A2), the habitat distribution of cusk
will be reduced by about 80 percent in 2100, while the lower-emission scenario (B1) resulted in
reductions of about 50 percent. Although the study cited natural climate variability (i.e., NAO,
AMO) could impose biases in these projections of habitat losses, they concluded that climate
change poses a significant threat to cusk in the 50 to 100-year time period and at temperature
increases greater than 1.5 °C (Hare et al. 2012a).
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Bell et al. (2017) integrated estuarine winter water temperature into a population model
for southern New England/Mid-Atlantic winter flounder to estimate the stock-recruitment
parameters and projected the stock under different environmental and fishing scenarios to 2050.
Warmer winter estuarine conditions have been shown to increase predation on the early life
stages of winter flounder, lowering the stock recruitment potential. Although the climate model
projected winter estuarine temperature will increase, they found the impacts of temperature did
not become the dominant driver of recruitment until the late 2020s. However, once the
temperature threshold was crossed, recruitment declined, causing spawning stock biomass to
decrease, even in the absence of fishing. The authors concluded that the projected reduction in
recruitment due to changes in productivity (e.g., from increased temperature or other factors),
will likely make it challenging for the southern New England/Mid-Atlantic winter flounder stock
to achieve and sustain its biomass above the rebuilding target set by the New England Fishery
Management Council (Bell et al. 2017).

Anadromous and catadromous fish may be particularly sensitive to climate change and
variability because they rely on specific spawning habitat conditions in both freshwater and
marine environments. Using an environmentally explicit stock-recruitment model for alewife and
blueback herring (Alosa aestivalis) populations in five river systems in the northeast United
States, Tommasi et al. (2015) demonstrated water temperature and river flow explained a
substantial portion of the observed variability in river herring recruitment. As temperatures
across the range of river herring are projected to rise with climate change, the abundance of
juveniles in the southernmost part of their range may decline. However, this study highlights the
large variation in stressors and system-specific environmental dependencies that act on river
herring recruitment, making predictions of responses to climate variability and change difficult.

Lynch et al. (2015) used species distribution models and the temperature projections from
atmosphere-ocean GCMs to demonstrate the preferred habitat of alewife and blueback herring,
will likely contract in the NES ecosystem due to rising ocean temperatures. Despite recent
increasing trends in the two species’ abundance in some spawning runs in the northern parts of
the distribution, they estimated ocean warming will cause declines in the density and probability
of occurrence for both species during the fall for nearly all combinations of initial abundance and
emission scenario by the period 2060-2100. The largest declines for the probability of occurrence
and density for alewife were in the fall, which may experience up to 80 percent reductions.
However, they projected the spring densities for both species to increase, particularly in the
northern areas of the distribution, which may buffer the net impacts to alewife and blueback
herring from ocean warming in the future. Nonetheless, they indicate warmer fall temperatures
would more likely exceed the thermal tolerance threshold of river herring and be more
constraining to the populations than spring temperatures (Lynch et al. 2015). Furthermore, low
abundance scenarios for alewife and blueback herring populations were shown to increase their
sensitivity to warming waters, suggesting that effective conservation efforts that promote high-
population abundance in the near term can reduce their sensitivity to climate change.

Using a coupled atmosphere-ocean GCM and a finer-scale, circulation model for the Gulf
of Maine, Fogarty et al. (2007) projected the critical threshold temperature of 20 °C for
American lobster would be consistently exceeded in the Long Island Sound and possibly near
shore waters of the northern MAB by mid-century. However, more moderate temperature
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increases in the Gulf of Maine were projected to remain below the critical threshold temperature
for lobster and may result in a potential increase in productivity for this area. This could result
from possible increases in the amount of thermally-suitable habitat for settlement, prolonged
growing season, enhanced growth rates, an earlier hatching season, faster planktonic
development, and smaller size at sexual maturity (Fogarty et al. 2007).

Grieve et al. (2017) used a generalized additive model to examine how projected changes
in ocean temperature and salinity would affect the distribution and density of the copepod,
Calanus finmarchicus, one of the most abundant and widespread zooplankton species in the
NES. This copepod species is an important lipid-rich food source for commercial species such as
larval Atlantic cod, haddock, and Atlantic herring, as well as the critically-endangered North
Atlantic right whale (Eubalaena glacialis). Using the CMIP5 climate models under RCP4.5 and
RCP8.5 emission scenarios, their study projected large declines in copepod densities especially
in the GOM and Georges Bank. While the rate of decreased copepod density under both
scenarios are similar in the 2041-2060 period, the two scenarios diverge during the 2081-2100
time-period (32 percent fewer copepod under RCP4.5 than present, compared to 50 percent
fewer under RCP8.5). These changes could have profound impacts on the population of North
Atlantic right whale and a number of commercially important species dependent upon copepods
(Grieve et al. 2017).

e. Observed and Projected Changes in Phenology

Similar to the rapid poleward range shifts in marine species discussed above, changes
have been observed in the phenology of marine species. Poloczanska et al. (2013) reported
spring phenology advancement rates were highest in invertebrate zooplankton (about 12 days per
decade) and larval bony fishes (about 11 days per decade) between 1960 and 2009, while the
average advancement of spring events on land has been estimated to be about 2 days per decade
(Parmesan and Yohe 2003). Dufour et al. (2010) found tuna arrive earlier to feeding grounds in
the Bay of Biscay in the northeastern Atlantic, with albacore tuna (Thunnus alalunga) arriving
about eight days earlier than 40 years ago and bluefin tuna (Thunnus thynnus) arriving 14 days
earlier than 25 years ago. In addition, the mean catch latitude for albacore tuna has increased
over the time set. They suggested these observations in tuna migrations and catch latitude are
related to a regime shift in the northeast Atlantic marine ecosystem due to increasing SST
(Dufour et al. 2010).

Anadromous and catadromous fish may be particularly sensitive to phenology-related
climate change impacts because they rely on specific spawning habitat conditions in both
freshwater and marine environments. For example, temperature can affect the timing of alewife
and blueback herring spawning and juvenile emigration and create mismatches between young-
of-the-year and optimal conditions in freshwater or estuarine habitats (Tommasi et al. 2015).
Peer and Miller (2014) analyzed a time series of gill-net catch data to identify the environmental
cues driving variation in the migration timing of striped bass on two primary spawning grounds
in the Chesapeake Bay, and found females migrated approximately 3 days earlier for every 1 °C
of increase in spring water temperature. Based upon climate model projections for the
Chesapeake Bay region, they suggested female striped bass spawning could occur 1-2 weeks
earlier by the end of the 21% century and the potential for negative influences on reproduction
and recruitment (Peer and Miller 2014).
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Since spawning migrations and downstream movements of anadromous salmonids have
been shown to coincide with increased flows and changes in water temperature, genetically-
determined migration cues can be decoupled due to altered hydroclimatology (Helfman 2007;
McCormick et al. 1998). Juanes et al. (2004) reported the dates of first capture and median
capture dates for spawning Atlantic salmon adults in the Connecticut River drainage has shifted
about 0.5 days per year, or 9 to 21 days earlier over the 23-year time series. They also found
similar shifts in the migration timing of Maine and Canada stocks, including Atlantic salmon on
the Penobscot River. They reported these shifts in migration timing were correlated with long-
term changes in temperature and river discharge rate, and possibly attributed to climate change
(Juanes et al. 2004). Huntington et al. (2003) reported the median capture date for returning adult
Atlantic salmon at the VVeazie Fishway Trap on the Penobscot River, Maine, has advanced by 1.3
days per year between 1986 and 2001.

Downstream migration of Atlantic salmon smolts is believed to be dependent upon a
physiological “smolt window”- a limited time for successful migration of smolts, which is
controlled by environmental and biotic factors (McCormick et al. 1998). McCormick et al.
(1999) observed reduced physiological salinity tolerance in smolts at the end of the migratory
period in warmer, southern rivers (Connecticut River and Penobscot River), but not in northern
rivers in New Brunswick and Newfoundland. Loss of physiological smolt characteristics was not
found in smolts during the start of migration in early May. They suggested late migrants in
southern rivers lose physiological smolt characteristics as a result of high temperatures during
spring migration, and delays in migration due to obstructions (e.g., dams) may have negative
impacts on smolt survival in warmer rivers (McCormick et al. 1999).

Ellis and VVokoun (2009) reported stream temperature of 13 °C is a consistent predictor of
historic and recent spawning run timing for alewife in southern New England streams. Because
streams are reaching this temperature about 12 days earlier in recent years compared to the
1970s, they suggested alewife spawning migration phenology has advanced as a result of climate
warming and recommended water supply management at fish passage facilities may need to be
reevaluated.

B. Observed and Projected Effects for Coastal Wetlands and Seagrasses

Temperature can have important direct effects on salt marsh wetlands, including
photosynthetic rates and plant biomass, and other plant physiological processes (Charles and
Dukes 2009; Gedan and Bertness 2010; Kirwan and Mudd 2012). Temperature can also have
indirect effects on salt marsh wetlands, such as on production of soil organic matter, rates of
evaporation and decomposition, and salt marsh community composition (Carey et al. 2017;
Charles and Dukes 2009; Gedan and Bertness 2009; Gedan and Bertness 2010; Najjar et al.
2000). Understanding the responses of salt marsh plants to rising air and water temperatures are
complicated by other factors, including increased atmospheric CO2 concentrations, SLR,
sediment supply, and changes in nutrient levels (Deegan et al. 2012) and salinity (Charles and
Dukes 2009; Cherry et al. 2009; Kirwan and Guntenspergen 2012; Kirwan et al. 2013; Langley
et al. 2009; Mudd et al. 2009).
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Because salt marshes found in the northeast United States typically develop with
relatively low sediment supply, they are typically considered “organic-rich” marshes and rely
heavily on organic matter to maintain their elevation (Charles and Dukes 2009). By comparing
historic accretion rates of salt marshes in Narragansett Bay, Rhode Island, Carey et al. (2017)
correlated lower accretion rates of the past 30 years with a decline in soil organic matter, which
they attributed to higher decomposition rates fueled by higher water temperature. However, other
factors may be acting synergistically to affect salt marshes, including coastal eutrophication
(Deegan et al. 2012) and SLR (Mariotti et al. 2010).

The precise responses of coastal wetlands to increased warming is difficult to predict,
given the complexity of interactions among biological and environmental factors and the coarse
level of resolution of landscape-scale models (Cahoon et al. 2009). In a temperature
manipulation experiment on tidal salt marsh communities in Massachusetts, Charles and Dukes
(2009) found modest warming increased the above-ground biomass of the cordgrass (Spartina
alterniflora) dominant community, but not the marsh hay-spike grass community (Spartina
patens-Distichlis spicata). Warming also increased the maximum stem heights of cordgrass,
marsh hay, and spike grass. The results of this study suggest salt marsh communities in southern
New England may be resilient to modest warming. Kirwan et al. (2009) reported an increase in
productivity of cordgrass throughout its range in North America by about 50-100 g per m? per
year under a projected warming of 2-4 °C. For the mid-Atlantic and New England region, this
would represent a 10-40 percent increase in productivity for cordgrass, which approximates the
projected marsh losses due to SLR. Similarly, in a salt marsh manipulative experiment in
Narragansett Bay, Rhode Island, Gedan and Bertness (2010) reported warming (1-3 °C) resulted
in a 38 percent increase in marsh hay biomass production, leading the authors to suggest
warming may not have as large an adverse effect as other climate-related disturbances.
Furthermore, a number of studies indicate warming temperatures, combined with elevated CO>
in some cases, could increase organic matter productivity and the ability of some salt marshes to
keep pace with SLR (Cherry et al. 2009; Kirwan et al. 2014; Langley et al. 2009).

However, Kirwan and Blum (2011) suggested warmer temperatures, in concert with
enhanced CO», could make coastal marshes less resilient to SLR by increasing the rates of
organic decomposition. Their projections suggested elevated temperatures could increase SLR
greater than organic matter accumulation rates, and that a positive feedback may exist in which
warming reduces carbon accumulation rates resulting in additional warming and accelerated
SLR. Kirwan and Mudd (2012) reported projected rates of SLR and warmer temperatures (i.e.,
+4 °C and 3 mm per year SLR) the first half of the 21% century would increase the productivity
and accretion rate of cordgrass, allowing a hypothetical salt marsh to keep up with the rate of
SLR. However, by mid-century, the combined effects of a growing carbon pool and increased
organic decomposition reduces the rate of marsh accretion, and by about year 2085 the salt
marsh loses elevation relative to sea level and drowns.

The effects of rising temperatures may have differential effects on plant species within
salt marsh communities, resulting in changes in species diversity. For example, forb pannes,
which occur in anoxic and waterlogged soils, are mid-elevation salt marshes that provide refuge
from clonal perennial grasses and allow increased species diversity in New England salt marshes
(Gedan et al. 2011). An experimental warming study conducted at three New England salt
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marshes (one in Narragansett Bay, Rhode Island and two in Wells, Maine) indicated an increase
of 4 °C allowed marsh hay to rapidly outcompete the forb panne species and resulted in a loss of
plant diversity at all three locations (Gedan and Bertness 2009). The loss of cover by forb panne
species also occurred in control plots in the Narragansett Bay marsh, close to the southern limit
of forb panne distribution, suggesting that climate change warming may be currently reducing
panne habitat area in southern New England marshes.

The effects of increasing water temperature on seagrasses depend upon the individual
species’ thermal tolerance and optimal temperatures for photosynthesis, respiration, reproduction
and growth, nutrient uptake, flowering, and seed germination (Short and Neckles 1999). In
addition, the effect of temperature on seagrasses may be complicated by interactions with
changes in salinity, nutrients, pH, suspended sediments, increased atmospheric CO>
concentrations, and other stressors such as herbivory and algal competition (Bjork et al. 2008;
Neckles et al. 1993; Short and Neckles 1999).

In the western Mediterranean, increased mortality for the seagrass species Neptune grass
(Posidonia oceanica) caused by ocean heat wave events were reported by Diaz-Almela et al.
(2009) and by Marba and Duarte (2010). Diaz-Almela et al. (2009) found shoot mortality
increased during summer months coinciding with higher summer seawater temperatures.
Similarly, Marba and Duarte (2010) reported the long-term mean water temperature was
exceeded in four of the five years of their study between 2002 and 2006, with a 5 percent per
year decline in the seagrass meadows that exceeded the previous decade by five-fold. The rate of
decline was especially prominent after ocean heat wave events, and the authors suggested the
meadows in this area could be decimated within two decades if warming events continue.

However, not all studies have found negative effects to seagrasses from warming.
Garthwin et al. (2014) reported beds of the seagrass Zostera muelleri exposed to warm water
effluent from a power station in Lake Macquarie, Australia, for 30 years had similar levels of
growth and herbivory compared to nearby control meadows. Furthermore, simulated herbivory
experiments showed warmed beds were equally able to recover from the impacts of herbivory as
control beds.

The projected effect of future increases in water temperature on seagrasses will depend
upon the individual species’ thermal tolerances and their optimum temperature for
photosynthesis, respiration, and growth (Short and Neckles 1999). Increased temperatures may
have the most effect on seagrasses at the edges of species thermal tolerances, particularly in the
extreme tropics and at temperate-tropical and temperate-polar interfaces (Bjork et al. 2008; Short
et al. 2016; Short and Neckles 1999). For eelgrass (Zostera marina) populations in the U.S. east
coast around the southern extent of distribution (i.e., North Carolina, Virginia, and Maryland) are
at risk from declining productivity and distribution due to water temperature increases, primarily
during summer months (Moore et al. 1996; Short and Neckles 1999; Thayer et al. 1984).
Temperatures above 25 °C have been shown to result in reduction in plant growth for eelgrass
(Kaldy 2014; Thom et al. 2014) and temperatures above 23 °C have resulted in a reduction in net
primary production (Moore et al. 2014). Carr et al. (2012) determined that while extant eelgrass
meadows within the shallow bay of the Virginia Coast Reserve are likely to tolerate increased
SLR, an increase in the frequency of days when summer water temperature exceeds 30 °C will
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cause more frequent summer die-offs. Their model indicated that the eelgrass in these shallow
coastal bays has limited resilience to increases in water temperatures projected by current climate
change models.

In an eelgrass microcosm study investigating the effects of nutrient enrichment, water
temperature, and the presence/absence of epiphyte grazers, Neckles et al. (1993) reported plant
production decreased under high nutrient levels as epiphyte growth increased due to reduced or
eliminated epiphyte grazers. However, in all experimental treatments the effect of epiphyte
grazers on reduced plant production was greatest at the higher (summer) temperature regimes.
The rate of leaf respiration in eelgrass has been shown to increase more rapidly with rising
temperature than that of leaf photosynthesis and can lead to negative daily carbon balances and
increased mortality or reduced growth rates (Marsh et al. 1986). However, reductions in light
reaching seagrass beds, such as reductions in water clarity from higher suspended sediment loads
or plankton blooms, may exacerbate the thermal effects on seagrass metabolism. Thus, the
effects on seagrasses through changes in temperature and light regimes can be linked.

Based on projected water temperatures under the A1B emissions scenario, Jorda et al.
(2012) concluded warming could lead to the functional extinction of Neptune grass in the
Mediterranean Sea by the middle of the 21% century. In a 3-month-long mesocosm experiment,
Olsen et al. (2012) reported reduced growth rates, leaf formation rates, and leaf biomass per
shoot in Neptune grass seedlings after exposure to temperatures encompassing the range of
maximum summer seawater temperatures projected for the Mediterranean Sea during the 21
century (i.e., 25-32 °C). However, temperature responses by little Neptune grass (Cymodocea
nodosa) were variable: rhizome growth increased with warming, and above ground/below
ground biomass, leaf biomass and population growth increased with rising temperature but
declined with temperatures above about 30 °C. Although both species are expected to be
negatively affected by temperatures projected during the 21% century, early life stages of
Neptune grass appear to be especially sensitive (Olsen et al. 2012).

In addition, seagrasses are impacted during strong coastal storms through scouring and
uprooting (Duarte 2002; Fourqurean and Rutten 2004; Short and Wyllie-Echeverria 1996). These
impacts could increase if the frequency of strong coastal storms increases with climate change.
Global and U.S. east coast projections for SST, sea levels, and storm activity indicate an increase
in frequency and intensity of flooding and storm events (Kirtman et al. 2013; Little et al. 2015),
suggesting that seagrasses may be more vulnerable to warming-related effects during the 21%
century.

C. Observed and Projected Effects from Marine Invasive Species and Disease

In North America, the common reed, Phragmites australis, consists of two conspecific
lineages: the native lineage, P. australis americanus, present in North America for thousands of
years (Saltonstall et al. 2004) and a non-native Eurasian lineage, P. australis australis, which
was likely introduced in the 1800s (Saltonstall 2002). The introduced lineage has been identified
as an invasive, nuisance species (EPA 2008), is prevalent on the Atlantic Coast, and has rapidly
spread west and north, including the Great Lakes. Wilcox et al. (2003) reported the non-native
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common reed populations in Lake Erie wetlands were positively correlated with higher-than-
average ambient air temperatures.

Climatic cycles, such as the ENSO and the NAO, are known to affect marine infectious
diseases by altering local and regional temperature and rainfall (salinity) conditions (Burge et al.
2014; Harvell et al. 2004). More recently, rising global ocean temperatures have been shown to
facilitate the establishment and persistence of invasive marine species from warmer temperate or
subtropic climates in northern temperate climates, including non-native, colonial ascidians (Sorte
et al. 2010c; Stachowicz et al. 2002; Valentine 2009), bivalves (Ford and Smolowitz 2006;
Schneider and Helmuth 2007), and bryozoans (Sorte et al. 2010c). Establishment of invasive
species may have been influenced by increases in maximum and minimum temperatures, rather
than increases in mean temperature (Sorte et al. 2010a; Stachowicz et al. 2002), as well as
extreme climatic events such heat waves (Diez et al. 2012).

Several studies implicate prolonged exposure to warmer waters as a factor making
American lobsters more susceptible to epizootic shell disease in Massachusetts and Long Island
Sound (Dove et al. 2005; Glenn and Pugh 2006). However, other contributing factors, including
hypoxia, sulfides, ammonia, pesticides, and malnutrition have been hypothesized (Gomez-
Chiarri and Cobb 2012). Tlusty et al. (2007) and others (Bell et al. 2012; Homerding et al. 2012)
reported a “host susceptibility” hypothesis that involves one or multiple opportunistic bacterial
pathogens that take advantage of a host’s stress and immunosuppression. Robohm et al. (2005)
suggests synergistic effects of elevated temperature, hypoxia, and sulfides may increase death
rates in lobsters infected with the pathogenic bacterium, Aerococcus veridans.

The MSX disease affects the eastern oyster (Crassostrea virginica), caused by the
introduced protozoan Haplosporidium nelson, and now occurs from the mid-Atlantic coast to
Maine (Burge et al. 2014; Burreson et al. 2000). Temperature and salinity are known drivers for
both MSX and a second eastern oyster disease, Dermo, caused by the marine parasite Perkinsus
marinus. Between 1990 and 1992, a dramatic range extension of Dermo disease was reported
over a 500 km area in the northeastern United States from Delaware Bay, New Jersey to Cape
Cod Bay, Massachusetts (Ford and Smolowitz 2006). By 1995, Dermo was reported as far north
as Maine (Burge et al. 2014). Coincident with this abrupt range shift in Dermo was a pronounced
warming period, especially for the winter months, marked by consistently positive NAO
anomalies (Forsyth et al. 2015; Mountain 2003; Shearman and Lentz 2010). Dermo disease was
previously restricted to the southern U.S. coast and the Gulf of Mexico and had not been
recorded or known to cause mortality in oysters in the northeastern United States. The high
infection levels of Dermo in eastern oysters has persisted in the northeastern region since the
early 1990s, likely due to increased winter temperatures and the expansion of oyster-growing
sites in shallow, warmer waters that promote high parasite burdens and transmission rates (Ford
and Smolowitz 2006). The persistently high infection levels of Dermo in eastern oysters since
the early 1990s can be at least partially attributed to increased winter temperatures, and projected
warmer conditions through the 21% century suggests a long-term presence and likely range
expansion of the disease.

An in vitro study by La Peyre et al. (2010) reported temperature and salinity effects on
the viability of P. marinus cells, but much lower effects with either sub-optimal temperature or
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salinity alone. The study suggests that extended and simultaneous exposure to both low
temperature and salinity are necessary to have a negative effect on Dermo outbreaks in eastern
oysters (La Peyre et al. 2010).

In a modeling study on the effect of climate variability of MSX disease in the upper
Chesapeake Bay from 1986-1995, Hofmann et al. (2001) reported oysters exposed to one year of
cold water temperatures (<3 °C), followed by a year of low salinity waters (<15 ppt), exhibited
greatly reduced prevalence and intensity of MSX disease. However, the disease returns when
average environmental conditions returns. Their model simulations supported the hypothesis that
climate change is a contributing factor in the northward spread of MSX disease. Furthermore,
continued winter warming trends suggests MSX disease will remain in areas where it is already
established and facilitate its northward range expansion (Hofmann et al. 2001).

The frequency and abundance of Vibrio bacteria, transmitted to humans thorough
contaminated seafood and water, has been shown to be positively correlated with coastal water
temperature (Jacobs et al. 2010; Louis et al. 2003). Muhling et al. (2017) used a statistical
downscaling modeling framework for estuarine habitats to project spatial distribution and season
length for three Vibrio species in the Chesapeake Bay, using GCMs run under a high-emission
(RCP8.5) climate change scenario. Using high-resolution GCMs that resolved temperature and
precipitation (as a proxy for salinity) at a fine scale within the Chesapeake Bay, their results
indicate that climate change is likely to increase the probability of occurrence and concentration
of V. vulnificus and V. parahaemolyticus, respectively. The probability of occurrence for the
third species (V. cholerae) is projected to increase only in the wetter GCMs and remain restricted
to the lower salinity zones of the bay (Muhling et al. 2017).

Chapter 2. Salinity-related Effects

A. Observed and Projected Effects for Fish and Invertebrates

Observed changes to the Arctic climate beginning in the 1970s have increased
precipitation, river discharge, and glacial and sea-ice melting (Greene and Pershing 2007; Greene
et al. 2008). Beginning in the late 1980s, strong cyclonic atmospheric circulation patterns
characteristic of highly positive AO conditions altered the Arctic Ocean circulation patterns and
enhanced the export of fresh water into the North Atlantic (Steele et al. 2004). This in turn led to
a general freshening and stratification of shelf waters of the Labrador Sea, GOM, Georges Bank,
and the MAB (Hékkinen 2002; Mountain 2003; Smith et al. 2001). These changes have been
associated with a southward expansion of boreal plankton, including trans-Arctic exchanges of
Pacific plankton species with the Atlantic, an increase in phytoplankton production, and a
general reorganization of Northwest Atlantic zooplankton assemblage (Frank et al. 2005; Greene
and Pershing 2007; Greene et al. 2008). Changes in ocean salinity caused by increased Arctic
glacial melting, enhanced precipitation, and river runoff can also enhance the vertical
stratification of continental shelf waters and alter circulation patterns in ways that affect the
timing of phytoplankton blooms and ecosystem productivity (Ji et al. 2007). Earlier spring
phytoplankton blooms and increases in plankton net primary productivity were reported in the
Nova Scotian Shelf and the GOM as a result of sea surface freshening from 1998-2006 (Ji et al.
2007).
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Coincidental with the observed physical and biological changes in the Arctic ecosystem
were changes in the abundances and seasonal cycles of phytoplankton, zooplankton, and fish
populations, including the populations of a number of commercially-important fish and
crustacean species in the NES during the 1990s (Frank et al. 2005; Greene and Pershing 2007;
Greene et al. 2008; Pershing et al. 2005). The collapse of the Atlantic cod stocks in the early
1990s was perhaps the most striking change affecting the NES fisheries. Although overfishing
has been attributed as the primary cause of the collapse of Atlantic cod stocks, the export of cold,
low-salinity waters from the Arctic into the northern part of their range may have hampered their
recovery despite significant reductions in commercial harvests (Greene and Pershing 2007).

The changes observed in the Arctic climate in the 1990s, including increased
precipitation and freshwater river discharges into the Arctic Ocean, and increased melting of
permafrost, snow, and ice, may be an indicator of future conditions in a warming climate
(Greene et al. 2008). In addition, since the 1970s, a positive phase of the AO has dominated the
climatology in the region, and some studies have suggested this may be a response to
anthropogenic climate change (McBean et al. 2004).

Although the AO has exhibited variable phase patterns in the past decade, the great
salinity anomaly events observed in previous decades have not repeated and the Arctic Ocean
has been in an extended period of freshwater storage (Greene et al. 2012). Saba et al. (2016) was
able to resolve Northwest Atlantic circulation and water mass distribution using a high-resolution
global climate model, which projected an increase in salinity caused by changes in water mass
distribution related to retreat of the Labrador Current and a northerly shift in the Gulf Stream.
Reduced freshening of the GOM waters may mediate some impacts to marine species, such as
Atlantic cod, although future effects to marine ecosystems in NES due to changes in salinity are
difficult to project at this time.

B. Observed and Projected Effects for Coastal Wetlands and Seagrasses

Between 1895 and 2011, mean annual precipitation increased in the northeast by more
than 10 percent (Kunkel et al. 2013), with similar trends for New England over the last century
reported by Hayhoe et al. (2007). Geiger et al. (2013) reported decreasing trends in salinity for
the mid-Atlantic region, with the largest areas of salinity change off the coast of Long Island and
New Jersey. Increased freshwater runoff from land can reduce the salinity in the bays and
estuaries where coastal wetlands and seagrasses grow. The effect of changes in salinities for
coastal wetlands and SAV are difficult to predict. Eelgrass grows optimally between about 12
and 30 ppt (Salo et al. 2014; Short et al. 2016), and optimum salinity for seedling establishment
and colonization appears to be above 20 ppt in natural beds (Salo et al. 2014; Xu et al. 2016),
which suggests low salinity due to increased freshwater runoff may have adverse effects to some
eelgrass beds. However, the eelgrass wasting disease has been reported to thrive in salinities of
12-25 ppt (Burdick et al. 1993), indicating lower salinities in bays and estuaries may protect
beds from the disease. Conversely, increases in frequency and intensity of coastal storms,
combined with higher sea levels and storm surges, may increase salinities in coastal areas and
negating the effect of increased precipitation on the salinity regime (Scavia et al. 2002).
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C. Observed and Projected Effects from Marine Invasive Species and Disease

Synergistic effects involving low temperature and salinity have been shown to reduce
infections in eastern oysters by Dermo disease (Chu et al. 1993; La Peyre et al. 2010) and MSX
disease (Burreson et al. 2000; Hofmann et al. 2001). However, for Dermo disease, neither sub-
optimal temperatures nor salinities alone were shown to have a large effect on outbreaks of the
disease in eastern oysters (La Peyre et al. 2010). Furthermore, La Peyre et al. (2010) reported the
lower range tolerance of Dermo disease appears to exceed the salinity and temperature range
where most eastern oyster production occurs. Rising sea levels are expected to move the saline-
freshwater interface zone in estuaries further inland (Scavia et al. 2002), raising salinities and
potentially making conditions more favorable for Dermo infections in eastern oysters.

In a modeling study on the effect of temperature and salinity on the prevalence and
intensity of MSX disease in the upper Chesapeake Bay from 1986-1995, Hofmann et al. (2001)
reported oysters exposed to low temperatures, followed by a year of low salinity, exhibited
greatly reduced prevalence and intensity of MSX disease. However, the disease returns when
average environmental conditions returns. Their model simulations suggest warming waters is a
contributing factor in the northward spread of MSX disease in northeast U.S. coastal waters
(Hofmann et al. 2001).

Chapter 3.  Sea-Level Rise Effects

A. Observed Effects for Coastal Wetlands, Seagrasses, and Non-vegetated Shorelines

a. Coastal Wetlands

Coastal wetlands provide a number of important functions including flood protection,
resource conservation and biodiversity, waste assimilation, and spawning, nursery, and shelter
habitats for fish and shellfish (Nicholls 2004; NRC 1997; Shellenbarger Jones et al. 2009;
Valiela et al. 2004). In addition, coastal wetlands are some of the most efficient natural carbon
sinks in the world, estimated to contribute to one-half of the carbon burial in the coastal and
global ocean (Duarte et al. 2005) (see Appendix C for more information on coastal blue carbon).

Impacts to coastal wetlands due to SLR will result in a loss of shelter, forage, and nursery
habitats for fisheries and other wildlife, as well as nutrient cycling functions (Nicholls et al.
1999). Coastal wetlands serve important functions for juvenile finfish, including provision of
productive forage habitat that allows for rapid growth for both resident and temporary
inhabitants, and shelter from larger predators (Boesch and Turner 1984). Much of the
productivity generated from coastal wetlands, such as tidal salt marshes, is exported to food webs
supporting marine transient fish production in open waters. Many marine transient species
recruited into coastal embayments during early life history stages are spawned on the continental
shelf (Deegan et al. 2000). At least 50 percent of all commercially-valuable fish and shellfish in
the United States depend upon estuaries and nearby coastal waters during one or more life
history stage (Lellis-Dibble et al. 2008); other reports estimate this proportion at approximately
85 percent (NRC 1997). The loss of tidal wetlands from SLR will reduce the populations of
wetland-dependent species of fish and invertebrates (Shellenbarger Jones et al. 2009).
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Wetlands are subject to multiple stressors and are declining worldwide. The loss rate of
global coastal wetlands was about 1 percent per year in the late 20™" century, primarily through
direct human destruction, although a number of direct and indirect mechanisms are responsible
(Nicholls 2004). Without any consideration of SLR effects, assuming a linear rate of global
coastal wetland losses continues, Nicholls (2004) projected 62 percent of existing wetland stock
would be lost worldwide by the 2080s. According to Dahl and Stedman (2013), about 7,360
acres of estuarine salt marsh (-0.4 percent) was lost in the coastal area of the U.S. Atlantic
between 2004 and 2009, predominantly along the Delaware Bay shorelines and primarily
attributed to erosion and inundation related to increases in sea levels. Although there was a small
net gain in the total area of intertidal wetlands on the U.S. Atlantic coast (about 330 acres, <1
percent increase), this gain was attributed to saltwater inundation of freshwater wetlands and
some uplands, primarily near Delaware Bay, South Carolina, and Georgia (Dahl and Stedman
2013).

Climate change poses a significant risk to coastal wetlands through its effects on sea
level. In a review of studies assessing the effects of SLR on salt marsh resilience (globally, but
with a geographic bias towards north Atlantic studies), Crosby et al. (2016) reported many salt
marshes have failed to keep pace with SLR in the past century and kept pace even less well over
the past two decades. The impact that SLR has on coastal ecosystems is determined by a
combination of global mean sea levels, regional variations in sea-level change, and geological
uplift and subsidence (Church et al. 2008). The immediate impacts of SLR are submergence of
low-lying areas, increased flooding of coastal land, and saltwater intrusion of surface waters
(Kennedy et al. 2002; Scavia et al. 2002). Longer-term impacts include coastal erosion and loss
of some coastal wetlands unless sediment supply can keep pace with SLR (Nicholls and
Cazenave 2010). However, coastal areas hardened by shoreline structures will restrict the
capacity of coastal wetlands to migrate inland with increasing SLR. Although coastal erosion is
observed on many of the world’s shorelines, it remains difficult to attribute individual
contributions of relative sea-level rise, subsidence, and changes in land use to coastal wetland
losses. Nonetheless, SLR is expected to exacerbate existing natural and anthropogenic causes of
coastal erosion.

Coastal wetlands can maintain vertical accretion rates through increased sediment and
organic matter input if accretion equals or exceeds local rates of SLR (Andersen et al. 2011,
Cahoon et al. 2009; Carey et al. 2017; Donnelly and Bertness 2001; Morris et al. 2002; Nicholls
et al. 1999). However, if a salt marsh builds vertically at a slower rate than the sea rises it cannot
maintain its elevation relative to sea level and will become submerged for progressively longer
periods during tide cycles, and may die due to waterlogging (Cahoon and Guntenspergen 2010;
Donnelly and Bertness 2001; Kennedy et al. 2002; Nicholls et al. 1999). Salt marsh elevation can
change in response to SLR, but the processes contributing to the capacity of these tidal wetlands
to maintain a stable relationship with changing sea levels are complex and often nonlinear. Many
factors contribute to wetland vertical accretion, including tidal range, vegetation type, SLR rate,
flooding, river flows, sediment supply, soil organic matter accretion, salinity, soil oxidative state,
erosion, land subsidence, and land use changes (Cahoon and Guntenspergen 2010; Cahoon et al.
2009; Carey et al. 2017; Cherry et al. 2009; Kirwan et al. 2010; Mattheus et al. 2010; Morris et
al. 2002).
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Sediment supply is an important factor in accretion rates in salt marsh wetlands, and
expansive coastal wetlands in regions with low tidal ranges or sediment concentrations are
vulnerable to submergence under even conservative projections of SLR (Kirwan et al. 2010).
The stability and resilience of coastal wetlands relative to SLR is related to the elevation capital,
or the accumulation of material reserves (e.g., mineral and organic material) that contribute to
the elevation of a wetland within the tidal zone (Cahoon and Guntenspergen 2010).
Consequently, elevation capital will be greater for a wetland that receives large accumulations of
material reserves and is located high in the tidal growth range, compared to a wetland with
smaller accumulations of material reserves located near the bottom of the tidal growth range. The
presence of dams, agricultural sediment control practices, and reforestation tend to lower
sediment yields to the coast, while deforestation, urbanization, and mining increase sediment
yields to the coasts (Syvitski et al. 2005). Salt marshes in the northeast United States typically
develop with relatively low sediment supply and are typically considered “organic-rich”
marshes, relying heavily on organic matter to maintain their elevation (Charles and Dukes 2009).

Using a hydrodynamic model to estimate the effect of SLR on erosion rates in tidal flats
and salt marshes in coastal Virginia under different wind and storm surge conditions, Mariotti et
al. (2010) found the wave energy on marsh boundaries and bottom shear stresses on tidal flats
increased with sea level elevation. For each increase in sea level elevation, wave energy on
marsh boundaries was nearly ten times more than that of bottom shear stresses on tidal flats.
Kearney et al. (2002) evaluated trends of marsh deterioration between 1984 and 1993 in the
Chesapeake and Delaware Bays using satellite imagery to generate a “marsh surface condition
index” that emulates changes in surface conditions that occur as marsh substrates lose vertical
elevation (referred to by authors as “degradation”) when SLR outpaces rates of vertical
accretion. They reported substantial increases in the extent of severely to completely degraded
marshes in both estuaries. The greatest proportion of degraded marshes in both bays occurred in
the middle and lower reaches, which they attributed to diminishing riverine sediment influx. The
extent of degradation was highest in the Delaware Bay, where areal coverage of degraded
marshes increased from 25 percent in 1984 to 54 percent in 1993. The degradation was highest
along the New Jersey (eastern) shore of the Delaware Bay, as reduced mineral sediment influx
was exacerbated by impoundments in those systems. In the Chesapeake Bay, marsh degradation
was most pronounced on Maryland’s eastern shore and in the marsh islands in the Middle Bay,
where waves during storms erode highly degraded shorelines. While increases in the extent of
degraded marshes were attributed to modifications in hydrography and land use, large coastal
storms and short-term acceleration in relative SLR were probable drivers in the Chesapeake and
Delaware Bays (Kearney et al. 2002).

Kolker et al. (2010) provided evidence of a close linkage between rates of SLR and the
response of wetland accretion and mineral deposition in New York salt marshes, such that
coastal wetlands may be responding to climate change. Based on data for Long Island salt
marshes, they reported an increased wetland accretion rate of 3.0 mm per year per °C of global
temperature, which closely matches reported rates of global SLR of 3.4 mm per year per °C of
global temperature (Rahmstorf 2007). Large areas of salt marsh in Jamaica Bay, New York City
have been lost since the mid-20™ century. A number of potentially synergistic factors may be
contributing to the losses, including a reduction in sediment input, dredging and filling,
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construction of seawalls and bulkheads, nutrient loading, bioturbation by ribbed mussels
(Geukensia demissus) and herbivory by waterfowl, and encroachment by sea lettuce (Ulva
lactuca) (Hartig et al. 2002).

In a multi-decadal analysis of Rhode Island salt marshes using historic and recent aerial
imagery and maps, Watson et al. (2017b) reported widespread and accelerating salt marsh
vegetation loss. With the exception of one site, all marshes analyzed experienced declines in
extent of wetland vegetation with an average loss rate of 17.3 percent over the four-decade study.
Although the loss of vegetation was attributed to multiple mechanisms (e.g., shoreline erosion,
widening and headward erosion of tidal channels), inundation due to SLR was strongly
suggested as the primary driver. The processes involved in marsh deterioration and loss observed
in Rhode Island is likely part of a larger regional pattern that extends to all of Long Island and
southern New England (Watson et al. 2017a; Watson et al. 2017b).

In comparing historic accretion rates of salt marshes in Narragansett Bay, Rhode Island,
Carey et al. (2017) found no consistent change in salt marsh accretion rates over the past 30
years. However, the accretion rates in organic-rich marshes were predominantly lower than
mineral-rich marshes in the Bay, highlighting the importance of sediment supply in marsh
accretion. The overall accretion rates for the Narragansett Bay ranged between 2.7-6.9 mm per
year in the study, and were similar to the historic rate. Given the 30-year average rate of relative
SLR for the Bay is 4.1 £ 0.7 mm per year, the long-term survivability of these marshes may be in
jeopardy (Carey et al. 2017). Donnelly and Bertness (2001) demonstrated low-marsh cordgrass
rapidly migrated landward at the expense of higher marsh species in Narragansett Bay, Rhode
Island between 1995 and 1998. The changes observed in these salt marsh wetlands coincided
with accelerated rates of SLR, suggesting increased flooding has stressed high-marsh
communities and promoted landward migration of cordgrass. However, the authors note that
SLR projections of > 6 mm per year may exceed the accretion rates of cordgrass over the 21%
century. Smith (2014) reported similar shifts in salt marsh communities within the Cape Cod
National Seashore. Between 1984 and 2013, high marsh species (e.g., marsh hay, spike grass)
have been replaced with low marsh species cordgrass, as SLR outpaced vertical accretion.

Smith (2009) reported multi-decadal changes to salt marsh wetlands on Cape Cod,
Massachusetts, including tidal creek widening and a declining or complete loss of vegetation
along the edges of tidal creeks and mosquito ditches in the low marsh and the landward retreat
and replacement of high marsh with unvegetated mudflats and low marsh vegetation. Although
several stressors were attributed to the loss of Cape Cod salt marsh wetlands, including
widespread grazing by the herbivorous purple marsh crab (Sesarma reticulatum), inundation due
to SLR was identified as a contributing factor (Smith 2009).

b. Seagrasses

Long-term monitoring programs in the Mediterranean Sea have implicated sea level rise
as a likely cause of regression of the deep edge of Neptune grass (Pergent et al. 2015). Marba
and Duarte (1997) reported a significant negative correlation between vertical growth in Neptune
grass and increasing sea levels in the Spanish Mediterranean Sea. The authors suggested
widespread erosion observed in their region may be linked to SLR, although sediment retention
in reservoirs may be exacerbating the problem. Similar to emergent wetlands, shoreline armoring
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can impede landward movement of seagrass beds as sea levels rise (Orth et al. 2017; Short and
Neckles 1999). These structures can deflect wave energy, leading to increased turbulence and
scouring of sediment and vegetation along their waterward edge, and increase suspended
sediment and turbidity (Williams and Thom 2001).

c. Non-vegetated Shorelines

Non-vegetated shorelines, including intertidal areas such as sheltered sand flats, sand in
estuaries and sheltered lagoons, and ocean beaches that are exposed to high-energy wave action,
are susceptible to erosion (Brown and McLachlan 2002). Most of the world’s sandy shorelines
have retreated during the past century (Leatherman et al. 2000). Beach erosion on sandy
coastlines can degrade or eliminate sand dunes and coastal vegetation, which typically occurs at
tens to hundreds of times the rate of SLR (Church et al. 2008; Leatherman et al. 2000).

Gravel beaches also may be threatened by rising sea levels and, like sandy beaches, the
rates of erosion on them are determined by the rate of SLR but are also influenced by the
intensity and frequency of storms, tectonic events, and other factors (Nicholls et al. 2007).
Cliffed coasts are also vulnerable to coastal erosion and SLR, although hard rock cliffs are more
resistant to erosion than softer lithologies (Ashton et al. 2011; Nicholls et al. 2007). In addition,
intertidal sand and mudflats may be inundated if bulkheads and shoreline stabilization structures
prevent their landward migration (Peterson et al. 2008).

B. Projected Effects for Coastal Wetlands, Seagrasses, and Non-vegetated Shorelines

a. Coastal Wetlands

Wetlands are declining worldwide with a loss rate of about 1 percent per year for coastal
wetlands in the late 20" century. Most of the losses of coastal wetlands have occurred through
direct human destruction, such as shoreline protection, blocking of sediment sources for
wetlands, and development activities, although a number of direct and indirect mechanisms are
responsible (Hoozemans et al. 1993; Nicholls et al. 1999).

Nearly all studies conclude accelerated SLR will exacerbate existing wetland loss rates.
Several estimates for U.S. and global coastal wetland losses caused by projected SLR are shown
in Table 4. Hoozemans et al. (1993) estimated a 1-meter SLR over the next century would result
in the loss of one-half of the world's coastal wetlands, although in some areas they could be
virtually eliminated because their ability to migrate inland would be limited over such short
timescales. McFadden et al. (2007) estimated 32 percent and 44 percent global wetland losses in
2100 under the 0.5- and 1.0-meter SLR scenarios, respectively. Based on a 0.38 m global SLR
projection, Nicholls et al. (1999) estimated between 6 percent and 22 percent of the global
coastal wetlands could be lost. However, when combined with the direct loss of coastal wetlands
due to direct human destruction, in the worst case, 36 percent to 70 percent of the world's
wetlands (up to 210,000 km?) could be lost by the 2080s (Nicholls et al. 1999). Using the
HadCM3 global climate models, Nicholls (2004) reported a SLR of 0.34 m under the A1F1
emissions scenario (e.g., business-as-usual emissions, increasing globalization, rapid economic
growth, high coastal population growth, high consumerism and low environmental priorities)
would result in up to 20 percent global losses of coastal wetlands caused by SLR only (Nicholls
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2004). Combining SLR with other direct and indirect anthropogenic wetland impacts, the global
losses to coastal wetlands rises to as high as 70 percent. However, under the B2 emissions
scenario (i.e., lower emissions, high environmental priorities, clean/efficient technologies, low
coastal population growth) the estimated global wetland losses were reduced to 16 percent for
SLR-only impacts, and 42 percent for combined SLR and other direct and indirect anthropogenic
wetland impacts. While losses of coastal wetlands under all SLR projections are expected, the
greatest factor influencing future states of coastal wetlands is the degree of direct and indirect
anthropogenic impacts (Nicholls 2004).

Table 4. Projected global and regional coastal wetland losses due to sea level rise. Other climatic and
non-climatic factors of wetland losses are not included

Study IPCC Sea Time Coastal Geographic | Comments
Emissions Level Frame | Wetlands Area
Scenario Rise (m) Loss (%)
Nicholls AlF1 (High) | +0.34 2080 20 Global Relative to 1990
(2004) Bl (Low) +0.22 16
Nicholls et ARA4 (High) +0.38 2080 22 Global Relative to 1961-
al. (1999) 1990 mean
Hoozemans | “Businessas | +1.0 2100 51-60 Global Relative to 1990
etal. (1993) | usual” (High)
McFadden NR +0.5 2100 32 Global Relative to 2000
et al. (2007) +1.0 44
Park et al. NR +0.50 2100 32 All U.S. Relative to 1986
(1989) +1.0 49 coasts
+2.0 56
+3.0 68
Craft et al. Al1B (High) +0.52 2100 20 Georgia Relative to 1999
(2009) +0.82 45 coast
Glick et al. AlB (High) +0.69 2100 83 Chesapeake | Losses for
(2008) +1.0 88 Bay irregularly flooded
(brackish) marsh
Najjaretal. | “Businessas | +0.66 2095 21 Delaware Relative to 1990
(2000) usual” (High)

Wetland responses to accelerated SLR are highly variable, both within and among
subregions, and for a variety of wetland geomorphic settings (Cahoon et al. 2009). Given the
complexity of interactions among biological and environmental factors and the coarse level of
resolution of landscape-scale models, it is difficult to predict how all coastal wetlands will
respond to SLR (Cahoon et al. 2009). Using an estimate of 34,045 km? of existing coastal
vegetated wetlands for all U.S. coasts in 1986, Park et al. (1989) projected a 1.0-, 2.0-, and 3.0-
m SLR would result in a loss of 49 percent, 56 percent, and 68 percent, respectively, of the total
U.S. coastal wetland stock (assuming standard protection of residential and commercial
development). Due to low elevation and tidal range, the U.S. Atlantic coast may be particularly
susceptible to wetland losses due to SLR (Nicholls et al. 1999).

A climate modeling study by Craft et al. (2009) estimated a 20 percent reduction in salt
marsh habitats for the Georgia coastline based on a mean SLR projection of 52 cm by 2100 in
the IPCC A1B (high) emissions scenario. They also projected an increase in tidal freshwater
marsh and brackish marsh of 1 percent and 10 percent, respectively. However, for the maximum
SLR scenario of 82 cm by 2100, salt marsh, tidal freshwater marsh, and brackish marsh habitats
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would all decline by 45 percent, 39 percent, and 1 percent, respectively. The authors reasoned
that tidal freshwater habitats decline under accelerated SLR as saltwater intrudes and brackish
marshes migrate inland to replace them. Salt marshes disappear as they convert to open water
because of their low rates of vertical accretion. However, they caution their projections using the
Sea Level Affects Marshes Model (SLAMM) do not incorporate the effects of increasing CO> or
temperature on plant productivity or soil chemistry (Craft et al. 2009).

For the mid-Atlantic region, an opinion-based assessment of wetland response to SLR
concluded with a moderate level of confidence that wetlands keeping pace with 20" century rates
of SLR would survive a 2 mm per year acceleration (under optimal hydrology and sediment
supply conditions) but would not survive a 7 mm per year acceleration of SLR (Cahoon et al.
2009). In a SLR case study in Delaware, Najjar et al. (2000) reported 21 percent of all
marshlands in the state would be lost under a 0.66-meter SLR inundation scenario. Assuming
0.69 meter of SLR by 2100, Glick et al. (2008), projected all brackish marshes throughout the
Chesapeake Bay would decline by 83 percent, and tidal marshes (including tidal freshwater
marsh, irregularly flooded marsh, transitional salt marsh, and saltmarsh) in the entire Chesapeake
Bay would decline by 36 percent. For a 1.5-meter SLR scenario the impacts are more dramatic;
virtually all the region’s ocean beaches and irregularly flooded marshes (>1,790 km?) would
disappear by 2100. Although the area of salt marsh wetlands is only 0.4 percent of the total
Chesapeake Bay study area, the modeling results project an increase in this wetland type for both
SLR scenarios as brackish and irregularly flooded marshes are converted to salt marsh (Glick et
al. 2008).

A number of mesocosm studies have studied the effects of SLR on salt marsh wetlands
for the northeast U.S. coast. Kirwan et al. (2016) found that a number of modeling studies
projecting coastal wetland losses due to SLR may be underestimating vertical accretion rates of
coastal marshes because most landscape models fail to capture non-linear, ecogeomorphic
feedbacks that are known to allow marshes to adapt to changes in sea level. In fact, catastrophic
wetland loss predictions based on landscape models often do not agree with observations of
historical wetland stability, migrating marshland in some portions of the mid-Atlantic region, and
unchanging total acreage of salt marshes on the Atlantic Coast (Kirwan et al. 2016). The slightly
higher rates of vertical accretion observed in the wetland accretion record suggest that non-
linear factors may indicate a response to accelerated SLR (Kirwan et al. 2009; Kirwan et al.
2016; Kolker et al. 2010). These authors suggest increased tidal inundation promotes more
frequent and longer episodes of mineral sediment settling on the marsh platform, enhanced
vegetation growth, and faster rates of organic matter accumulation.

Furthermore, Morris et al. (2002) and Kirwan et al. (2010) have reported enhanced plant
production and accretion in salt marshes exposed to moderate rates of SLR. However, at higher
rates of SLR (=5 mm per year) the marsh platform deepens, accretion rates decline, and
vegetation begins to die, causing a conversion to unvegetated, subtidal surfaces (Kirwan et al.
2010). Using numerical models designed to explore feedbacks between inundation and sediment
deposition, and interactions between physical and biological processes on long-term salt marsh
evolution under future SLR, they predicted a threshold rate of about 5 mm per year for salt
marshes in the Plum Island Estuary, Massachusetts and Albemarle-Pamlico Sound, North
Carolina. These marshes have been stable under historic rates of relative SLR of about 2-3 mm
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per year, but projected SLR rates of about 5 mm per year would exceed their threshold rate and
would be lead to replacement by unvegetated, subtidal habitats about 30-40 years after the
threshold rate is exceeded (Kirwan et al. 2010). This has significant implications in the long-term
survival of salt marshes in the U.S. northeast coast. The estimated rate of SLR after year 2020
exceeds 5 mm per year under all likely SLR scenarios (Sweet et al. 2017).

Kirwan and Guntenspergen (2012) reported the effects of inundation on marsh hay and
chairmaker's bulrush (Schoenoplectus americanus) for the eastern shore of the Chesapeake Bay,
and found plants at or above optimum elevations within the intertidal zone respond to increasing
inundation with enhanced root growth and rates of organic accretion. However, for plants below
optimum elevations, increased inundation led to decreased root production and organic accretion.
Surveyed areas in the Chesapeake Bay found more than 80 percent of marsh areas are below the
optimum elevation for chairmaker’s bulrush and more than 99 percent are below optimum
elevation for marsh hay, indicating that these marshes are losing elevation relative to sea level
and runaway feedback may already be occurring (Kirwan and Guntenspergen 2012). To further
investigate the importance of soil organic matter accumulation rates in influencing marsh
elevation and resistance to SLR, Kirwan et al. (2013) manipulated the duration of tidal
inundation in three mesohaline tributaries of the Chesapeake Bay. They found SLR will not
increase the rate of peat accumulation by slowing the rate of soil organic matter decay.
Consequently, they conclude salt marshes will require enhanced organic matter productivity or
mineral sediment deposition to withstand rising sea levels (Kirwan et al. 2013).

Kirwan et al. (2009) estimated an increase in productivity of cordgrass throughout its
range in North America by 10-40 percent under a projected warming of 2-4 °C, approximating
the projected marsh losses due to SLR over the 21% century. The authors suggest this expected
increase in productivity for cordgrass could enhance vertical accretion and increase total salt
marsh productivity and ecosystem services.

Expansive coastal wetlands in regions with low tidal ranges or sediment concentrations,
such as the Chesapeake Bay, are vulnerable to submergence under even conservative projections
of SLR (Kirwan et al. 2010). The numerous small marsh islands in the Chesapeake Bay are
rapidly eroding due to a lack of sediment source and accelerated SLR, with most projected to
disappear in the 21% century (Wray et al. 1995). Najjar et al. (2000) suggests that increased
streamflow due to increased precipitation projected for the mid-Atlantic region may provide
additional sources of sediment to coastal marshes and result in increased accretion rates.

Kirwan et al. (2008) demonstrated using numerical modeling and field experiments that
temporary disturbance to vegetation facilitates rapid and widespread degradation or loss of salt
marsh wetlands under various future SLR projections. The study found vegetation disturbance
from snow geese herbivory led to slowing of vertical accretion, allowing localized submergence
of the marsh platform, enlargement of the tidal prism, and permanent expansion of channel
network. While channel dissection facilitates increased sediment delivery to other portions of the
marsh and enhances the stability of the marsh platform in those areas, marshes with low
sediment availability or those dominated by organic accretion could undergo greater channel
dissection and loss with even moderate rates of SLR (Kirwan et al. 2008).
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Future losses of coastal wetlands due to SLR may be offset by inland wetland migration
(i.e., upland conversion to wetlands) if steep shoreline gradients, hard rock cliffs, or coastal
flooding structures (e.g., seawalls) are not present (Kennedy et al. 2002; Nicholls et al. 1999;
Scavia et al. 2002). Shore protection structures in particular prevent inland migration of wetlands
via “coastal squeeze” as the rates of SLR accelerate in the coming decades (Figure 28). Titus et
al. (Titus et al. 2009) estimated that almost 60 percent of land within 1 m above the high tide line
on the U.S. Atlantic coast (Florida to Massachusetts) is developed or expected to be developed
and will be unavailable for inland migration of wetlands. However, the potential for inland
migration varies considerably between northeast states. For example, approximately 26 percent
of land within 1 m above high water in Massachusetts is already developed, and 23 percent is
under some form of conservation. For land in Connecticut, 80 percent is developed and only 5
percent is in conservation (Titus et al. 2009). Kelley and Dickson (2000) reported 20 percent of
the shoreline in Casco Bay, Maine has been armored, and SLR threatens the existence of
intertidal habitats in those areas. Using a spatially-explicit model to evaluate the effect of coastal
squeeze and accelerated sea level rise on selected salt marshes in Wells, Maine, Torio and
Chmura (2013) found degradation of the marsh spatial structure, subhabitat composition,
configuration, and connectivity. Under a projected SLR rate of 5 mm per year and the current
marsh accretion rate, the marshes will expand at a rate of 1.14 percent annually, but at more than
10 mm per year increase in sea level, the marshes will deteriorate at an annual rate of 0.5
percent.

Figure 28. Depiction of the potential consequences of sea level rise and shoreline
armoring on tidal wetlands (Drawing used with permission; © H. Burrell/Virginia
Institute of Marine Science).
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b. Seagrasses

Projecting future impacts to seagrasses from SLR are uncertain due to the relative short
time scales of seagrass growth dynamics compared to the rates of SLR and will vary depending
on the coastal configurations. Short and Neckles (1999) estimated a 0.5 m increase in water
depth from SLR could reduce light penetration by 50 percent, and lead to a 30 to 40 percent
reduction in existing seagrass bed growth due to decreased photosynthesis. Increased erosion,
leading to elevated levels of sedimentation turbidity can reduce light transmittance, and alter
tidal range (Duarte 2002; Shellenbarger Jones et al. 2009; Short and Neckles 1999). SLR will
cause an increase in the inland and upstream penetration of salt water in tidal systems, thus may
contribute to a replacement of upper estuarine species of submerged macrophytes by seagrasses
as sea level rises (Short and Neckles 1999). In addition, areas having extensive shallow mudflats
may provide an opportunity for seagrass meadow expansion (Short et al. 2016).

Davis et al. (2016) used relative environmental suitability (RES) modeling for two
species of seagrass in Port Stevens estuary in New South Wales, Australia to examine
relationships between light availability, wave exposure, and current flow in the context of
projected SLR (0.25 m and 0.74 m for 2050 and 2100, respectively) and turbidity caused by
increased storm activity and floods. They found that under predictions of RES models, SLR and
increased turbidity are predicted to cause substantial seagrass losses in deeper estuarine areas.
Although the RES model predicted net shoreward colonization of seagrasses under both SLR
scenarios, they cautioned the capacity for seagrasses to migrate landward would be reduced
where shoreline defenses are installed and in locations where climate change and other
anthropogenic activities increases average turbidity (Davis et al. 2016). Furthermore, not all
natural shorelines are conducive to progressive landward migration of seagrasses. For example,
rocky shorelines or those consisting of steep bluffs, such as those found on the Maine coast, may
serve as natural barriers to seagrass migration as sea levels increase.

As with coastal emergent wetlands, future states of seagrasses will be strongly dependent
upon the degree of direct and indirect anthropogenic impacts, rather than climatic changes.
Duarte (2002) concluded future threats to seagrass ecosystems on a large scale will continue to
be related to human activity, through disruption of the coastal zone from changes in land use and
inputs of silt, and the increased input of nutrients and sewage.

c. Non-vegetated Shorelines

Although the causes of sandy shoreline erosion are complex and not all are related to
climate change, the acceleration in SLR is expected to exacerbate beach erosion around the globe
(Brown and McLachlan 2002; Chust et al. 2010; Nicholls et al. 2007). The effects of SLR will be
exacerbated by extreme sea level events produced by local storm surges, even if storm intensities
do not increase in response to the warming of the oceans and may accelerate the recession of
sandy beaches (Brown and McLachlan 2002; Church et al. 2008; Kennedy et al. 2002; Scavia et
al. 2002).

As the rate of SLR increases, natural and anthropogenic processes in estuaries and
lagoons interact to act as a sand sink and raise bed elevations, potentially increasing erosion
along the coast and drive major coastal instability in the vicinity of tidal inlets (FitzGerald et al.
2008; Nicholls et al. 2007). Gutierrez et al. (2007) predicted an increased likelihood of erosion
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and shoreline retreat for all types of mid-Atlantic coastal shorelines, including an increased
likelihood for overwash and inlet breaching and the possibility of segmentation or disintegration
of some barrier islands as the rate of SLR increases.

C. Observed and Projected Effects from Marine Invasive Species

A study by Smith (2013) found SLR differentially favored the expansion of the non-
native genotype of the common reed (P. australis australis) on the Delaware Bay coast of New
Jersey as transgression into uplands proceeds. Over a 76-year period, upland coastal forests in
the study area lost more than three times the amount salt marsh has gained via inland migration.
The author reported the lag in habitat change at the salt marsh-forest interface was due to the
ability of the non-native common reed to resist change by tolerating varying salinity and
moisture regimes, accrete sediment, and seek less saline water via clonal expansion inland
(Smith 2013). However, because the species can tolerate brackish but not saline water, sea level
rise may help control the spread of this species in coastal habitats (EPA 2008).

Rooth and Stevenson (2000) compared salt marsh communities in Chesapeake Bay
dominated by the invasive common reed with native Spartina spp. and found greater rates of
mineral and organic sediment trapping and depositional patterns in the common reed
communities. Their work indicated the substrate elevation increased substantially by the
common reed communities over relatively short time periods and suggests that in severely
eroding marsh areas efforts of controlling invasive common reed may actually exacerbate
erosion. They suggest the invasive common reed may provide resource managers with a strategy
of addressing SLR impacts in salt marsh communities (Rooth and Stevenson 2000).

Chapter 4.  Water Quality Effects

A. Observed and Projected Effects of Hypoxia

Hypoxic zones (often referred to as “dead zones” in shallow coastal waters and “oxygen
minimum zones” in global oceans) have spread exponentially since the 1960s and have been
reported from more than 400 systems around the world (Diaz and Rosenberg 2008). Warmer
water is associated with lower oxygen solubility and can contribute to reductions to oxygen
concentrations, particularly in vertically stratified waters and embayments with limited tidal
exchange. With each °C of warming, oxygen solubility decreases about 2 percent (Najjar et al.
2000). Climate warming may lead to reduced DO concentrations and expanded hypoxic zones in
select areas through increased stratification, ocean warming, and precipitation patterns (Helly
and Levin 2004; Portner et al. 2014).

Coastal hypoxia follows a pattern of increased deposition of organic matter, microbial
growth, respiration, and increased biological oxygen demand. As hypoxia progresses, the first
organisms to be affected are benthic and sessile organisms which are unable, or slower, to
respond. Hypoxia can have important effects on the physiology and activity levels of marine
species, initiating compensatory respiratory changes including reduced activity and/or cellular
function and anaerobic metabolism, and can therefore reduce feeding, growth, reproduction, and
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survival of marine species populations (Doney et al. 2012). Mass mortalities can occur, leading
to seasonal or periodic boom-and-bust cycles in populations of benthic and sessile organisms. If
organic matter and nutrients continue to accumulate in the sediments, and DO concentrations
continue to fall, anoxia is established and microbially-generated hydrogen sulfide is released
which is toxic to most organisms (Diaz and Rosenberg 2008). Hypoxia and increased hydrogen
sulfide concentrations can have negative impacts on vegetated wetlands, especially seagrasses.
Holmer and Bondgaard (2001) reported hypoxic conditions and elevated sulfides negatively
affected growth and above-ground biomass, photosynthesis, and survival of eelgrass beds in a
laboratory experiment. Although both parameters likely play roles during eelgrass die-back
events, their study found the reduction in biomass was most severe in the sulfide treatment.

On an ecosystem level, hypoxia can lead to habitat compression (such as the seasonal
loss of a pelagic species’ depth range), the loss of fauna, and the diversion of energy from higher
trophic levels to microbial pathways (Diaz and Rosenberg 2008). Since the mid-20" century,
these patterns of hypoxia and anoxia have reduced the Chesapeake Bay’s ability to assimilate
nitrogen inputs and have led to alteration of key ecological processes sensitive to eutrophication
(Kemp et al. 2005).

Secor and Gunderson (1998) found Atlantic sturgeon (Acipenser oxyrinchus) young-of-
year to be more susceptible than other estuarine fish to high temperature and low DO. Higher
temperatures combined with hypoxic conditions reduced survival and growth rates in laboratory
reared sturgeon, and the authors suggested increased hypoxia in the Chesapeake Bay may have
contributed to the species decline. However, other estuarine species appear to be relatively
tolerant of hypoxia. Shimps et al. (2005) reported spot (Leiostomus xanthurus) and Atlantic
menhaden (Brevoortia tyrannus) tolerated DO to 1.2 ppm at 25 °C for 24 hours, but both species
experienced 100 percent mortality in 2—6 hours at 0.6 ppm.

Most climate models project a 1-7 percent reduction in DO in 2100 compared to present-
day concentrations, especially in temperate to sub-polar regions (Portner et al. 2014). The
combined effects of ocean warming and consequent loss of DO are projected to reduce the
metabolic index (ratio of O2 supply to resting metabolic O, demand) of marine ectotherms by
about 20 percent globally and 50 percent in northern high-latitude regions by 2100 under IPCC
emissions scenario RCP 8.5 (Deutsch et al. 2015). Reductions in metabolic index are expected to
force poleward and vertical contraction of metabolically viable habitats and species ranges,
although some losses may be partially offset by habitat expansions where species are limited by
cold tolerance (Deutsch et al. 2015).

B. Observed and Projected Effects of Streamflow

For estuarine ecosystems, streamflow is an important environmental driver influencing
water quality. Historical records for the northeast region indicate a consistent long-term positive
trend in annual precipitation (Guilbert et al. 2015; Hayhoe et al. 2007; Horton et al. 2014; Karl
and Knight 1998; Thibeault and Seth 2014; Walsh et al. 2014) and in stream discharges (Douglas
et al. 2000; Hodgkins and Dudley 2005; Lins and Slack 1999; McCabe and Wolock 2002).
Studies for both New England (Armstrong et al. 2012) and mid-Atlantic streams (Armstrong et
al. 2014) have shown evidence of widespread hydroclimatic increases in flood magnitude and
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frequency, as well as evidence of step increases around 1970. These studies suggest the changes
are related to a combination of factors, including cyclic atmospheric variability and long-term
trends related to climate warming.

Streamflow volume and timing can affect productivity and growth in diadromous fish
species (Crecco and Savoy 1985; Walsh et al. 2005). Increases in streamflow volume can alter
the hydrodynamic conditions in rivers and stream, which may have various effects on water
quality in the future, and can affect normal food web interactions by altering predator and prey
detection. Najjar et al. (2000) identified four potential effects to estuarine water quality due to
increases in streamflow volume:

1. Increased vertical stratification of the water column as fresher water overrides denser
saltier water, reducing vertical mixing and replenishment of oxygen to deeper waters
by winds and tides.

2. Increased nutrient inputs from watersheds can lead to increased plankton production
and organic debris to deeper waters, thereby increasing biological oxygen demand as
bacteria and other fauna consume the debris.

3. Increased particle loads in shallow waters can lead to reduced water clarity and
photosynthesis, which affects submerged aquatic vegetation.

4. Increased nutrient loading can stimulate growth in epiphytic algae that can smother
submerged aquatic vegetation and reduce light availability.

C. Observed and Projected Effects of Eutrophication

Deegan et al. (2012) reported nutrient enrichment in coastal ecosystems can be a
significant driver in salt marsh loss. They demonstrated nutrient levels associated with coastal
eutrophication increased above-ground leaf biomass but decreased below-ground biomass of
bank-stabilizing roots and increased microbial decomposition of organic matter. Further, these
alterations reduced geomorphic stability, causing creek-bank collapse and conversion to
unvegetated mud. They suggested projected increases in the use of fertilizers and nitrogen fluxes
to the coasts may result in larger rates of salt marsh deterioration and loss (Deegan et al. 2012).

Along the northeast U.S. coast, water quality in estuarine systems is impacted by nitrogen
loading from surface and groundwater flows from land but is also driven by changes in
temperature and precipitation. An increased rate in intense storms could exacerbate stormwater
runoff from urbanized watersheds to deliver more episodic nutrient and turbidity pulses that
could reduce light available for seagrasses (Orth et al. 2017). A 22-year record of summer water-
quality data within 17 embayments of Buzzards Bay, Massachusetts found an approximate 2 °C
increase in temperature and a 4 percent increase in chlorophyll a in 15 embayments, while only
seven exhibited an increase in total nitrogen concentrations (Rheuban et al. 2016). The
relationships between nutrients and phytoplankton blooms and the effects on estuarine water
quality are complex; however, climate-related stressors need to be considered because increased
temperature and precipitation may impact water quality and partially offset the benefits achieved
by reducing nitrogen loading in coastal bays and estuaries (Rheuban et al. 2016).
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Chapter 5.  Ocean Acidification and CO:-related Effects

Introduction

Since the beginning of the industrial revolution, the oceans have taken up approximately
30 percent of the anthropogenically-released CO; (Sabine et al. 2004), which is having a
significant impact on the chemistry of seawater. The average pH of global ocean surface waters
has declined about 0.1 units, from about 8.2 to 8.1 since the beginning of the Industrial
Revolution, corresponding to a 26 percent increase in the hydrogen ion concentration of seawater
(Feely et al. 2009; Orr et al. 2005; Rhein et al. 2013). The largest reduction of ocean surface
water pH (-0.10) has been recorded in the northern North Atlantic (Rhein et al. 2013).

OA may have an effect on biographic regions around the world, including open-ocean
planktonic systems, deep seas, coastal estuaries, coral reefs, and benthic habitats (Doney et al.
2009; Feely et al. 2009; Orr et al. 2005). Indeed, according to Henson et al. (2017) the pH over
99 percent of the world’s oceans already exceeds the bounds of natural variability.

The consequences of OA (i.e., changes in pH, carbonate ion concentration, and the
saturation state of CaCO3z minerals such as calcite and aragonite) alters the carbonate equilibrium
of seawater and substantially effects the physiology of shell-forming marine organisms (Cooley
et al. 2009; Doney et al. 2009; Kroeker et al. 2013; Kroeker et al. 2010). Evidence suggests that
some species have the ability to compensate for reduced pH and CaCOs saturation state levels by
upregulating calcification rates, but this may increase metabolic costs and involve borrowing
energy allocated to other functions like reproduction and immunity unless acclimation across
life-history stages or evolutionary adaptation occurs (Fabry et al. 2008; Gazeau et al. 2013;
Pdrtner 2008). More active mobile organisms, such as crustaceans, cephalopods, and fish, may
be less sensitive to OA because they are capable of controlling extracellular pH through active
ion transport, although there are limited studies addressing this area of research (Kroeker et al.
2010; Melzner et al. 2009; Portner 2008). An increase in the partial pressure of CO2 (pCO>)
could release inorganic carbon limitations in photosynthetic organisms and increase their
photosynthetic and growth rates (Koch et al. 2013).

Decreased calcification rates could have wide-ranging and worldwide negative impacts
on many important marine organisms, including phytoplankton, shellfish species, and corals, and
could therefore adversely affect marine ecosystems and marine food resources (Cooley et al.
2009; Doney et al. 2009; Fabry et al. 2008). Increased pCO- and/or the decrease in pH can also
affect the acid-base regulation, metabolic rate, immune response, organ development, and
olfactory discrimination of marine organisms (Gledhill et al. 2015), which in turn can result in
decreased survival, reproduction, growth, development, and abundance. However, the magnitude
of responses will vary among taxonomic groups and by latitude and region (Kroeker et al. 2013;
Kroeker et al. 2010). For example, high-latitude surface waters are already naturally low in
carbonate ion (COs%) concentration because of the presence of cold polar water and higher CO2
concentration associated with upwelled water in some high-latitude regions (Fabry et al. 2008;
Orr et al. 2005). Surface waters in the Arctic Ocean have already been reported to be under-
saturated with respect to aragonite due to extensive sea ice melting and elevated sea surface
temperature (Yamamoto-Kawai et al. 2011; Yamamoto-Kawai et al. 2009) and freshening due to
river runoff (Chierici and Fransson 2009).
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The sensitivity to carbonate chemistry by marine organisms is affected by changes in
physical factors such as temperature, light, nutrient availability, stratification (Rost et al. 2008)
and salinity (Waldbusser et al. 2011). Because other environmental conditions are likely to
change with climate change, synergistic effects must be considered. Coastal waters may be more
susceptible to acidification than oceanic waters because they are subjected to greater sources of
acid and they are generally less buffered than oceanic waters. For example, coastal waters exhibit
differences in the amounts of carbonate ion concentration, dissolved inorganic carbon, dissolved
and particulate organic carbon, total alkalinity, and nutrients than oceanic waters (Armstrong et
al. 2014; Gledhill et al. 2015; Salisbury et al. 2008; Waldbusser et al. 2011). Increased nutrient
loading in coastal estuaries can cause the accumulation of algal biomass, which in turn can lead
to low dissolved oxygen levels due to decomposition of organic matter. Some Gulf of Maine
coastal waters (e.g., Casco Bay) have been known to have low aragonite saturation state
associated with seasonal snowmelt and river flow that is low in carbonate ion concentration
(Salisbury et al. 2008).

Several studies have reported close relationships between low oxygen and acidification in
coastal and open ocean systems (Feely et al. 2010; Wallace et al. 2014). Wallace et al. (2014)
found low aragonite saturation state (i.e., Q <1.0) and pH conditions (<7.4) in four urbanized,
semi-enclosed estuaries in the northeastern United States (i.e., Narragansett Bay, Rhode Island,
Long Island Sound, New York/Connecticut, Jamaica Bay and Hempstead Bay, New York) in
summer and fall months during low oxygen conditions. The estuaries in this study had pCO>
during the summer months between 1,000 and 3,000 patm, conditions not expected to occur in
open oceans within a few hundred years (IPCC 2014a). Coastal acidification resulting from
nutrient loading will likely be exacerbated by rising atmospheric CO> concentrations.

There is evidence that the effects of OA could also result in physical impacts to marine
organisms through the reduction of low-frequency sound absorption due to a pH-dependent
decline in dissolved borate and carbonate ions (Brewer and Hester 2009). Although there are
uncertainties on the effects of pH on sound absorption in the oceans, altered sound fields are
known to affect the fitness of marine organisms, predator-prey dynamics, and foraging behavior
and efficiency (Purser and Radford 2011; Simpson et al. 2016; Wale et al. 2013).

A. Ocean Acidification Effects on Calcifying Organisms

Shell-forming marine organisms, including plankton and benthic mollusks, echinoderms
(e.q., sea stars, sea urchins, sand dollars, and sea cucumbers), and corals, are particularly
sensitive to changes in pH, CO3?~ concentration, and the saturation state of CaCO3z minerals such
as calcite and aragonite (Cooley et al. 2009; Doney et al. 2009; Orr et al. 2005). Organisms such
as coralline algae, crustaceans, echinoderms, and bryozoans have calcareous structures
composed of variable proportions of magnesium ions (i.e., MgCO3), which tend to be more
soluble than aragonite and calcite (Andersson et al. 2008). OA reduces the availability of
carbonate ions in seawater, which is necessary for calcifying organisms to produce their CaCO3
shells and skeletons (Fabry et al. 2008). Multiple studies published thus far conclude calcifying
organisms exhibit larger negative responses to OA than non-calcifying organisms across multiple
response variables, although crustaceans may not be as sensitive as other calcifying organisms
such as stony corals, some mollusks, and phytoplankton (Kroeker et al. 2010). Impacts from OA
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have been reported for all life stages of marine organisms, although the sensitivities vary among
taxonomic groups and are probably dependent upon differing life histories (Kroeker et al. 2010;
Kurihara 2008). Corals, coccolithophores, and mollusks appear to be most affected by OA from
a reduction in seawater pH of 0.5, but less so for echinoderms and crustaceans (Kroeker et al.
2013). Calcifying algae and corals show high sensitivities to higher pCOz, and it also appears to
reduce the development of the early life stages of mollusks and sea urchins (Kroeker et al. 2013).

a. Observed and Projected Effects on Plankton

Marine plankton include two broad taxa that form CaCOs shells and skeletons:
phytoplankton (mainly coccolithophores and foraminifera) and zooplankton (mainly
euthecosomatous pteropods and copepods). The phytoplankton group also includes silicifiers
(mainly diatoms), and diazotrophs (N-fixing cyanobacteria), which do not form CaCOs shells
and skeletons, but nonetheless play major roles in determining vertical fluxes of organic carbon
and in providing the availability of reactive nitrogen, respectively. Several studies have found
that key species from these groups are also sensitive to changes in carbonate chemistry (Rost et
al. 2008).

Coccolithophores, foraminifera, and euthecosomatous pteropods are responsible for
nearly all of the global export flux of CaCOz from the upper ocean to the deep sea (Fabry et al.
2008). Globally, coccolithophores and foraminifera are the largest producers of CaCO3z among
planktonic organisms (Balch and Fabry 2008; Schiebel 2002). Planktonic foraminifera and
coccolithophores secrete tests or shells made of calcite, the stable form of CaCOs (Orr et al.
2005), whereas pteropods form shells made of aragonite, a metastable form of CaCQOs, which is
50 percent more soluble in seawater than calcite (Mucci 1983).

I.  Phytoplankton

Marine phytoplankton are responsible for about one-half the global primary production
and form the basis of the marine food web, and will be affected by OA in various ways over the
coming decades. Important biogeochemical cycles are driven by marine phytoplankton, and they
influence ocean-atmosphere gas exchange and export large amounts of carbon to deep oceans
and sediments (Rost et al. 2008).

Kroeker et al. (2010) reported significant negative effects on calcification in
coccolithophores, and negative but non-significant effects on growth, from a 0.5-unit reduction
in mean seawater pH projected for the year 2100. This meta-analysis study found no effects from
OA on photosynthesis. For two of the most commonly studied coccolithophores (Emiliania
huxleyi and Gephyrocapsa oceanica), a number of laboratory and mesocosm studies have
reported enhanced photosynthesis in higher pCO2 conditions, but reduced calcification (-25 to -
66 percent at pCO> = 560-840 patm, 2—3 times preindustrial concentrations) (Delille et al. 2005;
Riebesell et al. 2000; Sciandra et al. 2003; Zondervan et al. 2002). Riebesell et al. (2000) and
Langer et al. (2006) reported an increased proportion of malformed coccoliths and incomplete
cocospheres exposed to higher pCO». Bach et al. (2013) demonstrated a significant negative
impact in growth rate and organic carbon production in E. huxleyi exposed to seawater pH below
7.7. However, the responses by coccolithophores to rising pCO2 are complex and strongly
influenced by light and nutrient conditions and not all species respond similarly (Zondervan et al.
2002; Zondervan et al. 2001). Furthermore, species-specific differences in the sensitivities to
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carbonate chemistry have been reported, with the responses in laboratory experiments ranging
from net dissolution to increased rates of net calcification some species exposed to high pCO>
(Langer et al. 2006; Riebesell et al. 2007; Riebesell et al. 2000; Sciandra et al. 2003). Langer et
al. (2006) provided evidence that the coccolithophore Calcidiscus leptoporus may have the
ability to adapt to pCO. levels lower and higher than present day values. In addition, increased
ocean stratification and reduced surface nutrient levels are expected with rising ocean
temperatures, which may have beneficial effects to some coccolithophore species (Rost et al.
2008).

There were similar responses to high pCO- and carbonate ion concentration on the shell
mass in planktonic foraminiferans, Orbulina universa, Globigerina bulloides, and G. sacculifer
(Bijma et al. 2002; Bijma et al. 1999; Spero et al. 1997). Although not all studies indicate
reduced calcification in marine phytoplankton under elevated pCO., a number of CaCOs-
secreting species have been shown to exhibit reduced calcification with decreasing pH and CO3z*
raising concerns of substantial alteration of the structure and functioning of marine systems and
food webs (Zondervan et al. 2001).

ii.  Zooplankton

Planktonic copepods are one of the dominant members of the zooplankton and, as a
major prey item for small fish, whales, seabirds, and small crustaceans, are important to global
ecology and the carbon cycle. Copepods appear to be relatively resilient to pCO2 concentrations
up to about 3,500 ppm and aragonite saturation states Q <1.0 (Gledhill et al. 2015). Pederson et
al. (2013) reported survival of fertilized eggs and early development stages of the North Atlantic
Ocean Subarctic copepod, C. finmarchicus, were unaffected by laboratory exposures as high as
3,300 ppm CO.. Runge et al. (2016) found no significant effect of elevated pCO: (as high as
1,900 ppm) on the vital rates of all life stages of the copepod, including development times, lipid
accumulation, feeding rate, and metabolic rate. A similar laboratory study of the early life stages
of the Arctic copepod, C. glacialis, found no effects on the developmental rate, growth, or
metabolic rate for pCO> concentrations as high as 1,700 ppm (Bailey et al. 2016).

Euthecosome pteropods are high-latitude zooplankton taxa, major producers of aragonite
(Orr et al. 2005), and an important component of the ocean ecosystem. For example, the
pteropod Limacina helicina is an abundant and important prey item for carnivorous zooplankton,
finfishes, and whales in the Antarctic Ocean, sometimes replaces krill as the dominant
zooplankton and is an overall indicator of ecosystem function (Seibel and Dierssen 2003).

Due to the greater solubility of the aragonite form of CaCOs, euthecosome pteropods are
expected to be more sensitive to OA than calcite-forming coccolithophores and foraminifera. All
species of pteropods tested so far have been negatively affected by OA (Gazeau et al. 2013). Orr
et al. (2005) and Fabry et al. (2008) have reported shell dissolution in live pteropod (Clio
pyramidata) after 48-hour exposure to aragonite undersaturation levels projected for the
Southern Ocean surface waters by year 2100 (i.c., Q <1.0). BednarSek et al. (2012) found severe
levels of shell dissolution in live specimens of the pteropod L. helicina antarctica collected from
the Scotia Sea in the Southern Ocean, which was undersaturated with respect to aragonite. Strong
positive correlations between pteropod individuals with severe shell dissolution and
undersaturated water in the top 100 m with respect to aragonite were reported off the coast of
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California (Bednarsek et al. 2012). Their study suggested the incidence of severe shell
dissolution has already doubled relative to pre-industrial conditions and could increase as high as
70 percent by 2050 along the northern and central onshore California Current Ecosystem.

Feely et al. (2004) reported cold surface water of the Southern Ocean, Arctic Ocean, and
subarctic Pacific Ocean could become undersaturated with respect to aragonite when
atmospheric CO. concentration reaches 1,200 ppm (or four times pre-industrial levels), possibly
after year 2100. However, Orr et al. (2005) provided evidence that average surface waters in the
Southern Ocean will become undersaturated with respect to aragonite at approximately two times
the pre-industrial levels, as soon as mid-century. There are already reports of surface waters
being undersaturated with respect to aragonite in the Arctic Ocean after extensive sea ice
melting, upwelling of subsurface aragonite-undersaturated water, and elevated sea surface
temperature (Yamamoto-Kawai et al. 2011; Yamamoto-Kawai et al. 2009) and freshening due to
river runoff (Chierici and Fransson 2009).

b. Observed and Projected Effects on Deep-Sea Corals

Corals were one of the first groups of marine organisms studied and recognized as
vulnerable to OA (Gattuso et al. 1998; Langdon et al. 2000). As discussed elsewhere in this
report, OA alters the concentrations of CO,, CO3s?-, and HCO3~, and reduces calcification in
corals either directly or indirectly (Kleypas and Yates 2009). Aragonite is the principal
crystalline form of calcium carbonate deposited in stony corals, and its formation is inhibited in
seawater with low carbonate ion concentration. The calcification rate in corals is correlated with
the aragonite saturation state (Langdon et al. 2000).

Deep-sea corals are generally defined as occurring >200 m on continental shelves, slopes,
canyons, and seamounts (Doney et al. 2009). There is an incomplete understanding of the
distribution, abundance, taxonomy, natural history, quantity, and quality of deep-sea corals in the
northeastern U.S. region (Packer and Dorfman 2012). However, the North Atlantic waters are
reported to support exceptionally large areas of deep-sea scleractinian corals, possibly related to
the very deep aragonite saturation horizon (i.e., the limit between saturation and undersaturation)
reported at depths greater than 2,000 m (Guinotte et al. 2006). Unlike most tropical and
subtropical corals, the deep-sea scleractinian corals do not require sunlight and do not have
symbiotic algae (zooxanthellae) to meet their energy needs (Packer and Dorfman 2012). Sixteen
species of deep-sea scleractinian corals from three major taxonomic groups have been identified
in the northeastern United States:

e Hard or stony corals (scleractinia).

e Ceriantipatharians, which includes the black and thorny corals.

e Octocorals, which include the true soft corals (alcyonacea), gorgonians (sea fans
and sea whips), and sea pens (Packer and Dorfman 2012).

Although the effects of decreasing aragonite saturation state on deep-sea corals are not
well known, a large body of scientific literature exists for tropical reef building corals indicating
calcification rates decline between 7 and 40 percent under reduced carbonate ion concentration
(Gattuso et al. 1999; Langdon et al. 2003; Langdon et al. 2000; Marubini et al. 2003). In a meta-
analysis study of the biological response of marine organisms to a 0.5-unit reduction in mean
seawater pH projected for the year 2100, Kroeker et al. (2013) found a 35 percent reduction in
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mean calcification rate and a 47 percent reduction in mean abundance in corals. Using the IPCC
“business as usual” scenario, the calcification rate of scleractinian-dominated coral reef
communities is projected to decline by 21 percent (with a doubling in the pCO> concentration) in
year 2065 compared to the pre-industrial period of 1880 (Leclercq et al. 2000). Langdon et al.
(2000) projected 40 percent reductions in coral reef calcification during the same time period,
although Kleypas et al. (1999) indicated the response of corals to low aragonite saturation state
could be species-specific.

Guinotte et al. (2006) used distribution maps of deep-sea scleractinian corals documented
by Freiwald et al. (2004), combined with the aragonite saturation horizon projections by Orr et
al. (2005), to evaluate the effects of decreasing carbonate ion concentration on deep-sea corals
under future climate change scenarios. Guinotte et al. (2006) estimated greater than 95 percent of
the 410 records of deep-sea coral locations were supersaturated with respect to aragonite in the
pre-industrial period (year 1765). Using the IPCC “business as usual” scenario of 788 ppm by
volume of CO> concentration for year 2099, they projected only 30 percent of deep-sea coral
locations worldwide would remain in supersaturated waters. Unlike tropical coral reefs, which
are likely to experience equatorial contraction, deep-sea coral communities are likely to
experience depth contraction as the aragonite saturation horizon moves shallower over time as
pCO: increases (Guinotte et al. 2006).

c. Observed and Projected Effects on Calcifying Macroalgae

Calcifying macroalgae are important components of marine benthic habitats. The most
common groups are coralline red algae (Rhodophyta) and calcifying green algae (Chlorophyta)
(Kleypas and Yates 2009). Coralline red algae occur from tropical to polar oceans, and at all
depths within the photic zone (Foster 2001; Littler et al. 1985; Nelson 2009). Kuffner et al.
(2008) reported the recruitment rate and growth of a tropical crustose coralline algae species
were severely inhibited in high-CO> mesocosms (i.e., “business as usual” scenario,
approximately 765 ppm atmospheric CO. concentration). Gao et al. (1993) reported reduced
calcification rate in a red coralline alga in a high CO2 mesocosm experiment. Using a meta-
analysis of OA studies examining biological responses to a 0.5-unit reduction in mean seawater
pH projected for the year 2100, Kroeker et al. (2013) reported calcifying algae showed high
sensitivities to acidified treatments for photosynthesis (mean reduction of 28 percent), a decline
in mean abundance by 80 percent, and a small, but non-significant reduction in calcification.

d. Observed and Projected Effects on Bivalves, Gastropods, and Cephalopods

In a major review of OA effects on marine shelled mollusks, Gazeau et al. (2013)
concluded serious consequences for these taxa, including reduced shell size, thickness,
calcification rates and growth, and especially the survival of embryo and larval bivalves and
gastropods. There are conflicting results in studies investigating fertilization responses in shelled
mollusks exposed to elevated pCO2. While some studies examined have reported reduced
fertilization due to OA, most found no effects to these taxa and some indicated variable effects
within members of the same species (Gazeau et al. 2013).

In a meta-analysis of studies investigating OA effects to marine organisms to a 0.5 unit

reduction in mean seawater pH projected for the year 2100, Kroeker et al. (2013) reported
significant negative effects on calcification, survival, and growth in marine mollusks, including
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larger negative effects on survival for larvae than adults. OA is expected to reduce the shell size,
thickness, calcification rates and growth, and survival of embryo and larval bivalves and
gastropods (Gazeau et al. 2013). In a climate vulnerability study, Hare et al. (2016b) reported
benthic invertebrates are projected to have the greatest proportion of species with negative
effects and the highest vulnerabilities. Using the IPCC RCP 8.5 “business as usual” climate
model projection for 2055, they attributed high or very high biological sensitivity in ocean
quahog (Arctica islandica), northern quahog (Mercenaria mercenaria), bay scallop (Argopecten
irradians), eastern oyster, blue mussel, softshell clam (Mya arenaria), channeled whelk
(Busycotypus canaliculatus), knobbed whelk (Busycon carica), horseshoe crab (Limulus
polyphemus), and blue crab (Callinectes sapidus) as indicators that the species are highly
vulnerable to climate change. However, the authors cautioned that the effects of OA and warmer
waters at the species-level are not well understood, particularly how spatial and temporal
variability in climate factors may influence physiology and fitness (Hare et al. 2016b).

Talmage and Gobler (2010) exposed the larvae of hard clams (M. mercenaria) and bay
scallops to CO2 concentrations representative of pre-industrial (250 ppm), present-day (390
ppm), and future (1,500 ppm) ocean conditions. They found larvae grown under pre-industrial
conditions had significantly faster growth and metamorphosis, and higher survival and lipid
accumulation compared to both present-day and future ocean conditions. In addition, they found
larvae grown under pre-industrial conditions had thicker and more robust shells than individuals
grown under present-day conditions, and individuals exposed to future ocean conditions were
malformed and eroded (Figure 29).
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Figure 29. Scanning electron microscope images of bivalve larvae grown under
different levels of CO,, ~250, 390, 750, and 1,500 ppm. A. 52-day-old bay scallop
individual larvae under each CO; level and, B. Magnification of the outermost shell
of bay scallop under each CO; level. C. 36-day-old hard clam larvae under each CO;
level (adapted from Talmage and Gobler 2010. Reprinted with authors' permission).

A .
s ~250 ppm, CO,

200 pm

~390 ppm, CO,
~390 ppm, CO,

100 pm

J 200 pm
R, i

~750 ppm, CC ~750 ppm, CO,

D —— >

200 pm

~1500 ppm, CO,

Kurihara et al. (2007) investigated the development of larvae of the Pacific oyster
(Crassostrea gigas) from eggs fertilized and incubated in seawater acidified to pH 7.4 and
reported significant negative impacts. For the low-pH group, only 5 percent developed into
normal veliger larvae and only 30 percent had fully-mineralized shells, compared to 68 percent
and 72 percent, respectively, in the control group. In addition, between 24 and 48 hours after
fertilization, the veliger larvae from the control group exhibited increased shell length and
height, while the low-pH group showed no shell growth (Kurihara et al. 2007).

Miller et al. (2009) found the larvae of eastern oyster had a 16 percent decrease in shell
area and a 42 percent reduction in calcium content after exposure to pCO2 conditions projected
for 2100 (800 patm) compared to pre-industrial conditions (280 patm). The closely related, but
non-native Suminoe oyster (C. ariakensis), showed no change in growth or calcification when
exposed to the same pCO> regime. However, both species demonstrated net calcification and
growth, despite being exposed to waters under-saturated with respect to aragonite, suggesting
that these estuarine bivalves are able to tolerate elevated pCO- for at least short durations. The
authors suggest this tolerance to higher pCO2 may be an evolutionary adaptation to more variable
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environmental conditions in estuaries and could provide some calcifying species greater
physiological capacity to respond to CO2-induced acidification than taxa adapted to narrow
environmental conditions (Miller et al. 2009). In a laboratory experiment with California mussel
(Mytilus californicus) embryos and larvae, Waldbusser et al. (2015) reported early shell
development and growth were affected by aragonite saturation state, but not by pH or pCO>. The
authors suggested that OA may be a multi-stressor, where saturation state affects early shell
development and pH or pCO effects will carry-over to later development stages.

When juvenile and adult Mediterranean bivalve (Mytilus galloprovincialis) were
exposed to seawater with pH value of 7.3 caused by elevated pCO, it resulted in shell
dissolution (Michaelidis et al. 2005). Individuals in the study experienced hypercapnia (elevated
CO2 cellular concentration), leading to a permanent reduction in haemolymph pH. To limit the
degree of acidosis, mussels increased levels of haemolymph bicarbonate, which is derived
mainly from the dissolution of shell CaCOs. Individuals with shell dissolution under modest
hypercapnia were able to compensate for temporary acid-base disturbances. However, chronic
exposure to elevated pCO- lowered the metabolic rate and growth of this species, which was
expected to lead to increased mortality and reduced fitness (Michaelidis et al. 2005). Ries et al.
(2009) reported decreased calcification with increasing pCO: in seven mollusk species, hard
clam, Florida fighting conch (Strombus alatus), common periwinkle (Littorina littorea), bay
scallop, eastern oyster, Atlantic oyster drill (Urosalpinx cinerea), and soft clam. In addition, all
species except bay scallop and eastern oyster exhibited net dissolution of the shell for which the
seawater was under-saturated with respect to aragonite and high-Mg calcite, but only at the
highest pCO> treatment (2,856 ppm). Only one species studied, blue mussel, exhibited no
response to elevated pCO: (Ries et al. 2009). Newly settled juvenile hard clam grown in benthic
sediments under-saturated with respect to aragonite showed signs of shell corrosion and were
susceptible to dissolution-induced mortality (Green et al. 2004).

Gazeau et al. (2007) reported the calcification rates in juvenile and adult blue mussel and
Pacific oyster declined by 25 percent and 10 percent, respectively, when exposed to pCO levels
of ~740 ppmv. The authors suggested higher sensitivity to low pCO: in blue mussel may
partially be caused by a higher composition of aragonite in its shells, a form of CaCOs mineral
with greater solubility than calcite that is found in higher proportions in Pacific oysters. Thomsen
and Melzner (2010) reported a significant reduction in shell growth in blue mussel exposed to
elevated pCO:> for two months. Using an integrated assessment model that incorporated
population and market dynamics and seawater carbonate chemistry (e.g., temperature, pH, and
CaCOs saturation state), Cooley et al. (2015) concluded the northeastern U.S. fishery Atlantic
sea scallop populations and harvests would begin to decline after year 2030 under the IPCC
RCP8.5 climate model projection. Prior to 2030, the model projected increased growth rates for
scallops caused by ocean warming in the region, but reductions in the growth rate from OA
overtakes the benefits of warmer oceans beyond this period. However, since studies assessing the
effects of OA have not been conducted for Atlantic sea scallop, the authors parameterized
growth rate and saturation state for post-settlement adults using relationships based on other
adult bivalve species, which could bias their model results (Cooley et al. 2015). As noted by
Gazeau et al. (2013), the majority of studies reporting reductions in shell growth or dissolution of
shells in juvenile and adult bivalves have been conducted using pH (<7.8) and pCO> (>1,000
patm) values exceeding those projected for the 21% century.
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Cephalopods exhibit high metabolic rates and naturally-high pCOz in their blood during
muscular exercise and are capable of controlling extracellular pH through active ion transport,
which may provide these taxa a certain level of pre-adaptation to OA (Gutowska et al. 2008;
Kroeker et al. 2013; Kroeker et al. 2010; Melzner et al. 2009). Gutowska et al. (2008) found
juvenile cuttlefish (Sepia officinalis), exposed to pCO: of 4,000 and 6,000 ppm over six weeks,
were able to maintain rates of calcification and growth efficiencies as control animals. However,
several studies (Fabry et al. 2008; Pecl and Jackson 2008; Rosa and Seibel 2008) have indicated
that metabolically-active species, such as cephalopods, may be adversely affected by OA
because oxygen binding in their blood is more pH sensitive, making them sensitive to future
environmental changes that influence oxygen supply and demand. Kaplan et al. (2013) detected
differences in the early life stages of Atlantic longfin squid (Doryteuthis pealeii) reared from
eggs to hatchlings under ambient and elevated CO- concentrations (2,200 patm). Animals raised
under elevated pCO. demonstrated small increases in time to hatching and shorter mantle
lengths, as well as aragonite statoliths (used for balance and detecting movement) that were
significantly reduced in surface area, were abnormally shaped, and had altered crystalline
structure.

Although it appears some mollusk species studied have the ability to upregulate
calcification rates under reduced pH and CaCOs saturation state levels, this compensation may
involve metabolic costs and trade-offs in species’ energy budgets unless acclimation across life-
history stages or evolutionary adaptation occurs (Fabry et al. 2008; Gazeau et al. 2013; Melzner
et al. 2011; Portner 2008). OA is expected to pose serious consequences for many marine,
shelled mollusks, especially for the embryonic and larval life history stage.

e. Observed and Projected Effects on Benthic Crustaceans and Echinoderms

In a meta-analysis of studies investigating OA effects on marine organisms to a 0.5-unit
reduction in mean seawater pH projected for the year 2100, Kroeker et al. (2013) found no effect
on calcification, growth, survival, or abundance in crustaceans, and a negative but not
statistically-significant effect for growth, survival, and abundance. For echinoderms, they found
a statistically-significant negative effect on growth, a negative but not statistically significant
effect on survival, and no effect on calcification. The authors of this analysis found a larger
negative effect on growth for larval than juvenile and adult echinoderms, but no differences
between life stages in crustaceans (Kroeker et al. 2013). This study did not suggest an
explanation for a lack of effects from OA on calcification in crustaceans. However, Kroeker et
al. (2010) noted that crustaceans utilize high-Mg calcite for their calcified structures, which
would suggest this group would be highly sensitive to low pH seawater because Mg calcite is
believed to be a highly soluble form of CaCOz (Andersson et al. 2008).

The possible resistance to OA effects in calcification for crustaceans could be attributed
to their ability to control extracellular pH through active ion transport (Melzner et al. 2009), the
presence of biogenic covering of their CaCOs exoskeleton which may provide a buffer to low pH
seawater (Ries et al. 2009), and that they regularly molt their shells and have fewer CaCO3
structures compared with other marine calcifiers (Kroeker et al. 2010). In a review of effects
from OA on crustaceans, Whiteley (2011) found marine crustaceans are broadly tolerant of
seawater pCO: levels expected between years 2100 and 2300. The possible resistance to OA in
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some crustaceans may be limited to juvenile stages, and not embryonic and larval development.
Kurihara et al. (2008) investigated the effect of elevated pCO: on survival, growth, feeding and
moulting of the marine shrimp (Palaemon pacificus) and reported reduced survival, moulting,
and egg production at 1,000 and 1,900 ppm pCO3, while growth was affected only in the 1,900-
ppm treatment. In a similar experiment investigating the early development of the sea urchins
(Hemicentrotus pulcherrimus and Echinometra mathaei), Kurihara and Shirayama (2004)
reported reductions in fertilization rate, cleavage rate, developmental speed, and pluteus larval
size after 2-hour long exposure to pCO> of 500 to 10,000 ppm. Dupont et al. (2008) reported 100
percent mortality in the larvae of brittlestar (Ophiothrix fragilis) exposed to low pH water (7.9
and 7.7) for 8 days. In addition, the authors found reductions in larvae size and abnormal
development and skeletogenesis.

Ries et al. (2009) reported that net calcification increased in three crustaceans, the blue
crab, king prawn (Penaeus plebejus), and American lobster exposed to seawater with pCO-
levels two, three, and ten times higher than pre-industrial levels for 60 days. In contrast, Glandon
and Miller (2017) exposed juvenile blue crab to future levels of temperature and pCO> projected
for the Chesapeake Bay and found no effect of increased pCO- on growth and food consumption.
Glandon et al. (2018) examined interactive effects of CO, and temperature on juvenile blue crab
carapace development, using current (26 °C and 800 patm CO3) and predicted conditions for
2100 (32 °C and 8000 patm CO2) in Chesapeake Bay. Ca and Mg in the carapace were assumed
to be present in the form of high-magnesium calcite (HMC). They found that increased
temperature decreased the carapace thickness by 8.5 percent and significantly reduced weight
percent HMC. Increased pCO: significantly increased HMC by 2.0 percent but a significant
increase in Mg content was also found. Declines in carapace thickness and weight percent HMC
have the potential to affect not only the ability of the carapace to protect the crab against
predation, but also the process of carapace formation in this species (Glandon et al. 2018).

Keppel et al. (2012) reported the larvae of American lobster raised in acidified seawater
projected for the year 2100 had significantly shorter carapace length than those in control
seawater after every molt, and also took significantly more time to reach each molt than control
larvae. Waller et al. (2016) reported finding no direct effect on the survival, developmental rate,
or oxygen consumption rate of lobster larvae and post-larvae exposed to elevated pCO: level of
750 ppm. This study also investigated the effects of larval and postlarval lobster exposed to high
temperature treatment (19 °C) and found warming had negative effects on survival and increased
development and oxygen consumption rates. In the high pCO. treatment they detected increases
in larval length and mass, which they attributed to elevated calcification rates associated with
high pCO2 reported by Ries et al. (2009). Waller et al. (2016) note that this and many OA studies
investigated acute, short-term experimental treatments and may not reflect the response of
species to environmental change over many generations.

Long et al. (2013a) tested the effects of acidified seawater on embryos and larvae of red
king crab (Paralithodes camtschaticus). They found hatch duration was longer and embryos had
lower survival. Long et al. (2013b) also examined growth, condition, calcification, and survival
of juvenile red king crab and Tanner crab (Chionoecetes bairdi). Survival decreased with pH in
both species, with 100 percent mortality of red king crabs occurring after 95 days in pH 7.5
water, and both species grew slower in acidified water. Swiney et al. (2015) examined survival
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and development of Tanner crab embryos from female crabs held in acidic conditions for two
years. Oocyte and embryonic development, hatching success, and carapace calcium content were
negatively impacted with longer exposure to acidic conditions. Additionally, Long et al. (2016)
observed a greater impact on Tanner crab larvae raised from adults that were in acidic conditions
than from larvae exposed only during the larval period, indicating significant carryover effects in
this species.

In general, marine organisms that tend to inhabit shallow coastal environments and
experience natural variations in pCO, salinity, and temperature may be more tolerant of OA
because of natural compensatory mechanisms to respond to acid-base disruptions (Whiteley
2011). Jakubowski et al. (2013) exposed the isopod Saduria entomon from the Baltic Sea to
seawater as low as pH 7.0 for two weeks and found no significant effect to activity, resting
metabolic rate, or survival. They suggested that because the isopod encounters large fluctuations
in pCO2 in the environment, the species exhibits adaptive mechanisms to cope with hypercapnic
exposure.

B. Ocean Acidification and COz2-related Effects on Non-calcifying Organisms

Less is known about the effects of OA on non-calcifying organisms compared to
calcifying organisms. Higher pCO- levels could potentially benefit some, but not all, non-
calcifying, photosynthetic organisms (Doney et al. 2009; Koch et al. 2013; Palacios and
Zimmerman 2007; Young and Gobler 2016). Plant species are categorized as either C3 and C4
plants based on the processes used to fix carbon during photosynthesis: C3 plants use a different
carboxylating enzyme for photosynthesis than C4 plants, and the different pathway may provide
benefits to C3 plants under elevated pCO: levels.

a. Observed and Projected Effects on Macroalgae

The response by macroalgae to changes in carbonate chemistry is complex and not fully
understood but is at least partially dependent upon the photosynthetic pathways used by this
taxon (Young and Gobler 2016). Most marine macroalgae species use the C3 photosynthetic
pathway, which results in lower rates of photosynthesis under current pCO- levels compared to
C4 plants. However, marine macroalgae species may benefit from elevated pCO- conditions
through higher photosynthetic and growth rates, while P4 plants may not (Young and Gobler
2016). Gledhill et al. (2015) found 10 of the 14 macroalgae species examined from the Gulf of
Maine region showed increased growth rates and biomass under elevated pCO..

b. Observed and Projected Effects on Coastal Wetlands and Seagrasses

Some experimental evidence exists that suggests higher atmospheric CO> levels can
increase the productivity rate of vegetated coastal wetlands via the CO; fertilization effect, thus
increasing terrestrial carbon sequestration (Ciais et al. 2013). Combined with warming, increased
atmospheric CO. concentration is expected to increase carbon burial rates in salt marshes during
the first half of the 21% century, provided there is a sufficient sediment supply; carbon-climate
feedbacks are expected to diminish after about 2050 (Kirwan and Mudd 2012). However,
predicting benefits to wetland communities is complicated because of various feedback loops
that exist in wetland plant biology. For example, Kirwan and Blum (2011) suggested that
enhanced CO; and warmer temperatures could make marshes less resilient to rising sea levels by
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increasing rates of organic decomposition and promote a release of soil carbon to the
atmosphere. In addition, other coincidental abiotic drivers are changing that differentially affect
plant growth (e.g., nitrogen loading, temperature). Nitrogen eutrophication, primarily from
fertilizer use in agriculture and fossil fuel emissions, has increased globally and has modified the
food-web structure and community diversity, led to more intense and long-lasting hypoxia, and
led to more frequent occurrence of harmful algal blooms (Wong et al. 2014). Elevated CO2 may
ameliorate some of the negative effects of nitrogen eutrophication in coastal wetlands by
enhancing plant productivity, although not all species respond evenly.

Salt marsh plants such as cordgrass, marsh hay, and spike grass are C4 plants, while
species such as chairmaker's bulrush is a C3 plant. In a mesocosm experiment with salt-tolerant
wetland plants, Cherry et al. (2009) found elevated CO> enhanced plant production of
chairmaker's bulrush but not marsh hay. The authors suggested elevated CO, ameliorated the
negative effects of salinity stress from tidal inundation of the upper-marsh species, chairmaker’s
bulrush, indicating elevated CO, may provide some competitive advantage in some salt marsh
species but not others. Similarly, Langley et al. (2009) reported soil elevation gain in salt
marshes comprised of chairmaker's bulrush, marsh hay, and spike grass in an elevated CO-
mesocosm experiment, an effect mediated by stimulation of subsurface plant productivity.
However, in a multi-year, elevated-CO> mesocosm experiment Langley and Megonigal (2010)
reported the addition of nitrogen enhanced plant productivity in the first year of the experiment
but found the nitrogen addition promoted the productivity of C4 plant species (i.e., marsh hay
and spike grass) greater than C3 plant, chairmaker’s bulrush. The shift in the plant community
composition suppressed the CO.-stimulation of plant productivity for the community as a whole
by the third and fourth years of the study.

A microcosm experiment by Mozdzer and Megonigal (2012) comparing ecophysiological
traits in the native and introduced genotypes of common reed found both responded with
increased growth to elevated CO2 concentrations but the introduced lineage had a greater overall
growth response and plasticity to elevated nitrogen. They suggested future increases in CO2 and
nitrogen eutrophication will favor the introduced lineage in areas where it competes with the
native lineage. As a C3 plant, the common reed productivity may be enhanced by ongoing
increases in the concentration of atmospheric CO2 more so than native C4 grasses, which
respond weakly to elevated CO> (Ainsworth and Long 2005). Mozdzer and Megonigal (2012)
conclude rising atmospheric CO», in combination with ongoing elevated nitrogen concentrations,
will further promote introduced common reed invasion in North American wetlands.

Investigations of natural CO; seeps (e.g., volcanic origins) have provided some insights
for how seagrasses may respond to future CO- levels caused by climate change. Russell et al.
(2013) found elevated rates of photosynthesis in a seagrass community in areas of naturally-high
COz2 conditions, with rates of net primary production nearly twice as high as those under normal
CO- conditions. However, this study noted species-specific responses to seagrass density and
biomass from higher CO. conditions, such that species demonstrating the greatest increase in
biomass were those forming dense beds and that have large mats of below-ground biomass.
Another study also reported higher photosynthetic activity near a volcanic CO> seep, but seagrass
density and above-ground and below-ground biomass were lower at the high-CO, stations
compared to the control (Apostolaki et al. 2014).

129



Johnson et al. 2019 Greater Atlantic Region Policy Series

Seagrass productivity may benefit from increased CO- in the ocean because the
photosynthetic rates of these plants appear to be limited by availability of inorganic carbon at the
current ocean CO» concentrations (Alexandre et al. 2012; Thom 1996). In an elevated-CO>
mesocosm experiment with eelgrass and bull kelp (Nerocystis luetkeana), Thom (1996) reported
an approximate doubling of net apparent productivity in both species after exposure to a two-fold
increase in CO2 concentrations but reduced productivity at a five-fold increase in CO>
concentrations. Zimmerman et al. (1997) measured a three-fold increase in the photosynthesis
rate of eelgrass exposed to enriched CO> seawater and light saturated conditions during a 45-day
laboratory experiment. A longer-term (one year) mesocosm experiment with eelgrass under
elevated CO, seawater condition resulted in significantly higher reproductive output, below-
ground biomass, and vegetative shoot proliferation under natural light conditions, but not under
light-limited conditions (Palacios and Zimmerman 2007).

In a mesocosm experiment using Zostera noltii, a seagrass species found in coastal
lagoons of South Portugal in the Mediterranean Sea, Alexandre et al. (2012) reported higher
photosynthetic rates and efficiencies compared to plants exposed to current levels of ocean CO»
concentrations. However, they reported no significant effects of CO2 enrichment on leaf growth
rates, which they attributed to nitrogen limitations. Furthermore, they suggested the global
effects of higher CO2 concentration on seagrass production may be spatially heterogeneous and
dependent on the nitrogen availability of each system (Alexandre et al. 2012). Invers et al. (2001)
reported similar findings for eelgrass, as well as three other seagrass species. This study also
found higher photosynthetic rates at lower pH (i.e., 6-7) and high CO> concentrations compared
to “normal” pH (i.e., 8.2) and CO2 concentrations in all four species, suggesting that seagrasses
may be able to adapt to acidifying waters and higher CO> concentrations caused by climate
change. However, neither of these studies investigated synergetic effects of CO2 enhancement
with other factors such as warming waters, eutrophication, or reduction in light conditions.

c. Observed and Projected Effects on Fish

Less research has been conducted on the effects of OA to fish compared to calcifying
invertebrates (Ishimatsu et al. 2008). Earlier studies investigating the effects of increased pCO>
on fish were conducted using freshwater species, under pCO2 conditions significantly higher
than the levels expected over the next 50 to 100 years, and the duration of laboratory
experiments was too short to assess the effect of chronic exposure to high pCO2 conditions on
behavior, mortality, and growth (Ishimatsu et al. 2008).

Most fish species exhibiting high metabolic rates, high levels of mobility/activity, and
naturally-high pCO: in their blood during exercise are capable of controlling extracellular pH
through active ion transport and may provide a certain level of pre-adaptation to OA (Fabry et al.
2008; Gutowska et al. 2008; Kroeker et al. 2013; Kroeker et al. 2010; Melzner et al. 2009). In a
meta-analysis of studies investigating OA effects on marine organisms of a 0.5 unit reduction in
mean seawater pH projected for the year 2100, Kroeker et al. (2013) found no effect on growth
in fish, but insufficient information was available to determine the effect on survival and
abundance. Nonetheless, prolonged exposure to elevated pCO. conditions may require fish to
expend more energy for physiological adaptation, including acid-base regulation and
cardiorespiratory control (Ishimatsu et al. 2008).
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Although some studies suggest juvenile and adult fish are somewhat tolerant of higher
pCO- concentrations (Hurst et al. 2013; Hurst et al. 2017), the effect on egg and larval life stages
may be more pronounced (Baumann et al. 2012; Frommel et al. 2013; Stiasny et al. 2016). Early
life-history stages of fish lack gills and may be less competent at regulating acid-base balances
compared to juveniles and adults (Baumann et al. 2012; Frommel et al. 2013), and their eventual
inability to adapt may constitute a bottleneck for species exposed to increasing pCO conditions
(Frommel et al. 2012).

Chambers et al. (2014) found alterations in the survival, growth, and development of
embryo and larval summer flounder exposed to intermediate (1,808 patm) and high (4,714 patm)
pCO- conditions up to 28 days post-hatching. They reported relative survival of embryos
decreased by approximately one-half at the intermediate treatment compared to the local ambient
pCO: conditions (775 patm). Conversely, they reported higher larval growth rates and lengths in
fish reared at intermediate and high pCO. conditions during the first half of larval development
but had less energy reserves (smaller yolk and oil globules) remaining compared to fish reared at
low pCO> conditions. Larval Atlantic cod from the Norwegian coast showed severe lethal tissue
damage after exposing fertilized eggs and larvae to elevated pCO; for up to 7-weeks post
hatching (Frommel et al. 2012). They found 12 percent of the larvae in the medium pCO.
treatment (1,800 patm) and 75 percent of the larvae in the high pCO> treatment (4,200 patm) had
severe tissue damage in multiple organs compared to the control group (380 patm). However, it
is important to note the CO» treatments used in this study and others, such as Maneja et al.
(2013) and Munday et al. (2011), are higher than levels projected for the end of the 21% century.
This deficiency was addressed in a study by Stiasny et al. (2016), which evaluated survival in
eggs and larvae of two Atlantic cod stocks (Western Baltic and Barents Sea) exposed to pCO2
concentrations projected for the end of the 21% century (1,100 patm). They reported a doubling
of mortality rates compared to present-day CO2 concentrations during the first 25 days post-
hatch, even when higher feeding regimes allowed for adequate energy availability for potential
acid-based regulation adjustment. In addition, the study included the mortality data into stock-
recruitment models for the Western Baltic and Barents Sea stocks, and found an 8 percent and 24
percent reduction in recruitment, respectively, under elevated pCO- ocean conditions (Stiasny et
al. 2016). Similarly, in a controlled CO2 exposure experiment with embryos of inland silverside
(Menidia beryllina), Baumann et al. (2012) reported reduced average survival and length by 74
percent and 18 percent, respectively, in embryos of the high CO- treatment (1,000 ppm)
compared to the control group (400 ppm). In addition, the authors found the egg stage embryos
significantly more vulnerable to high CO»-induced mortality than the post-hatch larval stage.

Maneja et al. (2013) reported increased otolith growth in larval Atlantic cod exposed to
medium (1,800 patm) and high (4,200 patm) pCO: conditions. The greatest difference in mean
otolith surface area in the medium and high pCO: conditions was 46 percent and 43 percent
larger than the control group (370 patm), respectively. Munday et al. (2011) reported similar
findings in the larvae of a tropical orange clownfish (Amphiprion percula), but only at the more
extreme treatment (1,721 patm CO2) and not in the intermediate treatment (1,050 patm pCO>).
Similarly, Bignami et al. (2013) reported a significant increase in otolith mass, volume, and
density in larval cobia (Rachycentron canadum) exposed to 2,100 patm pCO; for 20 days.
Larvae exposed to 800 patm pCO; conditions, projected for the end of the 21% century, exhibited

131



Johnson et al. 2019 Greater Atlantic Region Policy Series

a trend of increased volume and surface area, although the trends were not statistically
significant.

A study investigating the effects of high pCO2 (1,600 patm) exposure on recently hatched
larvae of the dolphinfish (Coryphaena hippurus) reported reductions in oxygen consumption rate
of up to 17 percent and decreased swimming duration and orientation frequency by 50 percent
and 62.5 percent, respectively (Pimentel et al. 2014b). Ou et al. (2015) conducted a CO»-induced
acidification experiment to investigate freshwater development and seawater entry for Pacific
pink salmon (Onchorynchus gorbuscha). Fertilized embryos were exposed to freshwater CO>
treatments with 450 patm (control), constant 1,000 patm and 2,000 patm, and diurnal fluctuating
450-2,000 patm (to simulate naturally occurring CO- fluctuations in freshwater and coastal
ecosystems) for ten weeks. For both freshwater and seawater treatments, they reported
significant, dose-dependent negative effects of CO2 on length and weight, yolk-to-tissue
conversion efficiencies, maximal oxygen-uptake capacity, and alterations of olfactory responses
for anti-predator behavior. In addition, they found the maximum metabolic rate was reduced for
fish transferred to seawater, but not during freshwater development. This study suggests that
pink salmon fry may be particularly sensitive to OA during exercise, which may have
implications for success during seaward migration and early ocean survival (Ou et al. 2015).
Shifts in the metabolic pathways of tissues in the Mediterranean fish gilt-head (sea) bream
(Sparus aurata) were reported, including a shift from aerobic to anaerobic metabolism, when
exposed to elevated CO- levels and pH value of 7.3 (Michaelidis et al. 2007).

Not all studies investigating the effects of high pCO> on early life stages of marine fishes
have found negative consequences. Munday et al. (2009) found no detectable effect in orange
clownfish on embryonic duration, egg survival, and size at hatching after exposing eggs and
larvae to between 550 and 1,030 ppm atmospheric CO.. However, they noted an increase in the
growth rates of some larvae exposed to elevated CO,. Frommel et al. (2013) found no effect on
the hatching, survival, development, or otolith size at any stage of embryo and larval
development in Atlantic cod from the Baltic Sea. Eggs and larvae were exposed to various
elevated pCO2 conditions between 560 to 4,000 patm, and at low and high temperature regimes,
without negative consequences. However, the eggs and larvae used in the study were obtained
from adults captured at a spawning site in the Baltic Sea with situ levels of pCO> already at
levels of 1,100 patm, mainly due to high eutrophication and microbial activities and permanent
stratification, suggesting that this population of cod may have developed an adaptation response
to elevated CO,. Franke and Clemmsen (2011) reported no significant effect of elevated pCO-
(1,260 to 4,635 patm) on the occurrence of embryonic malformations, egg mortality, embryonic
duration, hatch rate, or morphology (i.e., length, weight, yolk sac area, otolith area) in Atlantic
herring. However, they found a significant negative relationship in the RNA concentration at
elevated pCO2 conditions, which they suggest could lead to decreased protein biosynthesis and
metabolism in early life stages of Atlantic herring. Similar to the study by Frommel et al. (2013)
with Atlantic cod, the Atlantic herring adults obtained in the Franke and Clemmsen study were
captured in areas of the Baltic Sea where surface water pCO> seasonally fluctuates between 385
and 2,300 patm, suggesting an adaptation to high pCO. concentrations.

One study did compare closely related species that differed in early life history traits.
Hamilton et al. (2017) found that the congeners express different sensitivities to elevated CO-
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levels. Copper rockfish (Sebastes caurinus) exhibited changes in behavioral lateralization,
reduced crititcal swimming speed, depressed aerobic scope, and changes in metabolic enzyme
activity and increases in the epression of transcription factors and regulatory genes at high pCO-
exposure. In contrast, congener blue rockfish (S. mystinus) showed no significant changes except
in the expression of muscle structural genes as a function of pCO., indicating acclimatization
potential in blue rockfish. These results indicate species—specific physiological tolerances.

Regarding the effects of OA on the olfactory senses of fish, Munday et al. (2009)
reported the larvae of orange clownfish became strongly attracted to olfactory stimuli they
normally avoided when reared at 1,000 patm pCO> and failed to respond to any olfactory cues
when reared at 1,700 patm. In a similar study using orange clownfish, settlement stage larvae
that were previously exposed 1,000 pCO2 during the egg and pre-settlement larval stage became
strongly attracted to the smell of predators and lost the ability to discriminate between predators
and non-predators (Dixson et al. 2010). Munday et al. (2010) conducted a similar laboratory
experiment but with wild-caught, larval damselfish (Pomacentrus wardi). They found wild-
caught larval damselfish exposed to high pCO- conditions (850 patm) in the laboratory
developed a strong attraction to the smell of predators. In a separate experiment, they exposed
settlement-stage damselfish larvae to intermediate (700 patm pCO-) and high pCO:2 conditions in
the laboratory before transplanting them to a natural reef, where they observed riskier behaviors
(e.g., swimming greater distances and for longer periods away from the reef) than in control
larvae. Furthermore, intermediate and high pCOz larvae had five-fold and nine-fold higher
mortality rates, respectively, than control larvae, suggesting that loss of the olfactory ability to
detect predators resulted in riskier behavior that led to higher mortality (Munday et al. 2010).
Elevated pCO- conditions were found to impair odor tracking in adult smooth dogfish after five-
day exposure in high pCO2 (1,064 patm) conditions projected by the end of the 21 century,
while adults exposed to control (405 patm) and mid-century (741 patm) treatments maintained
normal odor tracking behavior (Dixson et al. 2015). Jutfelt et al. (2013) observed several
behavioral disturbances including effects on boldness, exploratory behavior, lateralization, and
learning in the adult three-spined stickleback (Gasterosteus aculeatus), but Jutfelt and Hedgarde
(2015) found no effect of elevated CO, on behavior of Atlantic cod.

Although studies investigating the impairment on the olfactory system in fish from OA
are limited to a few (and mostly tropical) species, concerns for potential impacts to a critical life-
history transition and the effects on the sustainability of fish populations are warranted. Simpson
et al. (2011) found juvenile orange clownfish exposed to elevated pCO: levels (600-900 patm)
as larvae showed no avoidance behavior towards predator-rich reef noises, while juveniles reared
in ambient pCO2 water (390 patm) exhibited significant avoidance behavior. The study did not
investigate the physiological mechanism for the loss of auditory perception, but the authors
speculated the effect could be attributed to deterioration of neural transmission as a result of
acid-base imbalances or physiological stress due to acidification (Simpson et al. 2011). Using a
modeling approach, Bignami et al. (2013) indicated increased otolith size and density could
affect auditory sensitivity, which may alter the perception of auditory information by larval cobia
in a high-CO: ocean.

The relationship between pH and low-frequency sound absorption suggests OA could
have physical effects on the sound field of marine organism. As the ocean becomes more acidic,
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low-frequency sound within the 100 Hz-10 kHz range travels much farther because of the
changes in the amounts of pH-dependent seawater constituents, such as magnesium sulphate,
boric acid, and carbonate, which absorb acoustic waves (Brewer and Hester 2009; Ilyina et al.
2010). For example, a decline in pH of 0.3 has been experimentally shown to decrease sound
absorption by approximately 40 percent, and underwater sound at frequencies important to
marine animals will travel about 70 percent farther from a doubling of CO- that is expected by
mid-21% century (Brewer and Hester 2009).

Although there are uncertainties of how reduced sound absorption in the oceans from OA
will impact the fitness of marine organisms, the direct impact of anthropogenic noise on marine
species has been demonstrated to effect predator-prey dynamics and foraging behavior and
efficiency in fish and invertebrates (Purser and Radford 2011; Simpson et al. 2016; Wale et al.
2013). Rossi et al. (2016) investigated two potential physical pathways in which larval fish may
be affected by elevated CO,: altered behavioral preferences towards useful auditory cues and
indirect effects on larvae via altered quality of biological auditory cues. The first experiment
exposed eggs and larvae of a temperate fish (Argyrosomus japonicas) to 1,369 patm pCO> and
reported a significant avoidance towards auditory cues associated with preferred reef settlement
habitats (i.e., recordings of snapping shrimp) compared to fish in the control group (607 patm).
In a second experiment, both control (539 patm) and CO»-treated (930 patm) larvae were
released near a naturally-occurring CO> vent where pH and pCO- are representative of values
projected for the end of the 21% century, business as usual scenario. In both the control and high-
pCO:; treatment groups, larvae lost their responsiveness towards the auditory cues of snapping
shrimp. Acoustic spectra analysis conducted on the auditory cue recordings in the CO> vents
indicated a marked decline in sound intensity compared to control reefs in the frequencies
corresponding to snapping shrimp sound (Rossi et al. 2016).

Chapter 6.  Synergistic Effects from Climate Change

Warming waters in rivers, estuaries, and the ocean, ocean acidification, and
deoxygenation can interact with one another and with other stressors to cause complex and often
unanticipated synergistic climate effects to species and habitats in the NES ecosystems (Pershing
et al. 2018).

A number of studies have indicated elevated CO, and warming could increase organic
matter productivity and the ability of some salt marshes to keep pace with SLR (Cherry et al.
2009; Kirwan et al. 2014; Langley et al. 2009). Kirwan and Mudd (2012) demonstrated using
numerical modeling that during the first half of the 21 century the projected rate of SLR and
warmer temperatures (i.e., +4 °C and 3 mm per year SLR) would increase productivity and
accretion rates of cordgrass, allowing a hypothetical salt marsh to keep up with the rate of SLR.
However, by about year 2050, the combined effects of a growing carbon pool and increased rate
of organic decomposition reduced the rate of marsh accretion, and by about year 2085 the salt
marsh lost elevation relative to sea level and drowned. Cherry et al. (2009) demonstrated in a
mesocosm experiment that elevated CO> concentrations ameliorated negative effects of SLR and
salinity stress from tidal inundation and may provide some competitive advantage in some salt
marsh species. Similarly, Langley et al. (2009) reported soil elevation gain in an elevated CO>
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mesocosm experiment for chairmaker’s bulrush, marsh hay, and spike grass, an effect mediated
by stimulation of subsurface plant productivity.

However, increasing air and water temperatures, in concert with enhanced CO., could
make salt marshes less resilient to SLR by increasing the rates of organic decomposition (Kirwan
and Blum 2011). According to their projections, elevated temperatures could increase the rate of
SLR greater than organic matter accumulation rates, resulting in a positive feedback in which
warming reduces carbon accumulation rates which in turn leads to additional warming and
accelerated SLR. Similarly, future responses by seagrasses to elevated CO> concentrations will
depend on concomitant acclimation to light harvesting components, respiration, enzyme
activities, carbohydrate metabolism (Zimmerman et al. 1997), nutrients (Alexandre et al. 2012),
and water temperature (Jorda et al. 2012). The response of seagrasses to higher-CO; conditions
may be highly species-specific, and dependent upon geochemical characteristics of the
environment (Apostolaki et al. 2014).

Seagrasses are known to be impacted by strong coastal storms through scouring and
uprooting (Duarte 2002; Fourqurean and Rutten 2004; Short and Wyllie-Echeverria 1996), which
could increase if the frequency of these events increases with climate change. Global and U.S.
east coast projections for SST, sea levels, and storm activity indicates an increase in frequency
and intensity of flooding and storm events (Kirtman et al. 2013; Little et al. 2015), suggesting
that seagrasses may be more vulnerable from warming-related effects during the 21% century.
Reduced abundance in SAV will in turn negatively affect fish and invertebrate species that rely
on SAV habitat for food and protection from predators. Furthermore, the loss of SAV will reduce
the carbon sequestration functions these ecosystems provide to mitigate the effects of climate
change (Duarte et al. 2005; Mcleod et al. 2011).

Potential synergistic effects may occur in deep-sea corals as the aragonite saturation
horizon becomes shallower with increasing pCO, and warming ocean waters affect deeper
portions of the ocean. The rate of warming in GOM waters has been higher than that of the
overall NES ecosystem, and over 99 percent faster than the global ocean (Pershing et al. 2015),
suggesting warmer waters at greater ocean depths will probably affect deep-sea coral
calcification rates, physiology, and biochemistry (Guinotte et al. 2006) in the GOM.

The synergistic effects of temperature, salinity, and pH on metabolism in marine
mollusks may be greater than reduced pH alone. Pértner (2008) described how the synergistic
effects of elevated temperature and OA may narrow the thermal tolerance window of marine
ectotherms, such as marine mollusks. For example, Lannig et al. (2010) reported the metabolic
rates of the Pacific oyster exposed to elevated temperature (5 °C above control) and reduced
seawater pH conditions (0.5 below control) were significantly higher than oysters exposed to
elevated temperature alone. They observed no change in the metabolic rates of oysters exposed
only to elevated pCO: conditions compared to the control.

Although several studies implicate prolonged exposure to warmer waters as a
contributing factor in epizootic shell disease in American lobsters in Massachusetts and Long
Island Sound (Dove et al. 2005; Glenn and Pugh 2006), other contributing factors have been
hypothesized, including hypoxia, sulfides, ammonia, pesticides, and malnutrition (Gomez-

135



Johnson et al. 2019 Greater Atlantic Region Policy Series

Chiarri and Cobb 2012). Robohm et al. (2005) suggested the synergistic effects of elevated
temperature, hypoxia, and sulfides may accelerate mortality in lobsters infected with the
pathogenic bacterium Aerococcus veridans.

An in vitro study by La Peyre et al. (2010) examining the effects of temperature and
salinity on the viability of the eastern oyster disease Dermo (P. marinus), reported synergistic
effects of low salinity and temperature negatively affected P. marinus cells, but much less than
by either low temperature or salinity alone. The authors suggested simultaneous exposure to both
low temperature and salinity are necessary to have a significant impact on slowing or ending
Dermo outbreaks in eastern oysters. In a modeling study on the effect of climate variability of
MSX disease in the upper Chesapeake Bay from 1986-1995, Hofmann et al. (2001) reported
oysters exposed to one year of cold water temperatures (<3 °C), followed by a year of low
salinity (<15 ppt.), exhibited greatly reduced prevalence and intensity of MSX disease. Keppel et
al. (2015) looked at the effect of co-varying diel-cycling hypoxia and pH on Dermo disesase and
hemocyte activity. They found the diel-cycling DO had significant effects on disease acquisition
and progression while diel-cycling pH did not affect infection either on its own in combination
with diel-cycling DO.

Waldbusser et al. (2011) reported significant independent interactions with salinity and
temperature on pH (but not concurrently with salinity and temperature) in calcification rates of
juvenile eastern oysters in the Chesapeake Bay. They found at higher temperatures (30 °C) and
salinity (32 ppt), calcification rates did not significantly change as pH declined from high to mid-
pH; however, at lower temperature (20 °C) and salinity (16 ppt), calcification rates declined as
pH dropped. The authors suggested that estuarine conditions of higher temperature (within the
range of tolerance) and salinity, expected as a consequence of climate change, may provide some
resilience to juvenile oysters (Waldbusser et al. 2011). However, their analyses of pH data
suggest that polyhaline portions of the Chesapeake Bay will become increasingly corrosive to
oyster shell, and that current conditions in many oyster grounds are already unsuitable for shell
preservation. A study by Dickinson et al. (2012) found shell growth was unaffected in juvenile
eastern oysters exposed to salinities of either 15 or 30 ppt and elevated pCO- conditions (-0.3 pH
below the control group), although the researchers observed a significant increase in mortality
and reduced tissue energy stores and soft tissue growth in the oysters. In addition, the combined
exposure to low pH and salinity negatively affected mechanical properties of the shells of
juveniles, resulting in reduced hardness and fracture resistance (Dickinson et al. 2012).

Melzner et al. (2011) reported synergistic effects of low food and high pCO-
concentrations causing lower shell growth of adult blue mussels. In addition, the authors
observed internal shell corrosion in the two highest pCO> treatments in the high food group and
in all pCO; treatments in the low food group.

Gobler et al. (2014) reported additive and synergistic negative effects from low oxygen
and acidification on the growth, survival, and metamorphosis in larval bay scallop and hard
clam. Low oxygen conditions alone severely delayed the metamorphosis and reduced growth of
larval bay scallop, but survival was compromised only when they were concurrently exposed to
acidified conditions. In hard clam larvae, mortality rates increased only under low dissolved
oxygen, and growth rates were depressed only by acidification. Growth rates of juvenile hard
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clam exhibited synergistic negative effect of concurrent acidification and hypoxia treatments
(Figure 30). The authors stressed the importance of evaluating the combined effects of low
oxygen and acidification when assessing how marine organisms may respond to future climate
change scenarios (Gobler et al. 2014). In a subsequent publication, Gobler and Baumann (2016)
further called for multi-stressor experiments in experimental, field, and modelling studies with
multiple levels of stressors and, in the case of shallow water animals, conducting trials under
diurnal changes.

Figure 30. Hard clams exposed to two levels of pH and dissolved
oxygen. A. Percent survival of 2-month-old individuals, B. Growth of
2-month-old individuals, C. Growth of 4-month-old individuals. Bars
are means =SD. Shared lowercase letters indicate treatments that are
not significantly different (p >0.05) (Gobler et al. 2014. Reprinted
with authors' permission).
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In a microcosm experiment, Flynn et al. (2015) investigated the interactive effects of
elevated temperature and high pCO on the embryonic physiology of an Antarctic dragonfish
(Gymnodraco acuticeps). They reported elevated temperature (+3 °C above ambient) increased
mortality, rate of development, whole-organism respiration rate, and cellular aerobic capacity of
larvae. The lowest mortality rate was observed in embryos exposed to the low temperature and
high pCO2, while the highest mortality was experienced by embryos held at high temperature
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and high pCO.. Importantly, exposure to increased pCO; at 650 and 1,000 patm (projected
between mid and late 21% century under the “business as usual” scenario) and increased
temperature resulted in a synergistic increase in mortality. In addition, dragonfish embryos
exposed to warmer and more acidic waters developed faster than control embryos, which could
potentially shorten the embryonic duration and have profound phenological impacts to the
species. However, this relationship did not hold up for late-stage embryos exposed to the highest
temperature and high pCO., which experienced slower development possibly as a result of
differences in the pCO- sensitivity of stage-specific processes. Because some Antarctica fish
undergo metabolic hibernation in the winter months, early hatching by dragonfish could have
negative consequences for successful larval development if no food resources are available
(Flynn et al. 2015).

Davidson et al. (2016) evaluated the effects of diel-cycling hypoxia and pH on growth
and survival of juvenile summer flounder and Lifavi et al. (2017) examined effects on juvenile
weakfish (Cynoscion regalis). Summer flounder growth was significantly reduced in fish
exposed to the most extreme DO across all pH conditions. Cycling treatments with mean daily
low pH (~6.87) and high pCO2 (~1000 patm) had neither an independent, nor interactive, effect
with hypoxia on growth (Davidson et al. 2016). Weakfish showed negative effects only at the
highest level of variability in water chemistry (100 percent mortality within 10 days). Weakfish
appeared to be robust when faced with current-day and projected future CO conditions in
nursery habitats (Lifavi et al. 2017). Lonthair et al. (2017) also hypothesized tolerance to
elevated pCO: in red drum (Sciaenops ocellatus) because they are routinely exposed to variable
conditions. Yolk depletion rate, standard length, and scototaxis were unaffected by pCO..
Survival was significantly decreased when exposed to high pCO (1300 and 3000 patm),
although heart rate only increased at 3000 patm. These effects were less pronounced than that
reported for non-estuarine marine fishes supporting the hypothesis.

In another microcosm experiment, Pimentel et al. (2014a) exposed eggs and larvae of the
flatfish (Solea senegalensis) to combinations of elevated temperature (22 °C) and pCO- (1,600
uatm) for up to 30-days post-hatch and found negative effects from both warming and
acidification on hatching success and larval survival. In addition, the authors reported nearly a 32
percent increase in skeletal deformities compared to the control group and an increase in
occurrence of oversized otoliths in the larvae from combined warming and elevated pCO3, which
could have negative implications for this species’ ecological performance, behavior, and
individual fitness.

Chapter 7. Summary and Recommendations

Wide-ranging observed and projected climate change effects to living marine resources
are discussed in this report, including changes in water temperature and salinity, DO, sea level
rise, water quality, and OA, as well as synergistic effects caused by these and other variables.
There is overwhelming scientific evidence that climate change is already affecting marine
ecosystems. The rate of change for some climate factors, such as ocean pH, is likely
unprecedented in Earth’s recent history (Zeebe 2012), and potentially greater than any time in
the past 300 million years (Caldeira and Wickett 2003; Honisch et al. 2012). Future projections
of anthropogenic climate change are likely unprecedented in evolutionary history, and geological
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records may not be applicable in predicting how changes occurring within a few generations will
affect marine species and ecosystems (POrtner et al. 2014). The affects from climate change,
combined with other anthropogenic stressors on living marine resources, may lead to novel or
altered species interactions, range shifts, changes in abundance, and extinctions (Staudinger et al.
2012). Specialists, or species with very specific or restricted ecological niches, may be
particularly vulnerable to rapid environmental and climatic change (Blois et al. 2013; Portner et
al. 2014).

There are a number of data and information gaps about how species and habitats are
currently responding to climate change, and how they will respond over the next few decades.
For example, the synergistic effects to species and habitats for changes in temperature, pH,
salinity, and DO are not well known. In addition, both climatic (e.g., temperature, pH) and non-
climatic (urban nutrient enrichment and pollution, engineered-shore structures) stressors affect
living marine resources at varying degrees, yet little is known about how the stressors may exert
additive or synergistic pressures on species and habitats. The effects of OA on species biology
and ecology is another climate change impact not well understood (Kroeker et al. 2013). In many
cases, the impacts identified in experimental studies are difficult to apply within the context of
the magnitude of projected climate change. Many of the experimental studies use treatments
equivalent to ocean conditions expected after 2100 or 2200, and often use constant OA levels
rather than those observed at temporal and spatial scales coastal species typically experience
(Gazeau et al. 2013). Research is needed to test the impacts of OA at the levels expected over the
next 20-40 years to support shorter-term projections that can be used in management (Hare et al.
2016b).

The capacity for species and habitats to adapt to a changing climate is another gap in our
scientific understanding (Pershing et al. 2018). It is clear that some marine organisms are shifting
their distribution in response to warming waters, and some species have shown a capacity to
acclimate to changes in conditions (plasticity) such as through migration and reproductive timing
and adapting to different predators or prey (Glick et al. 2011), which is evidence of climate
adaptation. Plasticity increases the probability that species will adapt to climate change.
However, little is known about the ability of species to genetically adapt under conditions of
rapidly changing climate compared to recent geological times (Hoffmann and Sgro 2011; Moritz
and Agudo 2013).

Vulnerability assessments, which measure the risks under specified scenarios, are an
important tool for evaluating climate vulnerabilities of ecosystem services, including marine
fisheries (Gaichas et al. 2016). The National Fish, Wildlife and Plants Climate Adaptation
Strategy (2012) recommended the use of vulnerability and risk assessments to design and
implement management actions at species to ecosystem scales. A climate vulnerability
assessment was conducted for 82 fish and invertebrate species in the NES ecosystem (Hare et al.
2016b) and found high to very high climate vulnerabilities for more than half the species based
on the RCP 8.5 “business as usual” climate model projection for 2055. The results of their study
suggest that changes in the distribution and productivity of fisheries in the NES ecosystem are
occurring now and likely to continue in the future, possibly becoming widespread among species
in the ecosystem.
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Climate vulnerability assessments for fishery habitats are needed for HCD to prioritize
the most vulnerable habitats to climate change in consultations for federal action agencies.
Marine, estuarine, and riverine ecosystems are already at risk from habitat loss and alteration,
overfishing, and pollution (Lotze et al. 2006). The loss of habitat quantity and quality may
reduce the ability of marine ecosystems to support productive and resilient fish populations,
increasing their vulnerability to extinction (Walther et al. 2002). These losses creates stresses on
a population, and populations that are stressed by one or more factors can be more susceptible to
stresses caused by other factors (Robinson and Pederson 2005), resulting in cumulative effects.

Lotze et al. (2006) estimated 67 percent of wetlands and 65 percent of seagrasses have
been lost throughout the world since the expansion of human development due to land
reclamation, eutrophication, disease, destruction, and direct exploitation. Over the past 50 years,
25-50 percent of the global coastal vegetated habitat stocks have been lost (Duarte et al. 2013),
and in the United States over 450 km? of salt marsh wetlands were lost between 2004 and 2009,
a rate of loss three times greater than the previous five-year period (Dahl 2011). The loss of
coastal wetlands has significant implications to mitigating GHG emissions because in some cases
the carbon stored in them have been buried in the soils for centuries to thousands of years
(Duarte et al. 2005; Howard et al. 2017). The carbon stored in coastal wetlands soils can be
released to the atmosphere when they are converted to a different habitat type (Chmura et al.
2003; Duarte and Cebrian 1996; Pendleton et al. 2012) (see Appendix C for more information on
coastal blue carbon).

The direction and magnitude of direct and indirect climate change effects in recent
wetland trends are not always clear. However, given the important role of estuarine and
nearshore coastal habitats as nursery areas for juvenile life stages of commercially-valuable fish
and shellfish (Lellis-Dibble et al. 2008; NRC 1997), future marine ecosystem impact modeling
and climate vulnerability assessments should incorporate other anthropogenic disturbances to
address these questions (Glick et al. 2011; Moritz and Agudo 2013).

Anthropogenic stressors, including habitat fragmentation and loss, pollution,
eutrophication, overfishing, and invasive species, can limit the adaptive capacity of marine
organisms and make them more vulnerable to climate change impacts. Therefore, reducing other
anthropogenic stressors and perturbations will provide species and habitats more climate
resiliency and allow greater adaptation to climate change (Brander 2008; Jackson 2010; Portner
et al. 2014; Staudinger et al. 2012; Staudt et al. 2013). For example, shore protection structures
can prevent inland migration of wetlands, causing “coastal squeeze” as the rates of SLR
accelerate in the coming decades. The use of living shorelines as alternatives to traditional
shoreline hardening is an important component of NOAA'’s strategy for adapting to long-term
climate change. In addition to providing erosion control and habitats for marine resources, living
shorelines can provide carbon sequestration functions similar to natural coastal wetlands (Davis
et al. 2015) (see Appendix D for more information on living shorelines). Nicholls (2004)
suggests addressing climate change in the context of sustainable development, such that a future
world is both less dependent on carbon energy and encourages climate resiliency and adaptation
to reduce the extent of losses in coastal wetland habitats from climate change.
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In the context of EFH consultations conducted by the HCD, avoiding and minimizing the
adverse effects of an action on living marine resources generally provides dual benefits in terms
of sustainable fisheries. Projects that are designed and sited to avoid and minimize immediate
impacts on existing habitats and associated species will protect and conserve fish stocks in the
short term. In the long term, habitats and marine ecosystems that are less stressed, relatively
intact, and appropriately functioning are generally more resilient and capable of adapting to a
changing climate.
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Appendix A. Potential climate exposure factors and habitat effects for various activity types. Activity types from Johnson et al. (2008). H
(high), M (medium), and L (low) values indicate the potential risk to habitats from a climate exposure factor for each activity type

Climate Factor

Sea- OA/ Precip/
Activity Level | Water COz Storm
Type Temp | Salinity | Rise | Quality | effects | Surge | General Climate Change Issues for Consideration
Agriculture and Silviculture
Crooland Runoff/discharge from agricultural operations can exacerbate climate change
p'and, effects by increasing water temperature, sediment, nutrient runoff in adjacent rivers
rangelands, M L L M M H . e ; s .
. and estuaries, and water column stratification and reducing water quality; nutrient
livestock . o . L !
releases worsen eutrophic conditions, exacerbating ocean acidification in estuaries
Silviculture/ Deforestation can increase water temperatures and sediment erosion in adjacent
timber M L L M L H rivers and estuaries, exacerbating water column stratification and reducing water
harvest quality related to climate change
. Runoff/discharges from timber and paper mill operations can increase water
Timber/ . . . L
. temperature, chemical pollutants, wood debris, and sediment in rivers and
paper mill M L L M L M . : e . .
focessin estuaries, exacerbating water column stratification and reducing water quality
P g related to climate change
Freshwater Riverine Systems
Dam Dams alter hydrologic and temperature regimes, exacerbating the effects from
construction M L L M L H climate change including rising water temperatures and changes in precipitation
/ operations patterns and flooding
Dam removal can release contaminated sediments and turbidity onto downstream
Dam habitats, exacerbating water quality impacts related to climate change; in general,
L L L M L H - . .
removal dam removal restores hydrologic and temperature regimes and has a net benefit and
provides climate resiliency
Stream crossing structures can cause bank and vegetation scouring if they are not
Stream : . A
. designed to accommaodate changes in hydrology and precipitation caused by
crossing L L L M L H . ) . e ) .
climate change; structures can impede migration of diadromous fish and may
structures : . . .
impact water quality due to loss of vegetation and erosion
Water Water withdrawal/diversion reduces volume and lowers water levels in streams and
. rivers, and can raise water temperatures and exacerbate climate effects of warming;
withdrawal/ M L L M L H . . - - o
diversion increases biological oxygen demand and reduces DO and impacts water quality in

streams and rivers
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Climate Factor

and

operation

Sea- OA/ Precip/
Activity Level | Water CO2 Storm
Type Temp | Salinity | Rise | Quality | effects | Surge | General Climate Change Issues for Consideration
D . Dredging, filling and mining can adversely affect water quality by elevating
redging, - - - :
- suspended sediment and release of contaminants, exacerbating water quality
filling, and L L L M L M : . : A
L impacts from climate change including increased water temperature and reduced
mining : .
DO, flooding events, and stormwater discharges
Chemical Effects: Water Discharge Facilities
Sewage Sewage discharges increase nutrient levels and cause eutrophication and adversely
ewag affect water quality, which can exacerbate climate change effects (e.g., warming
discharge M L M H M M L - SN .
facilities waters, ocean _a1C|d|f|cat|on), SLR can inundate and threaten facilities and increase
shoreline erosion around outfall pipes
Industrial Industrial discharges can release contaminants and impact water quality, which can
discharge M L M M L M exacerbate climate change effects and reduce resiliency; SLR can inundate and
facilities threaten facilities and increase shoreline erosion around outfall pipes
Combined CSOs can release untreated sewage and cause eutrophication affecting water
sewer quality, which may exacerbate climate change effects including warming waters
M M M H M H s 2 - o .
overflows and ocean acidification; SLR can inundate and threaten facilities and increase
(CSO) shoreline erosion around outfall pipes
Physical Effects: Water Intake and Discharge Facilities
Discharae Discharge facilities can increase water temperatures and alter salinity regime,
charg H H M H M M exacerbating water quality impacts related to climate change; SLR can threaten
facilities . L . . .
discharge facilities through inundation and erosion
Intake Intake facilities impinge and entrain fish and invertebrates, although climate-
e L L L L L L
facilities related effects are unclear
Coastal Development
Nonpoint Non-point source pollution increases water temperature, nutrients, and
source contaminants, which can exacerbate climate change effects including warming
i M M H H M H e Se ST }
pollution/ waters, water column stratification, and ocean acidification in coastal waters; SLR
urban runoff increases urban flooding events that can convey contaminated water into estuaries
Road Road construction and operations can increase stormwater runoff of contaminants
construction M M H H L H and sediments, reduce DO, raise water temperature, and alter streamflow and

salinity regimes, which can exacerbate climate change effects; SLR will increase
flood frequency and roads can create barriers to salt marsh inland migration
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Climate Factor

Sea- OA/ | Precip/
Activity Level | Water COz | Storm
Type Temp | Salinity Rise | Quality | effects | Surge | General Climate Change Issues for Consideration
Stream crossings can degrade water quality and fragment or eliminate passage for
Stream L L H M L H resident and migratory species, which can exacerbate climate change effects
crossings related to changes in hydrology and warming; SLR will exacerbate these effects by
increasing water levels and overwhelm the capacity of stream crossing structures
Flood Flood control and shoreline protection structures alter sediment transport processes
control/tide and hydrologic, temperature, and salinity regimes, which can exacerbate climate
gates/ M M H M L H related effects; in particular, hardened shorelines and flood control structures can
shoreline exacerbate the problems associated with SLR by increasing erosion and preventing
protection salt marsh inland migration
Beach nourishment projects can alter sediment transport, especially in combination
Beach with shoreline protection structures, and alter hydrology and increase turbidity at
. L L M M L M . . L
nourishment the nourished and sediment borrow sites; climate change may exacerbate these
effects; SLR will increase the demand for and the impacts from beach nourishment
Wetland dredge and fill activities result in the physical loss/conversion of habitat,
Wetland loss/impairment of wetland functions, changes in hydrologic patterns, and general
dredging M M H M M M water quality impacts, which can exacerbate climate-related impacts; the loss of
and filling wetlands due to dredging and filling removes vegetated buffers that can attenuate
storm surge and increases the impacts from SLR
Overwater structures can alter light transmission, wave energy, substrate type, and
Overwater depth and impe_lct ben_thic habitats, changes_which can be exacerbated by climate-
L L H L L M related affects including SLR; structures will be vulnerable to storm surge and
structures . . . o -
wave action, and can impact adjacent habitats if they are not designed to account
for SLR
Agquaculture activities may be adversely affected by climate change, including
Aquaculture M M L M H M warming waters, reduced water quality, and water column stratification; shellfish
activities mariculture is expected to be adversely affected by OA; fish pens have been shown
to impact local water quality, which may be exacerbated by climate change
Introduced/ Warming coastal waters are expected to increase introduction of marine invasive
nuisance H M L L L M species; some invasive species (e.g., Phragmites australis) are expected to benefit
species from increased precipitation and freshwater runoff
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Climate Factor

Sea- OA/ Precip/
Activity Level | Water CO2 Storm
Type Temp | Salinity | Rise | Quality | effects | Surge | General Climate Change Issues for Consideration
Energy-Related Activities
Petroleum Petroleum-related activities can increase underwater noise and suspended
exploration, sediments, release contaminants, generally impact water quality, which may be
extraction, M L M M M H exacerbated by climate change; SLR and storm surge may inundate and threaten
production, facilities and infrastructure, and exacerbate existing impacts from these
transport activities
Facilities can increase underwater noise and suspended sediments, release
Liquified contaminants during spills, and generally impact water quality, which may be
natural gas M L M M L H exacerbated by climate change; LNG regassification facilities release warm
(LNG) water effluent, which exacerbates warming waters due to climate change; SLR
facilities and storm surge may inundate and threaten facilities and infrastructure, and
exacerbate existing impacts from these facilities
Offshore Pile-supported wind turbines and electric service platforms may be vulnerable
wind energy L L M L L H to SLR and higher storm surges, unless structures are designed to account for
facilities these changes
Wave/tidal energy facilities, particularly tidal barrage structures, can alter
. sediment transport and hydrology, entrain/impinge marine organisms, and
Wave/ tidal : S L2 ! ) )
interfere with fish migration, which may be exacerbated by climate change; the
energy M M M M L H - L
facilities structures can increase water temperatures and water polumn stratification, and
reduce water quality which may be exacerbated by climate change; SLR and
higher storm surge may threaten tidal energy structures
Cables and _Submarine cables and pipeli_nes may be resilient to most_climate change
A L L M L L M impacts, although SLR and increased storm surge could increase erosion at the
Pipelines landing site i : .
anding site if they are not designed, accordingly
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Climate Factor
Sea- OA/ Precip/
Activity Level | Water CO2 Storm
Type Temp Salinity [ Rise | Quality | effects | Surge General Climate Change Issues for Consideration
Marine Transportation Activities
. Construction of ports and marinas can result in the loss/conversion of coastal
Construction/ : - . : .
expansion of hab_ltats and alter temperature, I_|ght, water quality, an(_j h_ydrologlcal regimes,
ports and M M H M M H which can be exace_rbated_b_y_ cll_mate change; SLR will increase roodln_g and_
marinas storm surge of marina facn!tles if they are not designed accordingly, which will
increase storm water pollution and erosion
Operations of ports and marinas can increase turbidity and erosion due to wave
Operations energy reflection and increase pollution and contaminant releases, which may
and be exacerbated by climate change; SLR will increase flooding and storm surge
maintenance M M H M M H impacts at marina facilities, increasing erosion of adjacent habitats and pollutant
of ports and releases into nearby waters; industrial shipping and recreational vessels increase
marinas proliferation of non-native, invasive marine species, which may worsen as
warmer waters provide favorable conditions for expansion
Impacts from navigation dredging include direct impacts to shallow-water
Navigation habitats_, incIuding SAV and_mudﬂats, and can increase tqrbidity and release of
dredai M L L M M H contaminated sediments, which may be exacerbated by climate change;
redging - el .
warming coastal waters and water quality impacts due to increased stormwater
runoff and flooding can impact SAV and other shallow-water habitats
Offshore Dredging and Disposal
Offshore Offshore mineral mining can increase suspended sediment and turbidity and
mineral M L L M M L reduce local water quality conditions, which may be exacerbated by climate
mining change caused by warming ocean waters and water column stratification
dorgjggre Offs_h(_)re dredge material dispo§al can_increase local suspended sedimepts and
material M L L M M L turbidity and reduce water quality, vv_h_lch may be exacerbated by warming
. ocean waters and water column stratification
disposal
. Fish waste disposal can introduce pathogens, release nutrients, and degrade
Fish waste . . .
disposal M L L M M L local water quallty: \_Nhl(_:h may be exacerbated by warming ocean waters and
water column stratification; OA may be exacerbated by eutrophication
Vessel Vessgl dispos_al e}ctivities can release contamirjant_s and impact Water.quality at
disposal M L L M L L the disposal site if appropriate vessal preparation isn't conducted, which may be

exacerbated by warming ocean waters and water column stratification
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Appendix B. Federal guidance documents on climate change for natural resource agencies

Enterprise, 2016-2020

Title of Report/Order Agency/Authors | Date Issued | Policy Guidance/Recommendations
Agencies should develop guidance | United States August 2007 | Secretaries of Agriculture, Commerce, and Interior should develop guidance for how
for addressing the effects on Government managers can address the effects of climate change, identify where they can obtain
federal land and water resources Accountability relevant, site-specific information, and reflect on best practices that can be shared among
Office the relevant agencies
National fish, wildlife and plants | National Fish, 2012 Review and revise species and habitat impact avoidance, minimization, mitigation, and
climate adaptation strategy Wildlife, and compensation standards that incorporates climate change considerations (Strategy 2.1.5);
Plants Climate Increase climate change awareness and capacity of natural resource managers and other
Adaptation decision makers (Strategy 3.1); ldentify, develop, and employ decision support tools for
Partnership managing resources under uncertainty (Strategy 4.2); Assess physical barriers or structures
that impede movement and dispersal within and among habitats to increase natural
ecosystem resilience to climate change, and where necessary, consider the redesign or
mitigation of these structures (Strategy 1.4.5)
Departmental Administrative U.S. Department | August 2011 | 1) Ensure Departmental policies, plans, and decisions anticipate and respond to current and
Order 216-18: Addressing climate | of Commerce projected climate impacts on our society, economies, and ecosystems; 2) Strengthen
change impacts at the Department scientific understanding of climate variability and change and develop advanced
of Commerce in Operations and measurements, tools, and standards for environmental monitoring and decision support
Programs
Climate change adaptation strategy | U.S. Department | June 2014 | 1) Enhance tools and services for governmental and nongovernmental entities that will help
of Commerce them integrate climate information and resiliency into their near- and long-term strategies
and actions; 2) Ensure the Department’s resource management programs and policies
incorporate climate change information and take action to reduce vulnerabilities and
increase resilience of marine and coastal natural resources; 3) Ensure the Department’s
policies, plans, and decisions anticipate and respond to current and projected climate
impacts on our society, economies, and ecosystems
NOAA National Habitat Policy, National Oceanic| June 2015 | Recommends applying natural/nature-based infrastructure (e.g., living shorelines) and
Administrative Order 216-117 and Atmospheric using best available science to improve the resiliency of ecosystems; landscape-scale
Administration approaches should be applied to address a range of stressors including sea level rise, land-
based sources of pollution, water shortages affecting river flows, and habitat loss, each of
which can be exacerbated by climate change
NOAA Fisheries Habitat NOAA Fisheries | 2016 Strategy 2: Develop best practices and guidance for incorporating climate and extreme

weather adaptation into habitat conservation actions related to restoration, EFH
consultations, FERC licensing/relicensing agreements, and fishery management actions;
Strategy 3: Implement climate adaptation in each region directly or through conservation
recommendations, including natural and nature-based infrastructure projects, upland
buffers, and removing or modifying stream and tidal barriers.
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Species Act decisions: Procedural
Instructions 02-110-18

Title of Report/Directive Agency/Authors | Date Issued | Policy Guidance/Recommendations

Incorporating climate change into | Griffis et al. December | 1) There is an urgent need and high demand from internal and external customers/partners

NOAA's stewardship (2008) 2008 for NOAA to provide climate information and decision-support tools; 2) NOAA should

responsibilities for living marine expand development and delivery of state-of-the-art information and decision support tools

resources and coastal on climate change and marine and coastal ecosystems; 3) NOAA should develop consistent

ecosystems: a strategy for progress procedures for evaluating climate impacts for statutory mandates to protect living resources
and habitats; 4) NOAA is unique in its mandates and abilities to provide observations for
climate predictions, and to help address impacts of climate change on living marine
resources, coastal ecosystems and communities; 5) The impacts of climate should be
viewed in the context of multiple stressors, such as extreme events, pollution, land and
resource use, and invasive species, which can have synergistic effects

NOAA Fisheries Climate Science | Link et al. August 2015 | The goals of the “Strategy” are to increase the production, delivery, and use of the climate-

Strategy (2015) related information by addressing seven common objectives to meet the science
information requirements needed to fulfill NOAA Fisheries stewardship mandates in a
changing climate

Guidance for treatment of climate | NOAA Fisheries | September | Guidance includes seven key climate change issues that should be considered in ESA

change in NMFS Endangered 2016 decisions to reduce confusion and duplication of effort, support greater consistency,

efficiency, and effectiveness, and to make better and more defensible ESA management
decisions
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Appendix C. Coastal Blue Carbon

Coastal blue carbon refers to the carbon sequestered and stored by coastal ecosystems—
specifically mangroves, salt marshes, and seagrasses. Historically, our focus and rationale for
protecting and conserving coastal wetlands has been because of the importance of their
ecosystem functions and for providing fishery habitat, which is mandated through the
consultation responsibilities in the Magnuson-Stevens Fishery Conservation and Management
Act and the Fish and Wildlife Coordination Act. However, because of the ability of coastal
wetlands to provide substantial long-term carbon storage capabilities and the relative low-cost of
protecting and managing those resources, coastal wetlands are becoming recognized for their
value in mitigating GHG emissions. There is growing national and international interest in
leveraging the co-benefits of coastal blue carbon for climate mitigation and adaptation, coastal
community resiliency, habitat protection, and habitat restoration (NOAA 2011; 2016a).

Coastal wetlands are some of the most efficient natural carbon sinks in the world,
estimated to contribute to one-half of the carbon burial in the coastal and global ocean (Duarte et
al. 2005). Because net primary production in coastal habitats through absorption of CO-
generally exceeds respiration, vegetated coastal wetlands represent carbon sinks (Barbier et al.
2011; Chmura et al. 2003; Mcleod et al. 2011). In addition, an important component of the
functions of vegetated coastal habitats for sequestering organic carbon is their efficiency in
trapping sediments and associated carbon from outside their ecosystem boundaries (Duarte et al.
2005; Mcleod et al. 2011). Coastal wetlands are able to sequester carbon within underlying
sediments, living biomass aboveground (e.g., leaves and branches) and belowground (roots), and
non-living biomass (e.g., litter and dead wood) (Mcleod et al. 2011). Estimates indicate that salt
marsh habitats alone sequester millions of tons of carbon annually (Mitsch and Gosselink 1993).
Although the global area of coastal wetlands is less than 2 percent of the ocean surface and one
to two orders of magnitude less than that of terrestrial forests, their contribution to long-term
carbon sequestration per unit area is much greater (Duarte et al. 2005; Mcleod et al. 2011)
(Figure 31). The burial rate of organic carbon in salt marsh, mangrove, and seagrass ecosystems
collectively exceed that of terrestrial forests by 30-50 fold (Duarte et al. 2005; Mcleod et al.
2011).
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Figure 31. Mean long-term rates of C sequestration (g C per m? per yr) in soils in terrestrial forests
and sediments in vegetated coastal ecosystems. Error bars indicate maximum rates of accumulation.
Note the logarithmic scale of the y-axis (Mcleod et al 2011. Reprinted with authors' permission).
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Seagrasses, which occupy less than 0.2 percent of the area in the world’s oceans,
sequester approximately 10 percent of the annual organic carbon burial in the oceans (Duarte et
al. 2005). Salt marsh, mangrove, and seagrass ecosystems are reported to each store about 10
petagrams (Pg) of carbon (10 billion metric tons) in their top 1 m soil layer on a global basis.
Although this is an order of magnitude lower than the soil carbon stock under terrestrial forests,
it is still large enough to play a role in the global carbon cycle (Duarte et al. 2013).

Although the total global carbon sequestration capacity of coastal vegetated habitats is
significant, there is considerable uncertainty in estimates of the rates. In a meta-analysis of
carbon sequestration studies, Mcleod et al. (2011) reported estimates of global mean organic
carbon burial rates for salt marsh and seagrasses to be 4.8-87.2 and 48-112 teragrams (Tg) C per
year, respectively (1 Tg = 1 million metric tons). On a local scale, the burial rates for salt marsh
and seagrass habitats was estimated at 18-1,713 and 45-190 g C per meter per year, respectively.
The large range of estimates for carbon burial rates may be a reflection of variability in
hydroperiod, salinity, nutrient availability, sediment supply, temperature, and biological factors
(e.q., plant species) (Mcleod et al. 2011).

In addition, by trapping particles and accumulating organic carbon, coastal vegetated
habitats can accrete sediments and keep pace with SLR up to a point, providing additional
climate adaptation and resiliency benefits (Temmerman et al. 2013). Coastal wetlands can
migrate inland over terrestrial soils that have a lower carbon storage capacity (Chmura et al.
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2003). However, there is evidence that some coastal wetlands may not be able to keep pace with
SLR. For example, between 2004-2009, about 30 km? of estuarine salt marsh was lost (0.4
percent reduction) in the coastal area of the U.S. Atlantic, predominantly along the Delaware
Bay shorelines, and attributed to erosion and inundation related to increases in relative sea levels
(Dahl and Stedman 2013). In a review of studies assessing the effects of SLR on salt marsh
resilience, Croshy et al. (2016) reported many salt marshes have failed to keep pace with SLR in
the past century and kept pace even less well over the past two decades.

Coastal wetlands are one of the most threatened ecosystems on the planet, with up to
10,000 km? lost each year—an annual loss rate of up to 7 percent of the global coverage (Mcleod
et al. 2011). Seagrasses are among the most threatened coastal ecosystems in the world,
disappearing at a rate of 110 km? per year since 1980, and 29 percent of the known areal extent
has been lost since seagrass areas were initially recorded in 1879. Most disturbing, the loss rates
have accelerated from a median of 0.9 percent per year before 1940 to 7 percent per year since
1990 (Waycott et al. 2009). Globally 25-50 percent of vegetated coastal habitats have been lost
in just the past 50 years (Duarte et al. 2013). In the United States, 111,500 acres of salt marsh
was lost between 2004 and 2009-this rate of loss was three times greater than the losses from
1998-2004 (Dahl 2011). In addition, less than 1 percent of all estuarine emergent vegetation
losses were attributed to discrete actions that fill or otherwise convert salt marsh areas to
uplands, suggesting other non-point source impacts or potential climatic influences were at work
during this most recent period (Dahl 2011). In the northeast United States, over 100,000 acres of
palustrine, freshwater forested, and estuarine wetlands were lost from 1992-2010 (Sucik and
Marks 2013).

Wetland loss is expected to be greatest in areas where coastal development limits
landward migration. Titus et al. (2009) estimated that in the United States, 60 percent of dry land
within 1 m of the current high tide line is either already developed or expected to be developed,
suggesting that large areas of the coast will be protected using bulkheads and seawalls and may
not be available for wetland migration. Less than 10 percent of the land within 1 m of the high
tide line has been set aside for conservation along the U.S. coastline (Titus et al. 2009). For
example, 20 percent of the shoreline in Casco Bay, Maine, has been developed with shoreline
stabilization structures (Kelley and Dickson 2000).

The loss of coastal wetlands worldwide has significant implications to GHG emissions
because in some cases the carbon stored in them have been buried in the organic-rich wetland
soils for centuries to thousands of years (Duarte et al. 2005; Howard et al. 2017). Most of the
carbon stored in coastal wetlands reside in their sediments and can be released to the atmosphere
when the ecosystems are converted to a different habitat type (Chmura et al. 2003; Duarte and
Cebrian 1996; Pendleton et al. 2012). Estimates using observed loss rates of coastal wetlands
suggest the stored carbon released into the atmosphere is equivalent to 3—19 percent of those
from deforestation globally, resulting in economic damages of 6-42 billion U.S. dollars annually
(Pendleton et al. 2012).

Based on estimates for carbon sequestration rates, significant reductions in atmospheric

GHG concentrations from coastal wetland protection is achievable through effective land use
management and stricter adherence to existing wetland protection regulations and laws.
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Identifying the inherent value of coastal blue carbon for mitigating climate change is an
important policy rationale for reducing the loss and conversion of coastal wetland resources.
Coastal blue carbon can help achieve climate mitigation needs, and simultaneously contribute to
ecosystem benefits, conserve and protect habitat for fishery species and other living marine
resources, and provide recreational opportunities and water quality benefits.

NOAA has been actively involved in blue carbon science, policy, and management,
including participation in the interagency Coastal Wetland Carbon Working Group that is
conducting a baseline assessment of GHG emissions and removals associated with coastal
wetlands. NOAA was heavily involved in an effort to include coastal wetlands into the U.S. Mid-
Century Strategy for Achieving Deep Decarbonization by 2050 (U.S. White House 2016),
submitted under the United Nations Framework Convention on Climate Change for the Paris
Agreement in 2016 (UNFCCC 2016). The NOAA Fisheries Climate Science Strategy highlights
the importance of ecosystem-based management as a national priority, and references carbon
sequestration and storage by coastal wetlands as a strategy for mitigating climate change effects
(Link et al. 2015). The NOAA Fisheries Office of Habitat Conservation has been involved in
advancing regionally specific blue carbon assessments and market feasibility studies through
demonstration projects, including one on the Herring River estuary in Massachusetts (NOAA
2016a).

Highlighting the benefits of coastal blue carbon can be a useful tool in demonstrating
additional value for protecting coastal wetlands and aligning with the NOAA Fisheries Habitat
Enterprise Strategic Plan goals for restoring tidal wetlands and strengthening wetland protection
measures (NOAA 2016b). Evaluating the functions of coastal vegetated wetlands in terms of
coastal blue carbon benefits may include additional justification for protecting fishery habitats
associated with proposed coastal development projects, coastal wetland restoration projects used
as compensatory mitigation (e.g., mitigation banks, in-lieu fee programs), and climate mitigation
for project-related GHG emissions (e.g., fossil fuel power plant, large navigational dredging
projects).
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Appendix D. Living Shorelines

Living shoreline is a broad term that encompasses a range of shoreline stabilization
techniques along estuarine coasts, bays, sheltered coastlines, and tributaries. A living shoreline is
a shoreline management system designed to protect or restore natural shoreline ecosystems
through the use of natural elements and, if appropriate, manmade elements which do not
interrupt the natural water/land continuum to the detriment of natural shoreline ecosystems
(NOAA 2015a). Living shorelines can serve as an alternative approach to traditional “gray”
coastal infrastructure for risk reduction, and may provide additional socio-ecological benefits
(Arkema et al. 2013; Powell et al. 2018; Reguero et al. 2018).

Living shorelines may incorporate vegetation or other living, natural “soft” elements
alone or in combination with some type of hardened shoreline structure (e.g. oyster reefs or rock
sills) for added stability (Figure 32). Living shorelines maintain continuity of the natural land—
water interface and reduce erosion while providing habitat value and enhancing coastal resilience
(NOAA 2015a).

Figure 32. A continuum of green (soft) to gray (hard) shoreline stabilization techniques based on the
more detailed continuum in the Systems Approach to Geomorphic Engineering SAGE Natural and
Structural Measures for Shoreline Stabilization brochure (NOAA 2015c).
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The use of living shorelines as alternatives to traditional shoreline hardening has been
identified as an important component of NOAA’s strategy for adapting to long-term climate
change. The NOAA National Habitat Policy (NOAA 2015b) recommended applying natural and
nature-based infrastructure. In addition, the NOAA Fisheries Habitat Enterprise included in the
habitat management priorities for fiscal years 2016 to 2020 the use of natural and nature-based
infrastructure projects (NOAA 2016b).

In addition to providing erosion control and habitats for living marine resources, living

shorelines can provide carbon sequestration functions similar to natural coastal wetlands (Davis
et al. 2015). An investigation of S. alterniflora marshes planted as living shorelines in the
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Newport River Estuary, North Carolina (Davis et al. 2015) found the rates of carbon
sequestration per unit area comparable to natural salt marshes. Although most individual living
shorelines are narrow (<30 m wide) and small in linear extent, they represent significant
potential benefits in sequestration of carbon dioxide if they become employed as a more standard
practice and alternative for coastal shoreline protection.

Traditional shoreline hardening, predominantly engineered-shore structures to stabilize
sediment and prevent erosion and/or to provide flood protection, is a common practice
worldwide, consisting of over 22,800 km of shoreline (about 14 percent of the total) hardened in
the United States alone (Gittman et al. 2015). Nearly 13,000 km of the U.S. Atlantic coast was
reported to be hardened—approximately 13 percent of the total shoreline. Artificial coastal
protection structures were designed for historic coastal conditions and elevations, and generally
do not account for future sea levels and climatic conditions projected for the 215 century—in
some cases not even current sea levels and climate extremes (Day et al. 2007; Duarte et al. 2013;
Jones et al. 2012). These structures will need to be repeatedly rebuilt or over-built in the coming
decades, incurring huge capital investments.

Engineered-shore structures may be maladapted for their intended purpose. For example,
during Hurricane Katrina the levees in New Orleans actually restricted the ability of flood waters
to recede, exacerbating the impacts to communities (Day et al. 2007; Jones et al. 2012). In
addition, most engineered-shore structures are cement-based structures that generate their own
CO2 emissions during manufacturing. To adapt to climate change, the UN Framework
Convention on Climate Change estimates $11 billion will be needed globally for beach
nourishment and dykes alone (UNFCCC 2007). This level of investment will likely not be met
for all needs and for all communities, and alternative methods need to be considered.

Unlike artificial structures, vegetated coastal shorelines can naturally adapt to changes in
sea levels through vertical accretion, regrow and self-repair after storms if they are not affected
by human impacts, and maintain their capacity for coastal protection at a negligible cost (Duarte
et al. 2013; Gedan et al. 2011). Vegetated wetlands have been demonstrated to reduce wave
heights, property damage, and human deaths (Gedan et al. 2011). There is evidence that
shorelines having intact natural coastal habitats experience less damage from severe storms and
are more resilient than hardened shorelines (Arkema et al. 2013; Gittman et al. 2014; Narayan et
al. 2016; Seitz and Lawless 2008; Shepard et al. 2011; Temmerman et al. 2013). Using storm-
surge numerical modeling, Loder et al. (2009) concluded coastal wetlands have the potential to
reduce hurricane storm surge by increasing bottom friction and when marsh elevation and marsh
segmentation was low. Large-scale flume experiments have shown the presence of marsh
vegetation contributes to considerable wave attenuation, even when water levels and wave
heights are high (Mdller et al. 2014). Compared to unvegetated bottom, they estimated as much
as 60 percent of wave reduction is attributed to marsh vegetation. The study also found that
although waves progressively flatten and break vegetation stems, the marsh substrate remained
stable and resistant to surface erosion under the highest wave heights examined (Méller et al.
2014).

As an example of coastal wetlands mitigating storm damage, the majority of the flood
losses from Hurricane Sandy (~$46 billion) were along the heavily urbanized coastlines of New
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York and New Jersey in areas with few remaining wetlands (Narayan et al. 2017). Coastal
wetlands were estimated to have saved more than $625 million in avoided flood damages from
Hurricane Sandy across the northeastern United States. Shorelines that supported wetlands
within the affected area experienced on an average a 10 percent reduction in property damage
across the region, and as high as 29 percent reduction in damage in Maryland (Narayan et al.
2017).

During Hurricane Irene in 2011, along the central Outer Banks, North Carolina, where
the strongest sustained winds blew across the longest fetch, 76 percent of the bulkheads surveyed
were damaged, while minimal damage was detected for other types of shoreline protection,
including living shorelines (Gittman et al. 2014). Across marsh sites within 25 km of its landfall,
Hurricane Irene had no effect on marsh surface elevations behind living shoreline sills or along
marsh shorelines without sills. Although Irene temporarily reduced marsh vegetation density at
sites with and without sills, vegetation recovered to pre-hurricane levels within a year. This study
suggested storm responses in marshes are more durable and may protect shorelines from erosion
better than the bulkheads in a Category 1 storm (Gittman et al. 2014).

Engineered-shore structures generally do not provide benefits beyond the purpose for
which they are built and are associated with lower biodiversity compared to natural coastal
shorelines. In a meta-analysis of studies comparing engineered-shore structures with natural
shorelines, Gittman et al. (2016b) found shorelines with seawalls to be 23 percent and 45 percent
lower than natural shorelines for biodiversity and species abundance, respectively. Although
biodiversity and abundance associated with riprap and breakwater shorelines were not different
than natural shorelines, the effect was highly heterogeneous across habitat type and species and
studies. Similarly, Gittman et al. (2016a) compared the fish and crustacean communities of
natural salt marshes with living shorelines (i.e., sills comprised of piled granite boulders with
landward salt marsh) and unvegetated habitat adjacent to bulkheads. They found the sills
supported higher abundances and species diversity of fish and higher abundances of crustaceans
than unvegetated habitats adjacent to bulkheads and control marshes. In addition, the added
structure provided by the sills enhanced biodiversity and food resources for fish and
invertebrates and may provide better refuge for juveniles from predation. The ecosystem service
enhancement of these living shorelines was detected in sills three or more years after
construction (Gittman et al. 2016a). In a meta-analysis evaluating the effects of shoreline
armoring in soft-sediment environments, Dugan et al. (2017) found the majority of studies
reported significantly negative effects on habitat loss, shifts in species assemblages and trophic
structure, changes in nutrient cycling, reduced productivity, and the loss of connectivity.

A study by Peterson et al. (2000) comparing the fish and invertebrate assemblages
adjacent to natural, Juncus/Spartina marsh with shorelines altered with bulkheads and rubble,
found the native taxa were most abundant in shorelines fringed with Juncus/Spartina grasses and
least abundant in the altered shorelines. Bozek and Burdick (2005) reported seawalls in the Great
Bay, New Hampshire eliminated the high diversity vegetative transition zone between the upland
and marsh. This effect was attributed to greater sediment movement and winnowing of finer-
grain sediments, most likely the result of wave reflection. Scyphers et al. (2011) reported
breakwater reefs constructed on oyster shell reduced shoreline retreat and supported higher
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abundances of fish and invertebrates compared to control sites without breakwater reefs. Similar
results for living shorelines were reported by Swann (2008).

Other studies have reported the nearshore areas adjacent to riprap and bulkhead
shorelines have reduced habitat availability for fish spawning, and egg and embryo development
(Balouskus and Targett 2012; Rice 2006) and lower abundance, biomass, and diversity of
benthic prey and predators (Morley et al. 2012; Seitz et al. 2006). Other effects of engineered-
shore structures include loss of sediment and reductions in beach volume and dimension (Kraus
and McDougal 1996), loss of intertidal habitat and habitat fragmentation (Bozek and Burdick
2005; Bulleri and Chapman 2010; NRC 2007), and prevention of landward migration in response
to SLR (Kennedy et al. 2002; Nicholls et al. 1999; Scavia et al. 2002; Titus et al. 2009). In
addition, some studies suggest a higher incidence of marine exotic/invasive species associated
with artificial structures compared to native material (Geraldi et al. 2013; Pappal 2010; Tyrrell
and Byers 2007).

Patrick et al. (2014) used spatial-statistical models to identify estuarine shoreline
characteristics to explain variations in SAV abundance within the Chesapeake Bay and mid-
Atlantic coastal bays and found sub-estuaries with less than 5.4 percent riprap followed a pattern
of increased abundance of SAV since 1984 while those with more riprap showed no change in
abundance. In a follow-up study by the same researchers in the same watershed, they reported
natural shorelines had significantly more SAV habitat than both bulkhead and riprap shorelines
(Patrick et al. 2016). In this study, they found larger watershed effects had substantial effects on
SAV habitat and amplified the effects of shoreline type. Specifically, in polyhaline sub-estuaries
with forested watersheds, hardened shorelines had a greater impact on SAV habitat than
watersheds dominated by agriculture and development. The authors suggested this effect was
likely a consequence of water quality insufficient to support SAV regardless of the shoreline type
(Patrick et al. 2016).

For centuries, hardened coastal structures have provided protection from waves and storm
surges and the permitting regulations have evolved to manage their construction (O'Donnell
2016). Although the use of traditional hardened shorelines is necessary in some coastal
conditions (e.g., high energy shorelines, the highest category storms, and critical infrastructure),
perceptions remain that they provide complete and maintenance-free protection in locations
where less environmentally damaging approaches, such as living shorelines, would be more
appropriate (O'Donnell 2016). A lack of public awareness of the long-term benefits and payoffs
of nature-based solutions and the current regulatory regime may be two of the primary
constraints to expanding the use of living shorelines. Living shoreline projects often take longer
and have higher costs because of the permitting process, creating disincentives for engineers and
property owners from choosing them as alternatives to traditional hardened shorelines. However,
in response to the need to facilitate the permitting process, the USACE developed a nationwide
permit for living shorelines in 2017 (DOD 2017). Permitting and resources agencies should
ensure that proposed shoreline protection projects include cost-benefit analyses to account for the
long-term cumulative biological and economic effects. Improved coordination between
regulators, resource agency, engineers, and property owners, combined with improved public
education is needed to increase the application of living shorelines as a more environmentally-
beneficial alternative to traditional hardened shoreline protection.
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Appendix E. Additional Climate Change Resources and Tools

a. Global Climate Change Assessment Reports

The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change
(IPCC) is the most current as of the writing of this report (http://www.ipcc.ch/report/ar5/). The
IPCC is the leading international body for the assessment of climate change and was established
by the United Nations Environment Programme and the World Meteorological Organization in
1988. The IPCC is currently in its Sixth Assessment Report (AR6) cycle and the AR6 Synthesis
Report is expected to be finalized in 2022.

The State of the Climate in 2015 report is an international, peer-reviewed publication
published annually by the Bulletin of the American Meteorological Society as a summary of the
global and regional climate. The report, compiled by NOAA'’s Center for Weather and Climate at
the National Centers for Environmental Information, is based on contributions from scientists
from around the world. It provides a detailed update on global climate indicators, notable
weather events, and other data collected by environmental monitoring stations and instruments
located on land, water, ice, and in space
(http://www.ametsoc.net/sotc/StateoftheClimate2015_lowres.pdf).

NOAA'’s National Centers for Environmental Information website provides the most
recent State of the Climate reports, a collection of monthly and annual summaries of climate-
related occurrences on both a global and national scale (https://www.ncdc.noaa.gov/sotc/).

b. National Climate Change Assessment Reports

NOAA Fisheries Office of Science and Technology’s climate webpage contains
numerous climate change resources, including NOAA Fisheries Climate Science Strategy and
Regional Climate Science Action Plans, information on the vulnerability of fish and
invertebrates to climate change, and coastal community and ecosystem climate resiliency
(http://www.st.nmfs.noaa.gov/ecosystems/climate/index).

NOAA'’s Climate Services website hosts information and links to a wide range of
climate-related topics, including climate news and feature stories, data downloads and maps, and
climate information for educators. The site also contains the “climate dashboard”, interactive
graphs for various global historical and projected climate variables (https://www.climate.gov/).

The National Climate Assessment is produced by the U.S. Global Change Research
Program and is the most comprehensive review of climate and climate change affecting the
United States. It includes regional chapters, as well chapters for coastal and oceans, ecosystems,
and ancillary reports with additional details for some regions and subject areas. The Third
National Climate Assessment was completed in 2014 (http://nca2014.globalchange.gov/report).
The Climate Science Special Report, Volume | of the Fourth National Climate Assessment, is
available for download at: https://science2017.globalchange.gov/downloads/. The full report of
the Fourth National Climate Assessment was released in November 2018 and can be found at:
https://nca2018.globalchange.gov/.
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U.S. Environmental Protection Agency’s 2006 Climate Indicators in the United States is
the fourth edition of the interagency report and presents 37 indicators observed from long-term
records related to the causes and effects of climate change, the significance of these changes, and
their possible consequences for people, the environment, and society
(https://www.epa.gov/climate-indicators).

The Government Accountability Office (GAO 2016) report Federal Fisheries
Management: Additional Actions Could Advance Efforts to Incorporate Climate Information into
Management Decisions, reviewed information from NOAA Fisheries and the U.S. fishery
management councils about existing and anticipated effects of climate change on federally-
managed fish stocks. In addition, the report evaluated the challenges fishery managers face in
understanding these effects, and efforts NOAA Fisheries has taken to help it and the Councils
incorporate climate information into fisheries management
(http://www.gao.gov/assets/690/680088.pdf).

The National Fish, Wildlife and Plants Climate Adaptation Strategy report (2012) is
intended to help U.S. natural resource administrators, elected officials, and other decision makers
assess impacts to natural ecosystems and identify steps to adapt and make them more resilient to
a changing climate. The report contains chapters on marine and coastal ecosystem impacts and
adaptation (https://www.wildlifeadaptationstrategy.gov/pdf/NFWPCAS-Final.pdf).

c. Northeast Region Climate Change Assessment Reports

As a component of the Third National Climate Assessment under the U.S. Global Change
Program, the northeast region impacts chapter contains climate observations and projections, as
well as general discussions on climate impacts to various sectors, including ecosystems.

Horton R, Yohe G, Easterling W, Kates R, Ruth M, Sussman E, Whelchel A, Wolfe D,
Lipschultz F. 2014. Ch. 16: Northeast. Climate change impacts in the United States: The Third
National Climate Assessment. Melillo JM, Richmond TC, Yohe GW, Eds. U.S. Global Change
Research Program (http://nca2014.globalchange.gov/report/regions/northeast).

Kunkel et al. (2013) provides supporting technical information used in Horton et al.
(2014), and contains more detailed and technical information for climate change in the Northeast
region.

Kunkel KE, Stevens LE, Stevens SE, Sun L, Janssen E, Wuebbles D, Rennells J,
DeGaetano A, Dobson JG. 2013. Regional Climate Trends and Scenarios for the U.S. National
Climate Assessment: Part 1. Climate of the Northeast U.S. NOAA Technical Report NESDIS
142-1. 87 pp. National Oceanic and Atmospheric Administration, National Environmental
Satellite, Data, and Information Service, Washington, D.C.
(http://www.nesdis.noaa.gov/technical_reportssyNOAA _NESDIS_Tech_Report_142-1-
Climate_of the Northeast U.S.pdf).
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The northeast region impacts chapter for the Fourth National Climate Assessment
contains updated information for the region, with new information on socio-economic and
human health climate effects.

Dupigny-Giroux LA, Mecray EL, Lemcke-Stampone MD, Hodgkins GA, Lentz EE,
Mills KE, Lane ED, Miller R, Hollinger DY, Solecki WD, Wellenius GA, Sheffield PE,
MacDonald AB, Caldwell C. 2018. Northeast. In: Impacts, risks, and adaptation in the United
States: Fourth National Climate Assessment, VVolume Il [Reidmiller DR, Avery CW, Easterling
DR, Kunkel KE, Lewis KLM, Maycock TK, Stewart BC (eds.)]. U.S. Global Change Research
Program, Washington, DC, USA, pp. 669-742. doi: 10.7930/NCA4.2018.CH18
(https://nca2018.globalchange.gov/chapter/northeast)

The Northeast Climate Impacts Assessment (NECIA) report (Frumhoff et al. 2007) is a
collaboration between the Union of Concerned Scientists and over 50 independent experts
providing an assessment of climate change, impacts on climate-sensitive sectors, and solutions in
the northeastern United States. The NECIA report developed downscaled climate projections for
the northeast region used as the basis for an assessment of projected climate change impacts on
key climate-sensitive sectors.

Frumhoff PC, McCarthy JJ, Melillo JM, Moser SC, Wuebbles DJ. 2007. Confronting
climate change in the U.S. Northeast: science, impacts, and solutions. Synthesis report of the
Northeast Climate Impacts Assessment (NECIA). Cambridge, MA: Union of Concerned
Scientists (UCS)
(http://www.ucsusa.org/sites/default/files/legacy/assets/documents/global _warming/pdf/confronti
ng-climate-change-in-the-u-s-northeast.pdf).

The NOAA Fisheries Northeast Region Fishery Science Center, Ecosystems Dynamics &
Assessment Program climate change website includes a comprehensive review of climate change
effects on the NES ecosystem (http://nefsc.noaa.gov/ecosys/climate-change/). The site includes
information on drivers of climate change and variability, historical and projected changes,
observed and projected impacts to fisheries and protected species, in addition to fishing, and the
pressures and stressors affecting the status of the system. Included here are maps of projected
changes in the thermal habitat for a number of NES species under the high emissions scenario
(https://www.nefsc.noaa.gov/ecosys/climate-change/projected-thermal-habitat/). The site also
contains links to the 2012 Ecosystem Status Report
(http://www.nefsc.noaa.gov/publications/crd/crd1207/crd1207.pdf).

Rutgers School of Environmental and Biological Sciences hosts the OceanAdapt website,
developed in conjunction with NOAA and Cooperative Institute for the North Atlantic Region
(CINAR). The site provides average changes in distribution by latitude and depth for marine fish
and invertebrates based on NOAA Fisheries trawl data. Data can be viewed as site-generated
plots or downloaded in Excel format (http://oceanadapt.rutgers.edu/).

The Mid-Atlantic Fishery Management Council (MAFMC) released a white paper
Climate change and variability, to inform the MAFMC on the impacts of climate change and
variability on the marine resources under the management purview of the Council, including the
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implications for marine ecosystems, fish stocks, fishery management, and the communities and
economies that depend on them. The white paper is intended to inform the development of future
Council management actions that seek to incorporate ecosystem considerations into its existing
management programs.

The Long Term Ecological Research (LTER) Network was created by the National
Science Foundation (NSF) in 1980 to conduct research on ecological issues that can last decades
and span huge geographical areas. Three LTER sites are located in the northeast region,
including the Plum Island Ecosystems (PIE), the Baltimore Ecosystem Study (BES), and the
Virginia Coast Reserve LTER (VCR). The website provides links to each of the northeast LTER
sites (https://Iternet.edu/).

d. State and Watershed-level Regional Climate Change Assessments

Maine:

Fernandez 1J, Schmitt CV, Birkel SD, Stancioff E, Pershing AJ, Kelley JT, Runge JA,
Jacobson GL, Mayewski PA. 2015. Maine’s Climate Future: 2015 Update. Orono, ME:
University of Maine. 24pp
(http://cci.siteturbine.com/uploaded_files/climatechange.umaine.edu/files/Maines_Climate_Futur
e 2015 UpdateFinal-1.pdf).

Monitoring, Mapping, Modeling, Mitigating and Messaging: Maine Prepares for Climate
Change. 2014. Summary and recommendations from the Environmental and Energy Resources
Working Group. Department of Environmental Protection
(http://www.maine.gov/dep/sustainability/climate/maine_prepares.pdf).

Maine Department of Environmental Protection, Sustainability Division created a climate
adaptation toolkit website to assist decision makers on climate change. The website includes
links with information targeted to businesses, consultants, homeowners, and public officials. The
“consultant” link provides climate information on various marine and coastal resources
(http://lwww.maine.gov/dep/sustainability/climate/adaptation-toolkit/consultant.html).

New Hampshire:

Preparing New Hampshire for Projected Storm Surge, Sea-Level Rise, and Extreme
Precipitation. Draft Report and Recommendations for Public Comment. 2016. New Hampshire
Coastal Risk and Hazards Commission (http://nhcrhc.stormsmart.org/draft-for-comment/).

Sea-level Rise, Storm Surges, and Extreme Precipitation in Coastal New Hampshire:
Analysis of Past and Projected Future Trends. 2014. Science and Technical Advisory Panel New
Hampshire Coastal Risks and Hazards Commission
(http://nhcrhc.stormsmart.org/files/2013/11/CRHC_SAP_FinalDraft_09-24-14.pdf).

Massachusetts:

Massachusetts Climate Change Adaptation Report. 2011. Executive Office of Energy and
Environmental Affairs and the Adaptation Advisory Committee
(http://www.mass.gov/eea/docs/eea/energy/cca/eea-climate-adaptation-report.pdf).
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Climate Ready Boston Final Report. 2016. The City of Boston’s climate change
vulnerability, resiliency, and adaptation report
(https://www.boston.gov/sites/default/files/20161207 _climate_ready boston_digital2.pdf).

Rhode Island:

Adapting to Climate Change in the Ocean State: A Starting Point. 2012. Rhode Island
Climate Change Commission Progress Report (http://www.rilin.state.ri.us/Reports/Climate
Change Commission Prog Report Final 11 15 12 final 2.pdf).

Heffner L, Williams R. 2012. Climate Change and Rhode Island’s Coasts. Past, Present,
and Future. URI Coastal Resources Center / Rhode Island Sea Grant
(http://seagrant.gso.uri.edu/wp-content/uploads/2014/05/climate_summary.pdf).

Connecticut
Connecticut Department of Environmental Protection has its own climate change
webpage (http://www.ct.gov/deep/cwp/view.asp?a=4423&q=521742&deepNav_GID=2121).

Climate Change in Long Island Sound: A Long Island Sound Study Resource Guide
(http://lissclimatechange.net/).

New York:

Technical Report: Rosenzweig C, Solecki W, DeGaetano A, O'Grady M, Hassol S,
Grabhorn P. (Eds.). 2011. Responding to Climate Change in New York State: The ClimAID
Integrated Assessment for Effective Climate Change Adaptation. Technical Report. New York
State Energy Research and Development Authority (NYSERDA), Albany, New York
(http://nyserda.ny.gov/~/media/Files/Publications/Research/Environmental/EMEP/climaid/Clim
AID-report.pdf).

ClimAID Integrated Assessment for Effective Climate Change Adaptation. Synthesis
Report
(http://nyserda.ny.gov/~/media/Files/Publications/Research/Environmental/EMEP/climaid/Clim
AID-synthesis-report.pdf).

ClimAID Integrated Assessment for Effective Climate Change Adaptation. Coastal Zones
(http://nyserda.ny.gov/~/media/Files/Publications/Research/Environmental/EMEP/climaid/Clim
AID-Coastal-Zones.pdf).

The New York State Sea Level Rise Task Force assessed sea-level rise impacts and
identified threats to coastal communities and natural resources. Final Report. Issued in 2011
(http://www.dec.ny.gov/docs/administration_pdf/sirtffinalrep.pdf).

New York State Climate Change Science Clearinghouse provides New York State-related

climate change data and information to inform decision making related to climate resiliency and
adaptation (https://www.nyclimatescience.org/).
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New Jersey:
Climate Change in New Jersey: Temperature, Precipitation, Extreme Events and Sea
Level (http://www.nj.gov/dep/dsr/trends/pdfs/climate-change.pdf).

New Jersey Department of Environmental Protection’s Air Quality, Energy, and
Sustainability hosts the website, Adapting to a Changing Environment
(http://www.nj.gov/dep/ages/adapting.html).

New Jersey Climate Change Trends and Projections Summary. Sustainable Jersey
Climate Change Adaptation Task Force (CATF)
(http://www.sustainablejersey.com/fileadmin/media/Media___Publications/Publications/2011-
09-26_SJ CATF_CC_Impacts_Summary_final.pdf).

A Summary of Climate Change Impacts and Preparedness Opportunities for the Coastal
Communities in New Jersey. 2014. NJ Climate Adaptation Alliance. Rutgers University
(http://njadapt.rutgers.edu/docman-lister/working-briefs/108-njcaa-coastal-communities/file).

Delaware:

Delaware Climate Change Impact Assessment. 2014. Division of Energy and Climate.
Delaware Department of Natural Resources and Environmental Control
(http://www.dnrec.delaware.gov/energy/Documents/Climate Change 2013-2014/DCCIA
interior_full _dated.pdf).

The Delaware Climate Change Projections Portal provides data visualization, data
downloads, and general information resulting from climate model runs conducted for the
Delaware Climate Change Impact Assessment (http://climate.udel.edu/declimateprojections/).

Pennsylvania:

The Pennsylvania Climate Impacts Assessment, updated in 2015. The Pennsylvania
Climate Change Act (Act 70 of 2008) requires the Department of Environmental Protection to
conduct updates every three years on the anticipated impacts of climate change to Pennsylvania
(http://www.elibrary.dep.state.pa.us/dsweb/Get/Document-108470/2700-BK-DEP4494.pdf).

The Pennsylvania Department of Environmental Protection hosts a climate change
webpage (http://www.elibrary.dep.state.pa.us/dsweb/Get/Document-108470/2700-BK-
DEP4494.pdf).

Maryland:

Akerlof K, Maibach EW. 2014. Adapting to climate change & sea level rise: A Maryland
statewide survey. Fairfax, VA: Center for Climate Change Communication, George Mason
University.

The Comprehensive Strategy for Reducing Maryland’s Vulnerability to Climate Change.
Phase I: Sea-level rise and coastal storms. 2008. Report of the Maryland Commission on
Climate Change Adaptation and Response Working Group
(http://climatechange.maryland.gov/wp-content/uploads/sites/16/2014/12/ian_report_1971.pdf).
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Climate Change and Coast Smart Construction: Infrastructure Siting and Design
Guidelines. Johnson ZP (editor). 2013. Special Report of the Adaptation Response Working
Group of the Maryland Commission on Climate Change. Maryland Department of Natural
Resources, Annapolis, MD (http://climatechange.maryland.gov/wp-
content/uploads/sites/16/2014/12/sea_level rise_and adaptation_20141.pdf).

Chapter 2: Comprehensive Assessment of Climate Change Impacts in Maryland. In:
Maryland Climate Action Plan. 2008. Maryland Commission on Climate Change
(http://www.mde.state.md.us/programs/Air/ClimateChange/Documents/FINAL-Chapt 2
Impacts_web.pdf).

Pyke CR, Najjar RG, Adams MB, Breitburg D, Kemp M, Hershner C, Howarth R,
Mulholland M, Paolisso M, Secor D, Sellner K, Wardrop D, Wood R. 2008. Climate Change and
the Chesapeake Bay: State-of-the-Science Review and Recommendations. A Report from the
Chesapeake Bay Program Science and Technical Advisory Committee (STAC), Annapolis, MD.
59 pp (http://www.chesapeake.org/stac/Pubs/climchangereport.pdf).

Virginia:

Virginia’s Coastal Zone Management Program climate change adaptation website
(http://lwww.deq.virginia.gov/Programs/CoastalZoneManagement/CZM Issueslnitiatives/Climate
Change.aspx).

Virginia Institute of Marine Science’s Initiative for Coastal Climate Change Research
(http://www.vims.edu/research/centers/programs/icccr/why_vims/index.php).

e. Physical, Chemical and Biological Climate Change Resources

(i) Sea Level Rise Projections

The most recent report on sea level rise scenarios for the U.S., Sweet et al. (2017), is an
update of the Parris et al. (2012) report.

Sweet WV, Kopp RE, Weaver CP, Obeysekera J, Horton RM, Theiler ER, Zervas C.
2017. Global and regional sea level rise scenarios for the United States. NOAA Technical
Report NOS CO-OPS 083. 56 pp
(https://tidesandcurrents.noaa.gov/publications/techrpt83_Global _and_Regional SLR_Scenarios
_for_the_US_final.pdf).

In addition to updating scenarios of global mean sea level rise, the new report integrates
the global scenarios with regional factors contributing to sea level change for the entire U.S.
coastline. Regional SLR projection data by U.S. tide gauge is available at:
https://tidesandcurrents.noaa.gov/publications/techrpt083.csv.

NOAA'’s Office for Coastal Management, Digital Coast website hosts a SLR mapping
tool. The mapping tool allows the user to visualize community-level impacts from coastal
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flooding or sea level rise (up to 6 feet above average high tides), photo simulations of how future
flooding might impact local landmarks are also provided, as well as data related to water depth,
connectivity, flood frequency, socio-economic vulnerability, wetland loss and migration, and
mapping confidence. The data is also available for download as inundation layers and digital
elevation models for custom GIS applications (https://coast.noaa.gov/digitalcoast/tools/slr).

The University of Colorado Sea Level Research Group website provides comprehensive
global and regional sea level information using satellite radar altimeters and tide gauge data
(http://sealevel.colorado.edu/).

The U.S. Army Corps of Engineers (USACE) developed a Sea-Level Change Curve
Calculator in 2015 that generates projected sea level change for specific years and NOAA tide
gauge (http://corpsclimate.us/ccaceslcurves.cfm).

The Sea Level Affecting Marshes Model (SLAMM) simulates the dominant processes
involved in wetland conversions and shoreline modifications during long-term sea level rise.
Future distributions of wetlands are predicted under conditions of accelerated sea level rise, and
results are summarized in tabular and graphical form
(http://lwww.warrenpinnacle.com/prof/SLAMMY/).

A detailed description of SLAMM is provided by the U.S. Fish and Wildlife Service in
this technical document: https://www.fws.gov/slamm/SLAMM1.pdf

The Maine Geological Survey hosts a Sea Level Rise and Storm Surge projection viewer
that approximates the inland extent of 1-, 2-, 3.3- and 6-feet sea level rise or storm surge
scenarios along the Maine coastline on top of the 2015 Highest Annual Tide. The data were
developed using a static (“bathtub”) inundation model that uses Light Detection and Ranging
(LiDAR) topographic data as a base digital elevation model, first adjusting tidal predictions to
take into account variability in the water surface elevations along the Maine coastline, and then
adds scenarios of 1, 2, 3.3, and 6 feet of either storm surge or sea level rise to that initial starting
elevation. The primary purpose of these data is to help inform storm surge and sea level rise
vulnerability assessments (http://www.maine.gov/dacf/mgs/hazards/sir_ss/index.shtml).

(ii) Physical, Chemical, Biological Coastal and Ocean Changes

NOAA'’s Earth Science Research Laboratory, Physical Sciences Division houses the
Climate Change Portal, a web interface that users can access and display climate and earth
system model output used in IPCC reports. The Oceans and Marine Ecosystems data displays a
number of atmosphere and ocean physical, and ocean biogeochemical variables for mid- and
late-century climate projections. Global and regional data can be plotted as maps or downloaded
(https://www.esrl.noaa.gov/psd/ipcc/ocn/).

The Ocean Climate Laboratory Team within the National Centers for Environmental
Information provides support for the Northwest Atlantic Regional Climatology webpage,
providing high-resolution ocean climatology as part of the NOAA-wide Sustained Marine
Ecosystem in Changing Climate Project
(https://www.nodc.noaa.gov/OC5/regional _climate/nwa-climate/).
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NOAA'’s Office for Coastal Management, in collaboration with The Nature Conservancy
and ESRI, developed the Climate Wizard, a web-based interactive mapping platform which
provides access to U.S. and global climate change information including historical and projected
temperature and precipitation using different greenhouse gas emission scenarios for two future
time periods (http://climatewizard.org/).

The Northeast Regional Climate Center, hosted by Cornell University, supports climate
services support from Northeast State Climate Offices, NOAA’s Regional Climate Centers the
National Centers for Environmental Information. The site provides climate and weather-related
information on drought, precipitation, and temperature in the northeast U.S., including monthly
maps and quarterly outlooks (http://www.nrcc.cornell.edu/climate/resources/resources.html).

NASA'’s global climate change homepage contains links to climate science information
including climate science basics, articles, mitigation, and adaptation options
(http://climate.nasa.gov/).

The National Sea Ice Data Center, jointly funded by NOAA, NASA, National Science
Foundation, and the University of Colorado Boulder, conducts scientific research on the
cryosphere. Their website provides information to manage and distribute scientific data, provide
tools for data access, support data users, and educate the public about the cryosphere
(http://nsidc.org/).

Arctic Regional Climatology Data provided by NOAA's National Centers for
Environmental Information (NCEI) (https://www.nodc.noaa.gov/OC5/regional _climate/arctic/).

f. Climate Change Adaptation

(i) Sea Level Rise

The Sea Level Rise and Coastal Land Use Adaptation Tool Kit website, developed by the
Georgetown Climate Center, provides an introduction to some of the policy options that may be
available to state and local governments looking to adapt to SLR. Although not a comprehensive
listing of the options available, the tool kit provides a start for communities looking to plan and
implement adaptive measures. It explains the available tools and provides a framework by which
governments can begin to weigh the trade-off between tools to help governments develop a
comprehensive strategy to address SLR
(http://lwww.georgetownclimate.org/adaptation/toolkits/adaptation-tool-kit-sea-level-rise-and-
coastal-land-use/introduction.html).

The Surging Seas website was developed by Climate Central, a climate change advocacy
group comprised of scientists and journalists researching and reporting on changing climate and
its impact on the public. The website contains interactive mapping tools to visualize different
amounts of sea level rise and flooding matched with area timelines of risk. The tool also provides
statistics of population, homes and land affected by city, county and state
(http://sealevel.climatecentral.org/maps).
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The U.S. Geological Survey (USGS) Coastal and Marine Geology Program'’s National
Assessment website includes tools and reports on the relative risks due to future SLR for the U.S.
Atlantic, Pacific, and Gulf of Mexico coasts. Some of the products in the National Assessment
site include:

Sea Level Rise Hazards and Decision Support (https://woodshole.er.usgs.gov/project-
pages/sea-level-rise_hazards/).

National Assessment of Coastal VVulnerability to Sea Level Rise
(https://woodshole.er.usgs.gov/project-pages/cvi/).

Coastal Vulnerability to Sea-Level Rise: A Preliminary Database for the U.S. Atlantic,
Pacific and Gulf of Mexico Coasts (https://pubs.usgs.gov/dds/dds68/).

Coastal Landscape Response to Sea-Level Rise Assessment for the Northeastern United
States (https://woodshole.er.usgs.gov/project-pages/coastal_response/).

Digital Shoreline Analysis System is an ArcGIS-based software package jointly
developed by NOAA’s Office for Coastal Management and the U.S. Geological Survey. The
software computes the rate of shoreline change using historical shoreline positions represented in
a GIS (https://coast.noaa.gov/digitalcoast/tools/dsas.html).

(ii) General Climate Adaptation and Resiliency

The NOAA Fisheries Office of Habitat Conservation contains a Climate Smart Habitat
Conservation webpage on climate change information with links for Coastal Blue Carbon,
addressing sea level rise in salt marsh restoration projects, and other climate-related topics
(http://www.habitat.noaa.gov/ourwork/climate.html).

The U.S. Climate Resilience Toolkit is supported through NOAA'’s Climate Program
Office and is hosted by NOAA'’s National Centers for Environmental Information. The site
contains tools, information, and subject matter on climate resilience. The Climate Resilience
Toolkit is designed to help improve understanding and managing climate-related risks and
opportunities, and to help make communities and businesses more resilient to extreme climate
and weather events (https://toolkit.climate.gov/).

Information specific to marine ecosystem resiliency can be found at:
https://toolkit.climate.gov/topics/marine-ecosystems.

The U.S. Climate Resilience Toolkit includes training materials and guidance documents
to assist coastal resource managers in incorporating climate change information into new or
existing conservation plans. The guide draws from existing strategic conservation planning
frameworks but focuses on climate considerations and key resources specifically relevant to the
coastal environment, including coastal watersheds
(https://coast.noaa.gov/digitalcoast/training/considering-climate-change).

The Guide for Considering Climate Change in Coastal Conservation can be downloaded
at: https://coast.noaa.gov/data/digitalcoast/pdf/considering-climate-change.pdf.

The Climate Resilience Toolkit includes the Aquatic Connectivity Assessment and
Prioritization Tool, hosted at the North Atlantic Aquatic Connectivity Collaborative (NAACC).
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The NAACC is a network of individuals from universities, conservation organizations, and state
and federal natural resource and transportation departments focused on improving aquatic
connectivity across a thirteen-state region, from Maine to West Virginia. The Aquatic
Connectivity Assessment and Prioritization Tool has been developed to assess road-stream
crossings (culverts and bridges) and identify high priority bridges and culverts for upgrade and
replacement (https://streamcontinuity.org/index.htm).

The NOAA Climate Program Office’s (CPO) Regional Integrated Sciences and
Assessments (RISA) program supports research teams that help expand and build the nation’s
capacity to prepare for and adapt to climate variability and change. CPO funds a network of
RISA teams across the United States and Pacific Islands, which are a model for interdisciplinary
science and assessment (https://cpo.noaa.gov/Meet-the-Divisions/Climate-and-Societal-
Interactions/RISA).

Consortium for Climate Risk in the Urban Northeast (CCRUN) is part of the NOAA
RISA program and includes Pennsylvania, New Jersey, New York, Connecticut, Rhode Island,
and Massachusetts. CCRUN is the only RISA team with a principal focus on climate change
adaptation in urban settings and as such, CCRUN is designed to address the complex challenges
that are associated with densely populated, highly interconnected urban areas, such as urban heat
island effects; poor air quality; intense coastal development, and multifunctional settlement along
inland waterways; complex overlapping institutional jurisdictions; integrated infrastructure
systems; and highly diverse, and in some cases, fragile socio-economic communities
(http://www.ccrun.org/).

The Cooperative Institute for the North Atlantic Region (CINAR) is a NOAA-supported
Cooperative Institute that focuses on the U.S. NES from Cape Hatteras to Nova Scotia. CINAR
sponsors research that meets the needs of NOAA managers and that provides important
information and tools for decision-making within the NES ecosystem. Activities fall under six
research themes: Ecosystem Forecasting, Ecosystem Monitoring, Ecosystem Management,
Protection and Restoration of Resources, Sustained Ocean Observations and Climate Research
and Education and Outreach (http://cinar.org/home).

The Northeast Ocean Data Portal provides a wide-range of spatial data information,
resources and decision support tools used for ocean planning, management, and decision making
from Long Island Sound to the Gulf of Maine. The Portal is a collaborative effort involving
federal agencies, New England states, ocean stakeholders, and many others. The priorities and
products are developed in close association with the Northeast Regional Planning Body, the
Northeast Regional Ocean Council, and stakeholders with expertise in the topics. Although the
Northeast Ocean Data Portal does not host climate-related data and information, it does provide
user-friendly access to maps, data, tools, and information that may be useful in developing
climate change assessments (http://www.northeastoceandata.org/).

The complementary Mid-Atlantic Ocean Data Portal serves as host platform for
available spatial data from the five-state mid-Atlantic region on ocean resources and human use
information such as fishing grounds, recreational areas, shipping lanes, habitat areas, and energy
sites (www.portal.midatlanticocean.org).
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The Department of Interior’s North Atlantic Landscape Conservation Cooperative (LCC)
provides a partnership for private, state, tribal and federal conservation communities to work
together to address increasing land use pressures and widespread resource threats and
uncertainties amplified by a rapidly changing climate. The North Atlantic LCC website contains
links to various related sites, including the Coastal Resiliency Team, Coastal and Marine
Technical Team, and the Chesapeake Bay Team. The Coastal Resiliency Team site includes
information on Hurricane Sandy marsh resiliency (http://northatlanticlcc.org/).

The Fish Habitat Decision Support Tool is supported by the North Atlantic LCC and the
Atlantic Coastal Fish Habitat, among others. The tool is intended to provide resource managers
and the general public with access to the extensive spatial data and results produced from
multiple fish habitat assessments. Three main analytical tools (visualization, ranking, and
futuring) are combined with intuitive basemaps and mapping features to allow users to explore
the details of the assessments and perform subsequent analyses. http://www.fishhabitattool.org/.

The Fish Habitat Decision Tool has been used for several projects in the northeast,
including predictive models for estuarine areas supporting winter flounder habitat (e.g.,
Narragansett Bay and Long Island Sound). The data and modeling results from these assessments
are expected to be included in a web-based decision support tool that will enable users to
visualize and download data and model outputs, establish conservation priorities based on user-
defined ranking criteria, and allow resource managers to implement scientifically-defensible
conservation actions. A report for the winter flounder predictive model project can be found at:
http://www.downstreamstrategies.com/documents/reports_publication/winter-flounder-
report_final.pdf.

The Department of Interior’s Northeast Climate Science Center, housed at the University
of Massachusetts Amherst, provides scientific information, tools, and techniques that natural and
cultural resource managers and others interested in land, water, wildlife and cultural resources
can use to anticipate, monitor, and adapt to climate change in the northeast region.
https://necsc.umass.edu/.

The USACE maintains a climate change homepage with links to various policy, guidance
and technical documents. The USACE’s stated policy is to integrate climate change preparedness
and resilience planning and actions in all activities for the purpose of enhancing the resilience of
the built and natural water-resource infrastructure and the effectiveness of its military support
mission, and to reduce the potential vulnerabilities of that infrastructure and those missions to the
effects of climate change and variability. http://corpsclimate.us/.

The site include links to the USACE Climate Adaptation Plan:
http://corpsclimate.us/docs/USACE_Adaptation_Plan_12-NOV-2015_hires.pdf.

USACE Procedures to Evaluate Sea Level Change, Impacts, Responses, and Adaptation:
http://www.publications.usace.army.mil/Portals/76/Publications/EngineerTechnicalLetters/ETL _
1100-2-1.pdf.

221


http://northatlanticlcc.org/
http://www.fishhabitattool.org/
http://www.downstreamstrategies.com/documents/reports_publication/winter-flounder-report_final.pdf
http://www.downstreamstrategies.com/documents/reports_publication/winter-flounder-report_final.pdf
https://necsc.umass.edu/
http://corpsclimate.us/
http://corpsclimate.us/docs/USACE_Adaptation_Plan_12-NOV-2015_hires.pdf
http://www.publications.usace.army.mil/Portals/76/Publications/EngineerTechnicalLetters/ETL_1100-2-1.pdf
http://www.publications.usace.army.mil/Portals/76/Publications/EngineerTechnicalLetters/ETL_1100-2-1.pdf

Johnson et al. 2019 Greater Atlantic Region Policy Series

The Nature Conservancy (TNC) developed the Coastal Resilience mapping portal, which
includes spatial planning tools to identify coastal hazard risk, resilience and adaptation issues.
The U.S. Coastal Resilience tools provide support for decision-makers working in the continental
U.S. identify solutions for risk reduction and conservation. They build from critical resources
provided by many groups and agencies including NOAA, USGS, FEMA, U.S. Fish and Wildlife
Service, TNC and the Natural Capital Project. The site contains mapping tools and resiliency
information specific for New Jersey, New York, and Connecticut, including sea level rise,
nature-based coastal protection, and marsh migration corridors.
http://maps.coastalresilience.org/network/.

The U.S. Department of Defense (DoD) issued its directive on Climate Change
Adaptation and Resilience in 2016. The directive establishes a new policy to assess and manage
risks associated with the impacts of climate change, and ensures that climate change is
incorporated into all aspects of military planning. The policy states that DoD must be able to
adapt current and future operations to address the impacts of climate change in order to maintain
an effective and efficient U.S. military. http://www.adaptationclearinghouse.org/resources/u-s-
department-of-defense-directive-4715-21-climate-change-adaptation-and-resilience.html.

The summary report of the 4" EU-U.S. Transportation Research Symposium,
Transportation Resilience: Adaptation to Climate Change and Extreme Weather Events, was
sponsored by the European Commission and the U.S. Department of Transportation and
organized by the Transportation Research Board (TRB) of the National Academies of Sciences,
Engineering, and Medicine. The symposium brought together high-level experts to share their
views on disruptions to the transportation system resulting from climate change and extreme
weather events. https://www.nap.edu/catalog/24648/transportation-resilience-adaptation-to-
climate-change.

The Massachusetts Office of Coastal Zone Management (CZM) StormSmart Coasts
program provides information, strategies, and tools to help communities and people working and
living on the coast to address the challenges of erosion, flooding, storms, sea level rise, and other
climate change impacts. http://www.mass.gov/eea/agencies/czm/program-areas/stormsmart-
coasts/.

The StormSmart Coasts program includes the Shoreline Change Project, which is
intended to develop and distribute scientific data on shoreline trends, including erosion and
accretion rates, to coastal managers, shorefront landowners, and potential property buyers in
order to help make informed decisions. http://www.mass.gov/eea/agencies/czm/program-
areas/stormsmart-coasts/shoreline-change/.

g. Vulnerability Assessment Methodologies

The Methodology for assessing the vulnerability of marine fish and shellfish species to a
changing climate provides details for methods used in A vulnerability assessment of fish and
invertebrates to climate change on the Northeast U.S. Continental Shelf (Hare et al. 2016)
(https://www.st.nmfs.noaa.gov/Assets/ecosystems/climate/documents/TM%200SF3.pdf).
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Nature Serve has developed the Climate change vulnerability index for ecosystems and
habitats, a framework to assess the vulnerability of a given natural community or habitat type to
climate change. The framework uses available data and expert knowledge to evaluate the climate
change exposure (ecological stress caused by of climate change), and resilience (the ability to
cope with ecological stress and avoid collapse) (http://www.natureserve.org/conservation-
tools/climate-change-vulnerability-index-ecosystems-and-habitats). This framework and method
serves as a habitat-based companion to the NatureServe Climate Change Vulnerability Index for
species (http://www.natureserve.org/conservation-tools/climate-change-vulnerability-index).

The National Estuarine Research Reserve System supported the development of the
Climate Change Vulnerability Assessment Tool for Coastal Habitats (CCVATCH) that could be
applied to current management and conservation decisions. The CCVATCH uses a facilitated
expert elicitation process to assign numerical scores for the potential impact of climate change
(e.g. change in CO», temperature, precipitation, sea level, and extreme climate events) and
environmental stressors (e.g. invasive and pest species, nutrients, sedimentation/erosion, and
environmental contaminants) on the habitat and adaptive capacity potential into a spreadsheet-
based decision support tool.

Plunket J, Stanzel K, Weber R, Lerberg S. 2015. Climate change vulnerability assessment
tool for coastal habitats: guidance documentation (http://www.ccvatch.com).

The Vulnerabilities to climate change of Northeast fish and wildlife habitats, Phase 11
involved three assessments of the vulnerability of terrestrial, aquatic, and coastal habitats to
climate change, including sea level rise. A database of coastal climate change projects and tools
was also developed (http://northatlanticlcc.org/projects/vulnerabilities-climate-change-northeast-
fish-wildlife-habitats).

The Vulnerabilities of northeastern fish and wildlife habitats to sea level rise evaluated
tide gauge data along the northeastern coastline from Virginia to Maine to assessed the
vulnerabilities of fish and wildlife habitats from SLR. The assessment included Sea Level
Affecting Marshes Model (SLAMM) to analyze 28 coastal National Wildlife Refuges in the
Northeast Region (http://northatlanticlcc.org/projects/vulnerabilities-climate-change-northeast-
fish-wildlife-habitats/the-vulnerabilities-of-northeastern-fish-and-wildlife-habitats-to-sea-level-
rise/index_html).

The Climate Adaptation Knowledge Exchange (CAKE), a joint project of Island Press
and EcoAdapt, is intended to build a shared knowledge base for managing natural systems,
including oceans (http://www.cakex.org/). This project developed the North American Marine
Protected Area Rapid Vulnerability Assessment Tool to help marine protected area managers
evaluate the implications of climate change for the habitats of their sites. This tool has three parts
(a user guide, a set of blank worksheets, and a booklet containing completed sample worksheets)
(http://www.cakex.org/sites/default/files/documents/11733-north-american-marine-protected-
area-rapid-vulnerability-assessment-tool-en.pdf).
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h. Living Shorelines/Nature-based Shoreline Protection

NOAA'’s living shorelines webpage contains background and technical information on, as
well as examples of, living shorelines (https://www.habitatblueprint.noaa.gov/living-shorelines/).

NOAA Fisheries Office of Habitat Conservation’s Restoration Center website contains
information related to living shorelines
(http://lwww.habitat.noaa.gov/restoration/techniques/livingshorelines.html).

NOAA guidance on living shorelines can be downloaded at:
http://www.habitat.noaa.gov/pdf/noaa_guidance _for_considering_the use_of living_shorelines
2015.pdf.

The Virginia Institute of Marine Science’s Center for Coastal Resources Management
webpage contains scientific, technical, and policy information on living shorelines
(http://ccrm.vims.edu/livingshorelines/index.html).

The Systems Approach to Geomorphic Engineering (SAGE) addresses ongoing and
future coastal dynamic landscape change and threats, and supports coastal transformation by
integrating green and gray solutions to contribute to the resiliency of natural communities,
ecosystems and shorelines. The SAGE website contains various tools and references related to
living shorelines and nature-based shoreline protection
(http://www.sagecoast.org/info/information.html). The SAGE website includes a living
shorelines brochure different types of shoreline solutions
(http://www.sagecoast.org/docs/SAGE _LivingShorelineBrochure_Print.pdf).

i. Coastal Blue Carbon

The Office of Habitat Conservation website provides general information on coastal blue
carbon, with a number of links for further reading on this subject
(http://www.habitat.noaa.gov/coastalbluecarbon.html).

BlueCarbonPortal.org supports a clearinghouse for the international blue carbon
community, and serves as a platform to share information and connect and coordinate blue
carbon activities and initiatives (http://bluecarbonportal.org/).

The International Blue Carbon Initiative produced a manual on methods for the
measurement, remote sensing, and climate policy for coastal blue carbon stocks and fluxes:

Howard J, Hoyt S, Isensee K, Pidgeon E, Telszewski M (editors). 2014. Coastal Blue
Carbon: Methods for assessing carbon stocks and emissions factors in mangroves, tidal salt
marshes, and seagrass meadows. Conservation International, Intergovernmental Oceanographic
Commission of UNESCO, International Union for Conservation of Nature. Arlington, Virginia,
USA (http://thebluecarboninitiative.org/new-manual-for-measuring-assessing-and-analyzing-
coastal-blue-carbon/).

Sifleet S, Pendleton L, Murray BC. 2011. State of the Science on Coastal Blue Carbon: A
Summary for Policy Makers. Nicholas Institute
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(https://nicholasinstitute.duke.edu/ocean/publications/naturalresources/state-of-science-coastal-
blue-carbon).

REDD+ Methodology Framework (REDD+MF) methodology provides tools for
quantifying the emission reductions achieved by avoiding the degradation or conversion of
various ecosystems, including activities that conserve and restore tidal wetlands
(http://database.v-c-s.org/methodologies/redd-methodology-framework-reddmf-v16).

A report describing a study to quantify carbon storage potential in eelgrass (Zostera
marina) beds in Massachusetts coastal waters by a team of researchers from U.S. EPA, MIT Sea
Grant College Program, Massachusetts Bays National Estuary Program, Boston University,
McGill University, and Massachusetts Division of Marine Fisheries with funding from the U.S.
EPA Climate Ready Estuaries Program
(http://www.mass.gov/eea/docs/mbp/publications/bluecarbon-greeneelgrass-2015-final.pdf).
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