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The impacts from climate change are increasing the possibility of vulnerable coastal species and habitats
crossing critical thresholds that could spur rapid and possibly irreversible changes. For species of high
conservation concern, improved knowledge of quantitative thresholds could greatly improve manage-
ment. To meet this need, we synthesized information pertaining to biological responses as tipping points
to sea level rise (SLR) and coastal storms for 45 fish, wildlife, and plant species along the U.S. Atlantic and
Gulf Coasts and Caribbean through a literature review and expert elicitation. Although these species were
selected based on their ecological, economic, and cultural importance, just over half (56%, n ¼ 25) have
quantitative threshold data currently available that can be used to assess the effects of SLR and storms
during some aspect of their life history. Birds, reptiles, and plants represent the best studied coastal
species. Thirteen of the species (29%) are projected to lose at least 50% of their population or habitat (e.g.,
foraging, nesting, spawning, or resting habitat) in some areas with a 0.5 m or greater rise in sea levels by
2100. Two species (a bird and reptile) may gain habitat from projected SLR and be resilient to future
impacts. Numeric thresholds were not available for the remaining 20 species we searched for. Coastal
fishes, mammals, and amphibians were among the groups representing a major information gap in this
field of research. In addition, quantitative threshold responses to coastal storms were scarce for all taxa.
While vulnerability assessments and qualitative research related to the impacts of SLR and storms on
coastal species and habitats are increasing, work that incorporates quantitative thresholds as response
and impact metrics remains limited. Additional monitoring, modeling, and research that provides
multiple quantitative thresholds across species' life stages and/or latitudinal gradients is ideal to support
robust coastal management and decision-making across spatio-temporal scales in the face of climate
change.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
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1. Introduction

Coastal ecological and human communities are increasingly
vulnerable to the impacts of a changing climate. Rising sea levels
and coastal storms are changing physical landscapes, disrupting
natural systems, and pushing some wildlife populations to the
brink of irreversible change. The U.S. Atlantic and Gulf Coasts and
Caribbean are regions that are particularly vulnerable to the im-
pacts of coastal storms and rising sea levels (Melillo et al., 2014;
Dalton and Jonescomps, 2010). The Northeast coast is among the
most developed in the world (Horton et al., 2014), and the South-
east is home to vital infrastructure and some of the fastest-growing
coastal metropolitan areas in the country (Carter et al., 2014; RPA,
2013; Entergy, 2010). Gulf Coast communities are already incur-
ring substantial losses from relative sea level rise (SLR) and hurri-
canes on the order of billions of dollars annually (Carter et al., 2014;
Entergy, 2010). The destruction from Hurricanes Katrina and Sandy
across the Gulf Coast and Northeast megaregions, respectively, has
made coastal resilience a national priority.

The resilience of human and ecological communities to climate
change is inherently linked. Coastal habitats that provide vital
nesting, resting, and feeding areas for threatened birds and other
wildlife also provide societal benefits through ecosystem services.
For example, beaches, mangroves, marshes, shellfish beds, and
barrier islands offer increased flood protection and storm defenses,
carbon sequestration, erosion control, natural water filtration,
recreation, and increased quality of life, among other benefits. The
value that U.S. coastal wetlands alone provide in protection against
coastal storms has been estimated at $23.2 billion per year (in 2008
dollars) (Costanza et al., 2008). Ensuring the integrity and proper
functioning of these ecosystems will enhance both the ecological
and societal resilience of our coasts.
1.1. The need for ecological threshold information

The need for identifying ecological thresholds related to climate
change impacts is well documented (e.g., Needelman et al., 2012;
NRC, 2010; CCSP, 2009a; Burkett et al., 2005), but large gaps
remain in understanding what tipping points are, as well as when
andwhere they will occur. In 2009, the U.S. Global Change Research
Program (USGCRP) released a ‘state of knowledge’ report on the
scientific understanding of thresholds for ecosystems in response
to climate change, which found that the capacity to predict and
manage threshold crossings that could trigger large-scale, abrupt
changes in ecosystems and/or the services they providewas limited
(CCSP, 2009a).

Threshold data provide information about critical tipping points
beyond which a population is no longer viable or management
options are no longer available. We adopted the Intergovernmental
Panel on Climate Change's (IPCC, 2014) definition of ecological
threshold for a species as any abrupt or nonlinear change or
disruption to a species' population, productivity, reproduction, or
habitat in response to a threat. For our thresholds assessment, we
focused on SLR and coastal storms as the focal climate change
related threats. While we use the term ‘threshold’ frequently,
tipping point, ecosystem shift, and abrupt or nonlinear change are
interchangeable with this term.

Natural resource managers and conservation scientists need
quantitative data to most effectively manage natural resources and
prepare for the consequences of crossing tipping points. Moreover,
methods for assessing a species' vulnerability to climate change,
defined as a function of a system's sensitivity and exposure to
climate change as well as its capacity to adapt to those changes
(IPCC, 2007), often rely, at least partly, on qualitative data and
expert judgment (e.g., Hare et al., 2016; Watson et al., 2015b).
Threshold data provide truly quantitative values about how a
species will likely respond to a particular threat, thereby generating
greater confidence in species rankings and vulnerability
assessments.

Further, future storms and accelerating rates of SLR are expected
to exacerbate and compound other climate change threats, such as
changing precipitation regimes (Osland et al., 2016), and non-
climatic threats like urbanization and pollution. Such compound
effects could lead to a species reaching a critical threshold level
more quickly. Of particular concern is the potential for a keystone
species' threshold response to cascade and impact other species,
leading to “wholesale ecosystem collapse” (NRC, 2013). For
example, the absence of sea otter populations in coastal waters of
the North Pacific resulted in abundant sea urchin populations and
loss of kelp forests that had indirect effects on dozens of other
coastal species (Soul�e et al., 2003). Generatingmore information on
thresholds for keystone species is a priority if resource managers
are to be prepared for the possibility of abrupt, irreversible system
changes (CCSP, 2009a).

The impacts of climate change on species and habitats will be
largely determined by their adaptive capacity, which includes the
ability of a species or population to cope with climatic change
through a combination of phenotypic plasticity, dispersal ability,
and genetic diversity (Beever et al., 2016). Thus, there are inherent
factors that contribute to a species' fundamental adaptive capacity
as well as extrinsic factors that constrain or affect its ability to
endure myriad threats (e.g., climate change, land use change,
pollution, etc.); management also plays an important role to miti-
gate extrinsic effects and ensure species-level adaptive capacity is



3 Representative species are species that best represent a large number of species
and the habitat needs they are associated with (USFWS, 2015b); foundational
species are species that play a strong role in the structuring or functioning of a
community (Bracken et al., 2007).
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maximized and not compromised (Beever et al., 2016).

1.2. Objectives of this work

To better understand the current ‘state of science’ on species
thresholds and how these data can inform management practices,
we synthesized existing data related to SLR and coastal storm
thresholds of viability for 45 fish, wildlife, and plant species along
the Atlantic and Gulf Coasts and Caribbean. This was accomplished
through a comprehensive literature review and extensive expert
elicitation. Species were selected based on their ecological (i.e.,
foundation or representative species), economic, and cultural
importance and have been previously identified as focal species
and/or species of conservation concern.

Our results assess recent advances and identify information
gaps that when filled will increase the efficiency of managing for
climate change impacts in the coastal zone. We further summarize
climate change adaptation strategies being used to delay or pre-
empt substantial population declines, help sustain and recover
listed species, and maintain economically important populations
sensitive to SLR and coastal storms. This synthesis is intended to
help direct future research, guide strategic program investments,
and inform coastal ecosystem management focal areas.

2. Sea level rise and storm projections

Global mean sea levels are projected to rise between 0.3 and
1.2 m by 2100 (Melillo et al., 2014), though more recent projections
that consider the melting of land ice (e.g., Antarctica) and unabated
emissions are for nearly 2 m of SLR by 2100 (DeConto and Pollard,
2016). The U.S. Atlantic and Gulf Coasts are already experiencing
higher-than-average rates of SLR in many locations that will likely
continue due to land subsidence (Horton et al., 2014; Carter et al.,
2014). Portions of the Gulf Coast are experiencing some of the
highest rates of relative SLR in the world, which have exceeded
9 mm per year in parts of Louisiana and 6 mm per year in parts of
Texas (NOAA Tides and Currents, 2013). Rates of SLR along the
Atlantic Coast are variable with the greatest rates in the mid-
Atlantic states of Virginia, Maryland, Delaware, and New Jersey,
where they can exceed 5 mm per year (NWF and Manomet, 2014;
NOAA Tides and Currents, 2013). Much of the Northeast and Mid-
Atlantic regions could have between 0.5 and 1.8 m of SLR, or
more, by 2100 (Horton et al., 2015). In Rinc�on, Puerto Rico, the
coastline is eroding at a rate of 1 m per year as a result of relative
SLR and poor shoreline management practices (PRCCC, 2013).

Projections of storm intensity and frequency are less certain. For
the United States in general, Melillo et al. (2014) reported a slight
decrease in the number of tropical cyclones per year by late this
century but an increase in the number of the strongest hurricanes
(category 4 and 5), as well as greater rates of rainfall associatedwith
hurricanes. Northern coastal states may experience an increase in
Atlantic landfalling hurricanes as storm tracks shift poleward (Yin,
2005), and storm surge will likely become more destructive due to
rising sea levels (NWF and Manomet, 2014). Winter storms (e.g.,
nor'easters) that affect the North Atlantic coast are not expected to
change much over the next few decades; however, by 2100, 5%e
15% more late winter storms are projected under a high emissions
scenario (Frumhoff et al., 2007), with the greatest risk to the
northernmost parts of the North Atlantic coast (Colle et al., 2010).

3. Species selection and synthesis approach

Our selection of the 45 coastal species included in this review
was based primarily on ongoing efforts by regional partners along
the Atlantic and Gulf Coasts: six Landscape Conservation
Cooperatives (LCCs) - North Atlantic, South Atlantic, Peninsular
Florida, Gulf Coast Prairie, Gulf Coastal Plains and Ozarks, and
Caribbean; and three Climate Science Centers (CSCs) - Northeast,
Southeast, and South Central. An initial list of 107 coastal species
was compiled from existing efforts, such as State Wildlife Action
Plans developed by each state's fish and wildlife agency, and the
Gulf Coast Vulnerability Assessment, which was initiated by the
four LCCs in the Gulf of Mexico. In addition, the project core team
consisting of 15 representatives from the six coastal LCCs and three
CSCs was asked to review and modify the list by adding, removing,
or substituting species based on their expert knowledge of priority
species in their regions.

This initial list of species was reduced to a more manageable
number using critical attribute information for each species. Ten
attributes were considered (Table 1); information for each attribute
was gathered through a literature review and expert elicitation
(N¼ 15 experts). Experts ranked the attributes with scales from 1-5
based on species-specific knowledge and professional judgment.
The species rankings and attribute list were used to finalize the
selection by assigning the highest priority to three criteria: 1)
species previously identified as vulnerable to SLR or storms, 2)
being a representative or foundation species,3 and 3) whether a
species was listed as a species of greatest conservation need (SGCN)
(see Supplementary material). We selected species with at least a 4
or 5 ranking for one of these first two criteria and/or were listed as a
SGCN in many state wildlife action plans (SWAPs). Further priori-
tization using the criteria in Table 1 included: 4) federal status
(prioritizing endangered or threatened species), 5) geographic
distribution across the Atlantic and Gulf Coasts, 6) responses to
management, and 7) if it was considered a priority species among
federal agencies. Based on this prioritization scheme and a final
review by the experts consulted, 45 species were selected that
include a diversity of bird, fish, reptile, amphibian, plant, and
invertebrate taxa. We acknowledge that there are many other
important species in our study area that may have established
thresholds related to SLR and storms. However, the prioritization of
broadly representative and foundational species means that the
threshold data compiled here should be applicable to other
important and potentially vulnerable species.

Quantitative thresholds related to SLR and storms were
compiled and synthesized for each of these 45 species based on an
assessment of both grey and peer-reviewed literature using Web of
Science and Google Scholar. Supplemental web searches using
other search engines were also used if information was difficult to
obtain for a particular species. The following three search terms
were used sequentially: species' scientific and common names plus
“climate change,” “sea level rise,” and “storms.” Studies found using
“climate change,” were scanned for “sea level rise” and “storms”
and then relevant threshold data. For “sea level rise” and “storms”
results, abstracts and full text were scanned for relevant threshold
information and searched for the terms “threshold” and “tipping
point.” We only included results with specific quantitative thresh-
olds related to SLR or storms and only papers relevant to this ge-
ography or that were universally relevant. In addition to the
literature review, we elicited, via direct communication, supple-
mental input and information from 26 species experts (see
Supplementary material).

This review focuses strictly on SLR and coastal storm thresholds.
Numeric thresholds related to other threats may be established for



Table 1
List of attributes and criteria used for selection of the 45 focal species.

Attribute Description Scale

Sensitivity to Sea Level Rise How sensitive the species is to changes in sea levels and related effects, including resulting habitat loss,
inundation, erosion, saltwater intrusion, etc.

1 ¼ not sensitive to
5 ¼ extremely sensitive

Sensitivity to Storm Impacts How sensitive the species is to major storms, hurricanes and tropical storms, including associated
impacts like overwash; erosion; storm surge; sediment transport; temporary, rapid changes in salinity;
etc.

1 ¼ not sensitive to 5 ¼ extremely
sensitive

Foundational Species Species' importance to the health and function of the ecosystem 1 ¼ very poor to 5 ¼ very well
Representative Species How well the species represents other related species in the ecosystem 1 ¼ very poor to 5 ¼ very well
State Wildlife Action Plans

(SWAPs)
Whether species is listed as a SGCN within study geography yes/no

Number of SWAPs The total number of SWAPs the species is listed in as a SGCN List total number of states where
species is listed

Federal Status The species' listing status under the Endangered Species Act E ¼ Endangered T ¼ Threatened
C¼Candidate
UR¼Under Review
NL¼Not Listed

Distribution Species' geographic distribution within the study region 1 ¼ very limited range to
5 ¼ broad range, not limited

Response to Management If the species has been shown to respond to management techniques, such as through its population
extent, geographic extent, timing of response, etc.

1 ¼ does not respond to 5 ¼ very
responsive

Considered a Priority Species
to Federal Agencies

Whether the species is considered a priority or focal species by LCCs, CSCs, and/or NOAA yes/no
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some of these species but are not included in this review. Examples
of thresholds related to other stressors could include extreme
precipitation and temperature shifts that may affect timing of
reproductive activities and increased energy expenditures to reach
forage areas from changing prey distributions and/or abundance.

The synthesis results reflect a range of threshold estimates
related to SLR and coastal storms. While some are quantitative
threshold metrics (e.g., salinity tolerance of 9 parts per thousand
(ppt) or below), many reflect habitat loss or gain represented as
percentages related to certain levels of SLR (e.g., 20% loss of habitat
with a 1 m SLR). These different thresholds require some compu-
tation to translate the threshold responses (e.g., percentage of
habitat loss under a given scenario of SLR) to another location (e.g.,
a specific refuge or management unit). However, percentages may
actually represent more robust estimates of a response or impact,
as specific metrics are location specific (depending on habitat
characteristics or resource availability) and may be less transfer-
able. In lieu of a specific metric threshold, percentages still allow
managers to take action under uncertainty.
4. Review of species thresholds related to sea level rise and
storm projections

Table 2 summarizes the number of species by major taxa with
Table 2
Summary of the total number of species per major taxonomic group with and
without quantitative threshold data related to SLR and coastal storms. See
Supplementary material for a full list of species in each taxa, listed according to their
most frequently used common name along with the scientific name.

Taxonomic Groups No. of Species with (✓) and
without (X) Threshold Data

✓ X

Shore/Wading Birds 11 10
Plants 5 3
Reptiles 3 2
Fishes 2 3
Invertebrates/Chelicerata 2 0
Mollusk 1 0
Mammals 1 1
Amphibians 0 1
Total 25 20
threshold data available. All 45 species are considered highly sen-
sitive to the impacts from SLR and storms. Some of the commonly
identified threats include: limited marsh migration; coastal
squeeze and development; physical damage or death from storm
surge; and reduced productivity with increasing inundation re-
gimes. We first provide a brief overview of how these threats are
affecting the coastal species and habitats included in this review.

Marsh plants are undergoing changes as a consequence of SLR
and increased flooding. Blackgrass growth and reproduction is
optimized at elevations well above mean high water (MHW)
(Watson et al., 2015a), while smooth cordgrass shows signs of
reduced productivity due to flooding stress (Watson et al., 2014).
Although marsh elevation has kept up with relative SLR rates in
some areas, the high marsh habitats once dominated by salt-
meadow cordgrass are converting to smooth cordgrass in areas
stressed by SLR and flooding, particularly where marshes cannot
migrate inland (Smith et al., 2012; Erwin et al., 2006). Tidal marsh
specialists, such as seaside and saltmarsh sparrows as well as king
and clapper rails, are particularly vulnerable to marsh loss and
fragmentation in areas where high marsh habitat loss is extensive
(Correll et al., 2016; Hodgman et al., 2015) and marsh migration is
prevented or limited by adjacent development, hardened infra-
structure, or drastic changes in the slope of the landscape.

Seabirds and shorebirds are considered important indicator
species for ecosystem change (Galbraith et al., 2014; Sydeman et al.,
2012; Piatt and Sydeman, 2007) because of nesting and foraging
habitat requirements. Seabirds on our list, including the brown
pelican, gull-billed tern, and roseate tern, are among the most
vulnerable taxonomic groups to climate change (Sydeman et al.,
2012). Many federally threatened and endangered birds are
currently showing steep declines, or their recovery is threatened by
future climate change, such as red knots and piping and snowy
plovers (van Gils et al., 2016; USFWS, 2014; Seavey et al., 2011a;
Aiello-Lammens et al., 2011). Shorebirds that breed, nest, migrate,
or winter in low-lying beaches and barrier islands face increased
inundation and coastal squeezing in places bounded by develop-
ment or land cover that is not suitable for migration (Hare et al.,
2016; Galbraith et al., 2014; Wiest et al., 2014; Sydeman et al.,
2012). These bird species may be pushed into areas with
increased predation and disturbance and must find new sources of
food and refuge or risk local extirpation. Some bird species, such as
plovers, could initially benefit from the influence of storms on
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coastal areas through the temporary creation of open, unvegetated
habitat (Gieder et al., 2014); however, most birds will likely be
negatively impacted over the long term by higher sea levels and
increased storm intensity or frequency. Natural geophysical beach
processes such as dune building may also have critical thresholds
under projections of SLR and storms that, if crossed, could affect
their functioning and persistence and the species that use them.

Increased erosion and coastal squeezing threaten many species
on this list, including the horseshoe crab that is losing optimal
spawning beach habitat (USFWS, 2014; Titus et al., 2009); the
eastern beach tiger beetle that requires undisturbed, wide, open
beach habitats (Massachusetts Climate Adaptation Partnership,
2015; Knisley, 2011; Fenster et al., 2006); the Alabama beach
mouse, where SLR and development are reducing connectivity
among adequate dune habitat (Chen et al., 2014); and sea turtles
that are experiencing increased nest flooding on eroded and storm-
impacted beaches (Rivas et al., 2016; Pike and Stiner, 2007). All sea
turtles are federally listed and vulnerable to the impacts of climate
change (Rivas et al., 2016;Watson et al., 2015b; Mazaris et al., 2012;
Hays, 2008; Fish et al., 2008, 2005). Further, physical damage from
strong storm surge can break up oyster reefs (Seavey et al., 2011b)
and cause rapid sediment erosion or deposition in supralittoral
zones that only rarely experience saltwater spray. Finally, these 45
species rely primarily on coastal habitats that are vulnerable to the
impacts from SLR and storms, including tidal marshes (e.g., Watson
et al., 2015c; Carter et al., 2014; Couvillion and Beck, 2013; Kirwan
et al., 2010), beaches and barrier islands (e.g., de Winter and
Ruessink, 2017; Gutierrez et al., 2007; Horton et al., 2014; Feagin
et al., 2005), mangroves (e.g., Gilman et al., 2008; McLeod and
Salm, 2006), and shellfish beds (e.g., Seavey et al., 2011b;
Dekshenieks et al., 2000).

For many species, the information synthesized here shows a
preliminary continuum of vulnerability that when combined with
SLR scenarios can be used to prioritize actions based on time to
tipping points and species-specific sensitivities (Fig. 1). For
example, the saltmarsh sparrow was identified as relatively more
vulnerable to SLR compared to some other marsh species like the
willet. Fig. 1 includes only species with quantitative threshold
metrics related to projected amounts of SLR, which included 19
species with this type of data available as well as black and white
mangroves based on qualitative studies described in McLeod and
Salm (2006). The figure excludes 6 species with threshold data
related to coastal storms, salinity, or inundation regimes that are
not associated with a particular SLR scenario. Quantitative
threshold results from the literature review and expert elicitation
are presented below.

4.1. Thresholds for bird species

Numeric thresholds of viability related to SLR and coastal storm
projections have been quantified for 11 of the 21 bird species on our
list, including: red knot, whooping crane, willet, piping and snowy
plovers, clapper and black rails, saltmarsh and seaside sparrows,
mottled duck, and American oystercatcher (Table 3). Thresholds
were not currently available for American black duck; however,
decision support tools are helping to predict future abundance
along the Atlantic Coast based on the proportion of energetic car-
rying capacity provided by coastal wetlands and changes due to SLR
(Jones et al., 2016), which could be used to estimate potential
thresholds in the future.

Numeric threshold data were unavailable for mangrove cuckoo,
king rail, black skimmer, brown pelican, gull-billed, least, and
roseate terns, Wilson's plover, and Nelson's sparrow. However, in-
sights on their vulnerability could be made based on related
research:
� Pickens and King (2014) found that for the king rail and other
marsh birds in Louisiana and Texas, water depth is a better
predictor than marsh type or current management practices.
Furthermore, Hodgman et al. (2015) emphasize that declining
populations of certain marsh birds will likely lead to their
extinction, such as the Nelson's sparrow which is declining at
4.2% annually and the saltmarsh sparrow which is declining at
9% annually in New England tidal marshes (Correll et al., 2016;
Hodgman et al., 2015).

� Habitat fragmentation threatens black skimmer populations
across their range along the Gulf Coast, and storm surge may
create additional risk to nesting success leading to colony fail-
ure. Biotic interactions with prey and limited space and re-
sources due to SLR and climate change are still largely uncertain
but are likely to negatively affect skimmers (Watson et al.,
2015b).

� Wilson's plovers occupy very narrow beaches that are threat-
ened by SLR, development, and climate change and, as such,
may experience increased competition for limited nesting space
in the future (Watson et al., 2015b).

Nearly all of the 21 bird species in this review are experiencing
population declines. Population trend analyses provide indications
of when and where species may cross thresholds of viability by
identifying critical abundance levels needed for a species to recover
and/or persist in the face of climate change and other threats.
Despite the perceived wealth of monitoring programs for birds, a
lack of consistently collected long-term monitoring data has hin-
dered development of robust population assessments for this
comparatively well-studied group. The Saltmarsh Habitat and
Avian Research Program (SHARP) has completed statewide popu-
lation studies for tidal marsh birds in the Mid and North Atlantic
regions. Their work shows that some of the species in this review
may already be beyond viable levels to sustain or recover pop-
ulations. In particular, the saltmarsh sparrow is expected to decline
by 92% over the next 50 years and may be unable to breed suc-
cessfully without intervention by 2050 given current rates of SLR
andmarsh elevation conditions (Correll et al., 2016; Hodgman et al.,
2015; USFWS, 2015b). Kern and Shriver (2014) estimated that
marsh losses of 15% and 33% over the next 50 years in the Ches-
apeake Bay, Maryland, resulted in a 19% and 50% probability,
respectively, of reaching the quasi-extinction threshold for seaside
sparrows.

For many of these avian species, information is limited by: 1)
few studies, 2) number and range of SLR scenarios or storm levels
considered, and 3) the spatial scales considered (such as a single
site or location versus across a species' distribution). For example,
only one study measuring threshold values for the willet was found
for Chesapeake Bay (Wilson and Watts, 2009), compared to mul-
tiple studies conducted on seaside sparrow populations and habi-
tats in Chesapeake Bay (Wilson and Watts, 2009), Connecticut
(Hodgman et al., 2015; Shriver and Gibbs, 2004), Texas (Smith et al.,
2014), and Florida (Frank et al., 2015). Spatial scales also varied from
site-specific to statewide and regional studies (e.g., for the seaside
sparrow - Table 3). However, while local rates of relative SLR can
vary substantially along the Atlantic and Gulf Coasts (NOAA Tides
and Currents, 2013), findings based on a single site or area may
be transferrable to other similar areas as precautionary indicators
of how SLR will affect local habitats and wildlife populations.

4.2. Thresholds for plant species

Plant species represent the 2nd best studied group in this re-
view, with quantitative thresholds found for 5 out of 8 species
(Table 4). Accelerating rates of SLR and associated accretion deficits



Fig. 1. Species' relative vulnerability to SLR within marsh, beach/barrier island, mangrove, and shellfish bed habitats based on a literature review of species thresholds. Locations of
the species/guilds along the vertical axis represent approximate levels of SLR at which species are expected to be impacted according to the citations associated with each species in
Tables 3e7. Species are listed as being relatively more (bottom) to less (top) vulnerable within each group. Two species may experience habitat gains associated with SLR, denoted
by a “þ”, and may be most resilient to SLR.
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threaten saltmarsh and beach plant species that are intolerant to
frequent inundation and/or higher submersion time periods,
including blackgrass, sea oats, saltmeadow cordgrass, and spike-
grass. Thresholds for these plants generally focus on water level
ranges relative to MHW or the marsh surface. As SLR accelerates,
the low marsh species smooth cordgrass is moving to higher ele-
vations within marshes and replacing the high marsh species
saltmeadow cordgrass (e.g., Donnelly and Bertness, 2001). Spike-
grass can tolerate submergence for up to one hour on some
coastlines (Lonard et al., 2013), which suggests possible tolerance
thresholds related to SLR and storm surge levels. Marsh commu-
nities may keep pace with an increase in the rate of SLR in areas
with adequate sediment supply, such as where increases in water
depth and inundation lead to increased plant growth of flood-
tolerant species and, in turn, increased sedimentation rates
(Osland et al., 2016; Nyman et al., 2006). Alternatively, these hab-
itats may keep pace with SLR by transgression and expansion into
adjacent uplands, such as where saltwater intrusion has triggered
forest dieback (Kirwan et al., 2016). The only dune plant in this
review is the sea oat, which shows sensitivity to moderate levels of
SLR (Feagin et al., 2005).

Similar to tidal marshes, sediment availability combined with
local rates of relative SLR make mangrove responses to SLR highly
variable and localized. Like marsh plant species, mangroves that
cannot accrete sediment at a rate to keep pace with SLR will suffer
from increased frequency of inundation. Although out of the
geographical range of this study, but as a point of comparison, in
coastal north-central Brazil, mangroves may not be able to adapt to
a SLR rate greater than 0.76 cm per year, which could occur under a
1 m SLR scenario within this century (Muehe, 2010; CCSP, 2009b).
Additionally, in the Pacific islands, which have a tidal range of less
than 1 m, mangrove ecosystems could be disrupted by a more
moderate rate of SLR of 0.3 m and are expected to retreat inland
with a SLR of 1 m; while low and high island mangroves may keep
pace with a SLR of up to 0.12 m and 0.45 m, respectively (Ellison,
2000).

Limited quantitative tolerance data exist for red, black, and
white mangroves. McLeod and Salm (2006) found that red man-
groves generally have a high peat accumulation (5.3 mm per year)
and may be better able to keep pace with increasing rates of SLR
compared to other mangrove species (thus their relative placement
in Fig. 1). In addition, Harrington and Harrington (1982) observed
that flooding for four months to a depth of 30e45 cm in an
impoundment at India River in East Florida resulted in death of
black and red mangroves. Coastal storms can have contrasting ef-
fects onmangrove viability. They can lead to large-scale destruction
of mangrove forests, peat collapse, and loss of elevation (McLeod
and Salm, 2006), but surge and overwash can also deposit signifi-
cant amounts of sediment in mangrove forests, acting to increase
local accretion (Smoak et al., 2013). Thresholds related to other
climate drivers, such as minimum winter temperature extremes
and changing rainfall regimes, could lead to the replacement of salt
marshes bymangrove forests in the Gulf Coast, which could further
impact populations (e.g., whooping crane) that rely on marshes for
food and habitat (Osland et al., 2016).



Table 3
Summary of existing quantitative threshold information under projections of sea level rise and coastal storms for 11 (out of 21) bird species.

Common Name
(Scientific Name)

Habitat Thresholds Related to Projections of Sea Level Rise and Storms

Tidal
Marsh

Beaches/
Barrier
Islands

Mangroves Shellfish
Beds

Black rail (Laterallus jamaicensis) X � Could lose up to 100% of population with a 1e2 m SLR by 2100 in Chesapeake
Bay region (Wilson and Watts, 2009).

� Projected to lose up to 58% of current habitat with a 1 m SLR and as much as
96% with a 2.5 m SLR within the Matanzas Basin of FL (Frank et al., 2015).

Clapper rail (Rallus longirostris) X � Could lose 70e80% of population with a 1e2 m SLR by 2100 in Chesapeake
Bay (Wilson and Watts, 2009).

American oystercatcher
(Haematopus palliates)

X X X � Could have a large gain in habitat of 167% with a 1 m SLR within the Matanzas
Basin of Florida (Frank et al., 2015).

Mottled duck (Anas fulvigula) X � Salinities > 9 ppt negatively affect survival of the mottled duck (Moorman
et al., 1991).

Red knot (Calidris canutus) X X � 0.6 m relative SLR could reduce foraging areas by 57% or more by 2100 in
Delaware Bay (Titus et al., 2009).

� 1e2 m SLR leads to a major loss of coastal wintering habitat for shorebirds in
North America, particularly in areas with land subsidence such as the
northern Gulf Coast (Galbraith et al., 2014).

Saltmarsh sparrow
(Ammodramus caudacutus)

X � Could lose up to 100% of population with a 1e2 m SLR by 2100 in Chesapeake
Bay (Wilson and Watts, 2009).

� Maximum tide height experienced by successful nests without being flooded
was just 6 cm higher than for failed nests, and the odds of nest failure due to
flooding rose by 8% for every 1-cm increase in maximum tide (Wigand et al.,
2015).

Seaside sparrow
(Ammodramus maritimus)

X � Could lose 70e80% of population with a 1e2 m SLR by 2100 in Chesapeake
Bay (Wilson and Watts, 2009).

� 1 m SLR by 2100 could cause a 50% loss of tidal marsh habitat in Connecticut
resulting in a 50% chance of population decline, but persistence may be
unlikely even under a moderate SLR of 0.5 m (Shriver and Gibbs, 2004).

� 1 m SLR by 2100 could decrease primary habitat along the Texas coast by as
much as 68% (Smith et al., 2014).

� Loss of habitat within the Matanzas Basin of the Guana Tolomato Matanzas
Research Reserve in Florida is projected to be 43% under a 1 m SLR and 83%
for a 2.5 m SLR (Frank et al., 2015).

Willet (Tringa semipalmata) X X � Could lose nearly 80% of population with a 1e2 m SLR by 2100 in Chesapeake
Bay (Wilson and Watts, 2009).

Piping plover (Charadrius melodus) X � When development was not considered, a 0.5 m SLR decreased habitat area
by as much as 41% for barrier islands in Suffolk County, New York if they
respond statically to SLR;

� Habitat area was predicted to increase by as much as 15% if they respond
dynamically, but development (e.g. buildings, roads, jetties and groins)
stymies this potential gain and results in a 5e12% reduction of migrating
habitat;

� A 1.5 m SLR resulted in 52% less habitat with a static compared to a dynamic
response on these barrier islands (Seavey et al., 2011a).

� Compounded effects of SLR and storms suggest that storm surge from amajor
hurricane under a 1.5 m SLR could flood over 95% of habitat (Seavey et al.,
2011a).

Snowy plover (Charadrius nivosus) X � With 1 m SLR, the risk of extinction was 1.9% more than the baseline risk of
about 7%; the risk of decline to 20 birds was 6.3% more; and it reduced
predicted population size by at least 20 individuals over a 90-year time
period.With 2m of SLR, the risk of extinction was 3.7%more than the baseline
risk; the risk of decline to 20 birds was 7.6% more; and it reduced predicted
population size by at least 27 individuals over a 90-year time period (Aiello-
Lammens et al., 2011).

� The risk of extinction in the next 90 years increases from about 7% to 9% for
1 m of SLR and up to 11% for 2 m of SLR (Aiello-Lammens et al., 2011).

Whooping crane (Grus americana) X � A1B mean scenario of 0.39 m SLR by 2100 is projected to decrease primary
habitat in coastal Texas by 12% by 2075 and 23% by 2100;

� Under the A1B maximum scenario of 0.69 m SLR by 2100, primary habitat
coverage decreases by 36% by 2075 and by 52% by 2100, with the greatest
losses along back barrier marshes;

� A 1 m SLR led to a 50% loss of primary habitat by 2075 and 54% loss by 2100;
� A 2 m SLR led to a 52% decrease in primary habitat by 2075 but some areas

could partially recover by 2100 with a 2 m SLR (Smith et al., 2014).
� 0.43 m SLR over the next 100 years on the Texas coast could reduce suitability

of salt marsh and open water areas by making them too deep for use (CWS
and USFWS, 2007).

E.J. Powell et al. / Ocean & Coastal Management 148 (2017) 75e88 81
4.3. Thresholds for reptile species

Quantitative thresholds were found for 3 out of the 5 reptile
species in this review (Table 5). Erosion and SLR degrade or remove
sea turtle nesting habitat (Rivas et al., 2016), and some studies have
linked numeric SLR thresholds to sea turtle nesting habitat



Table 4
Summary of existing quantitative threshold information under projections of sea level rise and coastal storms for 5 (out of 8) plant species.

Common Name Habitat Thresholds Related to Projections of Sea Level Rise and Storms

Tidal
Marsh

Beaches/
Barrier
Islands

Mangroves Shellfish
Beds

A subset of mangrove species
(Rhizophora mangle)

X � Mangroves on low limestone islands can keep pace with a SLR of 8e9 cm per 100 years, are
under stress at 9e12 cm per 100 years, and cannot persist over 12 cm per 100 years, based on
calibrations of Holocene stratigraphic records from around the world (Ellison and Stoddart,
1990).

Sea oats (Uniola paniculata) X � Amoderate SLR scenario of 0.48 m by 2100 shows that dune plants on Galveston Island do not
grow in lower sections of a beachesand dune gradient due to high stress levels. A high SLR
scenario of 0.88 m by 2100 shows a complete breakdown of successional processes with only
colonizers randomly distributed in the upper section of the dune (Feagin et al., 2005).

Salt meadow Cordgrass
(Spartina patens)

X � Inundation frequency of twice daily to a depth of 5 cm reduced aboveground biomass by 70%
and tiller density by 54% based on experimental plantings and simulated semidiurnal tides
(Watson et al., 2015c).

� Salinities between 30 and 40 ppt will stress S. patens, but not causemortality; they can survive
salinities upwards of 60e93 ppt, but the combination of elevated salinity and flooding
frequency (more frequent high tides with longer inundation periods) may be the key abiotic
stress in high marsh (Smith et al., 2012).

Smooth cordgrass
(Spartina alterniflora)

X � A rate of relative SLR to achieve an equilibrium elevation and optimal depth of tidal flooding
for plant growth was predicted to be 1.2 cm/year for marsh with high sediment loading such
as along the southeast coast; at higher rates of relative SLR the plant community cannot
sustain elevations within its range of tolerance (Morris et al., 2002).

� S. alterniflora zones expand with increasing tidal amplitude. Maximum mean tidal range is
2.88 m. The maximum upper limit relative to mean high water (MHW) is þ0.70 m, while
the zone of highest abundance relative to MHW is þ0.17 m (McKee and Patrick, 1988).

� Migration of cordgrass upslope in southern New England coincides with an increase in the
rate of SLR from 1 to 2.4 mm/year from a New York City tide gauge. Projections that local
SLR rates could increase to 6 mm/year or more in the next 100 years is expected to drown
cordgrass communities (Donnelly and Bertness, 2001).

Spikegrass or salt grass
(Distichlis spicata)

X � Dieback in Louisiana has been attributed to excessive submergence, but it can tolerate tidal
amplitudes ranging from 1.36-1.74 m for 1 h on some coastlines (Lonard et al., 2013).

� Elevational distribution is restricted to water level ranges from 10-15 cm below to 5 cm above
the marsh surface (MHW) in mid-Atlantic and Connecticut coastal marshes (Lonard et al.,
2013).

� High inundation (2� daily to a depth of 5 cm) reduced aboveground biomass by 65%, tiller
density by 41%, and rhizome biomass by 65%, based on experimental plantings and
simulated semidiurnal tides (Watson et al., 2015c).
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availability (e.g., Frank et al., 2015; Vargas et al., 2013; Fuentes et al.,
2010; Fish et al., 2008, 2005; Daniels et al., 1993). For example, up to
half of sea turtle nesting areas could be lost with a global SLR of
0.5 m or more in the next 100 years in areas of the world where
coastal squeezing is occurring or no retreat options exist (Fish et al.,
2008, 2005). In the Matanzas Basin of northeastern coastal Florida,
habitat for sea turtles could be reduced by 64% with 1 m of SLR by
2100 and with a future urban development scenario for 2060
(Frank et al., 2015). In contrast, the diamondback terrapin, which
uses both brackish and salt marshes, could benefit from habitat
changes associated with a 1 m SLR scenario, perhaps due to the
Table 5
Summary of existing quantitative threshold information under projections of sea level r

Common Name
(Scientific Name)

Habitat T

Tidal
Marsh

Beaches/
Barrier
Islands

Mangroves Shellfish
Beds

Diamondback terrapin
(Malaclemys terrapin)

X � Could have inc
the Matanzas B
2015).

Green sea turtle
(Chelonia mydas)

X � A 0.59 m SLR w
inundation for

� 63% of nests t
destroyed due

Loggerhead sea turtle
(Caretta caretta)

X � Relative SLR of
of 22 cm) could

� 25% of nests wi
to inundation f
projected conversion of some forested freshwater wetlands or
other land types to estuarine habitat (Frank et al., 2015).

Sea turtles with nesting periods that overlap with the hurricane
season are the most vulnerable to coastal storms. Storm-related
threshold research for sea turtles has focused on surge levels that
can destroy nests and reduce hatching success rates. For instance,
Milton et al. (1994) found that Hurricane Andrew impacted sea
turtle nests in south Florida within 40 miles of the eye of Andrew,
while nests located at least 90 miles from the eye were unaffected.
Green sea turtles, in particular, nest during peak hurricane season,
making nests and developing eggs highly vulnerable to storm surge
ise and coastal storms for 3 (out of 5) reptile species.

hresholds Related to Projections of Sea Level Rise and Storms

reases in habitat associated with a 1 and 2.5 m SLR of 36% and 40%, respectively, in
asin of Florida due to dependence on brackish and saline marshes (Frank et al.,

ould inundate 28% of the total nesting area for green sea turtles, with the extent of
individual beaches ranging from 11% to 36% (Fuentes et al., 2010).
hat occurred within 45 miles from the eye of Hurricane Andrew were lost or
to inundation from a 1.8 m surge (Milton et al., 1994).
0.53 m along South Carolina's coast (SLR scenario of 31 cm along with subsidence
reduce nesting area by 51% on Cape Romain (Daniels et al., 1993).

thin a 45-mile radius from the eye of Hurricane Andrewwere lost or destroyed due
rom a 1.8 m surge (Milton et al., 1994).



Table 6
Summary of existing quantitative threshold information under projections of sea level rise and coastal storms for 2 (out of 5) fish species.

Common Name
(Scientific Name)

Habitat Thresholds Related to Projections of Sea Level Rise and Storms

Tidal
Marsh

Beaches/
Barrier
Islands

Mangroves Shellfish
Beds

Shortnose sturgeon
(Acipenser brevirostrum)

X � Saltwater intrusion will threaten optimal salinity ranges, which are between 1.75 and 3 ppt
during the breeding season, up to 8 ppt during early life stages, and up to 20 ppt for older life
stages (Jager et al., 2013).

Gulf sturgeon (Acipenser
oxyrinchus desotoi)

X � Exposure to waters with salinity of 10 ppt for a 24-hr period resulted in 100% mortality for 71-
day old larvae (Randall et al., 2013).
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and inundation (Pike and Stiner, 2007). While no numeric
threshold data were found specifically for the Kemp's Ridley sea
turtle, this species is believed to be highly vulnerable to SLR as it
exhibits low phenotypic plasticity and nests almost exclusively on
barrier islands across the Gulf Coast that are highly susceptible to
habitat degradation and loss (Watson et al., 2015b).
4.4. Thresholds for fish species

Numeric threshold data specific to SLR and coastal storm
stressors were scarce for fishes, with quantitative information only
available for 2 out of the 5 species (Table 6). SLR and storm impacts
are generally of only moderate concern to fisheries managers,
ranking below other climate stressors like water temperature and
ocean acidification (Gregg et al., 2016). Thus, only a small subset of
fishes was selected that are highly dependent on salt marsh,
mangrove, and similar land-based coastal habitats. However,
research suggests that some fish species are sensitive to changing
salinities and likely to be impacted by SLR in low-lying coastal areas
through saltwater intrusion into freshwater areas or by changes in
submerged aquatic vegetation (SAV) or other preferred habitat.
Diamond killifish in Louisiana tend to use high marsh (Distichlis
spicata) when it is available (Rozas and Reed, 1993). More intense
storms could lead to declines in high marsh plants, losses in SAV, as
well as losses of mangrove forests that diamond killifish and other
Table 7
Summary of existing quantitative threshold information under projections of sea level ris
mammal (out of 1) species. No thresholds were found for the single amphibian species.

Common Name (Scientific
Name)

Habitat

Tidal
Marsh

Beaches/
Barrier
Islands

Mangroves Shellfish
Beds

Horseshoe crab (Limulus
polyphemus)

X X � SLR and
sand is a

� Hurrican
occurred

Eastern oyster (Crassostrea
virginica)

X � A SLR ra
accelerat

� A storm
event th

� Reducing
oysters,
Galvesto

� Followin
upper ba
were ass
(Munroe

Eastern beach tiger beetle X � Exhibits
2006); b
vulnerab

Alabama beach mouse
(Peromyscus polionotus
ammobates)

X � A 100-ye
a SLR of
fish rely on for food and protection from predators, leading to
population declines (Gilman et al., 2008; Field,1995; Nordlie,1987).
Further, long-term salinity increases following hurricanes, which
occurred at three sites in southwest Louisiana following the 2008
hurricane season, combined with reduced SAV habitat, may nega-
tively affect diamond killifish abundance (La Peyre and Gordon,
2012). Rainwater killifish prefer structurally complex beds of
tapegrass and other SAV, but elevated salinity levels can preclude
the colonization and growth of these relatively sensitive SAV-
dependent species (Jordan, 2002).

More frequent storms could negatively impact fish that exhibit
slow recovery and growth rates, such as gulf sturgeon. Coastal
storms usually make landfall in summer when the majority of the
gulf sturgeon population is residing in the lower reaches of rivers
and are more vulnerable to flooding. If a major landfalling storm
reduces a population significantly, it could take decades before
population numbers become detectibly higher or rebound to pre-
storm levels (Adam Kaeser, U.S. Fish and Wildlife Service, pers.
comm., April 2016).
4.5. Thresholds for other taxonomic groups

Quantitative thresholds were found for some of the remaining
coastal species, which included invertebrates (2 out of 2), an
amphibian (0 out of 1), a mollusk (1 out of 1), and a coastal mammal
e and coastal storms for 2 invertebrates (out of 2), 1 mollusk (out of 1), and 1 coastal

Thresholds Related to Projections of Sea Level Rise and Storms

erosion can reduce beach habitat and affect spawning, as they rarely spawn unless
t least 10 cm deep (Titus et al., 2009).
e Sandy is largely responsible for a 70% decrease in optimal spawning habitat that
on the New Jersey side of Delaware Bay (Niles et al., 2013).

te of 3.6 mm/year over the next 70 years could increase submergence greatly and
e oyster reef decline in Florida's Big Bend Coast (Seavey et al., 2011b).
surge level of 2.5 m in Florida's Waccassassa Bay was implicated as a threshold
at broke up several stressed offshore reefs (Seavey et al., 2011b).
salinity by 3 ppt led to a 168e200% reduction in the number of total oysters, adult

abundance of spawn, recruits, and larvae relative to reference simulations in
n Bay (Dekshenieks et al., 2000).
g hurricane Irene and tropical storm Lee, monthly mortality of 10% and 55% on
y beds in Delaware Bay exceeded long-term averages at those locations and
ociated with a continuous low salinity (<7) exposure for more than 20 days
et al., 2013).
preference for beaches that are at least 6 m wide and 100 m long (Fenster et al.,
arrier island beach widths are a geomorphic characteristic in SLR and storm
ility modeling (e.g., Gutierrez et al., 2015).
ar storm event would floodmore than 82% of their habitat, andwhen coupled with
0.5 m would flood 86% of their habitat (Chen et al., 2014).
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(1 out of 2) (Table 7). The eastern oyster is relatively well studied
and exhibits optimal submersion times and salinity levels that, if
changed, could result in large declines in abundance. The eastern
oyster will need to migrate upslope or recruit oysters upward at a
pace that maintains preferred submersion times relative to
changing rates of SLR (Solomon et al., 2014). Storm-related salinity
declines, such as simulated for Galveston Bay, Texas and the Gulf of
Mexico, showed that a 3 ppt drop could lead to substantial re-
ductions in larval and adult oysters (Dekshenieks et al., 2000).
During record rainfall events throughout the Mississippi River Ba-
sin in 2011 that triggered the opening of water control structures,
freshwater inputs into the Mississippi Sound lowered salinities to
less than 5 ppt for several weeks, substantially diminishing oyster
stocks (LA DWF, 2011). Turner (2006) further found that eastern
oyster landings were inversely related to freshwater flows in five
major estuaries of the Gulf Coast. In addition, winds associatedwith
increased storm activity can increase suspended sediment loads
and lead to complete burial and decreased recruitment success of
oyster larvae (Solomon et al., 2014; Livingston et al., 1999). Sedi-
ment loads of 8 g/L have resulted in significant reductions of oyster
settlement (Boudreaux et al., 2009).

In many areas where inland migration is restricted, beach nar-
rowing and other physical changes to beach habitat were found to
indirectly impact the horseshoe crab, eastern beach tiger beetle,
and the eastern oyster. Loss of beach habitat due to erosion from
SLR can lead to large changes in available nesting and spawning
habitat for the horseshoe crab (Titus et al., 2009). The eastern beach
tiger beetle also exhibits specific habitat requirements that are
threatened by erosion and SLR (see Table 7); however, numeric
thresholds of SLR and storm levels have not been measured to
indicate whether habitat changes will threaten the viability of the
eastern beach tiger beetle. For the endangered Alabama beach
mouse, limited threshold research suggests that the synergistic
effects of storms and SLR could have detrimental impacts on their
habitat (Chen et al., 2014). Finally, the eastern oyster is the only
species in our review to have a quantitative threshold related to
storm surge, which was recorded as part of an extreme event that
broke up reefs in a Florida bay (see Table 7).
4.6. Discussion

Nearly all of the species reviewed here exhibit sensitivity to the
impacts from SLR and coastal storms, and the majority show pre-
dictions of diminished abundance. The oystercatcher and dia-
mondback terrapin were exceptions to this result. For these
potentially resilient species, however, we found only one study
containing quantitative predictions of SLR or storm-related effects
that could lead to increased habitat availability. Overall, thirteen
species (29%) are projected to lose at least 50% of their population
or habitat (e.g. foraging, nesting, spawning, or resting habitat) in
certain areas with a 0.5 m or greater rise in sea levels by 2100.
Quantitative tolerance thresholds related to coastal storms are
extremely limited, representing a critical knowledge gap.

The 20 species which lack specific numeric threshold data
related to SLR or coastal storms include the following:
� American black duck � Gull-billed tern � Perdido Key beach mouse
� Black mangrove � Kemp Ridley's sea turtle � Rainwater killifish
� Black skimmer � King rail � Roseate tern
� Blackgrass � Least tern � Spadefoot toad
� Brown pelican � Leatherback sea turtle � White mangrove
� Common snook � Mangrove cuckoo � Wilson's plover
� Diamond killifish � Nelson's sparrow
Our results suggest that research on quantitative thresholds is
still in its infancy. Limited quantitative threshold information hin-
ders our ability to know when and where to take actions that can
delay or prevent rapid population declines, extirpation, or extinc-
tion. Improved knowledge of quantitative thresholds would pro-
vide needed benchmarks to guide and support climate-smart
management actions and decision making in the coastal zone.

5. Restoration and management alternatives for increasing
persistence and resilience of vulnerable species

Despite limited species-specific thresholdmetrics, an expanding
focus on coastal habitat responses to the effects of SLR and coastal
storms are helping to inform how species are likely to be impacted.
There is a growing body of research on how salt marshes may
respond to SLR and coastal storms (e.g., Lentz et al., 2016; Kirwan
et al., 2016; Osland et al., 2016; Watson et al., 2015b; Fagherazzi
et al., 2013; Morris et al., 2002). Further, research has shown that
barrier islands along the Atlantic and Gulf Coasts are susceptible to
instability and exhibit diagnostic characteristics that indicate they
could cross geomorphic tipping points in response to future SLR
(Gutierrez et al., 2007 and references within).

Coastal resource and conservation managers can use habitat
tolerance information to bolster planning for species and habitat
management under local rates of SLR, changing storm activity, and
related vulnerabilities. For instance, Caribbean islands are projected
to lose up to 38% of small beaches with a SLR of 0.5 m, which was
estimated to reduce sea turtle nesting habitat by one-third (Fish
et al., 2005). Given the difficulty in identifying species-specific
thresholds, assessing the vulnerability and response of sensitive
habitats will continue to be an important area of research for
advancing threshold-related science and the interactive effects of
SLR and coastal storms.

The following climate change adaptation strategies are currently
being employed throughout the Atlantic and Gulf coasts as well as
the Caribbean to conserve and manage vulnerable coastal habitats.
We present these approaches to disseminate the concept of how
threshold data could be used to increase the persistence and
resilience of dependent coastal species in a changing climate.

- Restoration of tidal marsh restrictions (e.g., manmade hy-
drologic restrictions and impounded freshwater areas) to
restore natural tidal flows, increase the transport of necessary
sediment subsidies, and build elevation (such as through sedi-
ment diversions). This strategywas used at Prime Hook National
Wildlife Refuge, Delaware Bay to restore impounded freshwater
areas back to brackish and salt marsh habitats to enhance marsh
development, reverse subsidence, and support the recoloniza-
tion and domination of Spartina species. Research has suggested
that a SLR rate of 12 mm per year or less in areas with high
sediment loading will allow smooth cordgrass growth to sustain
an equilibrium elevation and optimal depth of tidal flooding
(USFWS, 2015a). The restoration project is incorporating
research and monitoring to further identify thresholds or
guidelines to mitigate future habitat loss and benefit local spe-
cies, such as the saltmarsh sparrow, American oystercatcher,
and red knot.

- Sediment augmentation (e.g., thin-layer deposition) as a salt
marsh restoration technique that, when used in conjunction
with plantings of native species, builds critical elevation in areas
where marsh accretion rates are insufficient to keep pace with
local SLR. Sediment augmentation is also used for mangrove
systems. Thresholds for marsh plant species like saltmeadow
cordgrass, smooth cordgrass, and blackgrass can help identify
specific target elevations for thin-layer deposition techniques to
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support plant growth and persistence. This will further support
other coastal species that rely on salt marsh and mangroves for
nesting and reproduction, such as willets and saltmarsh spar-
rows (USFWS, 2015b).

- Coastal response modeling to identify timelines, thresholds,
uncertainties, and opportunities for further management and
conservation actions (Lentz et al., 2016). This method assesses
the ability of habitats to respond dynamically (i.e., migrate
inland or build elevation) or statically (i.e., inundate) in response
to SLR and coastal storms. Identifying where dynamic responses
are more likely is important for planning and decision making
related to land acquisition that facilitates upslope or inland
migration of beach and barrier island habitats and dependent
species including terns, plovers, sea turtles, the eastern beach
tiger beetle, and sea oats. Quantitative thresholds can take this
further by providing planning time horizons that indicate when
and where actions will be most effective and have the greatest
confidence levels for successful conservation.

- Conservation of high biodiversity areas through acquisitions
and easements (e.g., advancement zones, rolling easements,
land acquisitions) within a landscape conservation design that
prioritizes areas to mitigate habitat losses, maximize movement
corridors, and buffer high quality habitat from SLR and storms
(Hodgman et al., 2015; Wiest et al., 2014). For example, the
Guana Tolomato Matanzas National Estuarine Research Reserve
in Florida estimated percent changes in species' habitats and
areas of high biodiversity under low and high SLR scenarios to
identify vulnerable areas and prioritize conservation lands
outside the reserve as an adaptation strategy (Hoctor et al.,
2015). This is expected to benefit many wildlife species
including black rail; seaside sparrow; least tern; black skimmer;
piping plover; and the loggerhead, green, Kemp's Ridley, and
leatherback sea turtles.

- Modeling and monitoring of beach/barrier island geomor-
phological change after large coastal storms to improve data
and predictions of habitat persistence, barrier island dynamics,
and declining or listed species that use these systems. For
example, habitat response models have helped identify and
quantify highly vulnerable piping plover habitat due to the
interactive effects of SLR, storm surge, and development for
barrier islands in Suffolk County, New York (Seavey et al., 2011a).
Thresholds derived from these modeling and monitoring ac-
tivities will benefit all beach and barrier island dependent
species.

- Facilitated expansion and assisted migration of coastal hab-
itats using land-use planning, rolling easements, or zoning rules
to identify and acquire areas for plant and animal species to
move into as future habitat (Gilman et al., 2008). For example,
quantitative thresholds for mangrove species related to SLR
would provide timelines to help plan and manage transitional
areas in the near and long term. Based on the findings from
Ellison and Stoddart (1990) (Table 4), local rates of relative SLR
that approach 9 cm per year could trigger action to identify and
secure future habitat areas for the long-term persistence and
resilience of local red mangrove species in the face of continued
SLR.

- Performance metrics and monitoring to track and detect
possible ecological threshold crossings across multiple scales.
Combine threshold-based adaptive management with other
decision support tools, such as scenario planning, adaptive
resource management, and structured decision-making
(Staudinger et al., 2015; Caves et al., 2013) to make informed
and iterative adjustments to management decisions as new in-
formation on thresholds is obtained. For instance, quantitative
ecological performance metrics such as number of nests
present, wildlife population, and reproductive success rates can
be tracked and evaluated over time for any focal species in a
particular management unit or jurisdiction. Monitoring at the
community level is ideal to detect and track changes in species
interactions and assemblages driven by shifts in habitat use in
response to coastal stressors (Stein et al., 2014).

- Managing ecological shifts at landscape scales. In particular,
climate refugia will become an increasingly important strategy
to enhance the persistence of vulnerable species long term
(Morelli et al., 2016; Stein et al., 2014, 2013). This includes
identifying areas where coastal habitats are able to migrate
inland and predicting where range shifts are likely to occur due
to changes in temperature or salinity, for instance, that could
force species into new areas less exposed to SLR and storm
impacts. Mangrove ecosystems (red, white, and black man-
groves) and coastal species that use these habitats (e.g., the
brown pelican) would especially benefit from management ac-
tions that incorporate threshold metrics for a range of stressors
(e.g., SLR, temperature, precipitation), as well as across seasons
and latitudinal gradients.

- Beach nourishment to enhance beach and barrier island
habitat, such as through the beneficial use of dredged material
for restoration. Quantitative thresholds can guide beach nour-
ishment projects to ensure any adverse impacts to shorebirds,
invertebrates, sea turtles, or other beach-dependent species are
minimized. For instance, beach nourishment that takes into
account thresholds of SLR and coastal storms can better ensure
that suitable sand depths for horseshoe crab spawning (Titus
et al., 2009) or sea turtle nesting (Rivas et al., 2016) are main-
tained following storm events.

- Living shorelines as a shoreline management technique to
protect the natural land-water continuum, reduce flooding and
erosion, and provide habitat for coastal species (Currin et al.,
2010). Quantitative threshold metrics related to SLR or coastal
storms for species that are often part of a living shoreline
approach (e.g., smooth cordgrass and eastern oysters) can
inform site selection and design to ensure they are used in the
most appropriate places and provide the greatest ecological and
human community benefits. For instance, identifying inunda-
tion thresholds for eastern oysters can inform the construction
and ongoing maintenance of oyster reefs in a living shoreline
project to ensure optimal oyster submersion times relative to
changing rates of SLR (Solomon et al., 2014).

These climate change adaptation strategies represent some of
the ways coastal managers and decision makers are effectively
increasing the persistence and resilience of vulnerable habitats and
species to SLR and coastal storms. Threshold metrics enhance these
strategies and build on decision support tools by informing moni-
toring and decision making, thus increasing our understanding of
ecosystem responses to threats and enabling more informed ac-
tions (Foley et al., 2015). Further, quantitative thresholds provide
resource managers greater confidence in their decisions e even
when coupled with the high uncertainties associated with climate
and SLR projections.

6. Conclusions

This review of 45 coastal species of conservation concern found
quantitative thresholds for 25 species; of these, at least 29% are
expected to lose roughly 50% or more of their population or habitat
under a moderate rate of SLR of 0.5 m or greater by 2100. Taxa with
the greatest amount of threshold data include coastal birds, plants,
and reptiles. Less information exists for mangroves, fishes, am-
phibians, and coastal mammals, suggesting there is insufficient
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information to understand and predict when and where these
species will cross critical tipping points that could lead to irre-
versible changes in abundance, productivity, reproduction, or
habitat. Threshold metrics for coastal storms were scarce for all
species, with only one metric found for strength of storm surge
(eastern oyster in Waccassassa Bay, FL (Seavey et al., 2011b)).
Despite this, there is a growing body of research and rapid devel-
opment of decision support tools addressing future impacts of SLR
and coastal storms that facilitate decision making and action under
high uncertainty. For example, scenario planning (e.g., Rowland
et al., 2014), structured decision-making (e.g., Gregory et al.,
2012), and adaptive management (e.g., Allen et al., 2011) are
helping to connect diverse partners and planning efforts across
landscape scales to begin making general decisions with qualitative
scenarios, and integrate threshold data when they become avail-
able. Two such examples in this geography are Nature's Network:
Sustaining lands andwaters for wildlife and people – fromMaine to
Virginia (naturesnetwork.org), and the Southeast Conservation
Adaptation Strategy effort (http://secassoutheast.org/).

We conclude that significant gaps in quantitative thresholds and
tipping points remain; therefore, it is imperative that research,
monitoring, and modeling efforts prioritize critical deficiencies in
knowledge. While decisions and actions can still be made with
qualitative climate change adaptation tools, quantitative thresholds
strengthen decision making and enhance the effectiveness of
coastal management approaches seeking to increase the resilience
and adaptive capacity of at-risk species and habitats. For instance,
quantitative threshold data can be used to modify qualitative risk
categories typically used in climate change vulnerability assess-
ments (e.g., extremely, highly, moderately, or not vulnerable) based
on how SLR or storms are projected to impact a species or climate-
sensitive habitat (Fig. 1). In this way, thresholds provide truly
quantitative benchmarks or management targets for vulnerable
species and habitats that can inform more definitive planning ho-
rizons and prioritize specific actions at a local scale.

The thresholds synthesized in this review are transferrable to
other similar areas as precautionary indicators of how SLR will
affect local habitats and wildlife populations. However, we urge
caution when only a single threshold is available for a specific
species or location, as this represents higher uncertainty in its
transferability. Ideally, two or more threshold metrics across a
species' life stage and/or across latitudinal gradients would support
robust decision making and management strategies that are
effectively honed. More research quantifying tolerance thresholds
across multiple scales for representative species and climate-
sensitive habitats under multiple projections of SLR and storm
levels is clearly needed at local and regional scales. Lastly, increased
guidance on how to incorporate threshold data into coastal man-
agement and decision making can ensure that this type of infor-
mation is useful tomanagers and can immediately influence coastal
restoration and adaptation outcomes.
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