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Background: Barrier island at Cape Romain National Wildlife Refuge, South Carolina, experiencing
dune erosion and loss of maritime forest. Refuge beaches are important nesting areas for several
threatened and endangered shorebirds and are among the most critical sites for nesting populations
of loggerhead sea turtles north of Cape Canaveral, Florida. Persistent erosion and repeated
overwash of dune and beaches alter habitat and destroy hundreds of turtle nests each season.
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(Photograph by William Boyer, U.S. Department of Agriculture Forest Service, Bugwood.org; in the
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made by Gullah-Geechee artisans (Photograph licensed under Creative Commons Attribution 2.0
Generic), sandbag barricades protecting coastal homes on Isle of Palms, South Carolina, from sealevel rise (Photograph by Mitchell Eaton, U.S. Geological Survey).
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Abstract
This final report summarizes activities, outcomes, and
lessons learned from a 3-year project titled “Climate Change
Adaptation for Coastal National Wildlife Refuges” with the
Cape Romain National Wildlife Refuge (NWR) and local
partners in the surrounding South Carolina Lowcountry. The
Lowcountry is classified as the 10-county area encompassing
the coastal plain of South Carolina (this report specifically
focuses on Berkeley, Charleston, and Georgetown Counties). The goals of this work, sponsored by the U.S. Geological Survey’s Southeast Climate Adaptation Science Center
(SECASC), were to foster active engagement with stakeholders; to develop a comprehensive definition of adaptation
problems faced by agencies, organizations, and individuals
near the Cape Romain NWR that accounts for global change,
local values, knowledge and perceptions; and to encourage
social learning and building of effective networks and trust
across South Carolina Lowcountry organizations and individuals. Although project scoping began at the scale of the Atlantic
seaboard, by engaging with NWRs from Massachusetts to
Florida, participating refuge personnel eventually selected the
Cape Romain NWR to serve as a case study for testing our
goals. The Cape Romain Partnership for Coastal Conservation was established to address global change impacts at a
regional level and includes representation from Federal and
State resource agencies, local conservation nongovernmental
organizations, and organizations representing underserved
community interests. Research topics, originating from discussions with Cape Romain Partnership for Coastal Conservation members, focused on quantifying key drivers of change
including localized sea-level rise (SLR) predictions, estimates
of coastal hurricane inundation as amplified by SLR, and
U.S. Geological Survey.
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urban growth trends and forecasts. These key drivers provided
a foundation to engage stakeholders in planning exercises to
begin a process of collective understanding and collaborative decision making. The goal of this process was to develop
collective strategies of adaptation to enhance community and
ecosystem resilience in the South Carolina Lowcountry.
South Carolina’s Lowcountry is experiencing rapid
environmental and social transformation because of SLR rates
approaching twice the global average, chronic tidal flooding
and catastrophic storm surges, erosion and loss of habitats
that provide essential services to wildlife and humans, and
increasing social polarization fueled by aggressive low-density
urban growth and other forms of land conversion. To support
characterizations of plausible future scenarios, we used available or, in some cases, developed new models to project future
conditions of key environmental and social-economic drivers.
Because of the imprecision of mean global SLR projections,
the SECASC commissioned a climatological study to account
for local conditions and multiple representative concentration pathways to project a tailored distribution of future sea
levels. These projections were matched to SLR scenarios
provided by existing models to anticipate the range of future
coastal habitat changes in the South Carolina Lowcountry.
SLR scenarios were also incorporated into existing stormsurge models, which do not account for alternate baseline
sea levels, to project the local effects of future hurricanes. To
evaluate the extent and effects of population growth and urban
expansion, we relied on an existing urban-growth model to
map the spatial distribution of land-conversion probabilities,
the total area of which is predicted to increase twofold to
threefold over the next 60 years. In addition to this simplified
model, an econometric model is in development to account
for nonlinear feedback dynamics in land value, land use, and
ecosystem service production. Although not yet completed, the
goals of this model are to produce more-detailed projections
of growth dynamics and to allow predictions of development
patterns resulting from alternate land-use planning policies
and incentives.
Collaborative planning for an uncertain future requires
more than providing decision makers with information on
future physical and ecological conditions; developing effective and consensual strategies must also integrate sociological
values, multiple cultural perspectives, and an understanding of
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human behavior. To support broad stakeholder engagement in
integrative approaches to adaptation planning, emphasis was
placed on the importance of considering differences in how
individuals perceive their environment and create meaning.
Because cultural frameworks form the basis for perceptions
and, ultimately, the behaviors of individuals and institutions, we describe a model of human behavior and how it can
be used to understand the effect of cultural complexity and
variation in perception on choices, behavioral change, and
long-term maintenance of behaviors. We consider a model
commonly used in the field of behavioral health that accommodates variation in human perception when describing stages
of behavior and the dynamics of behavioral change. Tailoring
communication and engagement activities to targeted stakeholders is likely to benefit from increased understanding of
behavioral change processes.
The complex nature of this problem limited the usefulness of a traditional decision-analytic approach, we explored
alternative methods for engagement, collaborative learning
and decision making. Recognizing that project partners and
Lowcountry stakeholders may be at different stages of preparedness and interest level for modifying behavior as a function of global change, we facilitated a scenario-planning exercise to familiarize partners with this well-established approach
for communicating the opportunities and threats arising under
alternative, plausible futures. We developed narratives for four
alternative South Carolina Lowcountry scenarios to be used
in later strategic planning that focus on quantitative trends for
three primary drivers with high impact and high uncertainty:
manifestations of climate change, social-political shifts at a
global level, and forces of local value and power structures.
This scenario-planning exercise underscored the complex
relation between the temporospatial scale of the production
of ecological goods and services and the institutional scale at
which they are managed. We then guided the partners through
an assessment of the relevant strengths and weaknesses of the
Cape Romain Partnership for Coastal Protection, using the
threats and opportunities characterized by each scenario to
understand how the partnership might respond when attempting to meet conservation and societal objectives. The partnership identified key strengths including partnership experience,
outreach and technical capacities, a substantial conservation
land base, and high social cohesion in the South Carolina
Lowcountry. Limited communication expertise, institutional
inertia, and insufficient staffing and funding were recognized
as important weaknesses across the partnership. By examining
and scoring combinations of internal strengths and weaknesses
and external threats and opportunities, the partnership developed sets of prioritized strategies to consider in the context of
a given scenario. Although we had insufficient time to examine all scenarios in detail, the intent was to identify a portfolio
of strategic actions to address threats and opportunities represented in multiple plausible futures. Top-ranking strategies
encompassed a range of actions that focused on strengthening

the conservation community and communicating the benefits
of nature (that is, ecosystem services) to leveraging partnerships to expand land protection.
This report also details the methods and preliminary
results of several models developed or applied in support of
this project. Two parcel-selection algorithms were used to
evaluate anticipated habitat changes and patterns of urban
growth to guide decisions on optimal conservation reserve
design to protect habitat communities. One approach used a
widely available planning software (MARXAN) to maximize
conservation benefits near the Cape Romain NWR, whereas
the other approach was a novel application of economic theory
to account for uncertainty in future conditions and for the
risks of unanticipated habitat loss. This latter model applies
modern portfolio theory to estimate the risk of investing in
any portfolio of land parcels (that is, candidate “reserves”)
under climate-change uncertainty by quantifying the variation and spatial correlation of conservation benefits derived
from each portfolio. We expanded the range of actions beyond
simply whether or not to invest in a set of land parcels, an
approach commonly used in spatial conservation planning,
to also include consideration of divestment from currently
protected lands. Such refinements allow for better accounting
of system dynamics and can evaluate the benefits of flexible
conservation tools such as rolling easements. Model results
were conditional on a decision maker’s risk tolerance but
highlighted general strategies of land conservation to increase
future habitat representation beyond what is expected under
the current protected land base. We built models that may help
inform coastal planning by estimating salinity dynamics and
the performance of oyster reef restoration efforts to predict the
combined effects of global change and management of freshwater flows on coastal habitats and the processes that contribute to their resilience. These models can support restoration
decisions by evaluating the expected benefits of site locations
for shoreline protection and fisheries production. Lastly, we
developed a spatially explicit economic model that predicts
feedback dynamics among land value, land-use change, and
effects on ecosystem service provision to explore zoning policies and incentives on urban growth and ecosystem services.
We summarize these efforts with insights and considerations for the Cape Romain Partnership for Coastal Protection
to continue to engage stakeholders in effective adaptation
planning. First, notions of place attachment (referred to as
sense of place), and the role of culture in social discourse are
increasingly being used to understand the complex interactions between society and the environment and how societies
respond and adapt to climate change. Sense of place was a
unifying theme whenever the future of the South Carolina
Lowcountry was discussed. The contribution of the South
Carolina Lowcountry’s environmental wealth, rich cultural
heritage, and quality of life to sense of place has important
implications for how adaptation planning might best be pursued. More community-based governance of the commons (in
other words, natural and cultural resources held in common),
in which broad stakeholder participation and power sharing
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are key elements, is considered important. This devolution of
governance is characterized by polycentric institutions and
self-organizing social networks that promote a local culture
of knowledge sharing, problem solving, and learning. These
so-called bridging organizations (or individuals) often provide
the leadership necessary to bring together potentially disparate
Government agencies and institutions, private organizations,
and individuals in a collective process of problem solving. Our
observations also suggest that the conservation community in
the South Carolina Lowcountry views its activities as integral
to the broader governance of social-ecological systems, in
which responses to the forces of global change are mediated
through culture, economics, and politics. Rather than directly
competing with other interests, the South Carolina Lowcountry conservation community seems to embrace an interpretation of conservation in which the fundamental objective is the
quality of human life rather than environmental protection.

Fundamental to the types of governance reforms
described above is the notion of coproduction, in which
experts and users collaborate to develop a shared body of
knowledge. In this approach, scientists work with stakeholders to help frame questions, design research, and collect and
analyze data. Such sustained collaborations are increasingly
believed to be an effective way to produce useable (or actionable) science. The emphasis on social learning, leveraging
strong social networks, coordinating and deliberating among
diverse stakeholders, and applying principles of adaptive
management is an essential contribution to adaptive capacity.
The diverse and robust set of scientific approaches, methods
to help stakeholders collaborate in effective and goal-driven
planning processes, and decision tools resulting from this project hopefully will assist Cape Romain NWR and its partners
prepare for climatic, ecological, and social changes over the
coming decades.

A.1. Purpose  5

Chapter A. Introduction
A.1. Purpose

Wildlife Refuge (NWR), but it is also for all those in South
Carolina’s Lowcountry (fig. A1) who are interested in conserving the region’s environmental, aesthetic, and cultural values
in the face of global change. The approaches and insights
from this project may also benefit other coastal NWRs and
conservation partners in their efforts to confront sea-level rise,
climate change, and population growth.

This document is a final report for “Climate Change
Adaptation for Coastal National Wildlife Refuges,” a 3-year
project sponsored by the U.S. Geological Survey Southeast
Climate Adaptation Science Center. This document is primarily intended as an adaptation guide for Cape Romain National
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A.2. How this Document is Organized
How this document is organized, and a brief overview
of each chapter are provided herein. Each chapter can be read
independently, and thus in any order, but an ordered reading of
chapters B–G will provide the most coherent understanding of
the project as it evolved over time.
The rest of chapter A provides background concerning the
project, including its philosophy of collaboration, goals, and
project milestones.
Chapter B provides motivation for this project by
examining the forces of global change in the South Carolina
Lowcountry, including sea-level rise, frequency and intensity
of tropical storms, erosion of barrier islands, and population
growth and urbanization.
Chapter C focuses on engagement of stakeholders
interested in the social-ecological future of the South Carolina Lowcountry. It describes the choice of a human-behavior
model, which attempts to explain how people modify their
behavior in response to emerging environmental and social
issues. This chapter also describes the importance of a cultural
context in adaptation planning. Responses to global change in
the South Carolina Lowcountry involve a diversity of stakeholders and decision makers, who bring with them not only
competing priorities but also various ways of understanding
the world.
Chapter D describes a scenario planning exercise. Four
scenarios are described, which posit alternative futures for
the South Carolina Lowcountry in 2050. The scenarios help
partners communicate how climate change, a changing geopolitical order, and local values and power structures might
threaten, or provide opportunities for, conservation efforts.
Chapter E details how the scenarios from Chapter D
were used in a strengths, weaknesses, opportunities, and
threats (SWOT) analysis to propose and prioritize stakeholder
engagement strategies that will foster a more coherent and
coordinated approach to global-change adaptation.
Chapter F provides two approaches for prioritizing the
protection of lands to conserve the ecological goods and services of the South Carolina Lowcountry in the face of global
change. One approach considers the change in habitats under
expected sea levels in 2050, and the other considers a broader
planning region, as well as uncertainty in the extent of sealevel rise and urbanization.
Chapter G focuses on insights, lessons learned, and
partnership considerations for an ongoing and effective stakeholder communication and engagement effort. This chapter
describes, through a series of propositions, how the authors
believe project partners may be able to strengthen the effectiveness of interactions with a diverse array of stakeholders.
Appendixes provide tracks of tropical storms affecting
the South Carolina Lowcountry (app. 1), a coastal salinity
model (app. 2), a model of oyster dynamics (app. 3), and
econometric land-use models (app. 4).

A.3. Background
“We must act now, as if the future of fish and wildlife
and people hangs in the balance—for indeed, all
indications are that it does.”
U.S. Fish and Wildlife Service (2010a).
Coastal ecosystems in the eastern United States have
been severely altered by human development, including
drainage of coastal wetlands, changes in hydrology that alter
sediment and freshwater delivery to the coast, land clearing, agricultural and forestry activity, and the construction of
seawalls and other structures that harden the coast (Stedman
and Dahl, 2008). Sea-level rise and the changing frequency of
extreme storm events associated with climate change are now
further degrading the capacity of those ecological and social
systems to remain resilient in the face of disturbance (Arkema
and others, 2013).
Coastal NWRs have an especially important role to play
in sustaining valued natural resources and in helping socialecological systems respond and adapt to the global-change
processes of sea-level rise, climate change, and changing land
use. Coastal NWRs protect critical habitat and ecosystems for
a host of wildlife species but also contribute to essential goods
and services that benefit coastal communities, businesses, and
individuals. Some of the many benefits to society contributed
by coastal NWRs include storm-surge protection, improved
water quality, nurseries for commercially important fin and
shellfish, and recreational opportunities. However, faced
with global-change drivers, including climate, economic,
demographic, and land-use change, the role of coastal NWRs
in protecting the Nation’s natural resources and providing
ecosystem services is in jeopardy (Griffith and others, 2009).
See figure A2 for a conceptual model of drivers, landscape
changes, and impacts to NWRs.
In 2013, the U.S. Geological Survey’s Southeast Climate
Adaptation Science Center began an effort to help NWRs
along the eastern seaboard address adaptation strategies in
response to climate change and other global-change processes.
In an uncertain world, good decisions do not guarantee good
outcomes, but a systematic process, in which decision makers
(managers) and scientists are engaged in the development of
potential solutions to complex problems, should enhance the
likelihood of favorable outcomes (Keeney, 2004; Meadow and
others, 2015). In pursuing this management-research collaboration, several of the authors worked with NWR staff along the
Atlantic coast to understand the problems they face and to provide decision support. Our initial focus was on (a) exploring
how the managers’ ability to meet their objectives is affected
by the larger social-ecological system in which the NWRs are
embedded; (b) understanding how to account for stakeholders’ values and perceptions of tradeoffs; and (c) developing
decision-support tools appropriate for problems with deep
uncertainty, conflicting values, and multiple decision makers.
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The project initially involved listening sessions with
coastal NWRs on the Atlantic and Gulf of Mexico coasts. Our
team visited Alligator River, Cape Romain, Savannah, Lower
Suwannee, and St. Marks NWRs during fall 2013. After these
visits, we conducted a 2-day workshop involving staff from
four coastal NWRs or NWR complexes: Coastal North Carolina NWR Complex, Cape Romain NWR, Chesapeake Marshlands NWR Complex, and Parker River NWR. In 2014, at the
recommendation of these NWRs, focus was shifted to Cape
Romain NWR and the surrounding human-ecological systems
in South Carolina’s Lowcountry (see study area, fig. A1).
Established in 1932 as a migratory bird refuge, Cape
Romain NWR encompasses a 35-kilometer segment of the
Atlantic coast north of Charleston, South Carolina (fig. A1).
The refuge consists of 26,825 hectares, composed of barrier islands, salt marshes, coastal waterways, sandy beaches,
fresh and brackish water impoundments, and maritime forest
(fig. A3; U.S. Fish and Wildlife Service, 2010b). The refuge’s
original objectives were to conserve in public ownership habitat for waterfowl, shorebirds, and resident species. In recent
years, objectives have expanded to include managing endangered species, protecting the only Class 1 Wilderness in South
Carolina (11,735 hectares), and conserving the Bulls Island

Figure A2. Global-change impacts
on coastal national wildlife refuges.
Modified from Nilius and others
(2014); used with permission.

and Cape Island forests (fig. A3) and associated diverse plant
communities. Currently, the refuge is actively working to aid
the recovery of the threatened Caretta caretta (Linnaeus, 1758)
(loggerhead sea turtle).
Cape Romain NWR has become an example of globalchange problems faced by coastal NWRs. In 2013, then
Department of the Interior Secretary Sally Jewell visited Cape
Romain NWR to view the ongoing impacts of sea-level rise
and to encourage conservation of uplands so that less development would occur in the path of rising seas (Fretwell, 2013).
Accelerated beach erosion, submergence of salt marsh habitats, conversion of salt marsh to tidal flats and open water, and
saltwater intrusion are apparent at the refuge and are largely
attributable to sea-level rise (Ellis and Nilius, 2012; Faustini
and others, 2013) (fig. A4). Yet landward migration of these
coastal habitats is limited by development, hardened shorelines, and dredged boat channels. Moreover, Charleston is one
of the most rapidly growing metropolitan areas in the country
(Allen and Lu, 2003), which puts the area’s natural environment under additional stress. In addition to sea-level rise and
urbanization, the Cape Romain region can expect more rainfall
extremes, more heat waves, and stronger tropical storms (see
chap. C; South Carolina Sea Grant Consortium, 2017).
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National Wildlife Refuge is designated as wilderness, with the exception of Bulls Island, Garris Landing, and a band of marsh along the
Intracoastal Waterway.
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and the natural environment. The advantage of the “people and
nature” perspective is that it has traction with other societal
needs from the environment and connects better to policy
because of its broad focus (that is, its ability to appeal to a
wider set of constituents). A key challenge, however, is that it
largely lacks the analytical foundations that make traditional
natural-resource management deliverable and measurable.
Armitage and others (2012) described five key concepts
in the search for improved resource governance:

Figure A4. A refuge biologist surveys the effect of sea-level
rise at the “boneyard” on Cape Romain National Wildlife Refuge,
including beach erosion and saltwater intrusion into freshwater
forests, resulting in the decline of rare Atlantic maritime forest
habitat. Photograph by F. Johnson, U.S. Geological Survey.

A.4. Philosophy of Collaboration
Mitigating and adapting to the effects of climate change
presents unprecedented challenges for resource managers.
Planning processes can quickly be overwhelmed by the difficulty of accounting for multiple decision makers; diverse,
often competing, values; complex interactions of social and
ecological systems; and profound uncertainties regarding
the future and society’s ability to affect it. Rittel and Webber
(1973) introduced the notion of “wicked” planning problems,
which in addition to the features above, are characterized by
(a) the lack of a definitive problem formulation; (b) no finite
set of decision alternatives; (c) a never-ending search for solutions; and (d) interdependencies with other wicked problems.
Solutions to wicked problems do not arise from a systematic,
linear process of planning but from a social planning process
involving multiple stakeholders, effective communication,
visioning of alternative futures, and acceptance of diverse
opinions (Camillus, 2008).
Perspectives about conservation and resource management are also changing (Berkes, 2010). To many, the term
“management” has come to imply domination of nature, efficiency, simplification, and expert-knows-best, command-andcontrol approaches (Ludwig, 2001). In contrast, the emerging
philosophy emphasizes stewardship, pluralism, collaboration,
partnerships, and adaptive governance (Mace, 2014). This
emerging perspective of resource governance is less utilitarian and more cognizant of the two-way, dynamic relations
between people and nature. It emphasizes the importance of
variability in cultural perspectives that produce differing interpretations of the landscape and the complexity of developing
sustainable and resilient interactions between human societies

1. The scale of the environmental or resource problem must
be matched by the scale at which agents of change can
act. Governance arrangements to address problems of
fit require strong horizontal and vertical linkages among
scientists, managers, stakeholders, and civil society.
Authority is distributed rather than residing at a single
level. Adger and others (2005) describe horizontal linkages as local actors (resource users, civil society groups,
scientific organizations, and so on) sharing common
interests with other local communities in the same situation and at the same level in which common lessons are
learned and best practices spread. Horizontal linkages
can also refer to Government agencies with horizontally structured departments. Vertical linkages refer to
exchange among entities at different scales (for example,
a local nongovernmental organization initiative engaging
with university researchers or Government agencies).
2. A conventional desire for stable and predictable institutions (in other words, entrenchment) conflicts with the
need for governance and decision-making processes that
are flexible and adaptive in the face of uncertainty and
change. Yet there is a growing demand for the design
of institutions and governance with adaptive capacity,
defined as the ability of the conservation enterprise to
learn from experience, be robust to external disturbances, and be capable of responding to change (PahlWostl, 2009).
3. Empirical studies show that drawing from multiple
sources of knowledge, including knowledge from scientists, policy makers, and stakeholders, can lead to better
social and ecological outcomes (Meadow and others,
2015). The emphasis in contemporary environmental
governance is thus of the coproduction of knowledge,
highlighting the value of managers and scientists engaging with diverse actors to build more holistic understandings. For conservation practitioners, this means supporting decision-making processes that involve meaningful
participation and that do not privilege western science
over other ways of knowing. Drawing understanding
from scientists, resource users, and others with local
forms of knowledge can only increase the ability to meet
the needs in complex and changing systems.
4. Hybrid forms of governance involve the participation of
diverse sets of non-State actors, as well as new perspectives on actor roles and responsibilities. For example, the
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State may transition from a role of provider of expertise
and decision maker to facilitator of knowledge and decision broker. The rationale for participation of an array
of non-State actors include increased legitimacy; more
effective and equitable allocation of resources, costs, and
benefits; and improved access to diversity of knowledge
and expertise. Bridging organizations have emerged as
a key way to build links between communities and the
State, and science and policy (Berkes, 2009). Bridging
organizations have specialized roles, but they also
function outside defined roles and therefore provide the
context for different actors to make sense of information,
learn about conservation challenges, and work together
to build knowledge in a collaborative manner.
5. Accountability and legitimacy traditionally have been
determined by legislation and supporting regulations
and through formal agency mandates associated with
those regulations. However, in networked models
of governance with dispersed power and incentives
among a collection of State and non-State actors, the
sources of accountability and legitimacy are less clear.
Accountability and legitimacy can be enhanced by reasonable clarity about roles and responsibilities, consequences for performance, responsiveness to other actors,
checks and balances, transparency, and the free flow of
information.
In light of the emerging philosophies concerning wicked
problems and resource governance, the Cape Romain NWR
partnership emphasized collaborative stakeholder engagement
to (a) identify and work with those already affected by, and
working on, global-change issues in the South Carolina Lowcountry; (b) look beyond traditional conservation objectives to
address a broad spectrum of concerns, values, and desired ecological goods and services associated with the coastal region;
(c) identify possible collaborations and sources of conflict;
and (d) use the best-available science to understand and guide
decisions to achieve societal goals for the future of the coast.

A.5. Project Goals
To assist the Cape Romain Partnership for Coastal
Conservation cope with global change, we came to believe
there would be greater long-term benefit in providing a robust
process for productive engagement and collaborative learning
relative to the potentially shorter-term benefits of offering specific scientific products. The Cape Romain NWR and its partners would likely be better positioned to confront change well
into the future by developing an adaptive and resilient process
of collective governance and decision making than could
short-lived models and quickly outdated data. We fostered
early and active engagement with stakeholders and allowed for
pluralistic problem definitions that value local knowledge and
perceptions. We encouraged social learning and the building of

social networks and trust across disciplines and organizations.
Notably, research questions were sourced from conservation
practitioners. Overall, project goals evolved to the following:
• Collaboratively envision and describe a variety of possible futures to serve as a basis for collaboration with
people, communities, and organizations that benefit
from and enjoy South Carolina’s Lowcountry.
• Work together to foster greater understanding and
more collaborative decision making among those that
benefit from and value Cape Romain NWR and the
surrounding area.
• Produce decision-support tools that are useful for those
working to protect the coasts in South Carolina.

A.6. Project Milestones
In June 2014, a structured decision-making workshop
was convened at the U.S. Fish and Wildlife Service’s National
Conservation Training Center in West Virginia. NWR managers and project leaders from four NWR complexes on the
Atlantic coast participated in developing decision prototypes
for sea-level rise planning and adaptation of Cape Romain
NWR (Nilius and others, 2014; Johnson and others, 2015).
Results and insights gained from the workshop served as a
starting point for developing a more complete understanding
of stakeholder values, local impacts of sea-level rise on barrier
islands, coastal marshes and upland habitat, and analytical
methods for evaluating the complex set of tradeoffs faced by
decision makers.
A second workshop was held in February 2015 at Bulls
Island on Cape Romain NWR. This workshop brought
together the authors and Cape Romain NWR staff to discuss
models of human behavioral change and to develop preliminary stakeholder engagement and communication strategies.
A key insight from these two workshops was that partnerships with, and public support from, other decision makers and stakeholders are critical for effective global-change
adaptation. Examples of the kinds of stakeholders whose
interests and decisions may directly or indirectly affect the
outcomes for natural-resource objectives include the following: commercial anglers; large private and public landowners;
nongovernmental organizations; public agencies that enforce
State or Federal laws and regulations that affect habitat; NWR
volunteers; State and Federal agencies (for example, departments of transportation); local and county governments; and
small businesses such as lodging and restaurant owners who
benefit from ecotourism. Engendering political support will
likely be most effective if the objectives of this broad array of
stakeholders are considered when quantifying the value of the
NWR. Doing so presents an opportunity to reframe the metrics
used for appraising the value of the NWR; that is, scaling
the evaluation of benefits to match the decision context of a
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broader set of stakeholders whose interests are focused on the
NWR’s production of ecological goods and services for human
well-being.
These workshops also served to help focus scientific
efforts, which were initially designed to help understand
the social-ecological forces of change in the South Carolina
Lowcountry. We ultimately were able to provide up-to-date
assessments of sea-level rise, tropical storms, and urbanization. From the project beginning, the NWR was also interested
in a strategy for landward migration of the refuge to replace
habitats lost to rising seas. We explored ways to prioritize
lands for conservation and developed a portfolio approach that
seeks to quantify the level of risk for any given investment in
properties. This portfolio analysis ultimately can be used as a
basis for collaboration among the many conservation practitioners in the South Carolina Lowcountry.
In April 2016, our team (including staff from Cape
Romain NWR) traveled to the Charleston area to interview
potential partners in the collaboration. Our goal was to listen
to others, to introduce our efforts, to hear what others are
doing, to find areas where work such as this is already happening, and to recognize areas of potential conflict. We believed
it important to uncover issues that are most important on the
landscape to different stakeholders. We ultimately had conversations with local, State, and national organizations working in
the South Carolina Lowcountry, including the following:
• South Carolina Department of Natural Resources,
• The Nature Conservancy of South Carolina,
• National Oceanic and Atmospheric Administration
Office for Coastal Management,
• the Center for Heirs Property,
• the Lowcountry Land Trust,
• Francis Marion National Forest, and
• the South Carolina Sea Grant Consortium.

From these conversations, we discovered an active
network of scientists and conservation practitioners engaged
in global-change issues in the South Carolina Lowcountry.
All the aforementioned organizations continued to participate in efforts to develop strategies intended to help conserve
the natural and cultural resources of the region. With the
U.S. Geological Survey, the Cape Romain NWR, and a few
additional members, we formed the Cape Romain Partnership
for Coastal Conservation (table A1).
In January 2017, we held a scenario planning workshop
in Awendaw, South Carolina, with members of the partnership. Scenario planning involves development of alternative,
but plausible, descriptions of the future. It is used to help
explore uncertain futures, as a method of collective learning,
and as a communication tool for working with a diversity of
stakeholders.
In November 2017, a second workshop was held in
Awendaw to use the scenarios in development of strategic
actions that might help mitigate the effects of global change on
the South Carolina Lowcountry. Attributes from a SWOT analysis were assessed from an internal (within an organization)
and external (among organizations) perspective when developing strategies. After these workshops, project leaders focused
on summarizing the outcomes from scenario planning and
SWOT exercises, developing decision-support tools for land
conservation prioritization, building models to increase understanding of coastal biological systems and economic drivers
and ecosystem impacts of land-use change, and synthesizing
lessons learned to identify some tangible recommendations for
the Cape Romain Partnership for Coastal Conservation. Some
of these outcomes represent ongoing work, whereas most are
detailed in this report.
Finally, it is ironic that in the course of this project, two
workshops in the Cape Romain region had to be cancelled due
to tropical storms: one because of Hurricane Matthew in 2016
and one because of Hurricane Irma in 2017. The next chapter
describes drivers of change in the South Carolina Lowcountry,
including the frequency and intensity of tropical storms.
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Table A1.

Organizations composing the Cape Romain Partnership for Coastal Conservation.
Organization

Description

Cape Romain National Wildlife Refuge

Operating under the U.S. Fish and Wildlife Service’s National Wildlife Refuge
System, Cape Romain National Wildlife Refuge is managed as part of the South
Carolina Lowcountry Refuges Complex which includes four coastal wildlife
refuges protecting 46,540 hectares of South Carolina’s Lowcountry habitat, fish,
and wildlife.

South Carolina Department of Natural Resources

State agency charged with regulating hunting, fishing, boating, and the conservation
efforts of the South Carolina government.

The Nature Conservancy of South Carolina

A national nongovernmental conservation organization dedicated to protecting biodiversity and conserving the lands and waters on which all life depends.

National Oceanic and Atmospheric Administration
Office for Coastal Management

The Federal agency, within the U.S. Department of Commerce, tasked with implementation of the Coastal Zone Management Act, legislation designed to keep the
natural environment, built environment, quality of life, and economic prosperity
of our coastal areas in balance.

Center for Heirs Property

A South Carolina nonprofit that protects heirs’ property (land jointly owned by
descendants of a deceased person whose estate was never handled in probate) and
promotes its sustainable use to provide increased economic benefit to historically
underserved families.

Lowcountry Land Trust

A South Carolina Lowcountry nonprofit land conservation organization focused on
protecting ecologically, agriculturally, and historically significant lands and the
way of life they make possible.

Francis Marion National Forest

The U.S. Forest Service operates this national forest to sustain its health, diversity,
and productivity to meet the needs of present and future generations for economic, ecological, and social vitality.

South Carolina Sea Grant Consortium

An independent State agency operated by a program within the National Oceanic
and Atmospheric Administration that supports integrated research, education, and
engagement to generate and apply science-based information to enhance sustainable use and conservation of coastal and marine resources.

South Carolina Aquarium

A nonprofit organization whose mission is to inspire conservation of the natural
world by exhibiting and caring for animals, through research, and by providing
education and visitor experience.

U.S. Geological Survey

An agency in the U.S. Department of the Interior, which provides science on natural
hazards, water, energy, minerals, and other natural resources; the health of our
ecosystems and environment; and the effects of climate and land-use change.
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Chapter B. Drivers of Change in South Carolina’s Lowcountry
B.1. Sea-Level Rise
Concern about long-term sea level rise (SLR) has been
a primary focus in discussions about global climate change.
Although coastal systems are naturally dynamic, and changes
are inevitable, increasing rates of SLR present a highly visible
and consequential threat worldwide. Rising seas and more
powerful storms are rapidly altering coastal habitats, affecting
human infrastructure, contaminating fresh and groundwater
systems, and risking human lives and safety.

B.1.1. Introduction
Because of SLR, 2016 saw a record number of tidal flood
days (n=50) in Charleston, South Carolina (fig. A2), compared to less than 10 per year up to 1980. The city predicts as
many as 180 of these nuisance flood days per year by 2045
(City of Charleston, 2015). In 2010, 39 percent (123 million
people) of the U.S. population lived in coastal areas (Crossett
and others, 2013). This represents a 40-percent increase from
1970 but is slightly lower than the overall U.S. growth rate
during this period. The U.S. coastal population was expected
to add an additional 8 percent by the 2020 census. In addition
to presenting an existential threat to human wellbeing (safety,
transportation and energy infrastructure, and military installations), increases in global mean sea level (GMSL) are substantially affecting coastal ecosystems and the supporting goods
and services they provide for humans and wildlife, including
provisioning services (habitat for waterfowl and endangered
species, timber and sweetgrass, and water), regulating services
(flood control, water and air quality regulating, and carbon
storage), and cultural services (recreation, heritage values, and
subsistence livelihoods). Coastal fresh and saltwater wetlands
contribute substantially to these services but are at risk of converting to open water if unable to accrete sediment fast enough
to keep pace with SLR. Upland habitat may be able to transition into wetlands as sea levels rise, but wetland and upland
habitats may be lost if either are blocked from migrating to
higher elevations (Shellenbarger Jones and others, 2009).
Identifying adaptation decision strategies in response to
current and future SLR was a primary motivation for forming a partnership between the U.S. Geological Survey and the
South Carolina Lowcountry Refuges Complex. SLR at Cape
Romain NWR has already resulted in loss of infrastructure
(for example, impoundments) to support migratory waterfowl;
a reduction of nesting habitat for endangered shorebirds and
Caretta caretta (Linnaeus, 1758) (loggerhead sea turtle) populations through erosion of barrier islands and beach loss (see
chap. C.3); and degradation or loss of other critical habitats
such as tidal and freshwater marsh, maritime forest, and Carolina Bays. Such visible changes are largely structural in nature

and may belie underlying functional changes to important
processes such as altered hydrological dynamics or nutrient
cycling (Shellenbarger Jones and others, 2009). Above global
average SLR on the south Atlantic coast, which is of similar
concern to other partners engaged with the Cape Romain
Partnership for Coastal Protection, local residents, and visitors
to the complex, is threatening traditional managed wetlands
(for example, rice fields), local transportation infrastructure,
private property, and recreational access and opportunities.
Here, we provide a brief overview of the physical conditions
and habitats at risk in the South Carolina Lowcountry followed by a summary of the latest SLR trends and forecasts
tailored to the Cape Romain region. We have used these
forecasts, projected to 2050, to support other activities under
this project including scenario-planning engagement (chap.
D), assessment of the magnified effects of coastal storm surge
(chap. B.2), conservation reserve design based on uncertainty
about future habitat composition (chap. F), and modeling of
specific ecosystem goods and services (for example, oyster
reef structure and distribution; app. 3).

B.1.2. Physical Environment and Habitats
The low-lying South Carolina coast is characterized by
dynamic landforms and habitats that are subject to natural
processes of flooding, erosion, habitat succession, and barrier island modification. The ecosystem has evolved to adapt
under these naturally occurring dynamic conditions, a process
characterized by the term “living shorelines.” A proliferation
of human infrastructure (built environment, transportation
networks, and hydrologic modifications) along the southeast
coastline alters or impedes many of these dynamic processes.
This infrastructure, which in most cases was not designed
to cope with a dynamic coastline, is also highly vulnerable
to SLR, hurricanes, and extreme fluctuations in water availability. About 1.2 million inhabitants live in 8 Counties that
compose South Carolina’s 305 linear kilometers of coastline (fig. A2). The coastal shoreline, when including bays,
island, coastal creeks, and other features, represents more
than 4,500 kilometers of unique and important habitats and
ecosystem which, in turn, support vast numbers of ecologically and economically important species of birds, fishes, and
other wildlife. These habitats include low-lying freshwater
hammocks, salt and brackish wetlands and marsh, beach dunes
and barrier islands, maritime forest, estuarine flats, as well as
managed habitats such as rice fields and wetland impoundments. Tidal salt marshes, for example, are considered the
most productive habitats in the world (Teal, 1986).
South Carolina’s habitats and the natural resources
they produce are the foundation of the State’s history and
economy, including major manufacturing (forestry and
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fisheries) and nonmanufacturing (tourism and recreation)
sectors of the economy. Tropical storms, hurricanes, and
SLR threaten human infrastructure and coastal habitats on
which humans and wildlife depend. An area of 2,100 square
kilometers of coastal land near the city of Charleston is less
than 1.2 meters above the mean high-water mark (Runkle
and others, 2017), which illustrates the direct threat to human
infrastructure and safety. Critical wildlife habitat is similarly
at risk. An estimated 2,333 square meters of South Carolina’s
coast is vulnerable to a SLR of 1.5 meters (von Lehe, 2008).
Hammocks that provide freshwater to birds, amphibians, and
sensitive life stages of some fishes are typically low lying
(less than 0.3 meter) and exposed to saltwater intrusion from
storm overwash and SLR. Slow-growing maritime forests may
be limited in their ability to retreat at the rate of SLR and are
being lost to drowning at an alarming speed. Barrier islands
and beach dunes are eroding faster than they can retreat or be
replenished, resulting in loss of nesting sites for loggerhead
sea turtles and shorebirds. Salt marsh, estuarine flats, and
other nearshore habitat may not have sufficient space or time
to migrate landward, or sufficient sediment input to maintain
appropriate elevation, risking conversion to open water and
threatening critical nursing and foraging habitat for major fisheries including shrimp, crab, and numerous inshore fish species (South Carolina Department of Natural Resources, 2013).

B.1.3. Sea-Level Rise—Trends and Forecasts
B.1.3.1. Climate Change and Sea-Level Rise
Increasing atmospheric concentrations of greenhouse
gases, whether human contributed or not, are warming the
atmosphere and the oceans. In the southeastern United States,
warming trends are contributing to increases in extreme
rainfall events, as well as longer and more frequent summer
heat waves (Carter and others, 2018). Changes in GMSL are
largely driven by these changing global temperatures, which
affect thermal expansion of ocean water and increase ocean
volume through loss from glaciers, ice caps, and ice sheets.
Relative sea levels can also be strongly affected by subsidence from groundwater and hydrocarbon extraction (Kirwan
and Megonigal, 2013) and, to a lesser degree, by continental
movement (isostatic adjustments) and accretionary processes.
Local sea level dynamics can differ significantly from global
means, suggesting that adaptation planning for future changes
at a local level cannot reliably assume that local conditions
will precisely follow global projections. This spatial variation
in local SLR is because of heterogeneity in ocean dynamics,
heat and salinity distribution, differences in earth gravitational
field, isostatic adjustment, and vertical land movement caused
by tectonic activity, groundwater depletion, and sediment
transport (Kopp and others, 2014). Variation in local geomorphology can also produce fine-scale differences in SLR, necessitating localized impact assessments.

B.1.3.2. Historical Trends
The most recent U.S. and international assessments of
climate change indicate that GMSL has risen an average of
1.4 millimeters per year during the 20th century, a rate faster
than any time in the past three millennia (Sweet and others,
2017). This translates to about 0.3 meter of relative SLR, on
average, over the past 100 years. In comparison, changes in
local sea levels at Charleston, South Carolina, have occurred
at a rate of 3.28 millimeters per year (plus or minus 0.14 millimeter) over this same period, or nearly double the global
average. The mean annual rate of SLR in the southeastern
United States for 2004–50 is projected to more than double the
past observed rate at 7.2 millimeters per year (plus or minus
2.3 millimeters) (Horton and Bader, 2014). This difference
in the rate of relative SLR in the mid-Atlantic and Gulf of
Mexico is believed to be caused by localized land subsidence
from tectonic dynamics and high rates of water and hydrocarbon withdrawal (Williams and others, 2009).

B.1.3.3. Future Predictions and Scenarios
Given the uncertainties about future global emissions
and ice melt, GMSL is projected to rise an additional 0.3 to
2.5 meters by 2100 (Sweet and others, 2017). Projections of
mean global SLR, however, are not likely of sufficient precision at the local level to make well-informed adaptation planning decisions. The U.S. Geological Survey Southeast Climate
Adaptation Science Center commissioned a study by climatologists at Columbia University to develop SLR projections
for Cape Romain, S.C., in support of this project (Horton and
Bader, 2014). Projections are based on calculations derived
for four primary input variables driving ocean height relative
to coastal elevation (Kopp and others, 2014). These elements
include the following:
1. Thermal expansion of oceans as a function of heat
absorption and global atmospheric temperatures
(Coupled Model Intercomparison Project Phase 5, called
“CMIP5”). Global thermal expansion is translated to
a local change in ocean height at the scale of 1 degree
latitude.
2. Water addition to oceans estimated as ice melt from the
Greenland Ice Sheet, East and West Antarctic Ice Sheets,
glaciers, and Arctic ice caps as a function of global
atmospheric temperatures. Local effects of global ice
loss were calculated considering gravitational, isostatic,
and earth rotational effects.
3. Reduction in sea level as a function of global terrestrial
water storage (impoundments) and contributions to SLR
from unsustainable groundwater extraction.
4. Vertical land movement (geostatic rebound) estimated
for Charleston, S.C.
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Table B1. Projected sea-level rise for the Cape Romain region of
South Carolina.
Projected sea-level rise, in millimeters
Low-estimate
(10th
percentile)

Middle range
(25th to 75th
percentile)

2020s

51

76 to 152

203

2050s

152

229 to 432

635

2080s

254

381 to 838

1,245

Decade

Highestimate (90th
percentile)

Models projections were derived using these components
from 24 global circulation models and multiple representative concentration pathways (greenhouse gas concentration
scenarios). Projections are relative to the 2000–4 baseline sea
level and generated over 10-year intervals. Estimates of local
SLR for decades 2020, 2050, and 2080 are expressed as the
10th, the middle 50th (25th to 75th), and the 90th percentiles
of the aggregate probability distributions of model components (table B1; Horton and Bader, 2014).

B.1.3.4. Application of Sea-Level Rise Projections
to Project Components and Output
For many of the modeling applications undertaken for
this project, including spatial conservation planning, scenario
planning, and the combined effects of SLR and storm surge,
we selected a planning horizon of 2050 for which to evaluate the effects of SLR on sustainability of values in the South
Carolina Lowcountry. To develop scenarios of SLR and their
associated probabilities from the estimates produced by the
Horton-Bader model (Horton and Bader, 2014), we had to
convert the relevant confidence intervals from a continuous
distribution model into values and probabilities associated
with discrete points. To do so, we used numerical integration (quadrature) to find approximations of the area under the
distribution curve to represent discrete SLR values and their
associated probabilities of occurrence. Once we calculated
these values, we then had to match these to published SLR
estimates incorporated into available modeling tools used in
other applications of the project. For developing scenarioplanning exercises and quantifying habitat changes under different possible futures, we matched the discretized 10th, 50th,
and 90th percentiles of vertical sea level to the closest emissions scenario and year combination documented in the Sea
Level Affecting Marshes Model (called “SLAMM,” Warren
Pinnacle Consulting, Inc., Waitsfield, Vermont). Emission scenarios, relative SLR, and their probabilities from this exercise
are provided in table B2.

Table B2. Conversion of year 2050 sea-level rise estimates
for the Cape Romain region, South Carolina, to closely matched
emission scenarios used in the Sea Level Affecting Marshes
Model for land-cover change effects.
[SLAMM, Sea Level Affecting Marshes Model]

SLAMM
emission
scenario

Year

Sea-level rise, in
centimeters
Quadrature

Probability

SLAMM

A2

2020

12.88

18.31

0.167

B1

2040

31.37

31.42

0.667

B1

2100

78.33

77.37

0.167

B.2. Tropical Storms
Storms and storm-related wave action and flooding
have had substantial effects on the natural resources of Cape
Romain National Wildlife Refuge (NWR) and on humans
within the region (U.S. Fish and Wildlife Service, 2010).
Negative impacts to natural resources include severe erosion
of beaches and dunes, loss of nests of sea turtles and shorebirds, loss of coastal habitat, loss of maritime forests, overwashing of coastal dunes, and burial of salt marsh. Negative
effects on humans include loss of life, loss of homes and infrastructure, wind damage, flood damage caused by storm surge,
rainfall, river overflows, excessive runoff, and disruptions
caused by evacuation of thousands of residents. Severe losses
to forestry and agricultural resources also have occurred. In
this section, storm surge and coastal flooding associated with
hurricanes are discussed, along with potential interactions
with SLR. The section that follows discusses how storms may
affect coastal erosion and the barrier islands.

B.2.1. Background and Trends in Storm Records
and Storm Surge
Substantial effects to Cape Romain NWR are caused
by storms that lead to coastal flooding from storm surge,
which can be defined as the increase in observed water depths
beyond what is expected from predicted tidal levels. Storm
surge and hurricanes have been the subject of extensive
research because of their importance to human safety and economic costs. The frequency, strength, and tracks of hurricanes
and tropical storms have been officially recorded since 1851
for southeast South Carolina and northern coastal Georgia,
with unofficial records extending back to 1686 (National
Weather Service [NWS], 2020). NWS (2020) provides a narrative description for each recorded storm in the study area.
A series of maps showing tropical storms affecting the Cape
Romain region for each decade (1910 through 2009) are
provided in appendix 1. NWS generated a simple histogram
showing frequencies of tropical cyclones from different storm
categories affecting the study area (fig. B1). The maps and
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Figure B1. Histogram of tropical cyclone history that made landfall on southeast South Carolina and northern parts of southeast
Georgia, showing the number of tropical cyclones in each category: tropical depressions, tropical storms, category 1–2 hurricanes,
and major hurricanes (categories 3–5), 1850s–2010s. Modified from National Weather Service (2020).

histogram suggest that multiple tropical force storms can be
expected for any given decade, generally including at least one
major hurricane. Myers (1975) estimated that hurricanes cross
the South Carolina coast on average of once every 7 years.
The storm dataset for the Cape Romain NWR region is
likely insufficient to analyze for trends in storm frequency or
strength. Analyses of larger datasets that encompass the entire
Atlantic Basin seem more promising, but climate researchers
at the National Oceanic and Atmospheric Administration’s
(NOAA’s) Geophysical Fluid Dynamics Laboratory have concluded (see also Knutson and others, 2010) that the Atlantic
Basin hurricane data indicate strong multidecadal periods of
high and low storm activity that are consistent with changing
phases of the Atlantic Multi-decadal Oscillation, rather than
being correlated with well-documented increasing trends in
sea surface temperatures. They suggest that the existing data
have too much variability to allow for statistical detection
of an increasing trend in number or intensity of hurricanes.
They advocate greater reliance on model projections; the
Geophysical Fluid Dynamics Laboratory model suggests an
increase in the frequency of the strongest hurricanes in the
Atlantic, roughly by a factor of two by the end of the century,
despite a decrease in overall number of hurricanes (Bender
and others, 2010).
Considerable information exists for individual storms
and their impacts on humans and natural resources in the
area. Hurricane Hugo, which made landfall just southwest
of Cape Romain NWR with sustained wind speeds in excess
of 135 miles per hour, is particularly noteworthy for its

direct track through the study area. Hugo’s effects on human
infrastructure were deadly (50 deaths in the Carolinas) and
extremely costly, estimated at $6 billion ($500 million for
flooding; $1.2 billion for forestry and agriculture; $4 billion
for property; Sparks, 1991), and resulted in the evacuation
of 256,000 people in South Carolina (Post, Buckley, Shuh
and Jernigan, Inc., 1990) and 129,687 homes destroyed or
damaged (Brennan, 1991). Hugo’s effects on coastal and
inland natural resources were massive, resulting for example
in extensive forest damage of 4.5 million acres in South
Carolina (Sheffield and Thompson, 1992) and the destruction of important maritime forests (Helm and others, 1991).
Even though Hugo was a fast-moving storm, the effects on the
barrier islands of Cape Romain NWR were large, resulting in
erosion of already regressive beaches (for example, Raccoon
Key) by 20–25 meters, the dissection of islands and formation
of new tidal inlets, extensive dune flattening and erosion by
90–180 meters, and broadening of washover terraces (Sexton
and Hayes, 1991).
Lesser storms, such as hurricane Matthew in 2016, which
passed offshore of Cape Romain NWR as a category 2 hurricane, had substantial impacts on the barrier islands, resulting in the destruction of nests of federally listed species of
sea turtles and shorebirds at Cape Romain NWR (S. Dawsey,
USFWS, oral commun.).
Although hurricanes may be a major source of storm
surge and flooding, severe winter storms known as northeasters can have comparable impacts on the South Carolina
coast (Hirsch and others, 2001). Sweet and Zervas (2011)
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determined that the highest number of storm surges (greater
than 0.3 meter) at Charleston, S.C. (and other Atlantic stations) occurred because of cool season storms (October–April)
compared to warm season storms. During 1960–2010, Sweet
and Zervas (2011) determined an average of three cool season
storm surges per year for Charleston. Some researchers (for
example, Hirsch and others, 2001) have found evidence that
these extratropical winter storms are increasing in frequency
over time.

B.2.2. Modeling Storm Surge and Interactions
with Sea-Level Rise
A useful tool for visualizing how tropical storms may
affect the South Carolina coast is the Sea, Lake, and Overland
Surges from Hurricanes (SLOSH) model (NOAA, 2008). The
SLOSH model provides the capability to view maps showing
how storm surge could inundate coastal areas when subjected
to any of the five major categories of hurricanes (based on the
Saffir-Simpson hurricane wind scale). The SLOSH model has
been run for a series of subbasins along the U.S. coast; the
Charlotte, S.C., subbasin model covers a large subregion that
includes Cape Romain NWR and the study area. The SLOSH
model results provide a maximum stormwater height at each
grid cell location from a composite of thousands of different
simulated hurricanes with varying storm radii, forward speed,
landfall location, angle of approach to the shoreline, and
other factors.
A series of three SLOSH maps for hurricane categories
1, 3, and 5 are presented for the study area in figures B2, B3,
and B4, respectively. To properly interpret the SLOSH maps,
it is important to consider that the modeled inundation depths
do not depict the expected storm surge from a single storm
of a given category. Rather, the depth values represent the
maximum inundation depth at each location based on thousands of simulated storms with different hypothetical trajectories and landfall locations within the Charleston subbasin,
providing an upper threshold or worst-case scenario estimate
of inundation throughout the entire basin. The SLOSH maps
show what could be expected for a particular area experiencing the full brunt of a specific category of hurricane. For

example, figure B2 indicates that the barrier islands and salt
marshes of Cape Romain NWR would likely be completely
inundated if the area was subjected to the full impacts of a
category 1 storm.
Note that the SLOSH model does not include effects
associated with storm-related wave action, or flooding due to
heavy rainfall or river flooding, which would likely increase
the inundation depths. Additionally, the SLOSH model
assumes, as an initial condition, that sea levels are at mean
high water tides; inundation would be worse under higher tide
conditions (for example, mean higher high water or “King”
tides). In addition to the composite maps generated from
hundreds of simulated hurricanes, the SLOSH model can be
run for a single hurricane track. An evaluation of the SLOSH
model predictions at Bulls Bay in Cape Romain NWR, near
where the eye of hurricane Hugo made landfall (Post, Buckley,
Shuh and Jernigan, Inc., 1990), indicated that the observed
high-water marks from field reports were extremely close to
those predicted by the SLOSH model (fig. B5). The storm tide
peaked at about 20 feet above sea level near McClellanville,
S.C., with high-water elevations of 12 feet or more occurring
as far as 80 miles away (Schuck-Kolben, 1990).
SLOSH model results are not currently available that
account for different SLR scenarios. To investigate how SLR
might interact with storm surge, we added SLR to the SLOSH
model results and laterally extended the resulting area of inundation based on an underlying digital elevation model. The
method used a simplistic extension of the so-called bathtub
geographic information system approach, similar to methods
used by previous researchers (Tate and Frazier, 2013; Frazier
and others, 2010). In general, the results indicate a relatively
small effect of SLR when added to the inundation associated
with storm surge. This is likely due to the much larger depths
associated with storm surge even for a category 1 hurricane,
compared to SLR depths. For example, figure B6 shows
inundation of the low elevation, low gradient coastal areas by
storm surge, and inundation associated with SLR rise at 1 or
4 feet (highlighted for emphasis). The results from this simplistic approach might differ substantially from future simulations of the SLOSH model that use different SLR scenarios as
an initial condition.
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Figure B2. Inundation depths of land subject to category 1 hurricanes as modeled by the Sea, Lake, and Overland Surges from
Hurricanes model.
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Figure B3. Inundation depths of land subject to category 3 hurricanes as modeled by the Sea, Lake, and Overland Surges from
Hurricanes model.
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Figure B4. Inundation depths of land subject to category 5 hurricanes as modeled by the Sea, Lake, and Overland Surges from
Hurricanes model.
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Figure B5. Maximum observed height of storm surge and forecast storm surge height (from the Sea, Lake, and Overland Surges from
Hurricanes model) along the South Carolina coast for hurricane Hugo. Modified from Post, Buckley, Shuh and Jernigan, Inc. (1990); in
the public domain.
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Figure B6. Additional Sea, Lake, and Overland Surges from Hurricanes model cells that would be inundated by 1 and 4 feet of sea-level
rise for category 1 hurricane storm surge.
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Figure B6.—Continued

B.3. Barrier Islands
Cape Romain NWR has the largest extent of undeveloped barrier islands along the South Carolina coast and one
of the largest capes (fig. A3; U.S. Fish and Wildlife Service,
2010). The Cape Romain NWR barrier islands are generally described by geologists as being in an erosional state,
transgressing shoreward in response to SLR (Hayes and
Sexton, 1989). These barrier islands are important habitat for
dozens of coastal species, including stop-over sites for many
migratory shorebird species, most notably the Haematopus
palliatus (Temminck, 1820) (American oystercatcher). The
sandy beaches also provide nesting habitat for federally listed
species, including loggerhead sea turtles and Charadrius
melodus (Ord, 1824) (piping plover). The Cape Romain NWR
barrier islands have the largest nest counts for loggerhead
sea turtles anywhere north of Florida (U.S. Fish and Wildlife
Service, 2010). The barrier islands also provide a protective

environment for the development of extensive salt marsh habitat, which is absent from the unprotected and deeper waters of
Bulls Bay (fig. A3).
Coastal erosion is a major concern in Cape Romain
NWR and other coastal areas of South Carolina (U.S. Fish and
Wildlife Service, 2010). The physical processes responsible
for coastal erosion are complex, and the relative importance
of different factors are difficult to measure. A regional and
multidecadal perspective is generally needed to understand
sediment sources and movements (Cash and Moser, 2000).
Important factors include supply of river sediments from
large drainage basins, sediment movement due to longshore
transport from adjacent areas, sediment exchange between
inlets and barrier islands, and erosion and movement between
nearshore and onshore deposits (Barnhardt, 2009).
The duration, magnitude, and frequency of different
storm types are key factors dictating the long-term sediment flux in the region (Barnhardt, 2009). Tropical cyclones
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generally drive sediments towards the southwest, whereas
cold fronts and warm fronts generally drive sediments to
the northeast. However, severe winter storms (northeasters),
which can be 10 times larger than hurricanes in their spatial
extent, affect the South Carolina coastline every year, producing strong winds that blow northeast to southwest. Hurricanes
and northeasters produce the strongest winds that can cause
extensive erosion. Hayes and others (1979) noted that storm
surge is the primary agent of change and argued that, although
hurricanes can produce large changes, a more substantial agent
of shoreline change is northeasters because of their much
higher frequency. Severe storms also can accentuate high
tides, which may persist over multiple tidal cycles, resulting in
extreme coastal flooding. Even unnamed storms of limited size
or strength can have major effects on barrier islands via heavy
wave action. Storm effects can result even if storms pass close
to the coast without making landfall nearby. The effect of
high waters is exacerbated by high waves created by the long
fetches associated with offshore storms.
Hayes and Sexton (1989) described Cape Romain as a
cuspate foreland retreating behind a submerged obstruction
jutting prominently offshore. They suggested that the apparent greater submergence and retreat of this cape, compared to
three more northerly capes in South Carolina, may be related
to the more pronounced tectonic downwarp in the study area.
They also summarized shoreline changes at Cape Romain and
Raccoon Key measured by Stephens and others (1976) from

six sets of aerial photos between 1941 and 1973 as showing a
highly erosional shoreline retreating on average 6 meters per
year, except at the distal ends where deposition was occurring.
Cape Romain NWR produced an analysis of coastal
erosion for the principal islands in the NWR (fig. B7)—Bulls
Island, Raccoon Key, Lighthouse Island, and Cape Island
(Faustini and others, 2013). Aerial photography was used
to identify barrier island shape and size between 1949 and
2011 (years available: 1949, 1954, 1963, 1979, 1989, 1994,
1999, 2006, 2007, 2010, and 2011), and historical coastal
topographic surveys were used for 1875, 1929, and 1933.
The coastal erosion analysis indicated that change in barrier
island acreage was relatively small between 1875 and 1954
but indicated a stepwise loss of acreage thereafter (fig. B8).
Three of four individual barrier islands show substantial losses
of area (Bulls Island, fig. B9; Raccoon Key, fig. B10; Cape
Island, fig. B11), with the exception being Lighthouse Island
(fig. B12). The northern tip of Cape Island increased in acreage, which may be attributed to the loss of sand from its more
southerly section (fig. B11) or proximity to the primary source
of sediments from the Santee River (see fig. A2). Although
most of the South Carolina coastline shows progressive southwestward deposition, associated with wave-driven longshore
currents to the southwest (Hayes and Sexton, 1989), the presence of the large ebb-tidal Santee River delta probably results
in wave diffraction, shifting current direction locally to the
northwest where deposition is occurring on the north end of
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Figure B7. Four major islands (Bulls Island, Raccoon Key, Lighthouse Island, and Cape Island) that were analyzed for coastal erosion
based on aerial photography and historical charts (1875–2011). Map is courtesy of Cape Romain National Wildlife Refuge; used with
permission.
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Cape Island (fig. B13). By contrast, the southern part of Cape
Island lost substantial acreage, which may have been captured
by Lighthouse Island (directly down current from Cape Island;
fig. B12).
Kana and others (2013) compared different sections of
South Carolina beaches during 1980–2010 and determined
that the wilderness beaches (including Cape Romain NWR)
were generally eroding, whereas the developed beaches were
stable or increasing. They characterized Cape Romain as
sand-starved beaches rolling over the interior marsh or lagoon
and concluded that SLR is a minor factor in the observed
beach volume changes. They did not discuss possible future
effects of increased rates of SLR and did not mention the role
of damming on sediments, presumably because the sediment
rate was not changed by damming during the study period.

They characterized Cape Romain NWR as undergoing high
erosion because of limited new sand inputs, sand losses to the
lagoon (lack of inlet bypassing), winnowing of muddy marsh
deposits outcropping across the receding beach, and longshore transport losses to adjacent inlets. They identified Cape
Island, Raccoon Key, and Bull Island as areas along the cape
subject to breaches and washovers. The only areas of accretion occur at the northern tip of Cape Island and southern tip
of Lighthouse Island, which are receiving sediment from the
formerly connected central part of the two islands, which have
experienced severe erosion.
Hayes and others (1979) described the northern barrier
islands as part of the Santee River delta, the largest deltaic
complex on the east coast of the United States. Washover
terraces and truncated beach ridges provide evidence of rapid
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Figure B8. Losses and gains in island acreage between 1875 and 2011 for four barrier islands in Cape Romain National Wildlife
Refuge. Inset graph shows overall trend for all acreage combined. Map is courtesy of Cape Romain National Wildlife Refuge; used with
permission.
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Figure B9. Losses and gains in island acreage between 1949 and 2011 for Bulls Island. Inset graph shows overall trend for island
acreage. Map is courtesy of Cape Romain National Wildlife Refuge; used with permission.

shoreward movement or transgression. The sand of the delta
complex was originally supplied by the Santee River, but
erosion of the Santee delta complex has been related to the
decreased sediment supply after damming of the Santee River
in 1942 (Hayes and others, 1979). Stephens and others (1976)
documented a series of dams that affected the Santee River
Basin, starting with the first hydroelectric plant built in 1895
and ending with the Lake Marion Dam in 1942, and concluded
that the reductions in discharge and reservoir trapping of sediments transformed the Santee River deltaic platform from a
progradational to a regressive-stage delta.

McCarney-Castle and others (2010) estimated historic
and recent coastal sediment flux from five South Carolina
basins, including the Santee River and Pee Dee River
Basins, using modeling and data for three historic periods
(pre-European: 1680–1700, pre-dam: 1905–25, and postdam:1985–2005). The general pattern for the three periods
indicated that sediment flux was highest during the pre-dam
period (1905–25), when massive deforestation was occurring, which lead to accelerated soil erosion throughout the
region. However, the Santee River had substantially reduced
flux during the post-dam period (1985–2005) compared to
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Figure B10. Losses and gains in island acreage between 1949 and 2011 for Raccoon Key. Inset graph shows overall trend for island
acreage. Map is courtesy of Cape Romain National Wildlife Refuge; used with permission.

pre-European flux, a result they attributed to extensive dam
construction and river diversion in the basin. Uncertainty
remains about the importance of the reduced sediment input
for maintaining barrier islands versus other sediment sources,
but most authors seem to agree that damming has been a substantial factor.
Hughes and others (2009) documented a new pattern of
tidal creek dissection of marshes within Cape Romain NWR
that is suggestive of SLR effects caused by headward erosion

of the marsh platform at a rapid rate. They suggested that the
growth of tidal creeks is a manifestation of marsh accretion
failing to keep pace with rapid SLR (locally 3.3 millimeters
per year) and the increasing tidal prism. Their conclusions are
consistent with the SLAMM, which forecasts the conversion
of much of the marsh to open water (see chap. F.2).
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Figure B11. Losses and gains in island acreage between 1949 and 2011 for Cape Island. Inset graph shows overall trend for island
acreage. Map is courtesy of Cape Romain National Wildlife Refuge; used with permission.
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Figure B12. Losses and gains in island acreage between 1949 and 2011 for Lighthouse Island. Inset graph shows overall trend for
island acreage beginning in 1875. Map is courtesy of Cape Romain National Wildlife Refuge; used with permission.
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N

South Carolina accounting for 52 percent of total population growth per decade since 1970. Unlike natural increases,
which tend to change gradually over time, migration can result
in more dramatic changes to a population, often driven by
sudden shifts in economic opportunities, natural disasters, or
other events. Migrants typically settle in urban rather than in
rural areas (94 percent of foreign-born migrants lived in urban
areas in 1990; Chiswick and Miller, 2004). Southeastern cities,
including those of South Carolina, have grown rapidly in the
recent past and are expected to continue expanding into the
near future. As cities grow, associated urban expansion (called
“suburban sprawl”) away from the city core occurs even more
rapidly (Terando and others, 2014). As a consequence of this
low-density, widely dispersed, and highly connected development footprint, suburban sprawl affects ecosystem function,
processes, and services. The fragmentation of habitat and loss
of species connectivity directly degrades ecosystems and also
constrains the ability of species and habitats to adapt (in other
words, migrate) to changing conditions such as SLR, increased
flooding, and rapid habitat succession. Thus, urbanization and
accompanying suburban growth represent a substantial threat
to natural systems and the production of essential ecosystem
goods and services in coastal systems.
Here, we describe recent trends in population growth in
South Carolina and, in particular, for the three-county area of
concern in this project. We then summarize a selection of projections of future population spread produced by urban growth
models. Understanding the possible spatial distribution of
development effects is essential for conservation management
planning and maximizing the potential for species and habitats
to adapt to changing climates and land-use demands.
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Figure B13. Sediment transport directions, rates of erosion, and
areas prone to breaches and washovers at Cape Romain National
Wildlife Refuge and the Santee River, which supply much of the
sediment. Map from Kana and others (2013); used with permission.

B.4. Population Growth and
Urbanization
B.4.1. Introduction
The southeast region has the largest part of the U.S. population and the second fastest growth rate after the western
United States. Since 1900, South Carolina has grown at
11.7 percent per decade on average, with net migration into

B.4.2. Past Trends in Population Growth and
Land-Use Land Change
In the first half of this decade, South Carolina had the
11th largest population gain in the country, growing faster
than the national average at 3.3 percent. Population growth
has been uneven, with metropolitan and coastal areas growing faster (at 6 to greater than 9 percent; U.S. Census Bureau,
2010). Growth in the Charleston metropolitan area was greater
than expected, gaining nearly as many new residents between
2010 and 2014 as was forecast for the entire decade. During
this same period, nearly half of the State’s counties actually
decreased in population size (Tippett, 2015).
Population growth over the last half of the 20th century
differed among coastal counties. The three counties of interest
to this project (Berkeley, Charleston, and Georgetown) all
had positive population growth during 1950–2010 (fig. B14A)
Berkeley County demonstrated the greatest average 10-year
growth record at 35.6 percent, translating to a nearly six-fold
increase in the county’s population over 50 years. This growth
rate was followed by Charleston County at 13.7 percent
per decade, more than doubling its population (112 percent
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Figure B14. Population growth and net migration during 1950–2010 for three South Carolina coastal counties. Data are from
U.S. Census Bureau (2010). A, population growth. B, net migration.

growth) over 50 years. Georgetown County nearly doubled
its population over this period with an average growth rate of
11.7 percent per decade (U.S. Census Bureau, 2010).
Population growth is driven by a combination of “natural
increase” (births minus deaths) and migration (immigration
minus emigration). Although these three counties demonstrated strong overall growth during the last 50 or more
years, the source of that growth has varied widely among
counties. Berkeley County experienced nearly continuous
net positive migration, with an overall influx of greater than
77,000 new residents during the second half of the 20th century (fig. B14B). Georgetown County began the period with
several decades of negative net migration from the county
but has experienced positive net influx in the decades since.
Charleston County has seen substantial migration fluctuations,
with a net loss of migrants before the 1970s, after which hightech industrialization began to attract migrants back to South
Carolina (seen in the overall increase in immigration during
that decade, fig. B14B). Since 2000, Charleston County has
seen high immigration rates, partially attributed to a general
trend of population movement into urban areas (U.S. Census
Bureau, 2010).

B.4.2.1. Past Spatial Growth Patterns and Drivers
Although population growth in coastal counties was
slower than for the Nation as a whole, the percentage of South
Carolina’s population living in coastal counties (including
Charleston and Georgetown) increased from 2.7 to 19.6 percent between 1960 and 2008, respectively, indicating a demographic shift from interior counties to the coast (U.S. Census

Bureau, 2010). Although Charleston County as a whole grew
25 percent during 1970–2000, the city of North Charleston
(fig. B15) expanded nearly 273 percent. Much of this growth
rate is attributed to an aggressive program of land annexation,
enlarging the land area of North Charleston from less than
8 square miles at its founding in 1972 to more than 30 square
miles in only 8 years (fig. B15). Part of North Charleston lies
in Dorchester County, which experienced rapid growth during
this period (particularly in more recent years), due in large
part to urban flight. Similarly, the city of Mt. Pleasant (fig. F6)
more than doubled in population size over each decade from
1970 to 1990 and was among the fastest growing cities in the
metropolitan region in the decades following.
These patterns of rapid urban growth in coastal South
Carolina are partly the result of a rapid transformation over
the past several decades from a service-based economy to a
science- and technology-based economy (Chamber of Commerce, 2016). This transformation includes expansion of
hi-tech industries including Boeing, Mercedes, Google, and
Volvo, which have attracted high-skill labor to the region.
Because of this job growth, other manufacturing and professional service labor markets have expanded, including in
construction, retail, healthcare, and education. Other sectors
including tourism, forestry, commercial fishing, and boat
manufacturing are strongly coastal based and have produced
additional jobs and economic impacts to the area. In 2012,
South Carolina’s 8 coastal counties accounted for 64 percent
of the State’s tourisms revenues, contributing 72,000 jobs and
a direct economic impact of $5.4 billion to the State (Willis
and Straka, 2016).
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Figure B15. North Charleston as an example of rapid urban growth, 1972–2007.

B.4.3. Predictions of Future Urban Growth and
Development
The 2008 collapse of the housing market and ensuing
recession had substantial impacts in South Carolina, with a
20-percent decline in immigration to the State and lower natural population growth (U.S. Census Bureau, 2010). Despite
these losses and the downturn in housing markets, coastal
counties continued to grow during this decade (fig. B14A).
The pace of urban and suburban expansion is exemplified
during this period of recession, with the two northeastern-most
planning areas of North Charleston experiencing growth rates
of 47–74 percent during 2000–10, whereas the more southerly urban areas of the city declined between 5 and 6 percent
(City of North Charleston Planning Department, 2015).
After improvements to the economy in 2010, redevelopment
projects began in Charleston and surrounding areas to increase
housing and infrastructure. Projections for the State estimate
population growth of 8.5 percent for the current decade, nearly
all of which is expected to be in major metropolitan regions
(for example, Charleston is anticipated to receive 18 percent
of the State’s new growth; Tippett, 2015). Estimates for the

3-county region surrounding the City of Charleston project
a total population size of more than 800,000 by 2030, representing a 47 percent growth since 2000. Relatively low-cost
housing and the growing economic base of cities like North
Charleston will continue to drive incentives for strong suburban growth away from the metropolitan center.
When planning a long-term strategy for adaptation to
environmental changes such as SLR, we must consider other
drivers of change and possible impediments to implementing
this strategy. Dynamic land-use change, and especially the
seemingly permanent state of conversion to developed use,
has important implications for achieving natural-resource
based objectives in the future. Anticipating where and when
the human development footprint is likely to expand will help
us determine where and when investments in conservation
(for example, acquisition, protection, and restoration of land)
will be most effective. Projecting urban and suburban growth
along with expected habitat transitions (and their associated
production of ecosystem goods) also provide the opportunity
to affect how this growth trajectory might be modified to meet
human development needs and continued provision of valued
ecosystem services for residents and visitors.
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Figure B16. Predictions of urban growth in 2080 based on the Slope, Land use, Excluded, Urban, Transportation and Hillshade cellular
automata model (Jantz and others, 2010) for the Santee River region in the South Carolina Lowcountry.

In an attempt to inform our future landscape design
modeling, designed to increase the probability of maintaining
representative habitat for future species given the uncertainty
of climate change, we have developed an approach to consider
development projections when identifying high-value land
parcels for possible protection. We base our projections on a
simple urban growth model that simulates several forms of
growth, including outward growth from urban areas, growth
along transportation corridors, and spontaneous new urban
centers, applying cellular automata dynamics, terrain mapping, and predictions of land-cover change (Jantz and others,
2010; Biodiversity and Spatial Information Center, 2013;
Terando and others, 2014). The Slope, Land use, Excluded,
Urban, Transportation and Hillshade model (Jantz and others,
2010) accounts for land-cover types that are resistant to
(for example, wetlands and dunes) or excluded from (for
example, water bodies and protected areas) growth, changes

in transportation networks that facilitate growth, topographic
relief, and changes in historic urban extent. The model does
not account for other drivers of growth (for example, economic or demographic factors). The algorithm integrates
growth rules to model the rate and pattern of development
and produces annual projections of growth for each map pixel
(60-meter resolution) as Monte Carlo probabilities of conversion to urban cover, discretized into increments ranging from
2.5 to 10 percent.
For our study area, we estimated the current urban footprint as covering about 1,000 square kilometers. To account
for the threat of future development of currently unprotected
land parcels, we produced model estimates in year 2080 for
the study area (fig. B16). Based on model predictions and confidence intervals, the extent of urbanization for the region is
expected to range from 1,900 square kilometers (97.5 percent
of simulated runs) to more than 3,000 square kilometers
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Urban extent, in square kilometers

(2.5 percent of simulations; fig. B17) by 2080. Because of the
difference in spatial scale between model probability estimates
(60-meter pixels) and land parcels of various size, we computed estimates of overall probability of urban conversion at
the parcel level to evaluate the risk of loss to development.
We intersected a geographic information system layer of
parcel boundaries (currently protected and unprotected) with
the 2080 Slope, Land use, Excluded, Urban, Transportation
and Hillshade urbanization probability model and extracted
from each parcel the count of pixels in 1-percent increments.
Summing this count, weighted by the mid-point of the probability increments provided an area-weighted average probability of development by year 2080. We used this probability
to adjust the estimated value of parcels in the conservation
reserve design analysis (chap. F.2) by increasing the value of
parcels proportional to the possibility they will be permanently
converted to developed land. In this manner, the decision
model will favor a parcel with higher risk of loss over a parcel
with equivalent habitat value but less development risk. This
value-modification factor, however, was set to zero for parcels
that are currently greater than or equal to 50 percent developed, reflecting the assumption that this level of development
would negatively affect any remaining habitat contribution
such that the parcel value should not be inflated.
The method described here represents a fairly simple,
accessible modeling approach to produce land-use change
probabilities at a fine scale over a large geographic area with
minimal data requirements (Terando and others, 2014). The
goal of this effort was to provide input for other modeling
exercises, namely modifying the value function to adjust a
parcel selection algorithm specifically concerned with maximizing habitat representation into the future (see chap. F.2.4).
Another objective of predicting land-use change and urbanization dynamics is to link policy decisions to implications for
changes in ecosystem function and provision of services. Such

an approach, requiring more intensive data collection and
analysis to understand economic behavior as a driver of development, provides the means to simulate the ability of alternate
land-use policies and economic incentives to affect growth
trajectories to meet multiple objectives. In appendix 4 we
describe the work to date on a spatial econometric model that
integrates predictions of land value, resulting decisions about
land use, and feedback effects on ecosystem services. This
model will allow us to explore the implications of changes in
policy (for example, zoning) on achieving conservation targets
or other ecosystem objectives.
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Chapter C. Stakeholder Engagement
C.1. Introduction
Addressing “wicked” problems (see chap. A.4) requires
a consistent and purposefully organized approach that must
include—and ideally integrate—the physical, biological, and
social sciences (Rittel and Webber, 1973; Meadow and others,
2015). In this and the following two sections, we describe public engagement strategies and activities based on sound social
science research and application. We highlight our culturally
focused approach. In particular, we wanted to understand
how people make sense of the world around them through
their personal lived experience (Schutz, 1967) of landscape
change, and we maintain that this cultural and individual
sense making should be central to engagement when addressing wicked problems. The application of a human behavior
model helped us be systematic in this process and shaped our
engagement activities. The use of collaborative scenario planning is described in chapter D; the application of strengths,
weaknesses, opportunities, and threats matrices for identification of actions conservation partners may wish to pursue
under high levels of uncertainty is presented in chapter E.
Through application of a behavior model, the difficult yet vital
task of uncovering and addressing researchers’ and practitioners’ underlying assumptions of what drives and affects
human behavior can be uncovered. Considered application of
behavior models is helpful in this process because each model
comes with its own underlying assumptions, and different
models emphasize different interactions with human actors on
a complex landscape. Ultimately, we based our approach to
engagement by considering the principles of a Transtheoretical
Model (TTM). TTM emphasizes the variability in different
individuals and groups, and this variability in knowledge,
views, and access means that engagement strategies with those
different individuals and groups must also vary (Prochaska and
Velicer, 1997; Armitage, 2009).
We first discuss what it means to take culture seriously
in this sort of work (Cronon, 1996; Gobster and Hull, 2000;
Milton, 1996), as well as the behavior model used to help
guide our work. These discussions are followed by a summary
of engagement activities.

C.2. Taking Culture Seriously
What does it mean to take culture seriously when
addressing complex environmental and landscape changes?
These wicked problems challenge the ability of scientists to
understand and address problems in ways that conform to
traditional scientific methods. These problems force researchers to reconsider their own epistemological underpinnings—a
questioning of how and why questions in a given science

are asked and what counts as evidence within different
knowledge traditions. Wicked problems force practitioners
to look to new approaches that require a deeper appreciation for a given place, culture, and the historical moments in
which events are occurring (Miller and others, 2008; Game
and others, 2014; Meadow and others, 2015). Addressing
nonlinear (problems with multiple interactive variables that
do not neatly conform to cause and effect understanding),
complex, emergent problems that cannot be separated from
human society on the ground requires a different approach;
in particular, engagement and communication strategies are
best achieved when not treated as separate from the physical
and biological science research projects but are integrated and
integral to those. Several authors have noted that a tendency
to be unwilling to address the difficult issues of variability in
meaning, or culture, is what leads to the downfall of much
work in conservation (Harrison and Burgess, 1994; Cronon,
1996; Leong, 2009). These conflicts that Peterson and others
(2002) termed “moral cultures”—frameworks for understanding moral behavior in a given place—are why so much of
the work in environmental engagement and communication
efforts fail. “Much of the failure to resolve natural resource
conflicts can be traced to the human preference for addressing superficial problems while ignoring their “psychological
or sociological dynamics” (Yaffee, 1997, p. 329). Cultural
frameworks used to make sense of the world are more enduring, harder to uncover, and yet more central to behavioral
decisions that people and organizations make. Understanding
the importance of these issues requires application of cultural
theory and method. Studying meaning making is a nonpositivistic approach to research; that is, an approach that prioritizes
qualitative over quantitative and the emergence of theory
over confirmation of research paradigms. This approach is
not common in much of the work in conservation. Although
sea-level rise (SLR) is a global phenomenon and responses
and engagement are often framed at a very broad scale,
projects addressing these large-scale landscape changes must
ultimately focus on the local scale, which is much messier and
more complicated because landscape planning projects must
move beyond conservation-minded organizations. This need
for broader perspectives means that there must be space to
accept and contend with nonlinear processes that drive local
decision making and actions—perceptions of place, political
ideologies, and historic and cultural norms specific to a place.
If the Cape Romain National Wildlife Refuge can find partners
that are outside of conservation but ultimately still share
the same goals—a healthy environment where community
members can live, work, and play that provides the continuity
of the place—the refuge, conservation-focused organizations,
and others on the landscape will benefit in mutualistic ways.
We as researchers and practitioners had to abandon positivism, or more simple cause and effect thinking, for a murkier,
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nonlinear, interpretivist understanding of the world; in other
words, we had to take culture and meaning-making seriously.
This consideration of culture throughout our process helped
us identify areas for project improvement that we hope can
be applied to other landscape planning, conservation-focused
projects in the future.

C.3. Understanding Human Behavior
We began with the recognition that engaging with people
on such complex topics as SLR (due to climate change), landscape change and use, and ecological conservation required a
focused approach based on a sound understanding of the complexity of human behavior and behavior change. Underlying
theory and assumptions shape the questions asked and the
methods of research, just as they shape engagement and communication strategies (Katz and Light, 2013). With that in
mind, we considered several models of human behavior used
in environmental social science literature (Bell, 2011).
We began by developing a set of criteria upon which to
assess popular theories of human behavior used in the conservation field. These criteria included the ability to account
for the multiplicity of perspectives, value propositions, and
sense and limits of agency (the actual and perceived ability of
individuals to act on their own accord) for the variety of stakeholders on a landscape. All these are societal features relative
to culture and meaning (Hong and others, 2000). Many entities
have a stake in the issues of climate change, SLR, and landuse change—private landowners, public and privately traded
businesses, municipalities, residents, recreationists, nature lovers, schools that take field trips to the refuge, conservationists,
and the wildlife itself. For all these groups, in different ways, it
matters how the local landscape is able to adapt to the multiple
global threats it faces. They all bring with them different perspectives, and all will view the issues through differing value
propositions (Cheng and others, 2003). Importantly, groups
also maintain different levels of actual and perceived agency
to act on issues of concern (Ajzen, 2002).

Table C1.

The model itself also needed to be sufficiently complex.
For example, a one-to-one assumption of attitude to behavior
or increased knowledge to behavior, both often found in environmental behavior models, was not what we were looking
for (see for example, Dunlap and others, 2000). Rather, the
model needed to be able to account for multiple dependent
and independent variables that change at different times. In
particular, the complexity inherent in taking cultural variability seriously points to the need for a model that can account
for that complexity.
Along with the need for complexity, we also required that
the model be nimble enough to accommodate adaption of the
broader intervention at specific times for particular stakeholders in response to conditions in places where stakeholders live,
work, and play. No models are truly predictive (particularly
when dealing with the complexities of human behavior), and
they must be able to adapt as new information is uncovered
and as change on the ground happens in real time. Climate
change and SLR are some of the most complex problems
society must address. For models of human behavior to be
useful, they must be able to maintain, over time, an approach
that allows researchers and those in public outreach efforts
to modify and work through complex changes. Put simply,
although complexity of the model was necessary, rigidity of
the model was not an option. Table C1 provides a list of the
environmental models we examined and how they measured
up to our criteria.
Ultimately, we determined that the most commonly used
models in environmental social science literature came up
short for our criteria. So, we next turned to the population
health literature. Population health is a similarly complicated
topic because there are multiple constraints on behavior, and
knowledge, attitudes, identities, and access all interact in
complex ways. It is a field that has been working for some
time to figure out how to understand human behavior more
thoroughly. In the population health literature, we found the
TTM. TTM is a “stages of change” model and is one of the
most commonly used and most thoroughly researched models
in behavioral health literature (Armitage, 2009). This model
met our criteria in that it was sufficiently complex and yet not

Behavior models commonly used in environmental social sciences and their ability to address our model criteria.

Reasonable Persons
Model (Kaplan and
Kaplan, 2009)

Model criteria

Theory of
Planned
Behavior (Ajzen,
1991)

Attitude models (for
example, Wildlife Values
of the West) (Dunlap and
others, 2000; Fulton and
others, 1996)

Other models (for example,
Value Belief Norms Identity
models) (Stern and others,
1999; Stets and Biga, 2003)

Perspectives, value propositions, and agency

Yes (perspectives,
value propositions, and
agency)

Yes (value
propositions
and agency)

Yes (value propositions)

Yes (variable)

Multiple dependent and independent variables

No

Yes (potential)

No

Yes (variable)

Nimble—Accounts for change
over time

Yes (potential)

No

No

Yes (variable)
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rigid. It also accounted for multiple dependent and independent variables that may vary over time, space, individual,
and group.
TTM can robustly account for multiple meanings and
varying perceptions of self and others, as well as address
limits on agency, satisfying our first criterion. It is complex
enough to robustly account for behavior, in that it contains
multiple dependent and independent variables that allows for
change over time. Behavior is a process that happens over
time, space, and context, and the TTM accounts for time in
ways that most behavior models do not. Furthermore, the
outcome of the model is not bivariate—change or no change—
but rather offers an array of potential outcomes determined by
project timeframes and goals. Finally, a behavioral act is not
the end of the model; rather, it also accounts for maintenance
of behaviors over time. In a broader sense, the TTM operates
with some very important and overarching considerations,
including where stakeholders are located in the model at the
beginning of the intervention and finding where they are in
the model as time moves forward. This recognition of where
an individual or group is in the model then shapes the engagement strategy and measures of success. For example, an outreach strategy aimed at raising awareness of an issue is only
helpful for those who are unaware. In contrast, those who are
already concerned about the issue but looking for what to do
need a more concrete, action-based intervention.
The application of the TTM stages of change behavior model accounts for numerous social processes for the
construction of engagement and communication strategies.
Applying the TTM allowed us to keep our focus on culture or
meaning making at the local context. In particular, the model
forces researchers to consider how people and organizations
define the landscape and the problems on that landscape.
People in and around Cape Romain National Wildlife Refuge
(NWR) may view the issues at hand in different ways but all
fundamentally face a similar future in terms of loss of land
to SLR. Bridging that gap between the different organizations and lived experience levels requires a consideration
of variability in meaning. Furthermore, our application of
scenario planning, in particular with its first phase of pluralistic problem definition (as demonstrated in chap. D), provides
a potential format for ensuring the incorporation of culture in
the study of landscape change.

C.3.1. Transtheoretical Model
Here we review the TTM overall and then move to the
internal components, which are what shape engagement itself
(fig. C1). Letters below refer to the labels in figure C1:
A. The TTM considers temporal distance to behavior. As an
example, having an attitude or idea does not necessarily
mean that the corresponding behavior will immediately
follow. The TTM addresses this shortcoming of other

TransTheoretical Model
A. Temporal distance to behavior
B. Behavioral intention
Precontemplation Contemplation Preparation

Action

Maintenance

C. Behavior
D. Duration of behavior

Figure C1. Transtheoretical Model of human behavior. Adapted
from Armitage (2009).

models and recognizes that behavior is complex and that
movement to behavior is not necessarily adopted simply
because information is gained or an attitude is changed.
B. The TTM reflects a complex understanding of behavioral
intention. Intentions do not necessarily immediately precede behavior. For some individuals and groups, distance
to behavior is still far, whereas for others, distance from
intention to behavior is temporally close, depending on
where they are within the model. Gauging this distance
helps people seeking to make change decide what
actions will be most effective in the near and distant
future depending on groups they are interacting with and
for whom they are creating communication and engagement strategies.
C. The TTM also accounts for the degree of enduring
change; changed behavior serves to support an acceptance of the new lived reality. The new reality becomes
not a better than or worse than state but rather how
things are.
D. Behavior can then become habitual and embedded, a
permanent way to live within the landscape.
The power of the TTM model lies in the recognition that
all people do not begin at the same starting points and in its
use of five internal components. McDuff and Jacobson (2000)
noted that different stakeholders need different things to move
to behavior. Some just need more information, others need
plans for action, and others need connections between those
things that already are of immediate concern and the larger
issues (in this case of landscape change and SLR) at hand. By
beginning with this recognition, practitioners can be better
prepared to uncover where people are in the model and can
design effective strategies, messages, and engagement actions
that align with what is needed in a given area for a given
audience.
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C.3.2. Internal Components of the
Transtheoretical Model
People live their daily lives in a sea of meaning, where
there are power relations to which researchers are not privy
and in which there are group and role identities that people are
filling as they go about their day (Abrams and Hogg, 1990;
Stets and Burke, 2000; Stryker and Burke, 2000). All this happens in a landscape that is imbued with historical and cultural
meaning. Although researchers entering a landscape may
have a sense of what some of those things are, they do not
experience these lived realities in the same way (rather they
experience their own lived realities that may be more or less
connected to the landscape where research is taking place).
These realities are the daily things taken for granted that must
be uncovered and accounted for to create quality engagement
and communication strategies (Cunliffe and Scaratti, 2017).
A close look at those internal components with hypothetical examples demonstrates how the TTM helps to shape our
identification of different types of actions for different groups
of stakeholders.

C.3.3. Precontemplation
In the precontemplation phase, people and organizations
are not yet concerned with the issue at hand (in this case,
threats of SLR and dramatic changes in the landscape of the
South Carolina Lowcountry). Though they may have heard
of the issue, it is not something they are actively thinking
or concerned about. It may be that they have more pressing
concerns and that this is not a salient issue in their lives or for
functioning their organization. They may have heard of the
problem but view it as something that needs to be addressed
far off in the future and not something to be concerned with
now. Finally, some may just not know anything about the issue
of SLR. Yes, they will have noticed issues of flooding in the
area, but this flooding could be viewed as normal or not that
concerning. For this last group, they may not have been in the
area for long and therefore lack historical context for comparison. There are, of course, also climate change deniers that
grapple with these issues in unique ways. These deniers are
not in the precontemplation phase, as they have likely had to
do some amount of thinking about the issue to deny that it is
happening.

deer) conservation, finding that cultural frameworks to make
sense of land, land use, wildlife, and human modifications
on the landscape were deep seated, much harder to address
than simple issues of awareness, and yet fundamental for
understanding how conservation work for a given species on a
landscape can occur.

C.3.5. Preparation
In the preparation phase, the problem has been recognized within cultural frameworks relevant to that individual,
group, or organization, and they are now preparing to act.
Preparing to act often leads groups and individuals to look
to important people in their lives to see what they are doing
and to think about how those actions align with the identity
of the group (Terry and Hogg, 1996). Advertisers understand
this better than most in society. If you can convince individuals that the group they identify with is doing something, then
they will also be drawn to do that thing or to buy that product (Hogg and Reid, 2006; Schor, 2014). As recognized in
behavioral economics and social psychology, in-group and
out-group dynamics play an important role in shaping people’s
behaviors (Schor, 2014).
In this phase, an organization or individual may have
identified that SLR in the area is a substantial threat to their
wellbeing. They may look at how addressing the issue fits with
their own goals and objectives, as well as how other similar
groups are addressing the issue. People and organizations will
also conduct cost-benefit analyses to determine what actions
may be viable.

C.3.6. Action
It may take time to come to actual action or behavior
in the TTM. Actions occur when individuals or groups act
to address landscape change in the area. Actions are taken
because they fit with the concerns that individuals see and
feel in earlier stages of the model, that are consistent with
identities they hold, and that are doable within their actual and
perceived constraints to act. Actions must reinforce the concerns identified previously. For example, groups will not likely
pursue a course of action that is at odds with their mission and
goals; similarly, an individual will be less likely to take an
action that is not consistent with their identity.

C.3.4. Contemplation

C.3.7. Maintenance

In the contemplation phase, people are concerned about
SLR and landscape change issues in the area, but they are
not yet close to action. How people in the contemplation
phase view the issue will determine how they move through
the model. Local meaning-making structures will shape how
people view the issue of SLR. Peterson and others (2002)
demonstrated this in their work with issues of Odocoileus
virginianus clavium (Barbour and G. M. Allen, 1922) (Key

The TTM underscores the concept that, for behaviors
to have large impacts on the landscape, behavior should
become habit rather than occurring potentially only as rare,
isolated acts. In conservation work, moving people to more
conservation-friendly behaviors to only have them go back to
the previous behavior is not success.
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For a behavior to be maintained, it must be central to
multiple identities and not contradict identities that people or
groups hold central to who they are and how they operate. In
the case of landscape change around Cape Romain NWR, how
land is protected and how long-term planning is conducted
cannot be a single act for the landscape to persist through the
threats of SLR and increased human usage. Rather, there must
be new ways of conducting business and living in the South
Carolina Lowcountry that are maintained over time.

C.4. Engagement Activities
We began this project with the need to better understand
the landscape we were preparing to enter. To gain a sense of
environmental, and specifically climate change, issues in the
area, we first conducted a media review to understand what
was being discussed, in what way, and by whom in primarily local media pieces within the previous 2 years or so. This
process allowed us to gain a sense of how issues of climate
change and SLR were presented broadly in the area around
Cape Romain NWR. Importantly, although print and video
media do not represent local understanding in its entirety, they
do provide a glimpse as to how topics are being discussed in a
broad sense in the area. We found that issues of flooding were
covered regularly but that connecting those issues to climate
change explicitly was rare in local and even national media
coverage.
We recognized that place-based experiences and lived
power differentials must shape engagement strategies. In
other words, groups that operate at levels that are further
removed from the immediate landscape of the South Carolina
Lowcountry (for example, national-level organizations such
as large conservation groups or governmental organizations)
are engaged in ways that are different from those groups that
operate primarily within local confines (for example, local
municipalities, churches, small businesses, and homeowners).
Although phone calls with individuals representing nationalor State-level government organizations would be appropriate,
we felt that conversations with locally focused organizations
should be conducted in face-to-face settings. Furthermore,
these differences in operational level also often relate to power
differentials—groups that have funding and support of the
Federal Government likely have greater power than hyperlocal organizations. The map in figure C2 demonstrates the
extending circles of experience and engagement that we used
to apply the TTM for engagement purposes. From the media
review and application of the TTM, we created a list of prioritized groups for engagement (table C2).
Cape Romain NWR and the areas immediately surrounding it are the darkest color on the map (fig. C2). This
area represents a hyperlocal (community) focus that was very
important to our partners at Cape Romain NWR because these
are the stakeholders Cape Romain NWR staff interact with on
a daily basis. Although this level is not necessarily the level

of focus for most Federal conservation work, the household,
neighborhood, and at times township levels are the only levels
where the changes occurring on the landscape are experienced.
Much of the actions identified in the strengths, weaknesses,
opportunities, and threats workshop, discussed in chapter E,
focus on this level.
The next concentric circle in the map in figure C2 represents local (city) governments, which have much more control
over land use than any one home or business owner by their
ability to set zoning laws and more. They are representatives
of the hyperlocal level and should be responsive to those communities. The largest circles represent the highest institutional
levels of State and Federal governments.
Cape Romain NWR is unique in its hyperlocal experience of landscape change while also existing within the larger
Federal Government sphere (as are all NWRs). This uniqueness requires sensitivity to interpersonal relations between
NWR staff and surrounding community leaders, as well as
sensitivity to how the community views the NWR and its staff.
Cognizant of the hierarchy of these relations, we next identified six forms for potential engagement actions that may better
reach the intended audience.
Reactive (action 1).—Some groups do not necessarily
need to be sought after depending on project and NWR goals
at different points in time. For these groups, being prepared to
react if contacted is important because they may have concerns about SLR that correspond with Cape Romain NWR’s
concerns, as well as others in the region. Being prepared to
bring in yet unidentified partners is vital for a communitybased approach.
Scientific papers and presentations (action 2).—Papers
and presentations created as a result of scientific pursuits of
this project in particular and other projects focused on SLR
are useful for entities that tend to be further removed from the
South Carolina Lowcountry.
White papers (action 3).—These more informally produced papers can be a way to share lessons learned with other
interested parties in the region and tend to be more accessible
than peer-reviewed published papers.
Phone calls and emails (action 4).—Informal conversations and emails with groups and individuals for discovery
purposes or to pursue deeper engagement are an important,
more relaxed step of any engagement strategy.
Workshops (action 5).—Formal workshops to bring
together different groups and individuals to discuss and
understand the nature of the problem and potential collaborative pathways forward are important collaborative learning
opportunities. This type of engagement was the focus for the
tenure of this project.
Face-to-face (action 6).—More formal conversations for
discovery and deeper engagement purposes with groups and
individuals who may or may not also attend a workshop will
be important moving forward to address SLR collaboratively
in the area.
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Geographical representation for application of the Transtheoretical Model to Cape Romain National Wildlife Refuge.

By identifying NWR stakeholders based on their geographic proximity and scale of influence or operation (demonstrated in fig. C2), we illustrate how different types of
stakeholders in different places may be better suited to diverse
engagement interactions (table C2). For example, when
working with practitioners in the conservation community,
we know that they are not in the precontemplation phase of
the TTM but are quite obviously already in the action phase.
However, finding new and unique actions is something that
these groups may be eager to engage in. As a further example,
community members may be within any of the internal components of the TTM, so face-to-face interactions and creative
engagement strategies, such as a mapping exercise described
in chapter C.4.2, are better suited than simply distributing
fliers or providing information with the assumption that this
broad group of stakeholders only lacks enough information on
the issues of SLR in the South Carolina Lowcountry.

C.4.1. Face-to-Face Meetings
We conducted several stakeholder engagement activities.
To begin, conversations with Cape Romain NWR staff, and
our own personal experiences working on complex environmental issues, revealed a need to better identify the conservation players in the area, as well as what actions those groups
were focused on. Duplication of efforts is a major pitfall of
work on environmental issues. We did not want to fall into this
trap and recognized the need to better connect with and understand the conservation and environmental organizations in the
area. For our first round of meetings, we chose face-to-face
discussions lasting 1–2 hours. They were purposefully informal and designed to be informative for all who gathered. We
met with a total of seven highly active conservation focused
groups in the South Carolina Lowcountry. These included
Federal agencies, State agencies, national and local nongovernmental organizations, and more research-focused groups

C.4. Engagement Activities
Table C2.
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Linking stakeholders and actions.

[Note that the closer positioned to on-the-ground experience by stakeholders (fig. C2), actions correspondingly move to more direct, on-the-ground interaction.
USFWS, U.S. Fish and Wildlife Service; X, engagement strategy of choice; --, not recommended as an engagement strategy; USFS, U.S. Forest Service; USGS,
U.S. Geological Survey; NPS, National Park Service, NOAA, National Oceanic and Atmospheric Administration; FEMA, Federal Emergency Management
Agency; TNC, The Nature Conservancy; LCC, Landscape Conservation Cooperative; SCDNR, South Carolina Department of Natural Resources; SC, South
Carolina; LOA, Local Operating Agency]

Stakeholder

Action 1
(reactive)

Action 2 (scientific papers and
presentations)

Action
3 (white
papers)

Action 4 (phone
calls and
emails)

Action 5 (workshops)

Action 6
(face-toface)

X

--

--

--

Federal
National USFWS

X

X

National USFS

X

X

X

--

--

--

National USGS

--

X

X

--

--

--

Gullah Geechee Corridor (NPS)

X

--

--

X

--

--

NOAA

--

X

X

X

X

X

FEMA

--

--

--

X

--

--

TNC, National

X

X

X

--

---

--

National Media

X

--

--

--

--

--

Regional USFWS/LCCs

X

--

--

--

--

--

State
SCDNR

--

X

X

X

X

X

Ducks Unlimited

--

--

X

X

X

--

Friends of Coastal SC

--

--

X

X

X

--

Charleston County

--

--

--

X

X

--

Georgetown County

--

--

--

X

X

--

Santee Cooper Power

X

--

--

--

X

--

Timber Companies

X

--

--

--

X

--

TNC

--

X

X

--

X

X

Sea Grant

--

X

X

--

X

X

Coastal Conservation League

--

--

--

X

X

--

Low Country Land Trust

--

--

--

--

X

X

County

Other land trusts

--

--

--

--

X

X

Center for Heirs Property

--

--

--

X

X

X

Charleston

--

--

--

X

X

Awendaw

--

--

--

X

X

McClellanville

--

--

--

X

X

Commercial resource harvesters

--

--

--

--

X

Local media

X

--

--

--

--

--

Cape Romain

--

X

X

X

X

X

City
X
X

Francis Marion

--

X

X

X

X

X

Bulls Bay Chamber

X

--

--

--

--

--

Recreational outfitters

--

--

--

X

--

Community
--

LOAs

--

--

--

--

X

--

Schools

--

--

--

--

--

X
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Table C2.

Linking stakeholders and actions.—Continued

[Note that the closer positioned to on-the-ground experience by stakeholders (fig. C2), actions correspondingly move to more direct, on-the-ground interaction.
USFWS, U.S. Fish and Wildlife Service; X, engagement strategy of choice; --, not recommended as an engagement strategy; USFS, U.S. Forest Service; USGS,
U.S. Geological Survey; NPS, National Park Service, NOAA, National Oceanic and Atmospheric Administration; FEMA, Federal Emergency Management
Agency; TNC, The Nature Conservancy; LCC, Landscape Conservation Cooperative; SCDNR, South Carolina Department of Natural Resources; SC, South
Carolina; LOA, Local Operating Agency]

Stakeholder
Churches

Action 1
(reactive)

Action 2 (scientific papers and
presentations)

Action
3 (white
papers)

Action 4 (phone
calls and
emails)

Action 5 (workshops)

Action 6
(face-toface)

--

--

--

--

X

--

Community—Continued
Private resource harvesters

--

--

--

--

X

X

Basket makers

--

--

--

--

--

X

Property owners

--

--

--

--

--

X

Residents

--

--

--

--

--

X

(Francis Marion National Forest; The Nature Conservancy,
Charleston, South Carolina; Low Country Land Trust;
National Oceanic and Atmospheric Administration (NOAA),
Charleston, South Carolina; South Carolina Sea Grant; and
Center for Heirs Property).
From these meetings, we learned that, as expected, there
is an active and engaged conservation community concerned
and active around the issue of SLR and the concomitant problems. We also learned there is still plenty of work to be done
and that there are, as of yet, limited projects that focus explicitly on Cape Romain and the immediate surrounding areas.
Although there is already a tight collaboration between Cape
Romain NWR and Francis Marion National Forest regarding
land acquisition to better connect the two entities, there is still
much work to do. Perhaps unsurprisingly, NOAA is conducting the most sophisticated landscape modeling level research
in the area. South Carolina Department of Natural Resources
is very active on multiple issues across the State, with SLR
posing major challenges for their mandate to protect natural
resources.
Lowcountry Land Trust and The Nature Conservancy
are conducting somewhat similar eﬀorts in terms of placing
land into conservation easement for posterity. In addition, Sea
Grant works to bridge the ecological and the social milieus in
ways that are important for conservation eﬀorts at all levels.
Finally, Center for Heirs Property oﬀered a much more on-theground and in-touch local perspective; in particular, they work
with and represent underserved and often underrepresented
minorities in conservation eﬀorts.

issues to provide information and fun activities to the public, was the perfect opportunity. We created a quick and fun
engagement activity designed to understand how people who
live in the area and come to Bulls Bay at least once per year
value the area and their level of concern for the landscape.
For these purposes, two maps were provided to anyone who
wished to participate at the Cape Romain information table.
The first map asked people to mark their favorite spots in
Bulls Bay, and the second map asked people to mark areas
they were worried about. We took the data from the maps
completed by 21 Bulls Bay Nature Festival attendees and
created composite maps that use color shading to demonstrate
areas with greater density of marks (figs. C3 and C4).
As figures C3 and C4 demonstrate, some of the most
threatened areas (the outer points) are those people most often
marked as the most special to them. Furthermore, the maps
demonstrate a broad and consistent understanding (of those
who participated) of the threats to Bulls Bay.
This mapping activity was an easy, low-cost engagement that collected valuable information. However, we must
note the glaring shortcoming of selection bias. People who
filled out these maps chose to come to the Bulls Bay Nature
Festival and chose to visit the Cape Romain NWR information
table. Most unfortunately, we were not able to engage in short
conversations with those who filled out the maps, so we do not
know what people are worried about in the areas they marked,
nor do we know what it is they value about the areas they
said mean the most to them. When we discuss the responsibility of taking culture seriously, we more deeply address these
shortcomings.

C.4.2. Creative Engagement Opportunities—
Seizing Opportunities to Learn

C.4.3. Workshops

Early in the process, we also seized on an opportunity
to engage with (though in a limited matter) people who enjoy
Cape Romain NWR as a recreational space in their area. The
Bulls Bay Nature Festival, a yearly event that brings together
multiple organizations working on Bulls Bay environmental

Our other stakeholder engagement actions included
conducting the two workshops discussed in more depth in
chapters D and E of this report. Here we will note a few
features of these workshops relative to our overall engagement
strategy. First, those individuals that attended the workshop
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Density of spaces marked as favorite places by participants in the mapping activity at the Bulls Bay Nature Festival.

in face-to-face meetings. Establishing relations before the
workshops makes for a more enjoyable experience because
attendees feel heard and have a role in creating the workshops
before they are held.
Secondly, we strove to create a setting where discussion
was prioritized over rigid process, and relationship building was prioritized over top-down knowledge sharing. The
workshops were held in a nature center that gave the workshops a low-key feel and made things like parking easy for the
participants. Furthermore, we strove to not spend hours giving
presentations. Rather, although the workshops did begin with
a few short presentations, they primarily provided time for
group discussions. This proved to be fruitful and more engaging for workshop participants.
Overall engagement efforts for this project focused on
conservation and cultural organizations. The primary reason
for this was because in our early meetings we uncovered
the need for better coordination between multiple groups

working towards similar goals. It also provided an opportunity to ensure that connections between Cape Romain NWR
staff and these other organizations were robust and would
continue when this project was complete. However, it must
be noted that the limited groups and individuals with whom
we engaged were a shortcoming of this project; because of
this, we were not able to apply the TTM fully. In chapter G,
we discuss how the TTM could be used moving forward with
more community-level and nonconservation-based organization engagement.

C.5. Lessons Learned
Hegemonic depictions (depictions that are top down and
rooted in positions of power) of a place on a map are not the
end of the story. Maps are very useful in scenario planning,
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but we must be aware of the hegemony often inherent in
mapmaking. Depending on whom one is engaging with, practitioners must recognize the power and potential repression
inherent in mapping (Wood and Fels, 1992). Place-based experience should be valued in a way that is consistent with and in
addition to information contained in geographic information
system map layers.
There are several examples of when this came to light in
our work. At all face-to-face meetings with different organizations, we noted how the first thing anyone wanted to do was to
find their house on the maps we presented, particularly on the
maps representing projections for SLR. We also realized that
how people read maps can vary greatly, not just in aptitude
but also in interpretation. Furthermore, at the scenario workshop when a plethora of maps were available online and taped
to the walls of the meeting rooms, it was instead the stories
of personal experience that shaped how people talked about

the changes on the landscape. Finally, one workshop participant pointed to the very important step of ground-truthing
maps. Maps depicting development are quickly out of date
in an area experiencing growth at the rate seen in and around
Charleston, S.C. All these examples point to the need to think
more critically about how and what maps are being used in
different engagement activities. These issues lead to our next
lesson learned.
Researchers need to be on the ground—not being placebased is a major shortfall of this project. The social capital,
networks, and experiential knowledge will fall short when
researchers can only come to the place for short periods.
Deep understanding (Hochschild, 2016) and the uncovering
of multiple meanings and ways of making sense of a place
and the changes happening there requires ethnographic,
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participant-observation methods. This is costly, but so is most
research, and this on-the-ground approach should be prioritized when addressing wicked problems.
The Community of Inquiry approach (Haynes, 2018),
which offers a radically democratic approach to engagement,
allows for meaning to unfold through interaction in informal conversation and also in workshop settings. However,
this means that practitioners conducting workshops must be
prepared for the unpredictable nature of these types of workshops. If the goal is to create space for shared meaning making
and not to dictate outcomes (as supported by a Community of
Inquiry approach), then the process will be messy. For some,
this is what they train for; qualitative social scientists are
particularly suited due to their training to embrace this messiness, and good facilitators are also important for this process.
A workshop forum that is not overly rigid from the outset will
help this sort of process to unfold.
In the scenario-planning workshop, which occurred in
January 2017, the recent presidential inauguration represented
a powerful influence. By allowing for open discussion, we
could see how concerns and opportunities regarding the new
administration’s priorities might affect the setting of conservation goals and real effects to the landscape. We learned from
the effort of scenario construction that on-the-ground experience allowed the local organizations to see that community
cohesion would be central for the region to address changes
into the future. None of the researchers would have predicted
this, and yet social and community resilience and cohesion
were viewed in many ways more important than the physical
changes on the landscape. We learned this because we created
a space for open dialogue in the workshop.
Thinking and planning critically when determining group
composition is important. Of course there are individual
personalities; but, more importantly, we had to keep in mind
that when dealing with a group of professionals coming to
the workshops to represent their given institution, they would
bring with them their own training and institutional cultures,
as well as their own personal identities and worldviews.
Planning and thinking about how professional identities affect
group cohesion and group dynamics is not a predictive science
but does require forethought and planning. Of course, some
people do not participate as well in groups as they do at an
individual level—overcoming this requires good facilitation
skills more than anything.
We experienced quick group cohesion and easy group
processes, but our group was composed of people who already
knew each other because they all worked in similar fields.
Conducting workshops with community-level individuals
and institutions that do not necessarily share the same goals,
skills, and identities as the Cape Romain NWR staff would
require development of trust for open communication—a
process that takes time (note this also relates to point number two and the need for social capital and trust to be built).
Furthermore, researchers cannot and should not ask people
for whom it is not part of their job description to take 8-hour
blocks out of their days to come to a workshop if they want

good representation. Long workshops during work hours constrains who can participate. We propose that scenario planning
would be effective as a tool to be used across several meetings,
held over several months, for working with community-level
organizations.
Furthermore, awareness of how individual identities
may shape group outcomes at scenario planning workshops
is important. Our workshops were fairly homogenous in that
nearly all participants were professionals in the conservation
field. These individual identities heavily affect what is seen as
important. For example, one of the scenario planning groups
saw the sustainability and local food movements as potential
major drivers for positive change in the region—which they
very well may be, and there is certainly reason to support
these movements. But a different group with different lived
experience may or may not see these movements as important
to them (DuPuis and Goodman, 2005). The scenarios created
were plausible, but it will take moving out to other organizations and individuals to see if they resonate with the community at large.
Finally, researchers and practitioners must keep in mind
that professional identities and roles in each individual’s given
institution also affects interactions. We had some negative
reactions to the scenario workshop process because people
were hoping for more robust and apparent next steps. For
those who work on the ground in action-oriented jobs, the
process of scenario planning felt a bit tedious, and it was
unclear what benefit it provided to them (at least in the immediate term).
If culture matters, include those that deal with culture in
the planning workshops. We received several compliments
in our workshop for the consideration we gave to those who
study the human side of environmental change, and we do
believe that this mix of people from different academic traditions made the workshops more interesting and more useful.
In fact, in the scenario planning workshop as we identified
resources, one participant said, “but this is all culture”—a
very anthropological view of culture and one needed for these
processes. Having people at workshops who are explicitly
concerned with meaning making helps us to move away from
simplistic solutions, such as the notion that simply increasing
knowledge leads to behavior change. The social world is much
more complex than this notion. In one of the workshop groups,
a participant suggested that if you bring people knowledge of
a given issue, they are so thankful. A more community-based
individual disagreed and noted that people need to be involved
in defining the problem, not just brought information about
a problem that has been defined by outsiders. However, even
with this variability of perspectives and depth of consideration
of communities, our workshop groups still came up with solutions like “use interns for outreach.” This still suggests that
the cultural is an afterthought. Outreach and bridge-building is
one of the hardest parts of conservation work. Solutions will
ultimately need actual commitment from conservation organizations. Tasks that involve the building of trust and social ties
should not be done by short-term interns.
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Finally, if culture matters, then the team of researchers
themselves must include those who study culture from the
outset. Throwing in a social scientist as an afterthought happens much too often (Miller and others, 2008). For this project
we must credit the funding agency and primary investigators’
desire to approach this problem differently from the beginning.
Allowing for and embracing culture beside an open
dialogic process (as with the Community of Inquiry approach)
means that historical moments matter in unpredictable ways.
This is always true and should not necessarily be surprising,
but we were caught off guard with issues that arose in the
scenario-planning workshop only 5 days after inauguration.
The workshop was originally scheduled for October 2016 and
had to be canceled last minute because of Hurricane Matthew.
We prepared for Hurricane Matthew’s impact, but instead the
more pressing historical moment was a new, uncertain president. Practitioners must understand global, national, regional,
and local events or at least have a willingness to allow them to
shape the process in ways that may be unexpected.
This point also interacts with point number four above;
individual identities interact with large-scale issues in many
ways. The very livelihood of those in the conservationoriented group could be at stake because of changes in
conservation and environmental funding. Identity and identity
politics will be part of any workshop. How that identity is
managed and used to help achieve goals depends on those
leading the workshop, but it should be viewed as beneficial
and something worth exploring.

C.6. Conclusion
In chapters D and E of this report, we present a more
in-depth discussion of the workshops held with conservation professionals. Finally, in chapter F, we provide ideas for
future work addressing complex problems, wicked problems in general, and continued collaboration for the Cape
Romain Partnership for Coastal Protection. From an engagement standpoint, next steps must include moving beyond
conservation-focused organizations and casting a broader net
for engagement. We provide ideas for these actions based on
lessons learned during our tenure on this project and application of the TTM.
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Chapter D. Scenario Planning—Possible Futures in the South
Carolina Lowcountry
D.1. Introduction
Scenario planning was developed in the 1960s as a way
for organizations to cope with an uncertain future (Millett,
1988). Scenarios are plausible descriptions of possible future
states of the world, but they are not predictions or forecasts
(Berkhout and others, 2002; Peterson and others, 2003b;
Rounsevell and Metzger, 2010). Rather, they are intended to
offer insights into what the future might hold in terms of the
threats and opportunities facing an organization. Scenarios
are typically formulated as narrative storylines, although they
often are based on quantitative information. Organizations use
alternative scenarios to foster a shared perspective of possible
futures, from which robust solutions to complex problems
can arise.
Scenario planning is increasingly being used to explore
adaptation to climate and global change (Peterson and others,
2003a; Duinker and Greig, 2007; Tompkins and others, 2008;
Rosentrater, 2010; Sheppard and others, 2011; Cobb and
Thompson, 2012; Carlsen and others, 2013; National Park
Service, 2013). In this context, scenario planning can be a
useful tool to explore highly uncertain events; to incorporate
diverse knowledge, interests, and opinions; as a method of
collective learning; and as a communication tool for working
with a diversity of stakeholders who may have widely varying
interests (Berkhout and others, 2002; Peterson and others,
2003b; Wiseman and others, 2011).
Our goal was to use scenario planning as a way to bring
conservation interests together (a) to identify and work with
those already affected by, and engaged with, global-change
issues in the South Carolina Lowcountry; (b) to look beyond
traditional conservation objectives to address a broad spectrum
of concerns, values, and desired services associated with the
coastal region; (c) to work together to reveal possible collaborations and identify sources of conflict; and (d) to use the bestavailable science to understand and guide decisions to achieve
goals for the future of the South Carolina Lowcountry.

D.2. Methods
We conducted a 2-day scenario-planning workshop
January 26–27, 2017, with participants from Cape Romain
National Wildlife Refuge, South Carolina Department of
Natural Resources, South Carolina Sea Grant, Lowcountry
Land Trust, The Nature Conservancy, National Oceanic
and Atmospheric Administration, University of South

Carolina, Francis Marion National Forest, South Carolina
Aquarium, Center for Heirs Property, and the South Carolina
Environmental Law Project.
Before the workshop, participants were provided a
variety of internet resources describing climate-change effects,
population growth, and social vulnerability (table D1). A variety of maps were also provided, including the following:
• Protected Area Database (Esri and U.S. Geological
Survey, 2016),
• Sea Level Affecting Marshes Model (U.S. Geological
Survey, 2020),
• Sea, Lake, and Overland Surges from
Hurricanes (National Oceanic and Atmospheric
Administration, 2017),
• Sea Level Rise Viewer (National Oceanic and
Atmospheric Administration, 2020),
• SLEUTH urbanization model (North Carolina State
University, 2016),
• Social vulnerability (Esri and Hazards & Vulnerability
Research Institute, 2018), and
• Property parcels (Charleston Water System and
others, 2017).
Participants individually identified ecological goods and
services of value to help focus development of the scenarios
(Keeney 1992). A shorter list of values was subsequently constructed based on the frequency with which various goods and
services were mentioned. The participants were then divided
into two groups to develop scenarios. Scenarios were developed for so-called “tailored exploration,” in which a participatory process is used to identify key drivers and trends that
will shape the future of ecological goods and services in the
South Carolina Lowcountry through the year 2050 (Wiseman
and others 2011). We used the intuitive logics scenario process
or driving forces method (Goodwin and Wright, 2014) that
addresses an external environment largely beyond the control
of the decision maker. Strategic actions are evaluated against
the resulting scenarios; as such, actions are not considered part
of the scenarios themselves.
Workshop participants relied on social, technological,
environmental, economic, and political indicators to help
identify important drivers of ecological goods and services
(Rounsevell and Metzger, 2010; Wiseman and others, 2011;
National Park Service, 2013). Drivers were considered in
terms of degree of impact and degree of uncertainty (Wiseman
and others, 2011; Wright and others, 2013; Goodwin and
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Table D1.

Internet resources provided to participants before the scenario planning workshop, January 26–27, 2017.

[NOAA, National Oceanic and Atmospheric Administration]

Resource

Resource description

Link

Flood exposure

https://coast.noaa.gov/snapshots/#/process?action=flood&state=45&county=
019&bounds=null

Wetlands benefits

https://coast.noaa.gov/snapshots/#/process?action=wetlands&state=45&county=
019&bounds=null

Ocean jobs

https://coast.noaa.gov/snapshots/#/process?action=ocean&state=45&county=
019&bounds=null

Charleston Metro
Chamber of
Commerce

Population growth trends

https://web.charlestonchamber.net/external/wcpages/wcwebcontent/
webcontentpage.aspx?contentid=25377

University of North
Carolina: Carolina
demography

Population growth

https://demography.cpc.unc.edu/2015/12/08/population-growth-in-the-carolinasprojected-vs-observed-trends/

South Carolina Revenue
and Fiscal Affairs
Office

Net migration

http://www.sccommunityprofiles.org/census/netmigration_c2010.html

Charleston County

Comprehensive plan

https://www.charlestoncounty.org/departments/zoning-planning/files/histcompplan/
May-8-2017_Materials.pdf

Center for Disease
Control

Social vulnerability

https://svi.cdc.gov/Documents/CountyMaps/2014/South%20Carolina/
SouthCarolina2014_Charleston.pdf

South Carolina Sea
Grant

Climate change effects

https://www.scseagrant.org/pdf_files/Climate-Fact-Sheet-8-13-2014.pdf

City of Charleston

Sea-level rise strategy

https://www.charleston-sc.gov/DocumentCenter/View/10089

NOAA Coastal
County Snapshots—
Charleston County

NOAA Tides & Currents Sea level trend

https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?stnid=8665530

Hurricane Matthew water
levels

https://tidesandcurrents.noaa.gov/images/quicklook_high_wl/Hurricane_Matthew_
2016.jpg

South Carolina State
Climatology Office

Final workshop report

https://dc.statelibrary.sc.gov/handle/10827/26424

Geographic Research
Letters

Headwater erosion

https://onlinelibrary.wiley.com/doi/10.1029/2008GL036000/epdf

U.S. Environmental
Protection Agency

Synthesis of adaptation options for coastal areas

https://www.epa.gov/sites/production/files/2014-04/documents/cre_synthesis_109.pdf

Wright, 2014). Participants assessed and prioritized drivers,
recognizing the importance of governance (Berkhout and
others, 2002; Tompkins and others, 2008) at multiple scales
(Rounsevell and Metzger, 2010; Sheppard and others, 2011),
as well as how perceptions are mediated by culture (Ney and
Thompson, 2000; Crane, 2010; Cobb and Thompson, 2012;
Adger and others, 2013). We used information from the workshop to designate three principal drivers and four alternative
scenarios. Scenarios were used in a followup workshop to
help develop strategic actions to help mitigate the effects of
global change.

D.3. Results
A large array of ecological goods and services of value
were identified by workshop participants (table D2). Based on
the frequency with which they were mentioned, cultural values
and provisioning services seem to be of greatest concern. Even
among conservation interests, cultural values and provisioning
services tended to be mentioned more than traditional values
like biodiversity. Strong place attachment and interest in provisioning services provided by the landscape brought together
a broad array of interests.
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Table D2. Summary of ecological goods and services of value identified by participants of the scenario planning workshop,
January 26–27, 2017.
Type of ecological good or service
Cultural values

Specific good or service
Quality of life—Psychological well-being, aesthetics, place attachment and identity, and religious
and spiritual value
Cultural heritage—Gullah culture, sweetgrass, and archeological sites
Outdoor recreation—Fishing, hunting, and ecotourism

Provisioning services

Marine—Fish, shrimp, oysters, Callinectes sapidus (M. J. Rathbun, 1896) (blue crabs), and
Limulidae spp. (horseshoe crabs)
Timber
Game animals

Biodiversity

Threatened and endangered species—Sea turtles and the Picoides borealis (Vieillot, 1809) (redcockaded woodpecker)
Migratory birds, especially shorebirds
Wildlife habitat quality, quantity, and connectivity

Regulating services

Disturbance abatement—Due to storm surge, flooding, and erosion
Water quality and quantity—As affected by runoff, pollution, salinity, and aquifer recharge
Air quality—Carbon sequestration

Several potential drivers of change in the South Carolina
Lowcountry were identified by workshop participants. All
were considered of high impact. Sea-level rise and population
growth were considered the most certain, whereas economic
opportunity, climate variability, and politics were considered
the least certain. We eventually identified three principal
drivers that encapsulated the diverse drivers identified at the
workshop: climate change, changing world order, and local
values and power structures.
The severity of climate change was considered a major
driver for both workshop groups. This was the easiest driver
to define and all specifics of climate change (for example,
sea-level rise, frequency of extreme weather events, and so on)
were combined into one driver.
Much of the workshop discussion (occurring, as it was,
only 5 days after the January 2017 presidential inauguration) was underscored by a theme of national and global
social-political shifts and upheaval. Recognizing that such
changes can have important implications at the local level, we
struggled with how to capture this complexity. How the United
States responds to ongoing trends in globalization will affect
the state and direction of the national economy, immigration patterns, political polarization, and cultural identity. The
feeling that these features are changing in unpredictable ways
that exclude certain segments of the population and worsen
environmental degradation was discussed at length during the
workshop. Because they were described as major drivers of
change at a local level, we tried to capture their root cause as
an uncertain but primary driver.

The local and regional cultural milieu and social systems
were perceived by both groups as key areas where major
drivers could be mitigated or made worse. This driver tries to
capture the idea of social resilience, how forces such as identity unite or divide individuals and communities, how these
entities mobilize resources, and how they are organized by
some form of institutionalized hierarchy (power structures).
All scenarios assumed population growth will continue at
pace through 2050—this did not seem to be highly uncertain
(South Carolina Revenue and Fiscal Affairs Office, 2019).
How this influx of people affects the area, both in terms of
infrastructure and societal reaction, will depend on other drivers at the local and regional scale.
Before articulating scenarios, we characterized the nature
of moderate and severe changes that might be expected for
the three principal drivers of change (table D3). For climate
change, characterizations were based largely on observed
trends and forecasts for the South Carolina Lowcountry available on the internet and from our own analyses (chap. B).
Characterizations of a changing world order and local values
and power structures were based more on theoretical arguments (Harrison and Burgess, 1994; Ney and Thompson,
2000; Lambin and others, 2001; Demeritt, 2002; Frank, 2016;
Gardels and Berggruen, 2017).
The four scenarios depict two extreme and two intermediate futures. The figures associated with the following scenarios
describe the characterization of the three principal driving
forces. The colloquial names of the scenarios are intended as
memes, which the partnership may or may not find useful.
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Table D3.

Characterizations of “moderate” and “severe” climate change used to develop alternative future scenarios.

[≤, less than or equal to; >, greater than; SLR, sea-level rise; °F, degree Fahrenheit]

Moderate

Severe
Climate change

•
•
•

SLR of ≤1 foot by 2050.
>180 tidal floods per year in Charleston, South Carolina.
No change in average precipitation but moderately increased frequency of extreme events (drought, rain bombs, and tornadoes).
• Average annual temperature increase will be moderate, slightly
increasing competition for freshwater.
• Only minimal changes in seawater pollution, temperature, acidity,
and salinity.
• Frequency of tropical storms continues at historic rate of about
one landfall every 3 years, with most storms being category 1 or
less; even with more moderate SLR, this increases the potential
for widespread damage from storm surge.

•
•
•

SLR of about 2 feet by 2050.
>270 tidal floods per year in Charleston, S.C.
Slight increase in average precipitation but greatly increased frequency of extreme events (drought, rain bombs, and tornadoes).
• Average annual temperature will increase 3–4 °F, increasing
the frequency and severity of heat waves and competition for
freshwater.
• Substantial increase in seawater pollution, temperature, acidity,
and salinity.
• Frequency of tropical storms continues at historic rate of about
one landfall every 3 years, but more storms will be category 2
and higher; with high SLR, this increases the potential for catastrophic storm surge.

Changing world order
• A responsible nationalism emerges (that is, the United States
desires to maximize the welfare of its citizens but within a global
community of interests); America takes strong leadership role in
global response and directions, including economic, social equality, and environment.
• Nations increase societal safety nets and access to lifelong learning to combat the downsides of globalization, fostering rapid
growth of entrepreneurship in information and internet technology in which more can participate in an expanding economy.
• Effective institutions of global governance emerge, as the world’s
largest economies (particularly China, India, and America) find
ways to work together.
• Equitable trade policies are negotiated, increasing economic
stability and sustaining growth.
• People feel more empowered as democracy and other participatory forms of governance expand.
• A greater sense of empowerment leads to more trust in institutions and the media, and this helps moderate the social, economic,
and political upheaval associated with unchecked globalization.
• An effective global governance promotes sustainability, moderates the severity of climate change, keeps national and corporate
power in check, and reduces the chance of regional conflict.

•

•

•
•

•
•

•

Global backlash to globalization deepens and spreads, accompanied by rise of nationalism, authoritarianism, and government
corruption.
Shifting power relationships foster continued breakup of traditional alliances, leading to new geopolitical spheres of influence,
which in turn fosters higher potential for regional wars, refugee
crises, and nuclear proliferation.
Distrust of governments, institutions, and the media deepens.
Xenophobia, intolerance, and religious fundamentalism deepen
and spread as cultures struggle to cope with social, economic, and
political upheaval.
Possibility of trade wars among economic powers increases.
Global corporations exert growing power because of vacuum in
global governance; this fosters rapid growth in mostly carbon
heavy sectors and the military-industrial complex.
Global cooperation on combating climate change languishes as
more authoritarian-style leadership focuses on quick solutions to
local problems; environmental regulations are weakened.

Local values and power structures
•

Focus is more on community-based values, with more emphasis
on maintaining social and economic regulations and safety nets.
• Place-based values and identity enhance social cohesion despite
immigration, resulting in more power sharing, participatory forms
of local governance, and government accountability.
• Social and environmental values are of high priority, with emphasis on egalitarianism and community- and incentive-based
solutions.
• Society is buffered against the worst effects of global change
because of a strong emphasis on education and community-based,
proactive planning (for example, smart growth).

•
•
•

•
•

Focus is on individual-based values, with limited regulations on
social and economic policies.
Historic tradition of paternalistic politics in the South Carolina
Lowcountry endures, in which those who hold power are rarely
challenged; this leads to a high potential for political corruption.
Large-scale forces and private industry exert a strong influence
on local social, economic, and environmental policy; private
interests are pursued at the expense of cultural heritage and social
cohesion; focus is on economic growth.
Public services and income equality decline, and immigration and
unchecked development make some population segments even
more vulnerable to global change.
Resiliency to even moderate climate change declines as largely
regulation-based corrective measures are slow to be implemented.
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D.3.1. Scenario 1—The Three Horsemen
In scenario 1 (fig. D1), effective global response to climate change is small or nonexistent, and the backlash to globalization deepens and spreads over the coming decades. The
United States greatly increases military spending and therefore
can afford fewer social services. Isolationist policies embroil
the United States in trade wars (leading to increased tariffs
and trade barriers) and other protectionist policies. Global
order is chaotic. The South Carolina Lowcountry, in turn,
is plagued by social, economic, and political upheaval and
increased polarization. Population growth continues, but fewer
people are moving to the area by 2050 in response to declining environmental values and increasing coastal vulnerability.
Society turns more inward looking, with politics becoming
increasingly polarized, as people feel less in control of their
lives. Local politics become less inclusive, less accountable,
and more corrupt. People become more xenophobic; race
relations become increasingly problematic. The gap between
rich and poor continues to grow, adding to the breakdown of
social cohesion. Tidal flooding and storm surge are a constant
threat, affecting infrastructure and slowing economic growth.
Local regulatory measures to combat local effects of climate
change and urban sprawl are mainly too little, too late. A
sense of place and appreciation of cultural heritage declines,
making community-based solutions increasingly difficult to
attain. Unincorporated areas of Charleston County are particularly hard-hit; McClellanville is largely abandoned to the
sea. Response to sea-level rise comes largely in the form of
THREE HORSEMAN
Climate change
Severe

Moderate

Severe

Changing
world order

Severe

Local values
and power

Figure D1. Depiction of future scenario entitled “The Three
Horsemen,” in which three principle driving forces of climate
change, changing world order, and local values and power
structure are all anticipated to be severe through 2050.

coastal hardening to protect development and infrastructure.
Ecotourism declines, and marine transportation jobs are hardhit by increased tariffs and trade barriers. Economic growth
is driven mainly by the health sector and increased military
spending. Large segments of the population are increasingly
vulnerable because of ageing immigrant retirees, rural gentrification, lack of affordable housing, exposure to the effects
of climate change, and the inability of public services to keep
pace with the rapid changes affecting the area.
Environmental degradation is extensive by 2050 because
of a combination of unregulated growth, climate change, and
the power wielded by commercial interests. Effects include the
rapid loss of barrier islands, accompanied by rapid conversion
of marshlands to open water, in turn diminishing the value
of commercial and recreational fisheries. The loss of barrier
islands also reduces habitat available to migratory birds and
sea turtles. Water-quality degradation (especially increases
in coliform bacteria and salinity) leads to the commercial
collapse of oyster and Callinectes sapidus (M. J. Rathbun,
1896) (blue crab) fisheries. Competition for clean, fresh water
intensifies because of more frequent droughts and population
growth throughout the State. Changes in precipitation patterns
and increased flooding result in increased mosquito populations in low-lying areas, leading to higher risk of insect borne
disease outbreaks. Rapid urbanization diminishes the aesthetic
quality of the rural landscape and contributes to a decline in
forestry.

D.3.2. Scenario 2—United Front
As in scenario 1, effective global response to catastrophic
climate change is small or nonexistent, and the backlash to
globalization deepens and spreads over the coming decades;
the United States greatly increases military spending and
therefore can afford less social services; and isolationist
policies embroil the United States in trade wars (leading to
increased tariffs and trade barriers) and other protectionist
policies. Global order is chaotic because of shifting alliances
and regional powers (fig. D2). Population continues to grow in
the South Carolina Lowcountry, at least through 2050, attracting immigrants because of the desirability of the environment,
culture, and lifestyle. Immigrants are anxious to maintain this
lifestyle and assimilate rapidly, which prevents a breakdown
in social cohesion. Much of this social cohesion centers on
appreciation for natural resources. Government focus is on
local economic development. Economic drivers are heavyindustry based (like Volvo, Boeing, and so on) because of
isolationist policies of the federal government. These industries are bringing in more workers (educated and skilled) and
employ locals as well; however, this also leads to some displacement of locals. For example, many of the infrastructure
and road building contractors are bringing in their own people
(not hiring locals). On the other hand, supporting industries
are stimulated by the large economic drivers, such as the
timber industry, which mainly employs local labor. These
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Figure D2. Depiction of future scenario entitled “United Front,”
in which two principle driving forces of climate change and
changing world order are anticipated to be severe, while the
third force (local values and power structure) is expected to be a
moderate driver of change through 2050.

industries also result in more blue-collar jobs as other associated business opportunities arise (supporting industries include
welding, construction, other types of entrepreneurship, and
so on). This job increase does not solve income inequality or
the urban versus rural divide hence there is variable economic
opportunity. Heavy industry increases demand for energy
and ecosystem services. This increases the marginal value
of ecosystem services, increases development, and increases
property values, which can affect access to coastal resources
and lead to loss of property for those who cannot afford to live
in this area in the new economic climate. Local governments
act as necessary to protect the social-ecological system. City
planners and administrators improve water treatment facilities and limit coastal development through zoning policies.
Mayors and city council make educated zoning decisions
based on projected sea-level rise, flood zones, elevation, and
so on, along with key community stakeholders; communitybased planning is emphasized. Conservation organizations (all
levels) form partnerships to expand the promotion and implementation of environmental education and environmental
engagement. South Carolina Lowcountry “Local First” does
outreach to promote positive effects of local economic stimulus. Other local organizations promote the positive human
health and well-being effects of consuming local (for example,
Charleston Good). Nongovernmental organizations and
university cultural and historic departments organize training

to encourage entrepreneurship to meet increased demand for
local culture and heritage. The effectiveness of these activities
is enhanced by a strong place identity and social cohesion.
The local effects of climate change on ecosystem goods
and services are rather severe, however. An increased frequency of extreme events (rain bombs, drought, and tropical
storms) is placing severe strains on public safety, human infrastructure, agriculture, and natural resources. Because of the
increased frequency and severity of storms (for example, rain
bombs), more impervious cover affects storm water runoff as
natural drainage systems are disrupted, providing less opportunity for carbon sequestration. More runoff and less drainage
affect access to clean water and affect coastal habitats through
erosion and upsetting normal sediment transport systems. A
lack of drainage (standing water) has human health implications, resulting in an increased risk of outbreaks of insect
borne diseases, and increased storm severity affects access to
social services (like hospitals). Bird and turtle nesting failures
increase because of more intense storms, which affect the
ecosystem services that these species provide (bird watching,
aesthetic value, tourism, and wilderness immersion). Changes
in precipitation patterns lead to more severe droughts, and
infrequent but severe rainstorms result in extreme pollutant
loading. Saltwater intrusion affects freshwater aquifers as well
as shellfish habitat (oysters and blue crabs). Intrusion also
changes marsh composition, which upsets the needs of habitatdependent organisms.

D.3.3. Scenario 3—Real Life
In scenario 3 (fig. D3), global action and national policies
to reduce emissions are helping moderate the worst effects
of climate change globally. Although local impacts by 2050
are less than some had feared, they are still placing strains
on the resilience of the South Carolina Lowcountry socialecological system. Population continues to grow over the next
few decades, principally through movement of people from
other areas but then begins to moderate by 2050 because of
the cumulative effects of global change and their effect on
local ecosystem goods and services, which contributes to
a decline in a sense of place. Although the worst of global
climate-change effects have been avoided, local effects are still
moderately high. Sea level continues to rise, and tidal flooding
is approaching 180 times per year in Charleston. Local governments assume a strong role in adaptation to global change,
supporting education, providing incentives to landowners, and
implementing policies to control growth and protect the population from disasters. Charleston is successful at implementing
its sea-level rise strategy of reinvestment, response, and readiness. Local services are also robust to help mitigate the health
and infrastructure risks associated with such extremes in
climate change. Efforts to stem the decline of social cohesion
are being effective. Strong community-based action is led by
conservation nongovernmental organizations and local governments with the support of Federal partners including Francis
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Figure D3. Depiction of future scenario entitled “Real Life,” in
which climate change is predicted to be a severe driving force,
while changing world order and local values and power structure
are foreseen to be moderate drivers of change through 2050.

Figure D4. Depiction of future scenario entitled “Manna,” in
which all three primary driving forces of climate, changing world
order and local values and power structure are predicted to be
moderate factors through 2050.

Marion National Forest and Cape Romain National Wildlife
Refuge. These groups and institutions provide and support
education, communication, and awareness that are helping to
bring people together to confront global change.
As seas continue to rise and water quality continues to
decline, however, effects are taking their toll on ecosystem
goods and services, affecting freshwater supply and quality,
fisheries, recreation, tourism, and biodiversity. Nonetheless,
with Federal, State, and local support, Francis Marion
National Forest and Cape Romain National Wildlife Refuge
secure additional properties through fee-title and easement
to provide for marsh migration and to enhance habitat area
and connectivity. Effective ways are found to use spoil for
replenishing beaches and building nesting islands for migratory birds.

because nongovernmental organizations, churches, and other
organizations play a large role in generating community-based
solutions. With support from the Federal Government (including Francis Marion National Forest, Cape Romain National
Wildlife Refuge, and others), communities rely more on
incentive-based adaptation measures and less on regulatory
ones. Ecotourism continues to flourish, and marine transportation sees strong growth because of modern, fair-trade
policies. Economic development is more egalitarian because
smart growth is designed to protect a diversity of local values,
especially abatement of flooding and storm surge. Federal
funding is available to protect or retrofit infrastructure at risk
from global change, especially in Charleston to help prevent
tidal flooding. Local communities support programs of adult
education and training, and the area becomes more attractive
to hi-tech industry. Social services are sufficient to support
at-risk populations. Community cohesion is high because of
the desire to maintain South Carolina Lowcountry local identities; this cohesion fosters support for local and sustainable
products.
Less climate change and more geopolitical stability
helps South Carolina Lowcountry communities do better at
protecting and preserving cultural values and local ecosystem
goods and services. Less extreme changes in precipitation
patterns leads to fewer threats to human health, and those
threats that do emerge are more easily addressed through
robust social services. Sea-level rise continues and approaches
1 foot by 2050 and is the principal effect of climate change.
Ecosystem goods and services are affected by sea-level rise

D.3.4. Scenario 4—Manna
In scenario 4 (fig. D4), global action on climate change
is strong and effective, in part driven by rapid advances in
technology. Developed and developing nations come to
agreements about how to share (and enforce) the costs of
mitigation and adaptation. Democracy and participatory
governance spread in a more stable world order, leading to
a greater sense of individual empowerment. Nation states
preserve their identities, but they have a greater awareness
of global interconnections and their responsibility to future
generations. Local political power becomes more distributed
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and population growth, but society is spared the worst effects.
Fisheries are negatively affected because of loss and degradation of habitat, especially commercial fisheries for oysters and
blue crab. Recreational fishing continues to be a strong draw
to the area. The timber industry remains viable, and longleaf
restoration provides more resilient forests. Some threatened
and endangered species do better (Picoides borealis [Vieillot,
1809] [red-cockaded woodpecker]), whereas others (sea
turtles) continue to decline. Coastal populations of seabirds
continue to decline because of widespread habitat loss on the
Atlantic coast.

D.4. Discussion
Scenarios are stories about how the future might
unfold for our organizations, our communities and
our world. Scenarios are not predictions. Rather,
they are provocative and plausible accounts of how
relevant external forces – such as the future political
environment, scientific and technological developments, social dynamics, and economic conditions
– might interact and evolve, providing our organizations with different challenges and opportunities.
Global Business Network, as quoted in
National Park Service (2013).
Stories play an important role in organizational learning,
fostering the collaborative diagnosis of complex problems and
serving as a repository for accumulated knowledge (Berkhout
and others, 2002). Additionally, scenario storylines can be
shared by individuals who do not share the same organization
and who may have widely divergent interests (Wright and others, 2013). A participatory approach to scenario planning can
provide saliency and richness to storylines and become a vehicle for consensus building and problem solving (Rounsevell
and Metzger, 2010). It can also enhance legitimacy in the
eyes of participants, although credibility may be limited if the
participants lack diversity (Rounsevell and Metzger, 2010).
Although the ultimate goal of our scenario-planning exercise
was to help explore and develop strategies to mitigate the
effects of climate change and other global-change factors,
perhaps its greatest contribution will be its ability to do the
following:
• foster greater awareness of social-ecological change
and its effects;
• explore and integrate many different issues and forms
of knowledge;
• expose and explore different worldviews;
• consider a broader, more holistic range of options for
dealing with social-ecological change; and

• promote greater awareness of the role of human
choices and actions in shaping the future (Wiseman
and others, 2011).
Scenario planning does have its limitations, however. As
in other cases, our workshop lacked diversity in participants
(mostly all were part of the conservation community), and
the limited perspectives could weaken the scenarios’ credibility when communicating them to more diverse groups
(Rounsevell and Metzger, 2010). We were subject to other
common pitfalls as well, including insufficient time for scenario development, unrealistic goals and expectations of the
process and product, and a lack of a clear link with planning
processes (Duinker and Greig, 2007). Indeed, how scenarios
may be better used to catalyze institutional and behavioral
change remains somewhat of an open question (Rosentrater,
2010). For this reason, there has been increasing interest in
combining scenario planning with other tools of multicriteria
decision analysis (Montibeller and others, 2006; Karvetski
and others, 2011). Building on the work of others (Krysanova
and others, 2010; Kajanus and others, 2012), we chose to use
a strengths, weaknesses, opportunities, and threats analysis
to help guide collaborative action based on the results of our
scenario planning (chap. E).
Our scenario planning exercise helped highlight the
importance of scale in adaptation to social-ecological change,
whereby planners must attempt to understand the spatial and
temporal scales of ecological goods and services, the ecological scales involved in their production, and the institutional
scales at which they are managed (Adger and others, 2005;
Hein and others, 2006; Paloniemi and others, 2012). Our
experience also emphasized how political and economic
trends in far reaches of the globe can affect local adaptation
planning (Lambin and others, 2001; Lambin and Meyfroidt,
2011; Meyfroidt and others, 2013). The difficulty facing local
adaptation planners is one of scale mismatches, in which the
scale of environmental changes and the scale of the social
organizations responsible for their management are not
aligned (Cumming and others, 2006; Johnson and others,
2015). When environmental changes are taking place on a
large scale, and adaptation is being planned in a local setting,
planning decisions can lack continuity and consistency, social
systems can be disrupted, and essential features of the system
can be left unmanaged (Cumming and others, 2006). Adaptive
co-management, also called adaptive governance, has been
suggested as a framework to help cope with scale mismatches
(Cumming and others, 2013). This philosophy emphasizes
bottom-up, nonregulatory approaches, broad-based participation, power sharing, and social learning (Armitage and others,
2007, 2009, 2012). This philosophy also focuses on selforganizing social networks, future visioning, building trust
and social capital, and capacity building through partnerships
(Berkes, 2010; Guerrero and others, 2013). More recently, it
has come to embrace the coproduction of knowledge, in which
stakeholders and scientists work closely together to construct
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knowledge in a social environment of problem solving (Folke
and others, 2005; Berkes, 2009; Armitage and others, 2012;
Meadow and others, 2015).
Adaptation to social-ecological change unquestionably
qualifies as a response to a wicked problem (see chap. A.4),
in which there are competing values, no definitive problem
formulation, no exhaustive set of alternatives, and deep uncertainty about the future and the ability to influence it (Rittel
and Webber, 1973; Ludwig, 2001; Berkes, 2010; Game and
others, 2014). Traditional planning tools like decision analysis are often of little use for these sorts of complex problems,
in which a diversity of stakeholders and decision makers are
involved who bring with them not only competing priorities
but also various ways of perceiving the world. Cultural construction, a central tenet of anthropology, sociology, and cultural geography, suggests that how we view, understand, and
experience the world can vary substantially among individuals
(Demeritt, 2002). These are not trivial differences which can
be overcome by a linear process of decision making. In the
end, complex conservation problems can only be solved by
society at large; therefore, acceptable solutions will only arise
when there is a respect for the pluralities of experience and
meaning that stakeholders bring with them to the decisionmaking process (Ney and Thompson, 2000; Adger and others,
2013). Plurality then is not merely a nuisance to be abstracted
away but something that must be embraced in any attempt to
solve a wicked problem. Scenario planning can be a useful tool in this regard by helping to explore the ecological,
social-cultural, political, and economic context of a complex
problem. Ultimately, possible solutions to wicked problems
will be generated by local actors behaving in accordance with
their own particular perception of the social-ecological landscape (Rayner and Malone, 1997; Verweij and others, 2006;
Crane, 2010).
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Chapter E. Strategic Planning Using a Strengths, Weaknesses,
Opportunities, and Threats Analysis
E.1. Introduction
The strengths, weaknesses, opportunities, and threats
(SWOT; sometimes referred to as TOWS) analysis is a tool for
situational awareness and strategic planning (Weihrich, 1982).
The SWOT analysis is used to examine an organization’s
internal strengths and weaknesses, and externally generated
threats and opportunities, to help formulate effective business
strategies. The analysis facilitates an organization’s strategic
thinking by asking planners such questions as the following:
• What advantages does your organization have?

with a focus on sustaining the supply of ecological goods and
services in the South Carolina Lowcountry. The demands of
the external environment (as portrayed by uncertain future
scenarios, chap. B.1) were evaluated and matched with capacities of the organizations involved. Expert opinions of the
area, the valuation of ecosystem goods and services based on
that knowledge, and personal experiences with climate and
other drivers of change were integral to the exercise. At times,
partners were asked to represent their organization’s perspective, but more important was an individual’s perspectives as
an expert with local knowledge of conservation issues in the
South Carolina Lowcountry.

• What do you do better than anyone else?
• What unique or lowest-cost resources can you draw
upon that others cannot?

E.2. Methodology

• What do people see as your strengths?

A workshop to conduct the SWOT analysis was held
November 9, 2017, with many of the same participants from
the scenario planning workshop (see chap. D). Organizations
represented were Cape Romain National Wildlife Refuge,
Francis Marion National Forest, South Carolina Department
of Natural Resources, the South Carolina Aquarium,
the Lowcountry Land Trust, and the South Carolina
Environmental Law Project. We generally followed the
process described by Weihrich (1982), which is regarded as
the most important methodological reference (Ghazinoory
and others, 2011) in that it seeks to make SWOT analyses
more effective at generating effective strategies (Helms and
Nixon, 2010).
Before the workshop, participants were provided background material about SWOT analyses and requested to think
about specific strengths and weaknesses of their respective
organizations, with a focus on addressing the current and
future conditions, opportunities, needs, and threats facing
the Cape Romain landscape. We recommended limiting the
list to the four to six most important strengths and weaknesses. At the workshop, individuals listed their organization’s
strengths and weaknesses on color-coded post-it notes and
placed them on an appropriate flip chart (fig. E1). Similar
items were combined. Color-coding allowed us to understand
how capabilities differed among organizations. In plenary, the
articulated strengths and weaknesses were discussed and the
top four to six were identified by consensus for the conservation partnership as a single entity. For example, an organization’s weakness may have been dropped from the list if it was
negated by another organization’s strength. The goal was to
emphasize the importance of collaboration and the capabilities
of the partnership.

• What could your organization improve?
• What should you avoid?
• What are people likely to see as weaknesses?
• What factors contribute to your failures?
• What obstacles does your organization face?
• What are other groups with similar goals to
yours doing?
• Could any of your weaknesses seriously threaten your
organization’s viability?
• What interesting trends are you aware of?
• What good opportunities can you spot?
The SWOT analysis has been used extensively in the
business world (Helms and Nixon, 2010). It is a simple and
practical tool for rapid assessment that can provide insights
into the complex interplay of factors affecting an organization’s success (Pickton and Wright, 1998; Helms and Nixon,
2010; Nyarku and Agyapong, 2011). The analysis has been
used increasingly in natural resource management (Hong and
Chan, 2010; Kajanus and others, 2012; Siaosi and others,
2012; Marino and others, 2014; Haryono and Ambariyanto,
2017), although its use in climate-change adaptation seems
more limited (Krysanova and others, 2010; Fertel and
others, 2013).
The goal of this exercise was to assess conservation
partners’ organization’s strengths and weaknesses in confronting future opportunities and threats using the SWOT analysis,
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exercise was conducted to help address a common criticism of
SWOT that it does not assist decision makers with prioritization (Helms and Nixon, 2010; Nyarku and Agyapong, 2011).

E.3. Results

Figure E1. An example of brainstorming partner strengths by
organizational affiliation for strengths, weaknesses, opportunities,
and threats analysis. Organizational coding included yellow for
Federal agencies; pink or red for State agencies; and blue or teal
for nongovernmental or other organizations.

Because of time constraints, participants focused largely
on scenario 2 (united front; chap. D.3.2) and discussed and
developed a list of the most important threats and opportunities. Scenario 2 was considered one of the more likely futures
(along with scenario 3, real life; chap. D.3.3). Participants
then individually ranked and scored (0 to 100, with 100 being
the most important) the SWOT on a handout provided. These
scores were summarized after the workshop.
Each pairwise combination of internal and external
SWOT factors was then examined, and one or more partnership strategies were developed using a so-called TOWS matrix
(simply a reverse ordering of SWOT intended to emphasize
the importance of external threats and opportunities of the
scenarios; Weihrich, 1982). For each strategy, participants
recorded which pairs of SWOT factors the strategy was
intended to address. After the workshop, we used the mean of
the participants’ scores on the individual SWOT factors and
summed those scores for the specific pairs of SWOT factors
associated with each strategy. Those scores provided a crude
measure of the relative importance of each strategy. This

Organizational strengths included partnership capacity,
legal authority, public support, natural resource expertise,
resources (especially the conservation land base), and outreach
capacity. Weaknesses included communication and marketing, internal alignment (that is, consistent goals and priorities
within an organization), institutional inertia, limited funding
and staff, and shifting political priorities. Generally, Federal
partners indicated they have legal authorities for conservation
and good capacity to develop conservation partnerships, but
they struggle with limited funding and institutional inertia.
State agencies were not well represented at the workshop, but
we might expect their strengths and weaknesses to be similar
to those of the Federal partners. Nongovernmental organizations indicated they have strong outreach capacity and natural
resource expertise, but they have limited staff and lack expertise in marketing.
The primary external threats associated with scenario 2
were unchecked growth and development, effects to human
health and well-being, and extreme weather effects to ecological goods and services of value. The most important opportunities were an attractive culture and lifestyle in the South
Carolina Lowcountry (social cohesion), a high demand for
ecological goods and services, and opportunities for partnerships. Importance scores for the principal SWOT factors are
provided in table E1.
Potential partnership strategies were developed for each
pairwise combination of strengths/weaknesses and threats/
opportunities (table E2). Virtually all strategies involved stakeholder engagement, outreach, and development of partnerships. Strategies with the highest scores were (a) communicate
benefits of existing protected areas in providing ecological
goods and services, and (b) increase conservation community
self-awareness (expand partnerships and connect expertise
with when, where, and how it is needed). Importance scores
for all strategies are provided in table E3. Workshop participants also described the most immediate need as increasing
conservation community self-awareness and connections
through fact-finding missions (who is doing what and where?)
and social networking (for example, green-drink socials and
mini-conferences).
Because of the limited time available at the workshop, the
authors developed additional threats and opportunities associated with all four scenarios (table E4) in the hopes that they
will encourage development of additional strategies that may
be effective regardless of how the future unfolds.
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Table E1. Mean and standard deviation of importance scores
assigned to the principal strengths, weaknesses, opportunities,
and threats analysis factors by workshop participants.
[SWOT, strengths, weaknesses, opportunities, and threats]

SWOT factor

Mean

Standard
deviation

Internal strengths
1. Outreach capacity

79.4

20.6

2. Expertise in natural resource management

66.3

30.9

3. Partnership experience and competence

88.1

12.5

4. Existing land base

93.8

10.2

Internal weaknesses
1. Expertise in messaging and marketing

77.5

28.9

2. Funding and capacity limitations

95

6.2

3. Institutional inertia

75

18

60

22.7

4. Internal alignment

External opportunities
1. Culture and lifestyle is attractive
(social cohesion)

89.4

10.1

2. High demand for ecological goods
and services

86.9

15.8

3. Opportunities for partnerships

80

20.5

External threats
1. Unchecked growth and development

98.8

3.1

2. Impacts to human health and wellbeing

79.8

16.7

3. Extreme weather impacts to ecological goods and services

89.4

11.2
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Table E2. Primary strengths, weaknesses, opportunities, and threats analysis factors and potential strategies (TOWS matrix) for the
Cape Romain conservation partnership, especially as they relate to scenario 2 (united front; chap. D3.1).
[--, not applicable; EGS, ecological goods and services]

Internal factors

External factors

--

External opportunities:
1. Culture and lifestyle is attractive (social
cohesion)
2. High demand for EGS
3. Opportunities for partnerships

External threats:
1. Unchecked growth and development
2. Impacts to human health and well-being
3. Extreme weather impacts to EGS

Partnership strengths:
1. Outreach capacity
2. Expertise in natural
resource management
3. Partnership experience and competence
4. Existing land base

Potential strategies:
• Outreach in a way that connects quality
of life, culture, and demand for EGS with
conservation
• Increase conservation community selfawareness (expand partnerships and connect
expertise to when, where, and how it is
needed)
• Protect and expand conservation lands
through partnerships

Potential strategies:
• Communicate benefits of existing protected areas in
providing EGS
• Guide growth and land protection based on existing
land base using partnerships and diverse funding

Partnership weaknesses:
1. Expertise in messaging and marketing
2. Funding and capacity
limitations
3. Institutional inertia
4. Internal alignment

Potential strategies:
• Capitalize on EGS demand and outreach
and partnership expertise to increase internal
alignment and support
• Expand and diversify partnerships to address funding limitations
• Target partnership development to improve marketing and fundraising

Potential strategies:
• Explore and develop mitigation funding mechanisms
• Develop and communicate the benefits of zoning
regulations and smart-growth planning
• Partner with health organizations to connect conservation with human health benefits
• Market health and weather impacts to help address
internal alignment, inertia, and funding
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Table E3. Importance scores for strategies developed by the
Cape Romain conservation partnership.
[EGS, ecological goods and services]

Score

Strategy element

595

Communicate benefits of existing protected areas in
providing EGS.

401

Increase conservation community self-awareness (expand partnerships and connect expertise to when,
where, and how it is needed).

350

Protect and expand conservation lands through partnerships.

349

Outreach in a way that connects quality of life, culture, and demand for EGS with conservation.

347

Guide growth and land protection based on existing
land base using partnerships and diverse funding.

339

Market health and weather effects to help address
internal alignment, inertia, and funding.

253

Target partnership development to improve marketing
and fundraising.

242

Capitalize on EGS demand and outreach and partnership expertise to increase internal alignment and
support.

236

Develop and communicate the benefits of zoning
regulations and smart-growth planning.

194

Explore and develop mitigation funding mechanisms.

175

Expand and diversify partnerships to address funding
limitations.

175

Partner with health organizations to connect conservation with human health benefits.
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Table E4.

Threats and opportunities produced by workshop facilitators for further exploration for scenarios 1–4 (chap. D.3).
Threats

Opportunities
Scenario 1—Three horseman

Economic upheaval: tourism, marine and natural resource-based
incomes decline, increased poverty
Impacts to environment and infrastructure: regulating services
decline (protection and water quality), loss of fish and wildlife
habitat, and extensive flooding and erosion
Social disruption: social services decline, cultural heritage and quality of life impacted, natural resource-based lifestyles disrupted,
and cultural values decline
Governance: laissez-faire economic development with protection priorities focused on infrastructure and business; little environmental
regulatory intervention

Military funding possible source to continue protection of habitats
and resulting EGS
Less development pressure on coast and other vulnerable areas;
conservation funding can go further
Opportunities for strong leadership by local nongovernmental organizations to develop strategies to improve quality of life, environment, social cohesion, and so on
Desirability of voluntary or incentive-based conservation measures

Scenario 2—United front
Growth and economic disparities; influx of skilled labor; economic
and physical displacement of locals; reduced access by many to
cultural and natural resources; increased land prices
Impacts to environment and infrastructure: growth increases demand
for EGS; regulating services decline (protection, water quality, and
deepening of Charleston harbor); loss of fish and wildlife habitat;
extensive flooding and erosion
Development (impervious surfaces) and increased rain frequency
aﬀect water quality, erosion, coastal habitats and fisheries, and
disease prevalence
Sea-level rise and droughts increase saltwater intrusion, further
impacting water quality and potable water, shellfish habitat, and
vulnerable coastal residents
Increasing temperatures result in increased human health concerns
(insect disease transmission and heat-related illness)
Lack of trust in government and natural resource management
practices

Reaching out to new population of immigrants for strengthening
conservation, adaptation, promoting positive economic stimulus,
and human health and well-being
Demand for EGS emphasizes need for smart growth, environmental
planning, better service provision by local governments, take better advantage of new technologies for infrastructure growth (for
example, green technology)
Strong social cohesion enables nongovernmental organizations, local
government, and communities to work closely together to solve
issues related to community values
Appreciation of local culture engenders trust in local knowledge and
valuing legacy benefits
Increase education on economic values of ecological services to
generate additional, widespread public support
Promoting ecotourism

Scenario 3—Real life
Impacts to environment and infrastructure: regulating services
decline (protection and water quality); loss of fish and wildlife
habitat, extensive flooding and erosion,
Development and increased rain frequency aﬀect water quality, erosion, coastal habitats and fisheries; increased mosquito pops and
disease prevalence
Growth continues, local appreciation of Lowcountry declines, as
does “sense of place.” Connection to nature no longer seen as
strongly defining region
Environmental degradation impacts resource-based economy—
forestry, fisheries, and tourism. Quality of life suﬀers; vulnerable
populations worse oﬀ

Continued State and Federal support for conservation, protecting priority habitats and services. Responsive local govt takes advantage
of opportunities to enact adaptation measures
Strong social cohesion enables nongovernmental organizations, local
government, and communities to work closely together to solve
issues related to community values
Education and incentive opportunities by local organizations can
bolster appreciation of natural and cultural resources and foster
sense of place for immigrants and locals alike
Local power to implement regulatory policies to mitigate or avoid
damages, promotion by community engagement

E.4. Discussion
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Table E4. Threats and opportunities produced by workshop facilitators for further exploration for scenarios 1–4
(chap. D.3).—Continued
Threats

Opportunities
Scenario 4—Manna

Sea-level rise impacts fish and wildlife habitat, particularly shellfisheries, nesting beaches (turtles and shorebirds). Local routine
flooding continues to be problematic
Continued attractiveness of region promotes high growth rates and
resulting impacts to social, economic and environmental systems
Economic disparities and at-risk populations still present and left
behind by diﬀerential impacts from environmental and economic
changes

E.4. Discussion
Strategic planning is sometimes approached as a topdown, systematic, and linear process; however, this approach
is likely to fail in attempts to address wicked problems
(chap. A.4; Rittel and Webber, 1973; Camillus, 2008).
Adaptation to social-ecological change qualifies as a wicked
problem in that, among other features, it involves many
stakeholders who have diﬀerent ideas about what the problem
really is, what its causes are, and what may be acceptable solutions. Scenario planning and SWOT analysis can contribute to
more eﬀective strategic planning by recognizing that addressing wicked problems is at its core a social activity, with all its
inherent informality, irrationality, and incrementalism (Pickton
and Wright, 1998). As such, it is a process that is less mechanistic and more organic than engineering-style approaches
(Johnson and others, 2016), but ultimately it can be more successful by embracing the values and powers of those involved
(Cash and others, 2003; Verweij and others, 2006; Adger and
others, 2013). We believe the scenario planning and SWOT
workshops helped contribute to this social dialogue and
assisted planners in understanding the advantages of building social networks of scientists and stakeholders to confront
social-ecological change in the South Carolina Lowcountry
(Ney and Thompson, 2000; Berkes, 2010; Armitage and others, 2012; Kettle and others, 2017).
Overall, the SWOT analysis suggests the partnership may
wish to pursue actions that do the following:
• Grow and strengthen the conservation partnership by
connecting expertise with when, where, and how it
is needed.
• Communicate to the public the benefits of existing
protected areas in providing ecological goods and
services, while seeking to expand the area of protected lands.

Fewer environ. threats and social disruptions allow greater focus on
green infrastructure, planned growth and improved EGS, social
services and overall quality of life
Strong recreational opportunities promote incentives for conserving
habitat, access
Federal funding for smart growth, promoting EGS, social services
and community development
Strong timber industry allows partnerships to increase beneficiaries
of EGS
Distributed political power gives opportunities for leadership by
environmental orgs and “unoﬃcial” positive influence by active
State and Federal land managers

• Conduct outreach in a way that connects quality of life,
culture, and demand for ecological goods and services
with conservation practice.
Future work could involve examining possible strategies
for the other scenarios not examined in the workshop to help
identify strategies that are robust to an uncertain future (in
other words, no-regret actions that are likely to help mitigate
threats regardless of how the future unfolds). Weihrich (1982)
oﬀers several strategic approaches to consider (several of
these approaches are apparent in the strategies developed for
scenario 2):
• Specialization.—Reduce eﬀorts to pursuing a limited
number of objectives or opportunities. Goal would be
to minimize competition and not spread an organization (or partnership) too thin.
• Diversification.—Venture into new areas that are identified as gaps in existing eﬀorts.
• Innovation.—Refocus organization’s mission and
objectives to better reflect current and future conditions. Use strengths or correct weaknesses to take
advantage of opportunities.
• Status quo.—Concern with unknowns and aversion to
risks of making mistakes lead to a no-change approach.
• Liquidation.—Recognizing sunk costs of actions that
are likely to be unprofitable in future; that is, a willingness to let go of certain long-held strategies in lieu
of others.
• Retrenchment.—A short-term liquidation approach
where some operations or actions are restricted for
a period.
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• Joint ventures.— - Identifying gaps or poor matchings between pair-wise combinations of strengths/
weaknesses and opportunities/threats leads to seeking
partnerships with entities that can fill these gaps.
The SWOT analysis as a tool has been criticized for its
vagueness and oversimplified process (Helms and Nixon,
2010) and for its ineffectiveness in developing and prioritizing strategies (Pickton and Wright, 1998; Panagiotou, 2003;
Nyarku and Agyapong, 2011). We used a crude weighting
scheme to help with prioritization, but combining the SWOT
analysis with more formal multicriteria decision analysis has potential (Kajanus and others, 2012; Haryono and
Ambariyanto, 2017; Ghazinoory and others, 2011). Additional
limitations of the SWOT analysis in our context include
the dependency on the particular individuals attending the
workshop (the strategies may well have differed with different
participants and conservation organizations) and the somewhat
static nature of the effort (strategic planning needs to be an
ongoing, dynamic endeavor) (Pickton and Wright, 1998).
The methods of Weihrich (1982) can overcome some
of these limitations, and the SWOT analysis is nonetheless
praised for its ease of use, its ability to foster brainstorming,
and its potential to focus on the process of strategic planning rather than on any specific outputs (Pickton and Wright,
1998; Helms and Nixon, 2010). Thus, the key benefit of the
SWOT analysis is in helping stakeholders develop a shared
perspective of challenges and opportunities facing on organization attempting to meet its goals in an uncertain future. In
this sense, the SWOT analysis is a natural complement to the
scenario planning described in chapter D.
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Chapter F. Decision Support Tools to Assist with Adaptation to
Sea-Level Rise and Urbanization
Sea-level rise (SLR) and urbanization have been identified as threats to the Cape Romain National Wildlife Refuge
(NWR) and South Carolina Lowcountry Refuge Complex
(see chaps. B.1 and B.4). Decision analysis can be used to
assist refuge and other land managers to identify the best
management decisions with respect to their management
objectives. Decision analysis has a long tradition in business,
engineering, and medicine, but it is becoming increasingly
used for addressing natural-resource management problems
(Kirkwood, 1996; Williams and others, 2002). Decision analysis is a formal method for analyzing a decision by breaking
down the decision problem into key components: management
objectives, potential management actions, models to project
the consequences of the actions, and an optimization approach
to identify decisions that are optimal with respect to the objectives (Williams and others, 2002; Nichols and Williams, 2006;
Martin and others, 2009).
To properly define the decision problem and to appropriately identify each of the components, we convened a workshop (June 2–6, 2014) with refuge managers, U.S. Geological
Survey scientists, and academics. During the workshop, we
identified several fundamental objectives that reflected the
overall mission of Cape Romain NWR: protecting threatened
and endangered species, protecting migratory birds in decline,
and connecting people with nature (Nilius and others, 2014).
The team agreed that a priority project would be to develop an
approach for selecting land parcels in Cape Romain NWR that
would maximize refuge values specified by the fundamental
objectives. This project is essentially a conservation planning
project (Schloss and others, 2011). Potential acquisition of
parcels should consider changes in habitats and potential loss
to SLR and urbanization. Because of the long-time horizon
considered for this project (about 30 years), including uncertainty in SLR and urbanization estimates is important. We also
wanted to account for the risk attitude of the managers.
We developed two separate approaches that included
these special considerations. Both viewed the refuge as a
collection of parcels, including current holdings and new
acquisitions, and optimized a value function that described
the refuge objectives in units of services supplied by the
refuge. However, these value functions and the techniques for
optimizing them differed in scope. The first approach identified an optimal set of parcels to acquire to compensate for
losses because of SLR at a minimal cost. The second approach
used modern portfolio theory (MPT; Markowitz, 1952, 1959;
see chap. F.2). The first approach was implemented with a
user-friendly software and could be applied by biologists
working for the refuge (Ball and others, 2009). The second
approach involved more complex methods and accounted for
uncertainty in SLR scenarios and considered the risk attitude

of managers. Because the second method involved complex
optimization methods, it required the input of optimization experts.

F.1. Reserve Design Using Marxan
Historically, protected areas were commonly established
opportunistically or using ad hoc approaches, but over the last
few decades, managers have used more rigorous and systematic approaches (Schloss and others, 2011). These more rigorous approaches involve decision-support tools to select parcels
that meet conservation objectives (for example, maximize
biodiversity given a fixed budget). These more systematic
approaches to conservation planning fit nicely under the decision analytical framework outlined in chapters D and E. The
key components of this decision analytical approach in our
case include specifying objectives, actions, and models:
Objectives.—The management objective in our case is to
maximize refuge values specified by the fundamental objectives. Here, as a simplification, we are considering how conserving different configurations and amounts of habitat types
valued by managers can meet their fundamental objectives.
Each habitat type may be valued differently, which is reflected
in the habitat conservation targets. In this application, we are
aiming to meet some conservation targets at the lowest cost.
Actions—The potential actions consist of acquiring or
protecting land (for example, through a purchase or easement).
Models.—The models allow us to compute the composite
expected values based on predictions of the spatial extent of
future habitats under SLR projection.
The purpose of this analysis is to determine which set of
parcels in the region to acquire to replace the area of habitats
that we anticipated to be lost in the refuge under SLR projection by 2050, either for the least cost possible or for a set budget. To do this, we defined an objective function that includes
terms representing the cost of offsetting habitat loss (that is,
purchase price) and penalties for failing to offset. The overall
goal of the optimization is to minimize the sum of costs and
penalties.

F.1.1. Methods
F.1.1.1. Objective Function for Optimal Reserve
Design
We used a simulated annealing approach to identify nearoptimal reserve design solutions (implemented with program
Marxan; Ball and others, 2009) to solve the minimum set

78   Cape Romain Partnership for Coastal Protection
problem, determining which set of parcels to acquire to meet
conservation targets for the least cost possible. The objective
function to be minimized is as follows:
∑puCost+∑CFspf×penalty+CTP(1)
where

pu
Cost
CF
spf
penalty
CTP

is the parcel,
is the cost of each parcel acquired,
is the conservation feature,
is the species penalty factor
is the penalty for the amount of each target
missing, and
is the cost threshold penalty.

The first term represents the sum of the costs of each
parcel, pu, acquired. We had no reasonable basis for estimating the costs to protect land (fee simple or cost of easements),
nor future budgets likely to be available to a new partnership.
For this analysis, we simplify by assuming the parcel cost is
equal to parcel area and use this as a proxy for the average
cost of protection. Such a proxy does not consider the variation in cost-per-unit area, nor possible economies of scale of
purchasing larger plots, but we assume the relation between
size and average cost of protection is positive. The second
term (penalty) adds a penalty for the amount of each target (or
conservation feature, CF) missing, multiplied by a factor for
each target (or species penalty factor, spf), which enforces the
management objective of reaching each conservation target.
If the species penalty factor for each habitat target is sufficiently large, it will enforce the habitat target constraints. We
determined that a value of 10 was sufficient to enforce these
constraints. The last term (cost threshold penalty, CTP) is an
optional term that ensures that the total cost remains below a
budget or cost threshold.

F.1.1.2. Index of Habitat in Cape Romain National
Wildlife Refuge and the Surrounding Region
To represent the current and future projected habitats
under SLR in the region, we used geographic information system (GIS) files from the Sea Level Affecting Marshes Model
(SLAMM, version 5.0.1), which has habitat categories based
on the National Wetland Inventory wetlands data. SLAMM
projects future habitat distributions under marsh migration on
the regional scale on the basis of the climate-change scenarios
designated by the Intergovernmental Panel on Climate Change
(IPCC; Houghton and others, 2001). For this analysis, we
calculated the expected habitat change in the refuge in 2050
compared to present day (2010) by comparing two SLAMM
projection scenarios: the current habitats in the refuge (based
on scenario B1, 2010 described in Houghton and others, 2001)
and the projected future habitats in the study area for year
2050 (this was effectively a 1-foot SLR scenario) using the
SLAMM files for the IPCC scenario and year that most closely
matched the SLR median projection in the region (Horton and

Bader, 2014, table B1 in chap. B.1; in this case the scenario
B1 for 2040; table B2 in chap. B.1; fig. F1). The value of
acquiring each parcel in the decision analysis was based on the
expected habitat areas in each parcel for 2050 (using the B1
2040, 1-foot SLR SLAMM scenario). The 16 habitat categories considered in our analyses include: developed uplands,
undeveloped uplands, swamp, inland fresh marsh, scrub shrub
transition, salt marsh, estuarine beach, tidal flat, ocean beach,
ocean flat, inland open water, estuarine open water, open
ocean, brackish marsh, inland shore, and tidal swamp (fig. F1).

F.1.1.3. Target Setting and Geospatial Processing
The goal of acquiring new parcels is to replace the
habitat area in the refuge that is expected to be lost under
SLR in 2050 for the least cost possible. Habitat targets for this
objective function were derived from geospatial data near the
refuge in three steps: (1) estimate current relative composition
of habitats (in square meters), (2) estimate future predicted
composition under SLR, and (3) calculate the total loss of each
habitat accrued by comparing predictions from the estimates
in steps 1 and 2.
To determine the area of current habitats in the refuge, we
intersected a GIS layer of the refuge boundary with the habitat
layer for the current scenario (B1, 2010) and dissolved with
respect to habitat code. We then exported the attribute table
of the layer that contained the total habitat in each category in
Cape Romain NWR.
To determine the area of projected habitats in the refuge
in 2050 (1-foot SLR scenario), we repeated this process using
the SLAMM layer for scenario B1, 2040 (which corresponds
to a 1-foot increase). We calculated the change in area for
each habitat type under the 2050 SLR scenario in the refuge,
focusing on habitat loss (table F1). We set these values of
habitat loss in the refuge under SLR as the targets to reach
when acquiring new parcels to minimize expected loss. We
then determined the amount of available habitat in each parcel
for the 2050 habitat projection scenario by repeating the above
steps with a GIS layer of the land parcels. To determine if
the habitat targets are possible to reach, we calculated the
total amount of each habitat across all the parcels. The target
for salt marsh was adjusted to the amount anticipated to be
available in land parcels by 2050 within this particular decision context (table F1). We note that additional habitat could
become available for acquisition if the spatial scale of the area
under consideration was enlarged.
Targets are based on projected changes in Cape Romain
NWR habitat with increased SLR between 2010 and 2050 and
the amount of available habitat (in hectares) in candidate land
parcels. Negative values indicate projected habitat loss in Cape
Romain NWR under SLR (that is, loss to currently protected
lands). If there are insufficient tracts available to replace a
given habitat (indicted by whether the target is possible), then
the new target is the total amount of available tracts. For those
habitats projected to increase in area, no target is identified.
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Figure F1. Habitat distribution in the region of Cape Romain National Wildlife Refuge based on local sea-level rise projections and Sea
Level Affecting Marshes Model output scenario B1 (2040). A, current habitat distribution (2010). B, projected habitat distribution (2050).
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Table F1. Habitat category targets for the Marxan analysis.
[SLR, sea-level rise; NA, not applicable]

Habitat category

Change under SLR

Developed uplands

0

Undeveloped uplands
Swamp
Inland fresh marsh
Scrub shrub transition
Salt marsh

Available in tracts Target possible
NA

NA

New
target
NA

−382.1

2,123.1

Yes

NA

−57.8

1,110.3

Yes

NA

1

166.1

NA

NA

264.1

182.6

NA

NA

340.2

No

340.2

−2,800

Estuarine beach

−25.2

74.8

Yes

NA

Tidal flat

346.1

0.6

NA

NA

Ocean beach

36.7

0

NA

NA

Ocean flat

−1.2

0

No

0

−2.3

31.4

Yes

NA

1,857.3

152.3

NA

NA

Inland open water
Estuarine open water
Open ocean

756.6

0

NA

NA

Brackish marsh

−2.5

29.1

Yes

NA

Inland shore

−0.1

0

No

0

Tidal swamp

−13.9

20

Yes

NA

F.1.1.4. Optimization Analysis
For the optimization analysis, we ran two different
scenarios. In the first, we only considered the parcels along
the highway US–17 north of Cape Romain NWR (fig. F2). In
the second, we consider these parcels along with additional
parcels nearby along the Santee River (fig. F3). We used the
targets calculated in the previous steps and parcel information
(amount of each habitat and cost) to determine the optimal
selection of parcels. We used a budget of 25 percent of the
total available area in the parcels, ran the optimization for
1,000 iterations, and used the best solution as the output.
This corresponded to a budget of 1,060 hectares when using
the highway tracts only and 5,995 hectares when all parcels
(including the Santee River tracts) were included.

F.1.2. Results Using Only the Highway Parcels
North of Cape Romain National Wildlife Refuge
The results of the optimization for the highway parcels
north of Cape Romain NWR are presented in figure F2. The
habitat targets and total amount of newly acquired parcels are
shown in table F2. Interestingly, several contiguous sites were
selected, and most of these were along the refuge boundary, although we did not specify a connectivity metric in the
model. All habitat targets were met for the proposed expanded
refuge boundary except for salt marsh (94 percent of target
met), tidal swamp (83 percent of target met), and undeveloped
uplands (59 percent of target met). The total area of parcels

selected was 1,060.5 hectares, which corresponded to the
proxy for “total cost.” This total area was close to the budget
(1,060 hectares), indicating that the solution was constrained
by the budget, which explains the shortfall of some of the habitat targets. The solution, of course, was also constrained by
estimation of habitat availability (that is, a constraint imposed
by the spatial extent considered).
The results of the optimization that included the Santee
River parcels with the highway parcels are presented in
figure F3. The habitat targets and total amount of newly
acquired parcels are shown in table F3. All habitat targets were
met for the proposed expanded refuge boundary except for
salt marsh (99.9 percent of target met). However, the target for
salt marsh corresponds to the total amount in the study area;
thus, reaching 100 percent is unlikely. The total area of parcels
selected was 1,380.2 hectares, which was far less than the total
budget of 5,995 hectares, indicating all habitat targets can be
met with a budget of 1,380.2 hectares. The projected future
habitats in the region for year 2050 suggested that the salt
marsh habitats would be most affected (loss of 2,800 hectares,
table F1). However, only 340 hectares of this habitat category
was available for protection (table F1).
The optimal reserve was very similar whether or not we
included the Santee River parcels. In fact, none of the Santee
River parcels was selected, so the results vary only because of
the difference in total budget (1,060.5 versus 5,995 hectares).
The reason Santee River parcels were likely not selected is
because the types of habitat lost in Cape Romain NWR under
SLR are not present in high amounts in the Santee River parcels. If, however, the goal is to represent some percentage of
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Figure F2. Selected parcels north of Cape Romain National Wildlife Refuge obtained from the optimization analysis (does not include
the parcels along the Santee River). The reserve design had a total cost of 1,060.5 hectares (which is a proxy for “total cost”).

all marsh types present in the region, the Santee River parcels
become more important. For example, tidal swamp habitat is
highly abundant in the Santee River parcels but were not target
habitats for this analysis because they were not present in
Cape Romain NWR in 2010.

F.1.3. Discussion
The analyses presented in this chapter provide a first
step to addressing the issue of adaptation to climate change
for Cape Romain NWR. We used an optimization approach
to identify sites that would provide the greatest conservation
value at the lowest cost. The management objective in our case
was to maximize refuge values specified by the fundamental
objectives. As a simplification, we considered how conserving
habitat types valued by managers can meet their fundamental
objectives. Each habitat type can be valued differently (as

reflected by objective targets). In our application, we aimed
to meet some conservation targets at the lowest cost possible
(that is, up to our budget constraint). Our specified goal was
to acquire new parcels to replace the habitat area in the refuge
that would potentially be lost under SLR in 2050 (in this case,
a 1-foot SLR increase) at the lowest cost. We used parcel area
as a proxy for cost, which is a common approach used in the
conservation planning literature. Based on the models that we
used, the projected future habitats in the region for year 2050
suggested that the salt marsh habitats would be most affected
(loss of 2,800 hectares, table F1). However, only 340 hectares of this habitat type were available for protection given
the specified solution space (areas next to the refuge and the
Santee River Basin; table F1). This is an example of scale mismatch (Cumming and others, 2006) in that the refuge may not
be able to meet its objectives of maintaining salt marsh habitat
given the limited decision context that was considered. Two
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Figure F3. Selected parcels north of Cape Romain National Wildlife Refuge and along the Santee River obtained from the optimization
analysis. Habitat types based on sea-level rise for 2050 are displayed. The reserve design had a total cost of 1,380.2 hectares (which is a
proxy for “total cost”).

Table F2. Partial Marxan habitat outcomes for highway parcels.

Table F3. Partial Marxan habitat outcomes for Santee River
parcels.
Target, in
hectares

Amount
protected, in
hectares

Target
achieved

13.9

18.4

Yes

Brackish marsh

2.5

28.2

Yes

Inland open water

2.3

29.6

Yes

25.2

64.8

Yes

Habitat category

Target, in
hectares

Amount
protected, in
hectares

Target
achieved

13.9

11.5

No

Brackish marsh

2.5

22.1

Yes

Inland open water

2.3

21.7

Yes

Estuarine beach

25.2

43.5

Yes

Salt marsh

340.2

317.4

No

Swamp

57.8

103.8

Yes

382.1

225.3

No

Undeveloped
uplands

Habitat category
Tidal swamp

Estuarine beach
Salt marsh
Swamp
Undeveloped uplands

Tidal swamp

340.2
57.8
382.1

340
98.5
384

No
Yes
Yes
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possible alternatives are to (1) modify the objectives or (2) to
expand the scope of the project by considering a larger extent
of parcels and bringing in other partners who would have the
means to acquire them. An example of the first alternative is to
replace less marsh habitat, whereas the second would require
partners with additional funding and authority.
As with any optimization exercise, the proposed solutions
are only optimal with respect to the objectives that were specified and given the model projections that were considered. For
example, alternative projections of the effect of SLR on habitat
changes or different targets assigned to the habitats considered
may lead to different optimal solutions. Managers may modify
the habitat targets based on their stated preference on certain
habitat characteristics. Alternatively, they could substitute
habitat types with provisioning of specific ecosystem services
(for example, acres of oyster reefs; see app. 3). These solutions should by no means be viewed as prescriptions. Instead,
managers could use this optimization framework to better
understand their decision problems and how decision outcomes could vary because of how the objectives are framed
and how the actions are met. This optimization framework
approach could also help narrow down the large number of
reserve design acquisition options. As an example, with only
20 sites and 2 possible options (purchase or not) for each
site, there are greater than 1 million possible reserve portfolio
options to select from. Our example considered 84 sites when
including the Santee River parcels; thus, using an optimization tool could help decision makers grapple with the many
possible choices. One benefit of the approach that we have
presented is that it can be implemented with a user-friendly
software (for example, Marxan) and therefore may empower
managers by allowing them to do some of these analyses by
themselves (Ball and others, 2009).
The approach we have described, however, has several
limitations. First, the model projections from the SLAMM
software are based on version 5.0.1. Although, more recent
implementations of the SLAMM software have been developed, the outputs for Cape Romain NWR are currently not
available. It is worth noting that the output from the SLAMM
software has been criticized by several marsh migration
experts. Key criticisms include (1) some fundamental assumptions about how habitat is expected to transition under SLR
scenarios may often be violated, and a more mechanistic
modeling approach may ultimately provide better projections; (2) the accretion rates for habitat types should ideally be
obtained from sampling the study area, and this is rarely the
case (we did not correct for local accretion in our study); and
(3) the initial elevation information is based on light detection
and ranging (lidar) data, which may substantially overestimate
elevation (Kevin Buffington, UGSG, oral commun.; Doyle
and others, 2015). Another limitation of this analysis is that
it does not consider important sources of uncertainty. For
example, uncertainty about SLR projections, uncertainty about
marsh migration transitions, or uncertainty about our ability
to purchase sites were not included in this study. We also did
not consider the threat posed by urban expansion, which could

affect Cape Romain NWR. Finally, we did not explicitly consider the risk attitude of decision makers. In the next chapter
(chap. F.2), we addressed some of these limitations by implementing more complex analyses. Specifically, the analyses in
the next chapter consider uncertainty about SLR projections,
incorporate risks from urbanization, and provide a process for
considering the risk attitude of managers.

F.2. Portfolio Decision Analysis—
Reserve Design Using Modern
Portfolio Analysis
The reserve design analysis described in chapter F.1
assumed a single decision maker (the U.S. Fish and Wildlife
Service) with an interest in designing an expansion plan so
that the refuge continues to meet its mission by adapting to
future changes. Given a refuge expansion plan would likely
only consider nearby areas, this model was of limited spatial
scope. More importantly, the previous analysis was unable to
account for uncertainty of climate change, subsequent future
habitat conditions, and the inherent risks of investing in land
acquisition. Because refuge managers recognized a mismatch
between their authority to implement an expansion plan and
the spatial scale of processes affecting changes in the region,
we expanded the spatial domain of this problem to include
areas beyond the refuge that may be of interest to a broader
range of decision makers. After identifying uncertainty as
a major impediment to decision making, we looked for an
alternate modeling framework that could explicitly consider
stakeholders risk tolerance when seeking an optimal design
solution.
To support wise investment decisions that will maximize
future conservation returns while addressing important sources
of uncertainty and risk, we borrowed theory from the fields
of economics and finance and, by considering climate change
as analogous to an uncertain financial market, estimated the
expected return on conservation design investments while
accounting for risk. MPT, first introduced in economics by
Markowitz (1952, 1959), put forth the principles that an asset
should not be evaluated and selected in isolation but, instead,
that an assessment of an asset portfolio should be based on
(1) its composite estimated benefits and (2) how each asset in
the portfolio is expected to co-vary with all others as market
conditions fluctuate. This approach is referred to as the “meanvariance portfolio problem,” where the benefits and risk of
investing under market uncertainty can be measured in terms
of expected return and variance for the overall portfolio rather
than in terms of individual assets. One important advancement provided by this approach is explicitly representing the
covariance of a portfolio to describe how strongly assets are
expected to move in synchrony when the system is subject to
shocks. This characterization expands on a commonly held
understanding of risk (that is, the expected loss as a function
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10

Q

8

Return

of the probability of an undesired outcome) by representing
risk as portfolio volatility; that is, the degree of deviation from
the expected return (weighted mean) and the amount of correlation among asset pairs. The importance of this work was to
shift focus from reliance on diversifying assets, which is only
a proxy for guarding against risk, to identifying portfolios with
minimal correlation between assets. Translating these economic concepts into ecological terms, we emphasized the idea
that simply protecting a diversity of habitat types is not sufficient to guard against an uncertain future—if an unexpected
outcome negatively affects a set of land parcels similarly, this
adds increased risk to investing in the protection of these parcels. Instead, identifying a collection of parcels to protect that,
together, will provide benefit to wildlife or ecosystems services regardless of the future is a means to bet hedge against
uncertainty. We can view landscape planning in the same light
as investment portfolio planning—evaluating land protection
decisions as a collection of aggregated and interdependent
assets by which the manager aims to achieve an overall benefit
by accumulating a diversity of resources.
We assumed decision makers are interested in maximizing the composite benefit of multiple resources. Because
resources may not be of equal value and managing for one
may negatively affect another, we used a multicriteria decision analysis (MCDA, Wallenius and others, 2008; Steele
and others, 2009) at the asset level to evaluate the composite, expected ecosystem benefit provided by individual land
parcels over future uncertainty. In this case study, the Cape
Romain NWR and its partners are interested in preserving a
representative collection of different habitat types in sufficient
quantity to provide for future species’ needs. We assumed,
however, that the decision makers would also like to minimize
risk when selecting a portfolio of assets (for example, designing a protected-area network). As economic theory suggests
(von Neumann and Morgenstern, 1947), expected return and
risk are positively correlated; therefore, these two preferences
represent competing objectives that require explicit tradeoffs.
Here, we combined an MCDA analysis with MPT to evaluate
tradeoffs inherent in these decisions, which can be visualized
by plotting the expected benefit and quantified risk of each
possible portfolio. In a hypothetical example (fig. F4), most
portfolios (gray points) are dominated (that is, a better choice
can be found that improves on one objective without loss to
the other). Points R and T are dominated solutions because
points Q and S represent alternatives that improve on expected
return or risk, respectively, without compromising the value of
the other objective. The cloud of available portfolios is finite
and identifies a set of nondominated alternatives that forms a
performance boundary, termed the Pareto or efficient frontier,
where improvement on one objective necessitates surrendering
value on the other (that is, alternatives identified by the bold
line in fig. F4). On the frontier, point Q represents a portfolio with higher expected return relative to point S, but this
increased benefit is achieved only at the cost of greater risk. In
our case, the portfolios along this Pareto frontier describe the
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Figure F4. Evaluation of hypothetical portfolio alternatives with
objectives of maximizing return and minimizing risk.

unique and optimal set of tradeoffs between risk and return,
where risk is minimized for a given benefit or the return is
maximized for any stated level of risk.
Although the general MPT framework was developed
for financial applications, its application has increased in
recent decades for natural-resource management (Koellner and
Schmitz, 2006; Moore and others, 2010; Schindler and others,
2010; Ando and Mallory, 2012; Convertino and Valverde,
2013; Anderson and others, 2015). Here, we have modified
the analytical approach to be more explicit in supporting
decision making. For example, previous conservation applications of MPT have simplified the decision variable to reduce
computational complexity (for example, Ando and Mallory
[2012] evaluated allocation of conservation efforts among
three large subregions). These approaches are not mathematically generalizable to large problems, which is a limitation we
have sought to address here. Additionally, we believe this to
be one of the first applications of MPT that considers tradeoffs
between acquiring new land parcels and divesting from currently protected parcels when evaluating overall conservation
benefit. Although recognizing that, in many cases, it may be
untenable to surrender protected lands, this analysis explores
the possibility that in a dynamically evolving system not all
conserved parcels may be worth retaining in perpetuity. This
approach may also encourage consideration of more flexible
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conservation instruments, such as fixed-term easements
(Thompson, 2004). Below, we briefly outline the problem and
summarize the analytical steps taken. A detailed description
of methods is provided in chapter F.2.5 (see also Eaton and
others, 2019a).

F.2.1. Problem Definition and Analysis
As a simplification of possible objectives that could
originate from decision makers, we considered a goal of
protecting particular habitat types into the future. To measure
the contribution of an individual parcel to a protected area, we
quantified the area of each habitat it contains. To account for
the priorities of a hypothetical land manager, we represented
the relative value of each habitat cover type by a vector of
criteria weights and applied MCDA to compute parcel and
portfolio returns. Figure F5 offers a conceptual depiction of
our spatial planning model. For each planning unit (parcel j)
and future SLR scenario (k), MCDA is used to evaluate the
achievement of discrete habitat objectives as a function of
the predicted area of habitat cover types (h1–h4), weighted
by relative stakeholder preference for each habitat type. The
expected portfolio return for each SLR scenario is calculated
as the cumulative weighted sum of all parcels included in the
portfolio. Parcels are identified as currently protected (set S)
or currently unprotected lands (set B) and for each candidate
reserve design (that is, divestment decisions from set S and
acquisition from set B), the MPT analysis quantifies the accumulated benefits and risks associated with SLR-induced variance and spatial correlation. A heuristic search algorithm identifies the efficiency frontier, defining the set of Pareto-optimal
designs (blue line) and dominated alternatives (gray points;
see fig. F4). Because future habitat distribution varies under
each SLR scenario, we calculated the habitat contributions
of a given parcel as the expected value over three SLAMM
scenarios (see chap. B.1, table B2 for scenario description).
Similarly, we expressed risk in terms of variance and covariance associated with differences in habitat composition as a
function of SLR scenarios (for details, see chap. F.2.5).
Here, we considered a larger region than for the reserve
design problem described in chapter F.1; our analysis extended
north past the Santee River and westward beyond Francis
Marion National Forest. We considered 1,244 parcels, including currently protected and unprotected tracts greater than
3 hectares in size. Although SLAMM datasets include additional land-cover categories, 19 distinct habitat types compose
our study area. To characterize a plausible conservation goal
of maintaining relative habitat composition into the future,
we used the current proportions of each habitat type to derive
a set of habitat criteria weights (wh, table F4). At the end of a
50-year time horizon, we quantified the expected value of each
parcel as well as the variance in this value over the three SLR
scenarios (table F4). We scaled parcel values by size and modified values by the expected probability that the parcel will
be lost to urban development such that the value of parcels

at higher risk of future development increases proportionally
with this probability (see chaps. B.4.3 and F.2.4 for details). In
this formulation, portfolio value is a function of habitat composition, stakeholder preference, and risk of opportunity loss
(development), whereas portfolio risk is driven by uncertainty
of future habitat composition as a function of SLR.
Because of computational limitations of evaluating all
possible portfolio combinations, we subdivide the 1,244 parcels into 14 groups of less than or equal to 100 parcels each,
clustered into roughly similar habitat biomes based on distance
from the coast (fig. F6; see chap. F.2.5.4). We first quantified
predicted habitat changes and their implications for conservation under the current Federal, State, and private protectedarea network. This was followed by three potential reserve
designs, based on scenarios of stakeholder risk, applying an
unconstrained portfolio optimization. We then reported on a
comparative evaluation of future conservation benefits under
one optimal reserve design relative to the existing protectedarea network. Finally, we modified this analysis by constraining the optimization to include four hypothetical budget
scenarios to explore inferences in tradeoffs among expected
benefits, risk, and cost. We concluded by discussing the benefits and limitations of the MCDA–MPT approach, as well as
additional factors that could be considered before implementing this decision-support tool.

F.2.2. Results
F.2.2.1. Habitat Predictions
Model projections for our study region predicted significant habitat transition and substantial changes in the composition and extent of wetlands and other important habitat types
(table F4). Within the study area, the total extent of existing
wetland habitat, combined across types, was estimated to
exceed 1,300 square kilometers, of which 82 percent is in protected status. The projected loss in total wetland habitat ranges
from less than 1 percent under the low SLR scenario to nearly
7 percent under high SLR. The predicted loss of wetlands,
weighted by SLR probability, was 20 square kilometers, or
1.5 percent of total extant wetland area. Future conversion of
any existing habitat to open water is more dramatic, ranging
from an additional 14-percent to180-percent increase from
current area of open water. Ocean beach nesting habitat, currently estimated to compose about 264 hectares, is expected to
increase in area under moderate SLR (10 percent) but decline
otherwise, by 13 and 14 percent under low and high SLR,
respectively. Tidal flats, in contrast, will increase substantially
under all SLR scenarios, between 38 and 184 percent and with
a weighted average of more than double in size from its current 830 hectares.
Based on the current protected-area design, we evaluated
the change in protected wetland habitat under the three SLR
scenarios. Differences in SLR projections result in variable
habitat outcomes as a function of wetland type and the degree
of SLR. Extent of intertidal scrub/shrub transition marsh
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Figure F5. Conceptual spatial planning model using multicriteria decision analysis (MCDA) and modern portfolio theory (MPT). From
Eaton and others (2019a); used with permission
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Figure F6. Spatial orientation of study area division (n=1,244 land units) into 14 subgroups of less than or equal to 100 parcels each for
reserve design analysis.

and brackish marsh are predicted to increase under all SLR
scenarios, whereas salt marsh and tidal swamp habitats decline
proportionally with the sea level in all cases. Other habitats,
including swamp and inland fresh marsh either increase or
decrease in area depending on the scenario (fig. F7A). Changes
in salt marsh and scrub/shrub transition marsh represent the
most substantial impacts, with as much as 13,900 hectares
of salt marsh lost and more than 9,000 hectares of scrub/
shrub transition marsh gained under a high SLR scenario.
Combined, an overall loss of marsh habitat is predicted regardless of future scenario, with totals ranging from an average
of 1,100 hectares (0.3 percent) under low SLR to more than
10,000 hectares (9.5 percent) under high SLR (fig. F7B).

F.2.2.2. Pareto-Optimal Reserve Design—
Unconstrained Budget
We computed Pareto-optimal efficient frontiers independently for each of the 14 parcel subsets (fig. F6) under scenarios without fiscal constraint. To produce a global solution for
all 1,244 parcels, we developed three scenarios corresponding
to different risk attitudes of a hypothetical decision maker.
These included a balanced risk-reward scenario calculated as
a Nash bargaining solution (Nash, 1950; Santín and others,
2017; see chap. F.2.4) and two cases representing low-risk,
low-reward and high-risk, high-reward tradeoffs. A low-risk
scenario places greater emphasis on minimizing uncertainty
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Table F4. Current habitat distribution and future predictions under current and optimal protected area designs.
2010 habitat distribution,
in hectares
Habitat
category

Developed
uplands
Undeveloped
uplands
Estuarine
beach

Total

Protected

Low

Medium

High

518.2

243.9

566.1

566.1

566.1

117,020.00
367.4

82,647.00

111,225.70

107,011.20

566.2
111,410.00

261.8
78,557.00

2050
optimal
weighted
average,2 in
hectares

Optimal:2010
protected
area ratio3

Optimal
2050:
existing
protected
area ratio4

520.3

2.13

1.99

1.16

1.22

1.95

1.48

96,146.20

388

591.1

859.9

602.1

369.8

548.2

1,146.90

1,824.20

2,352.80

1,799.60

1,756.30

1,683.40

2.06

0.96

230.8

291.4

226.5

270.5

270.5

270.5

1.03

1

Tidal flat

829.1

817.8

263.8

263

0.31

1

3,299.00

3,001.20

3,297.40

2,909.50

2,523.10

2,910.10

2,626.50

2,525.80

0.84

0.96

Riverine tidal
open water

398.2

257.9

454.7

232.7

115.1

250.1

152.2

199

0.77

1.31

Estuarine
open water

4,861.50

4,574.50

6,087.20

9,842.70

19,946.30

10,901.90

10,200.90

10,360.60

2.26

1.02

Open ocean

850.6

830.3

862.2

1,461.50

3,722.10

1,738.60

1,714.10

1,691.60

2.04

0.99

Inland shore

28.6

24

28.6

1.14

1.19

Inland open
water

36.5

116,479.30

Weighted
average

2050
existing
protected
area,1
weighted
averages

280.5

Ocean beach
Ocean flat

2050 total habitat distribution per SLR projection, in
hectares

36.5

27.8

10

-

28.6

24.6

11.3

27.9

11.3

23.2

11.3

27.5

Swamp

79,486.80

65,964.70

79,327.10

81,636.20

77,368.10

80,547.90

66,536.90

68,424.20

1.04

1.03

Brackish
marsh

5,101.70

4,434.30

5,718.20

6,750.10

6,981.70

6,617.40

5,789.80

4,116.80

0.93

0.71

Cypress
swamp

431.7

392.6

429.7

430.4

384.8

422.7

386

386.9

0.99

1

0.99

1.03

0.71

1

Inland fresh
marsh
Tidal fresh
marsh
Scrub/shrub
transition
marsh

14,581.80
2.2

12,613.80
2.2

14,595.80
2.1

14,297.30

11,824.90

1.6

0.6

13,936.30
1.5

12,094.80
1.5

12,496.10
1.5

1,647.40

1,432.50

2,207.90

4,819.70

14,079.00

5,928.30

4,705.10

5,001.30

3.49

1.06

Salt marsh

19,486.40

18,020.00

18,055.70

14,258.50

4,752.20

13,308.20

12,168.10

12,857.50

0.71

1.06

Tidal swamp

11,846.60

5,820.40

11,134.40

9,862.40

8,301.00

9,815.10

4,036.70

9,211.80

1.58

2.28

Total wetland

132,584.70

108,680.40

131,470.70

132,056.20

123,692.10

130,577.50

105,719.00

112,496.20

1.04

1.06

Estimates the extent of weighted-average habitat protected under the current designation of protected areas in the study region.

1

Estimates habitat categories protected under a future optimal reserve design evaluated in this study.

2

Calculates the ratio of expected 2050 habitat protected under an optimal reserve design to the distribution of currently protected habitat.

3

Evaluates expected 2050 habitat distribution protected under an optimal design relative to 2050 habitat protected under the existing protected area design.

4

and spatially correlated outcomes than on conservation
returns, whereas a high-risk scenario focuses on maximizing expected habitat-composition benefits while discounting
the potential downside risk that an unlikely future results in
undesired habitat outcomes. For each scenario, we combined
the 14 identified portfolios and summarized these spatially
(fig. F8). The low-risk, low-reward scenario leads to extensive
divestments and moderate acquisition decisions (fig. F8A).
The divestments include most of the current footprint of

low-lying Cape Romain NWR, suggesting that the perceived
value of coastal habitats may be highly sensitive to uncertainty
and levels of risk tolerance. In contrast, lands just inland from
the coast are identified as important to retain because of their
ability to support future wetland transition. Certain low-lying
parcels along the Santee River are also identified as candidates for divestment given their higher probability of future
inundation and conversion to open waterways, which reduces
their value relative to terrestrial and wetland cover types.
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Figure F7. Predicted changes in the distribution of wetland habitat types protected to 2050 under the current reserve network for three
sea-level rise scenarios. A, Individual wetland cover types. B, overall combined wetland habitat extent.

Parcels farther from the existing river channel are favored
under this scenario because they are less likely to transition to
open water. Conversely, the high-risk, high-reward scenario
involves extensive land acquisition with minimal divestment
(fig. F8B). Both extremes may be impractical to implement but
demonstrate the sensitivity of the optimal solutions to subjective attitudes towards risk. Not surprisingly, the intermediate
case for risk-reward as determined by the balanced (Nash)
solution demonstrates a reserve design that is intermediate
between the low and high risk-reward scenarios (fig. F8C).
In this case, there are several large, protected parcels near the
Cape Romain NWR that are identified for divestment. The
largest of which (6,000 hectares of national forest) is estimated to be composed of freshwater swamp (63 percent) and
upland habitat (37 percent) and is not expected to transition
substantially to a greater diversity of desired habitat types.
This outcome is likely due to the preponderance of swamp
habitat expected elsewhere in the study area, thus reducing
the contribution of this and other swamp-dominated parcels
to the overall portfolio value. Based on the objective function,
the algorithm suggests a greater value for habitat diversity can
be obtained by divesting from this parcel and acquiring other
tracts expected to include underrepresented habitat types. Our

analysis does not account for the potential contribution of this
large parcel to support marsh migration further inland (that is,
as a “stepping stone”), which is an important factor for consideration when acting on any reserve design strategy.
Although this preliminary analysis was limited to only
three risk scenarios (that is, we do not include more extreme
risk attitudes), we used these to identify the set of parcel decisions that are robust to this degree of risk uncertainty—that
is, parcels for which the decision does not change over these
risk attitudes. We found that most parcel-specific decisions
(70.6 percent) did not change as a function of decision-maker
risk preference (fig. F9). The pattern of these robust decisions offers insights regarding risk-reward tradeoffs. Future
high-valued and currently unprotected parcels are just inland
from the coastal refuge, along the lower reaches of the Santee
River, and upland from the Santee and Cooper River Basins.
High-valued and currently protected parcels follow a similar
pattern; the Santee Delta and some Cape Romain NWR barrier
islands are expected to be important future habitat, along with
protected lands farther inland from the coast. Only 14 parcels
(1.1 percent of the total parcel set) identified as candidates for
divestment are common across the three risk scenarios and are
not near the coast.
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Figure F8. Potential reserve designs optimized using a modern portfolio theory analysis when the decision maker is looking at risk and
reward options. A, low risk-low reward. B, high risk-high reward. C, the Nash solution, or intermediate risk and reward.
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Figure F8.—Continued

As a counterfactual, we also compared the differences
in the amount of protected future habitat under an optimal
design relative to the current reserve network, while accounting for uncertainty in SLR. Gains in most wetland types under
an optimal reserve design were substantial and less sensitive
to SLR uncertainty (fig. F10). The extent of protected tidal
swamp more than doubles relative to that protected under the
current reserve network, irrespective of SLR projection. The
three most extensive marsh habitat types in the study area
(freshwater swamp, inland marsh, and salt marsh) increased in
protected extent by an average of 3–6 percent over the current
reserve design (fig. F10, table F4). Brackish marsh was the
only wetland habitat expected to decline in area conserved
relative to the existing reserve footprint; the average difference was about 1,600 hectares (39 percent). Overall, expected
wetland protection increases by an average of 6 percent under

an optimal reserve design relative to the existing footprint.
Counterfactual results are provided in table F4 (last column)
for all 19 habitat types as the ratio of optimal to current
design. Notable results include a near 50-percent increase in
protection of estuarine beach, a 19-percent increase in inland
shore habitat, and a 22-percent increase in protection of upland
undeveloped lands.

F.2.2.3. Budget-Constrained Optimization
We constrained the model to a set of hypothetical budget
limitations to explore the effects of various levels of financial
resources on tradeoffs between expected habitat benefits and
risk. A constrained optimization is also more likely to provide
insights into decisions to divest from currently conserved areas
to fund acquisition of parcels that better meet future habitat
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Figure F9. Reserve design solutions that are robust to uncertainty related to risk attitude of the decision maker (that is, representing a
“no regret” set of candidate decisions for this spectrum of subjective risk).

needs. Therefore, we do not analyze specific habitat outcomes
in the same level of detail as chapter F2.2.2 but provide a more
general synthesis of inference gained when adding additional
constraints to the reserve design optimization.
Based on allocations of total available budget under
each of four fiscal scenarios (table F5), we identified a set of
Pareto-optimal portfolio solutions for each of the 14 parcel
subgroupings. Applying the balanced-risk Nash bargaining
algorithm, we combined and summarized the global solution
for each scenario and portrayed these graphically (fig. F11). As
expected, the number of divestment decisions for lesser-valued
(or higher-risk) parcels, which allow acquisition of other parcels for a greater overall portfolio benefit, declined as the total
budget increased. The switch from divest to keep for currently
protected parcels was most pronounced in the nearshore area
(less than or equal to 20 kilometers from coastline) and along
the Santee and Cooper Rivers. With increasing budgets, land

acquisition decisions also seem to be focused near river channels but also for nearshore land lying inland between the Cape
Romain NWR and the national forest. Both of these areas are
likely candidates for future wetland habitat that will replace
other wetlands lost to SLR. Taking a weighted average across
the three SLR scenarios, table F6 provides a summary of
expected habitat area in protected status under the four budget
scenarios. Substantial gains in absolute habitat protection
appear to be realized with the moderate budget increase from
10 percent to 20 percent of available land, including gains of
6 percent or more in estuarine beaches, tidal flats, freshwater
and tidal swamps, and salt marsh habitat. Overall protected
habitat increased by 5.2 percent with this budget increase,
compared to a 1.8 percent gain when increasing the budget
to 35 percent of total available lands and 3.7 percent increase
with a budget of 50 percent.
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Viewing budget scenario outcomes using the multicriteria portfolio metrics of composite reward and risk allows us
to evaluate more directly the tradeoffs between anticipated
benefits, associated risks, and the costs attributed to any
reserve design strategy. Based on the selection of balancedrisk portfolios from the set of nondominated (Pareto-optimal)
alternatives, the marginal habitat benefit from a 10- to
20-percent increase in budget was accompanied by a substantial decrease in risk and a proportional increase in reserve
design cost (fig. F12). Habitat benefits increased steeply to a
budget of 35 percent of available land and thereafter seemed
to level (including under an unconstrained budget scenario).
After the initial decline, portfolio risk also seemed to stabilize
with minor fluctuations following a pattern similar to portfolio
benefits. Cost, however, demonstrated a monotonic, nearly linear increase over the unconstrained and four additional budget
scenarios.
Although the results presented are based on many
assumptions that will require additional attention before such
an approach is implemented, a decision maker can assess the
relative tradeoffs depicted by the dynamics of these three variables when deciding on a land acquisition strategy that best
meets their agency’s mission. For example, when the ability to
acquire available land increases from 10 to 20 percent, associated purchase costs slightly outpace that of benefits but results
in a higher probability that the land manager is able to meet
conservation objectives regardless of future conditions (that is,
lower relative risk). Further investments (beyond 20 percent
of available land) results in sharp gains in return with potential improved cost efficiency and only marginal increases in
portfolio risk. In this analysis, a target of conserving between
20 and 35 percent of unprotected land resulted in the fastest rate of accumulated management gains while portfolio
costs and risks increased at lower rates over this range of
investment.
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Figure F10. Predicted differences (year 2050) under low,
medium, and high sea-level rise scenarios (table F1) of protected
wetland habitat types under an optimal reserve design relative to
the current protected area network.

Table F5. Budget scenarios hypothesizing a range of fiscal
constraints on protected area design.
Scenario

Proportion of total unprotected land1, in percent

Scenario constraint, in hectares

1

10

5,940

2

20

11,880

3

35

20,790

4

50

29,700

1

Budgets are expressed as a percentage of the total land area of unprotected
parcels in the study area (59,400 hectares).

F.2.3. Discussion
The stability, resilience, and adaptability of a system,
whether a community, an ecosystem, or a financial system,
has been strongly linked to diversification (Markowitz, 1952;
Holling, 1973, 2001; Figge, 2004). Indeed, resilience theory
posits that maintenance of diversity (be they assets, processes,
or governance structures) is an essential component for ensuring the transformability (or “capacity to cross thresholds into
new development trajectories”; Folke and others, 2010, p. 1)
and adaptability of complex systems (Holling, 2001; Folke,
2006). Presaging the concerns of later resilience thinking
regarding the potential dangers of reducing system heterogeneity through an “aggressive pursuit of efficiency” (Johnson and
others, 2013, p. 1), Markowitz (1952) rejected the hypothesis
that an investor should seek to maximize a discounted return
because optimizing for an expected value (that is, pursuing
efficiency) will fail to propose diversification as preferred
strategy. MPT provides a means for optimizing allocation
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Figure F11. Effect of budget constraints on optimal modern portfolio theory reserve design portfolios. Budget constraints are
represented as a proportion of the total area of land in unprotected status (that is, available for acquisition). Budgets were allocated to
14 subgroupings of parcels based on the relative proportion of land acquisition decisions recommended for an unconstrained analysis.
The Nash solution was selected for each subgroup to formulate the global reserve design. Highlighted parcels for budget scenario
acquisition of B, 20 percent; C, 35 percent; and D, 50 percent of available land depict changes in the optimal decision relative to that
under a scenario of acquiring up to, A, 10 percent of available lands.

decisions by accounting for both expected returns and the
risks associated with uncertain outcomes. This approach treats
risk more comprehensively than traditional diversification
approaches by considering the synchrony of future outcomes
between asset pairs (Ando and Mallory, 2012). Thus, greater
management of risk is achieved than by considering individual
investment decisions or by selecting a portfolio with diverse
representation of expected future ecological characteristics.
The integration of MCDA with a mean-variance portfolio
optimization to account for the risks of an uncertain future
offers a powerful analytical framework for making efficient
allocation decisions for multiple conservation objectives

and with limited budgets. The ability to identify a relatively
small subset of nondominated (Pareto-optimal) portfolios
from the practically infinite number of possible alternatives
represents, in itself, a substantial benefit to decision makers
who can become overwhelmed with so many choices. An
additional advantage of this approach is the flexibility of making explicit tradeoffs among competing management criteria
at the parcel level and between management rewards and
risk for the portfolio. The latter tradeoff, along the efficiency
frontier, will be based on risk preferences, beliefs about the
likelihood of future climate conditions, or the desired level of
management benefits with the knowledge that all identified

F.2. Portfolio Decision Analysis—Reserve Design Using Modern Portfolio Analysis   97
80°00’
33°30’

79°50’

79°40’

79°30’

79°20’

79°10’

79°00’

B

33°20’

33°10’

EXPLANATION
Parcel action
Decline

33°00’

Acquire
Retain
Divest
Cape Romain National
Wildlife Refuge
32°50’
Base is the intellectual property of Esri and is used
herein under license. Copyright © 2014 Esri and its
licensors. All rights reserved.

0
0

4

8
4

12
8

16

20 KILOMETERS
12 MILES

Figure F11.—Continued

options are Pareto optimal. Other studies have contributed
important methodological advances to climate change adaptation strategies by recognizing the benefits of portfolio theory
(with or without MCDA) to spatial conservation planning.
Many of these studies, however, either did not take full
advantage of MPT’s analytical power by selecting case studies
in which correlation among assets were assumed to be small
(Convertino and Valverde, 2013) or invariant (Marinoni and
others, 2011) or by reducing the dimensionality of the decision
variable to be computationally tractable but possibly less useful to decision makers (Ando and Mallory, 2012).
Here, we applied a detailed MCDA–MPT analysis to
a case study using simplified resource objectives and a few
climate-change scenarios to demonstrate an approach that may
be useful in supporting coordination of conservation planning
at the scale of actual decisions across a diverse set of State,
Federal, and nongovernmental land managers. The results
from our study suggest that changes in important habitat

categories could be substantial in coastal South Carolina and
that losses to protected wetlands under the current conservation network could be highly variable as a function of SLR,
possibly exceeding 9 percent of current extent. The expected
improvements to future habitat preservation under an optimal
portfolio design are able to counteract many of these losses;
importantly, expected benefits when implementing an MPT
solution show substantially less variability to uncertainty in
climate change relative to outcomes predicted for the existing reserve network. Our analysis revealed that parcel-level
decisions may be somewhat robust to differences in risk
attitudes with nearly 75 percent of parcel decisions remaining unchanged across a moderate range of risk tolerance.
Evaluating the dynamics of portfolio cost, risk, and return
over five hypothetical budget scenarios provided additional
insights into the tradeoffs and interactions among management
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Figure F11.—Continued

objectives when constraints were considered. Identifying
inflection points in marginal returns as investment increases is
an additional benefit of portfolio analysis.
There are several limitations to this portfolio optimization
approach, as well as additional considerations, that should be
addressed before implementing any decisions based on this
framework. We acknowledge that the basis by which reserve
portfolios were evaluated was a function of SLR predictions
and subsequent habitat transitions, which were output from
simple SLAMM projections. Although widely used, SLAMM
has been criticized for limitations with how input data (for
example, digital elevation models) are used; for a lack of
predictive hydrodynamic modeling, simplistic assumptions
regarding erosion, storm impacts, accretion, and sedimentation
processes; and for the lack of feedback mechanisms between
SLR and system responses (Craft and others, 2009; Donoghue
and others, 2013). We acknowledge numerous recent advances

in SLR modeling research, particularly marsh migration
modeling that accounts for finer-scale details of local conditions, such as hard boundaries (for example, levees) and other
dynamics (for example, colonization by wetland flora) to
provide more accurate predictions of habitat changes in this
region (Thorne and others, 2015). However, we chose to use
the SLAMM because it is freely available and easily interpreted, making it a sensible choice to demonstrate principles
and gain inferences using an MPT analysis. An additional limitation of constrained portfolio optimization is computational
complexity; the general problem is notoriously described by
computer scientists as non-deterministic polynomial-time
difficult (NP-hard; Sarkar and others, 2006). This complexity
resulted in the need to subdivide available parcels into smaller
groupings to allow for tractability. Although we stratified parcel groups using an ad hoc logical approach, portfolio evaluations are not able to account for tradeoffs among subgroups.
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Such limitations precluded consideration of parcel connectivity as an optimization criterion for evaluating portfolio
benefits. Connectivity is a well-recognized design criterion in
spatial planning (Sarkar and others, 2006; Pressey and others,
2007); however, contiguous parcels are more likely to exhibit
positive correlation in expected future benefit. Therefore, an
evaluation of the tradeoffs between connectivity and risk criteria may be a useful topic for future research.
Important considerations specific to our model formulation include the treatment of projected urbanization probabilities and the significance of divestment decisions for currently
protected lands. In spatial conservation planning, urbanization
is viewed as a threat leading to permanent loss of a parcel for
consideration as a portfolio asset. One approach to address this
issue is by framing the problem as a sequential reserve design
(that is, the scheduling problem) whereby a site-ordering algorithm is used to identify the sequence in which parcels might

be acquired to maximize portfolio return while accounting
for the risk of parcel loss (Sarkar and others, 2006; Moilanen
and Cabeza, 2007). Rather than adopt this approach, we have
simplified our problem to a single-stage optimization in which
higher risk of urbanization raises a parcel’s value above its
habitat contribution to increase the likelihood of selecting the
parcel for conservation. Valuing parcels as a linear function
of urbanization risk may be a reasonable approach in some
circumstances, but there are other approaches for addressing
development risk (Costello and Polasky, 2004). Divestment
from publicly or privately held conservation lands may be an
undesirable or untenable action (but see Alagador and others,
2014). Removing the protected status of Federal lands would
require an act of U.S. Congress, and although there are no
examples of entire national parks or NWRs being surrendered,
agencies are authorized to modify their holdings or exchange
small parcels for others of equal value (Thompson, 2004).
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Table F6. Expected habitat extent in protected status using modern portfolio theory optimization.
Expected habitat area,1 in hectares
Habitat
Developed uplands

Low (10 percent)

Medium-low (20 percent)

Medium-high
(35 percent)

High (50 percent)

219

228

410

431

76,428

79,120

81,299

83,934

451

481

495

494

1,511

1,685

1,685

1,683

271

271

270

270

11

11

11

11

2,457

2,442

2,350

2,467

112

116

116

146

Estuarine open water

9,500

10,224

10,163

10,249

Open ocean

1,657

1,685

1,661

1,620

Undeveloped uplands
Estuarine beach
Tidal flat
Ocean beach
Ocean flat
Inland open water
Riverine tidal open water

Inland shore
Swamp
Brackish marsh
Cypress swamp
Inland fresh marsh
Tidal fresh marsh
Scrub shrub transition
Salt marsh
Tidal swamp
Total wetland area
Total protected area2

23

23

24

26

51,243

54,789

56,566

58,750

3,741

3,874

3,823

3,940

368

370

369

380

11,423

11,507

11,601

12,179

2

2

2

2

4,434

4,608

4,504

4,744

11,579

12,730

12,741

12,733

5,116

5,759

5,235

6,516

87,906

93,638

94,842

99,244

180,545

189,924

193,326

200,576

Expected habitat area expressed as a weighted mean over three sea-level rise projections.

1

Protected area was estimated as a function of budget constraint scenarios and a reserve design using modern portfolio theory optimization.

2

Precedent also exists for transferring public lands to resolve
conflicts or address greater societal needs, such as a 2012
Congressional Act to transfer nearly 800 acres of Olympic
National Park to help the Quileute Tribe relocate from rising
seas, erosion, and tsunami threats (16 U.S.C. 1131 and 1132,
25 U.S.C. 2701). Possibly more feasible is the ability of
Federal and State agencies, private-sector conservation organizations, and land trusts to engage in flexible conservation
contracts with private landowners. If landowners begin to recognize the impending effects of SLR and land-use change, the
opportunity to divest may become an increasingly desirable
alternative as the perceived benefits provided by their properties decline. Term-limited conservation easements would allow
organizations to evaluate the expected longevity of benefits
provided by a parcel and negotiate for this period. This would
allow limited financial resources, which would otherwise be
tied-up in perpetuity to manage the parcel, to later be used
for conserving other, high-value areas. There are risks to
fixed-term contracts, however, including added transaction

costs, increased instability in land-use planning, and possible
disincentives for landowners wishing to provide a long-term
conservation legacy (Thompson, 2004).

F.2.4. Conclusion
Expanding or altering existing protected area networks
is a necessary adaptation strategy to sustain conservation
objectives and mitigate the effects of climate change and land
conversion. Securing diversified assets in a conservation portfolio is an excepted strategy for increasing system resilience to
offset unknown future conditions. We have expanded the use
of MPT for spatial conservation planning to account explicitly
for the rationale underlying diversification, which is to maximize future complementarity of a collection of protected lands
by minimizing potentially correlated outcomes. This reserve
design framework offers several benefits relevant for supporting conservation problems beyond our application to coastal
South Carolina. Our model approach includes an optimization
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Figure F12. Tradeoff comparisons among the primary metrics of
the modern portfolio theory analysis: portfolio reward, risk, and
cost. Here, cost is measured as land area acquired and budget
constraints were based on a proportion of land-area available for
acquisition. To compare across independently derived metrics,
we centered each variable on zero and scaled by one standard
deviation.

algorithm that accommodates large, multiobjective decision
problems and an axiomatic selection method (the Nash bargaining solution) to equitably balance tradeoffs when negotiating among different risk attitudes is not practical. We also
consider the potential benefits of investment and divestment
of assets. Identifying Pareto-optimal solutions over climate
and budget uncertainties, and across a spectrum of stakeholder
preferences, provides critical insights on the sensitivity of
conservation strategies to risk and risk attitudes. The effect
of differing levels of risk tolerance in driving management
policy is rarely considered in environmental decision making (Greiner and others, 2009). Our approach is not limited to
spatial conservation planning but could be applied to a wide
range of resource allocation or investment decisions for which
unresolvable uncertainty requires strategic risk management.
Examples include allocating research or monitoring funding to
maximize learning to directly inform management decisions,
evaluating the risks of introducing disease or unwanted species
in translocation or restoration programs, spatially managing
invasive species or communities of conservation concern, and
assessing the success and risks of alternative urban planning
policies in response to uncertain threats. Data and optimization
portfolio outcomes from this study can be obtained from Eaton
and others (2019b).

As input to the optimization, we first need to calculate the
cost and total expected benefits provided by an individual land
parcel (termed an “asset”). We used MCDA (Kurth and others, 2017) to account for the multiple and possibly unevenly
valued objectives that must be traded off to derive a composite
value for each parcel. Because future parcel conditions are
not known with certainty, we calculate the expected benefits
over the uncertainty of future climate (SLR) and then consider
the variance of the expected value as one component of our
risk assessment. The basic unit of data for our analysis is dhjk,
representing the number of hectares of habitat type h in parcel
j under SLR scenario k. These variables come from index
sets: h ∈ H habitat types (with |H|=19), j ∈ N parcels (with
|N|=1,244), and k ∈ R SLR scenarios (with |R|=3) (table F7).
Thus, the data required for each of N parcels are habitat
extents as elements of an H x R matrix. For each h ∈ H, j ∈ N,
and k ∈ R, we perform the following preprocessing steps on
the raw data, dhjk:
1. We normalize dhjk across parcels to take values between
0 and 1, denoted by nhjk:

dhjk
  − min  dhjk
  
j∈N
	n hjk =   _______________
    dhjk
max
  − min  dhjk
  
j∈N

(2)

j∈N

2. For each parcel j, we calculate the weighted sum of its
constituent habitat types, using habitat objective criteria
weights wh, and denote expected parcel values for each
SLR scenario k by mjk:
mjk=∑h ∈ H wh nhjk(3)
3. We then incorporate the probability of urbanization (see
chap. C.4.3) as a deterministic parameter to modify
each parcel value and denote the outcome as ljk. In this
formulation, parcel value increases proportionally with
increased probability of being lost to development. This
strategy promotes anticipating development by conserving parcels before they are lost, but we do not posit that
this is the best or only way to treat development threats:

m jk
	ljk   = _
1 − uj    

(4)
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Table F7. Notation of parameters and variables used in the portfolio analysis and optimization.
Abbreviation

Definition
Parameters

N

Index set of all parcels in study area

B

Index set of parcels not currently part of the reserve but available for protection

S

Index set of parcels already part of the reserve

H

Index set of habitat types

R

Index set of sea-level rise (SLR) scenarios

pk

Probability of SLR scenario k ∈ R

wh

Weight of habitat type h ∈ H

cj

Cost (+) to acquire parcel j ∈ B or revenue generated (−) by divesting j ∈ S
Probability of parcel j ∈ N lost to development (that is, urbanization)

uj
μj

Expected future return of parcel j calculated over SLR scenarios

dhjk

Count of hectares of habitat h ∈ H in parcel j ∈ N present under SLR scenario k ∈ R

ρji
σj

Correlation coefficient for parcels i,j ∈ N
Standard deviation of parcel j calculated over SLR scenarios
Variables

xj

Binary variable representing decision to buy (1) or not for parcel j ∈ B, or decision to divest (1) or not (0) parcel j ∈ S

yji

Binary decision variable used to linearize the optimization algorithm yij≔xjxi

4. We scale the value of a parcel by its cost to standardize
benefits by cost and denote by rjk. We note that equations
3 and 4 treat the objective function values as linear combinations of input variables; other, nonlinear formulations are possible:

ljk  
	r jk = _
c   

(5)

j

5. We consider the uncertainty in habitat outcomes resulting from alternative SLR scenarios (chap. B.1.3).
Conditional on the SLR estimate, with probabilities (pk)
associated with the 10th, 50th and 90th percentile of the
full distribution estimated for South Carolina by 2050
(Horton and Bader, 2014), SLAMM predicts differences in the distribution and extent of coastal habitat
cover types, resulting in distinct parcel values (rjk).
For each j ∈ N, the expected return, denoted by µj, is
calculated as a weighted sum of rjk values over the three
SLR scenarios:
μj=∑k ∈ R pk rjk(6)
6. Finally, from the rjk and pk, we derive a weighted
variance-covariance matrix using the cov.wt function
in R (R Core Team, 2018). The function calculates the
covariance matrix and a matrix of correlation coefficients, producing the variance σj2 for each parcel and

correlation coefficients ρij for all parcel pairs. Using
these values, we quantify the risk associated with any
possible portfolio of parcels (see chap. F2.5.2).
Many of the values for the expected return and covariance were small (about 1×10−6). To make our model easier
to solve, we assumed that coefficients of the two objectives
are integers. To that effect, we multiplied the small return
and covariance values with large numbers (that is, 1×105 and
1×108, respectively) and rounded them to produce integer
values. This results in some loss of precision, but we determined this loss had little effect on the outcomes.

F.2.5.2. Portfolio Optimization—Acquiring Parcels
for Reserve Design
To define the problem of parcel selection using portfolio
optimization, we introduce some additional notation. Let us
consider a set N of predefined parcels of land. For the basic
portfolio optimization problem in which only parcel acquisition decisions are evaluated, the decision to acquire a parcel of
land depends on its current protected status and its contribution to future habitat within the reserve. Let S be the set of parcels currently composing the reserve, and let B represent the
set of parcels being considered for addition into the reserve.
Without loss of generality, we start by assuming B=N. The
decision then is which set of parcels j ∈ N to acquire.
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The basic formulation of our MPT optimization begins
with identifying the Pareto set of portfolios, which maximizes
the expected return while minimizing the risk associated with
a given combination of parcels, expressed as:
	max  ∑ j∈N x  j  E(μ  j),
  

(7)

	min  ∑  xj   σj  2  + ∑   ∑ 2 yji   σj   σi   ρji    ,

(8)

j∈N

j∈N i∈N:i>j

where
uj is defined as in equation 6,
xj is a binary variable representing the decision to
acquire (x=1) or not acquire (x=0) parcel j, and
yji is a binary variable used to linearize the formulation
(where yji is defined as equivalent to xjxi) and is subject to the
following constraints for all parcel pairs i and j (see table F7
for full description of parameters and variables):
xj ≥ yji ≤ xi ∀ i ∈ B, ∀ j ∈ B,j >i
yji ≥ xj + xi − 1 ∀ i ∈ B, ∀ j ∈ B,j >i

cost) which can then be used to acquire other parcels. Keeping
a parcel incurs no additional cost, and future habitat benefit is
retained. For j ∈ S, xj is 1 if the parcel is sold and 0 if parcel j
is kept. Note that in equation 5 we use the absolute value of cj
because we are interested in rjk as a measure of per unit value
(or size) of a parcel. Here, relative to a budget constraint, the
cost of acquiring is negative, whereas a positive income is
realized by selling a parcel.
Similarly, let the complement set B be the set of parcels
that are currently unprotected and under consideration for
addition into the reserve network; the decision is whether or
not to acquire each parcel in B. Acquiring and converting a
parcel to protected status (that is, through fee-simple purchase
or easement) adds to the overall reserve benefit through its
contribution of habitat and its cost (calculated here as proportional to its size) and reduces the available budget by the same
amount. Not acquiring a parcel incurs no cost but because
it remains unprotected it also contributes no conservation
benefit. For j ∈ B, xj is 1 if the parcel j is acquired and 0 if it
is not. We assume that S ∪ B = N and S ∩ B = ∅. Equations 7
and 8 are modified slightly to reflect this new formulation:
	max  ∑ j∈B x  j μ  j + ∑ j∈S(1 − x  j)  μ  j

(9)

1 − xj ≥ yji ≤ 1−xi ∀ i ∈ S, ∀ j ∈ S,j >i
yji ≥ 1 − xj − xi ∀ i ∈ S, ∀ j ∈ S,j >i
1 − xi ≥ yji ≤ xj ∀ i ∈ S, ∀ j ∈ B
yji ≥ xj − xi ∀ i ∈ S, ∀ j ∈ B

min ∑  xj   σj    + ∑    ∑   2 yji   σj   σi   ρji  
2

j∈B

j∈B i∈B:i>j

+ ∑ (1 − xj    ) σj    + ∑    ∑   2 yji   σj   σi   ρji  
2

j∈S

j∈S i∈S:i>j

xj ∈ {0,1} ∀ j ∈ N

+ ∑   ∑  2 yji   σj   σi   ρji  

yji ∈ {0,1} ∀ i ∈ B, ∀ j ∈ B,j >i

s.t.

yji ∈ {0,1} ∀ i ∈S, ∀ j ∈ S,j >i
yji ∈ {0,1} ∀i ∈ S, ∀ j ∈ B

F.2.5.3. Extending the Portfolio Optimization to
Consider Acquisition and Divestment
We extended the formulation presented above to consider
a more complex set of decisions involving the acquisition and
divestment from parcels to design a future protected area. The
basic premise and structure of the formulation changes only
slightly from the previous formulation, and the decision variable for each parcel remains binary. As before, the decision to
acquire or divest from a parcel of land depends on the current
protected status and the effects on portfolio return and risk of
either decision. Parcels are divided into two subsets based on
their current status. As above, let S be the set of parcels that
make up the reserve network (that is, part of the Cape Romain
NWR, national forest, or privately protected), and the decision maker can decide whether to keep or divest any member
of the set. Divesting results in a loss of all habitat benefit but
increases the available budget (less a 6 percent transaction

j∈B i∈S

xj    ≥ yji    ≤ xi  
yji    ≥ xj    + xi  − 1
1 − xj    ≥ yji  ≤ 1 − xi  
	y  ≥ 1 − x  − x  
 	
ji
j
i
(10)
yji    ≥ xj  − xi  
xj    ∈ {0, 1}
yji    ∈ {0, 1}
xj    ∈ {0, 1}
yji    ∈ {0, 1}
xj    ∈ {0, 1}
yji    ∈ {0, 1}
Later, we include considerations of budget constraints in
our model to reflect fiscal and other limitations to conserving
large areas of habitat and to explore the possible benefits of
divesting from less valuable parcels to increase the ability to
acquire other lands that may otherwise be out of reach (see
chap. F.2.5.6 for details).
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F.2.5.4. Optimization Algorithm for Computing the
Pareto-Optimal Frontier
One challenge in applying a portfolio optimization to
problems of large dimensionality is the exponentially increasing number of possible portfolios to evaluate (2N). Our case
study includes an extensive dataset of 1,244 parcels available
for numerical experiments, which renders the problem impossible to solve in reasonable amount of time, especially with the
number of linearization constraints required. After structuring
the raw data (see chap. F.2.5.1) to calculate the integer return
and risk coefficients for our objective function, we then divide
our full set of parcels into computationally manageable subsets
of less than 100, with the selections based on distance from
the coast as an approximation of grouping parcels into similar
habitat communities or biomes (fig. F6). We used an existing
heuristic algorithm (Feasibility Pump Based Heuristic; Pal and
Charkhgard, 2017a, b) to compute the Pareto-optimal frontier
from equations 9 and 10. Based on empirical testing and statistical measures used to evaluate the quality of an approximated
Pareto frontier, this heuristic approach finds good estimates
of the true frontier in terms of the average distance between
points on the approximate and true frontier (coverage), the
spread of approximated points relative to the true range (uniformity), and identification of high benefit-risk ratios (density)
(Kohli and others, 2004; Pal and Charkhgard, 2017b). We
have used the biobjective Julia package (https://github.com/
aritrasep/FPBH.jl)
to find an approximate frontier of our port
folio problem.

F.2.5.5. Selecting Among Pareto-Efficient
Portfolios—Possible Global Solutions
Because any solution found on the Pareto frontier represents a compromise, selecting a final portfolio design from
among the set of Pareto optimal portfolios requires either
(1) eliciting additional criteria from the decision maker to represent the desired balance between objectives represented by
the axes of the decision space or (2) identifying an alternative
found along the frontier that represents a fair trade or as equal
a benefit as possible between objectives. In our application,
the first case refers to a values-based determination by the
decision maker to trade off their aversion to risk with a desire
to design the reserve network for achieving maximal benefit.
The second case represents a bargaining solution among actors
to identify an agreed-upon tradeoff to share benefits and risks.
In practice, the solution can be negotiated among two or more
decision makers, but analytic approaches also exist (Nash,
1950; Cela and Bollaín, 2012). Analytic approaches do not
require additional information from the decision makers but
instead rely on properties of the Pareto space to determine a
fair point along the frontier that represents an equitable compromise between the competing benefit functions. We note that
all points on the Pareto frontier represent acceptable solutions,
and that this fair point is no more optimal than any other along

the frontier. In our case study, the decision of designing a
conservation reserve network will be negotiated among many
decision makers over time, which was impractical to consider
for our current analysis. Instead, we use an analytical method
to identify a fair point along the Pareto frontier for each of
the subregions designated for the portfolio optimization that
maximizes a balanced benefit for each rather than requiring
subjective discrimination between objectives.
To select objectively from the set of Pareto efficient portfolios in producing a reserve-design solution for the full study
area, we chose the axiomatic Nash bargaining solution (Nash,
1950) as the most utilitarian and equitable (Santín and others,
2017) from several available compromise solution approaches
(Cela and Bollaín, 2012). Among its appealing properties,
the Nash solution satisfies Pareto efficiency (for example, no
objective can be improved upon without penalizing the other)
and symmetry (for example, egalitarian, or no discrimination
among objectives); the solution finds that point on the frontier
that represents improvement (in the Pareto sense) over the
largest number of dominated solutions in the decision space
(fig. F13).
The Nash bargaining solution identifies the point on the
*
*
Pareto frontier with coordinates (v1 , v2 ) by maximizing:
  max
  v   θ    − v1    )(
 v2  (θ1    ) − v2    )
* * ( 1( 2 )
*

*

*

*

(v1    ,v 2    )

s.t.
	
v1     * ≤ v1  (θ2     *)


(11)

v2     * ≤ v2  (θ1     *)

where
v1 and v2
θ1 and θ2
*

*

represent the range of value functions for
objective criteria 1 and 2, respectively; and
represent optimal values for each function,
*
*
v1(θ1 ) and v2(θ2 ), as determined
independently of the other objective.
*

*

The coordinates of v1(θ1 ) and v2(θ2 ) represent the unobtainable utopia point that maximizes benefits for both objectives,
*
*
whereas the points D1=v1(θ2 ) and D2=v2(θ1 ) represent the
optimal values of each criteria on the axis of its competitor (the disagreement points). Thus, equation 11 maximizes
*
*
*
*
the product of the differences v1(θ2 )−v1 and v2(θ1 )−v2 to
*
*
identify the unique Pareto solution (v1 , v2 ) on the efficiency
frontier (bold line defining solution space of dominated alternatives in light and dark grey) that benefits both objectives
by ensuring the maximal total distance from each disagreement point (distances a and b that maximize the volume of
dominated solutions [dark grey]; fig. F13). Using this set of
Nash bargaining portfolios, we produce a possible reserve
design for the Cape Romain region that represents an optimal
solution with regard to risk-reward tradeoff but does not favor
either objective. We compare the anticipated outcomes of this
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D1

Utopia

v2(ɸ2*)

a

(v1*, v2*)

Reward (v2)

v2

b

v2(ɸ1*)

D2
v1(ɸ1*)

v1*

v1(ɸ2*)

Risk (v1)

Figure F13. Properties of the Nash Bargaining Solution (Nash,
1950).

design to additional scenarios representing more risk adverse
and risk seeking attitudes by shifting the selection point to
the left or right, respectively, on the Pareto curves for each
subregion. We attempted to select points equally distant to the
left (risk adverse) and right (risk seeking) of the Nash solution
(fig. F14). Finally, we identify patterns of no regret solutions
that seem to be robust across this spectrum of risk.

F.2.5.6. Budget-Constrained Optimization
Scenarios
Because our analysis is not dynamic (in other words, does
not take into consideration that parcel acquisition decisions are
likely to be made annually over a long period), we are unable
to anticipate a realistic budget to represent the time horizon of

the static problem. Instead, we proposed a series of hypothetical fiscal scenarios as a function of the proportion of total land
area in the study area not currently in conservation status. This
approach assumes a positive relation between parcel size and
its market value and recognizes two constraints on the desire
to secure additional land for conservation purposes: (1) not all
unprotected parcels in the study area will be available for protection (either through purchase or conservation easements),
and (2) even with multiple partners involved in conservation
reserve design efforts, it is unlikely that sufficient funds will
be acquired to conserve all desired land. For 59,400 hectares
of currently unprotected parcels composing the study area,
we evaluated four fiscal scenarios, ranging from a pessimistic
(10 percent) to an optimistic (50 percent) outlook for funds
acquired over the planning horizon to conserve future habitat
(table F5).
The second consideration we make with respect to budget
scenarios is that the portfolio optimization of parcel subgroups
is conducted independently. Therefore, any budget scenario
was allocated across these subgroups. Rather than distributing
this budget equally, we envision decision makers might weight
parcel subgroups by their proximity to the coast, by expected
habitat composition, or by some other value judgement.
Absent such input, our procedure for allocating budgets was
as follows. We began by optimizing subgroup portfolios with
no budget constraint, applying the Nash bargaining solution to
each group as above. We then computed the proportion of parcels identified for acquisition in each group and normalize this
value across all subgroups to obtain an initial set of weights to
inform budget allocations under each scenario.
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Chapter G. Cape Romain Partnership for Coastal Protection—
Parting Thoughts
Change is an enduring feature of South Carolina’s
Lowcountry. Historic events like the Civil War and Great
Depression, and natural disasters such as Hurricane Hugo,
have forced local communities to become resilient and adaptable. What has emerged is an active and vibrant conservation
community that focuses as much on culture and quality of life
as on ecological concerns (Halfacre, 2013). The rich cultural
heritage of the South Carolina Lowcountry, fostered by a
strong bond to the land and sea, has helped shape a conservation movement that is remarkably successful, especially
in light of entrenched social and political conservatism
and deference to private property rights (Johnson and others, 2009; Halfacre, 2013). The conservation community is
extremely diverse, with many sophisticated nongovernmental
organizations providing strong leadership and promoting
land-based livelihoods that help sustain the area’s cultural
heritage (Halfacre, 2013). The conservation community in the
South Carolina Lowcountry embraces social learning, uses a
diversity of approaches, and takes advantage of strong social
cohesion and mechanisms for collective action—all essential
features of resilient and adaptive social-ecological systems
(Adger and others, 2005).
The South Carolina Lowcountry’s environmental wealth,
rich cultural heritage, and quality of life have been a doubleedged sword, however. Expanding tourism and migrationdriven population growth have placed strains on infrastructure, fueled urban sprawl, increased social vulnerability (for
example, gentrification), amplified economic inequalities,
and fanned racial tensions (Faulkenberry and others, 2000;
Johnson and Floyd, 2006; Johnson and others, 2009; Halfacre,
2013). Climate change is exacerbating these and other problems. Coastal systems are naturally dynamic, but the confluence of rapid changes and increasing numbers of people and
additional infrastructure exposed to such changes equates to
higher risk. Rapid sea-level rise is driving more tidal flooding
in the Charleston metropolitan area and is contributing to the
loss of coastal environments that provide multiple ecological
goods and services, including critical habitat for fish and wildlife. Although the effect of climate change on the frequency of
coastal storms is uncertain, sea-level rise amplifies the effect
of recurrent hurricanes and nor’easters, which are rapidly
eroding the sediment-depleted barrier islands that provide
protection for the landscape and people from the force of the
open ocean. The large-scale nature of climate change presents
the South Carolina Lowcountry conservation community with
a “problem of fit,” in which the scale of the environmental
problem is not matched by the scale at which local institutions
can easily adapt to or mitigate effects (Cumming and others,
2006, 2013).

Scale and recognition of the problem of fit have often
been ignored in traditional conservation practice, which is
characterized by a top-down, command-and-control, political
process of legislation and agency rule making (Holling and
Meffe, 1996; Ludwig, 2001; Cheng and others, 2003; Berkes,
2010a, b). By the 1980s, however, there were serious concerns about the ability of centralized governments to address
large-scale problems facing local social-ecological systems.
Beginning in the 1990s, devolution of resource governance
(co-management by governments and engaged stakeholders) became popular. The intent was to bring government
closer to the governed, such that those affected by decisions
would have more of a say in them (Berkes, 2010b). Broad
participation in problem solving at the lowest feasible level of
institutional organization came to be considered part of good
governance (Berkes, 2010b). The track record of decentralized
governance is mixed, however, in part because of the problem
of fit (inability to act) and because even at a local scale the
problems remain wicked (Rittel and Webber 1973, Armitage
and others, 2007; Berkes, 2010b; Chaffin and others, 2014;
Hopkinson and others, 2017). When confronted with wicked
problems, planning processes can quickly be overwhelmed
by the difficulty of accounting for multiple decision makers; diverse, often competing, values; complex interactions
of social and ecological systems; and profound uncertainties regarding the future and society’s ability to influence it.
Wicked problems have thus forced practitioners to look to new
approaches, in which there is a deeper appreciation for a given
place, culture, and historical context (Miller and others, 2008;
Game and others, 2014; Meadow and others, 2015).
Notions of place attachment, sense of place, and the role
of culture in social discourse are increasingly being used to
understand the complex interactions between society and the
environment (Demeritt, 2002; Cheng and others, 2003; Crane,
2010) and how societies respond and adapt to climate change
(Ney and Thompson, 2000; Adger and others, 2009, 2013).
Indeed, Cheng and others (2003, p. 98) argue that “natural
resource politics is as much a contest over place meanings
as it is a competition over the allocation and distribution of
scarce resources among interest groups.” A sense of place is
constructed—and continuously reconstructed—through the
interaction of biophysical attributes and processes, social and
cultural meanings, and social and political processes (Burnett,
1976; Canter, 1977; Cheng and others, 2003). According to
Cheng and others (2003), the emerging interest in place as
an integrating concept in conservation is best explained by
Kemmis (1992, p. 119):
“Places have a way of claiming people. When they
claim very diverse kinds of people, then those people
must eventually learn to live with each other; they
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must learn to inhabit their place together, which
they can only do through the development of certain practices of inhabitation which both rely upon
and nurture the old-fashioned civic virtues of trust,
honesty, justice, toleration, cooperation, hope, and
remembrance.”
Halfacre (2013, p. 75) presents sense of place as a unifying theme of the conservation movement and argues that “love
of place remains the most compelling rationale for [environmental] preservation.” Indeed, the social cohesion resulting
from a strong sense of place in the South Carolina Lowcountry
was a recurring theme in our scenario planning exercises
(chap. D).
New theories of governance in social-ecological systems
have many implications for protecting the attributes of the
South Carolina Lowcountry that are valued by residents and
visitors alike. In this chapter, we present six propositions for
engaging individuals and organizations interested in adapting to the uncertain future of the South Carolina Lowcountry.
These propositions are based on an extensive literature review,
as well as our own experiences with this project (see also
Johnson and others, 2020). They comport with the emerging
view that practical solutions to wicked problems will ultimately be generated by local actors behaving in accordance
with their own particular perception of the social-ecological
landscape (Rayner and Malone, 1997; Verweij and others,
2006; Crane, 2010). This is a fundamentally different perspective from that in much of conservation and climate change
planning, which tend to be linear and positivistic, strategic,
and hierarchical (Berkes, 2010a).

G.1. Proposition 1—Effective
Adaptation May Rely More on
Bottom-Up Governance than
Centralized Governments
Government and governance are not the same thing.
Governing of the “commons” (Wall, 2014) has traditionally been led by central governments, in which scientists and
managers are portrayed as independent, objective experts
(Ludwig, 2001; Berkes, 2010a). Governance, on the other
hand, refers to the broader processes by which institutions,
organizations, and individuals make decisions to protect the
environment (Armitage and others, 2012; Chaffin and others,
2014). There is increasing interest in more community-based
governance of the commons, in which broad stakeholder participation and power sharing are key elements. This devolution
of governance is characterized by the involvement of multiple
institutions and self-organizing social networks that promote
a culture of knowledge sharing, problem solving, and learning
(Armitage and others, 2007; Bodin and Crona, 2009; Berkes,
2010b; Chaffin and others, 2014).

This new governance takes time, patience, and a willingness to share power, characteristics not often associated
with centralized governments. And the state can impede the
devolution process by limiting funding and power sharing,
and by favoring local institutions that have perspectives in
line with their own (Berkes, 2010b). Yet governments are not
monolithic; different agencies have different roles, responsibilities, and approaches, and individuals within agencies
have varying perspectives about the role of government in
environmental decision making (Berkes, 2010b). Bridging
organizations often provide the leadership necessary to bring
together relevant government agencies and institutions, private
organizations, and individuals in a productive process of problem solving (Cash and others, 2003; Folke and others, 2005;
Berkes, 2009). Bridging organizations act as honest brokers
(Pielke, 2007) by facilitating a process of interaction, which to
be effective must be seen as salient, credible, and legitimate by
those involved (Cash and others, 2003).
In a real sense, the Cape Romain Partnership for Coastal
Protection played the role of bridging organization during
this project by participating in a minimally structured process of knowledge coproduction, sense making, and problem
solving. The partnership also identified a need to increase
self-awareness among the broader conservation community
as members of which are often not familiar with one another,
with the goal of expanding the conservation network and
better connecting expertise with when, where, and how it is
needed. Ultimately, the partnership may find it productive to
extend the network to other stakeholders, whose interest in
conservation per se may be limited, but who share a sense
of place and a desire for maintaining the quality of life in
the South Carolina Lowcountry. This will require strong and
diverse leadership and collaborative networks to produce
an atmosphere of trust, social learning, and problem solving
among disparate interests and authorities (Folke and others,
2005; Berkes, 2010b; Halfacre, 2013).

G.2. Proposition 2—Recognize that
Conservation is Integral to a Broader
Set of Governance Issues, Which
Include Social, Economic, and Cultural
Values
Over the last two decades (2000s and 2010s), a major
shift has occurred in how management of the commons is
perceived. The traditional view of humans as apart from, and
managers of, nature has been replaced by the recognition that
humans and the environment interact in complex ways over
many levels of organization and scales of space and time
(Gunderson and others, 1995; Holling, 2001; Ludwig, 2001;
Walker and Salt, 2006). This human and nature perspective
(Mace, 2014) means that the social-ecological system is the
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fundamental unit of analysis (Berkes, 2010a) with all the complexity that entails. Accompanying this shift in perspective has
been the emergence of the concept of resilience, which posits
that all complex systems go through repeating, adaptive cycles
of exponential change, stasis, collapse, and renewal, which
is a process that ultimately sustains the system and its functions over time (Holling, 2001; Gunderson and Holling, 2002;
Folke, 2006). A panarchy is defined as a nested set of these
adaptive cycles across space and time, such that phases of a
cycle at one scale exert influence on the progression of phases
at another (Holling, 2001). In principle, large scales constrain
and small scales innovate. For example, rules, laws, treaties,
and cultural norms represent large-scale governance features
through which we manage natural resources. These social
systems encode a memory of past experiences and help guide
the search for solutions (Folke, 2006); however, they may also
constrain what is possible in seeking change at smaller scales
and often are highly resistant to change. Novel solutions in
response to crises rarely originate from this level of organization (Lee, 1993; Levin, 1999). Usually it is at finer scales (for
example, local spatial and governance scales, shorter timeframes) where creative individuals or small groups challenge
the status quo and provide the novel ideas that are the mutations necessary for adaptation.
Panarchy theory has profound implications for governance of social-ecological systems. First, it suggests there is
no unique or manifest scale at which environmental problems
can be analyzed and addressed. Although the focus of the
Cape Romain Partnership for Coastal Protection is on the
South Carolina Lowcountry and sustaining its flow of ecological goods and services, events happening at other scales,
whether in a local community or in global trade, shape and
constrain what is possible. Recognition of multiple scales of
influence was apparent in our scenario planning exercises, in
which local cultural differences, national politics, and globalization shaped discussions about the region’s future.
Second, timing is critical. An example is the destruction wrought by Hurricane Hugo in 1989, which provided
an opportunity for local leaders to reflect and act upon the
effect of unconstrained growth on the quality of life (Halfacre,
2013). Moreover, the conservation movement in the South
Carolina Lowcountry has shown a long-term pattern of
punctuated equilibrium, in which relatively long periods of
stability were interrupted by periods of significant innovation
(Halfacre, 2013). Examples of disruptive events spawning
such innovations include sprawl shock and zoning regulations
in response to the largely unregulated growth of the 1970s
and 1980s, Hurricane Hugo, and the increasing frequency
of sea-level rise-mediated nuisance flooding in the city of
Charleston (Halfacre, 2013). Each of these events has resulted
in increased social organization and the establishment of some
form of novel measure to enhance local resiliency to such disturbances. The lessons from panarchy theory are to recognize
when the social-ecological system is positioned for change and
then to be prepared as a catalyst by having a strong network of
ideas, actors, and institutions.

Third, old notions of systems in equilibrium, with fixed
forms of governance, are not congruent with the dynamic and
unpredictable nature of social-ecological systems. The flow of
ecological goods and services is constantly in flux and subject
to occasional shocks. Learning to live with this uncertainty
requires more explicit assessments of risk and adoption
of robust policies and actions that are likely to produce an
acceptable flow of goods and services regardless of how the
future unfolds.
Finally, the conservation movement might come to
see its activities as integral to the broader governance of
social-ecological systems, in which responses to the forces
of global change are mediated through culture, economics,
and politics. There are tentative signs that the conservation
movement, rather than directly competing with other interests, can promote social justice by concerning itself with how
wealth, opportunities, and privileges are distributed within
society (Brechin and others, 2002; Martin and others, 2013;
Shoreman-Ouimet and Kopnina, 2015). This implies an interpretation of conservation in which the fundamental objective
is the quality of human life rather than environmental protection per se (Biedenweg and Gross-Camp, 2018) or that conservation and values of social justice are not necessarily competing goals. The Cape Romain Partnership seemed sympathetic
to this approach by identifying as important opportunities for
conservation an attractive culture and lifestyle in the South
Carolina Lowcountry and a high demand for ecological goods
and services (chap. E), and by recognizing the value of social
cohesion (chap. D). By social cohesion, we mean the willingness of members of a society to cooperate with each other to
survive and prosper (Stanley, 2003).

G.3. Proposition 3—Approach
Land Protection in a Way that is
Consistent with the Preservation of the
Lowcountry’s Cultural Heritage and the
Long-Standing Deference to Private
Property Rights
An original goal of this project was to identify lands
that, if protected, could offset the anticipated loss of habitats
at Cape Romain National Wildlife Refuge because of sealevel rise. Given political sentiments in the region, fee-simple
(that is, full title transfer) purchases of land by the Federal
Government may not be strongly supported by local communities. Other options, including State-level land conservation
and encouragement of working landscapes, which accommodate traditional, land-based livelihoods like forestry, agriculture, and commercial fisheries, could help sustain the flow of
ecological goods and services that support the quality of life
in the South Carolina Lowcountry. Flexible and voluntary
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conservation instruments, such as rolling easement, fixed-term
easements, and possibly divestment of publicly held properties, are likely more consistent with the politics of the region
and the uncertain environmental changes it will experience.
Any expansion of conservation lands risks an ideological conflict between development and protection, a situation
well known to the South Carolina Lowcountry conservation
community (Halfacre, 2013). Demonstration of how conservation lands improve or conserve the provision of key regulating
services of importance to residents (for example, protection of
infrastructure and water quality) is more likely to have broader
public appeal than traditional calls to conserve fish and wildlife habitat. The provisioning of recreational opportunities
on public lands is another ecosystem service that should not
be overlooked, especially as an increasing human population
further drives demand for private property. Conservationists
might also consider a perspective that suggests lost habitats
and public recreational space need to be replaced not only for
their ecological goods and services but also for their contribution to the South Carolina Lowcountry’s rural character
and sense of place (for example, Hart and others, 2004). For
example, the preservation of historic architecture is common
for preserving the historical character of a place, and the same
is true for habitats that help define a place (Stedman, 2003).
We acknowledge that this contribution to sense of place can
be hard to define; and although the optimization tools we used
can help identify potential conservation lands (chap. F), they
may not easily capture these nuances of value that may be
important in prioritizing lands for conservation.

G.4. Proposition 4—Engage
Stakeholders with the Understanding
that Variation in Behavior Reflects
Diverse Social-Cultural Perceptions
People live their daily lives in a sea of meaning,
where power relations and individual and group identities
are not necessarily evident to those seeking engagement.
Considerations of the role of behavior models (chap. C.3)
encourages an appreciation of the diverse ways in which people and organizations perceive the social-ecological systems
in which they are embedded and, in so doing, can facilitate
more effective engagement and communication strategies
(Armitage, 2009). The power of the transtheoretical model lies
in the recognition that not all people begin at the same starting
place in behavior modification (which is after all, the point of
engagement). By beginning with this recognition, conservation
practitioners can design effective messages and activities that
better align with what is most appropriate for a specific area,
issue, and audience. Traditional engagement and communication often starts with the notion that stakeholders simply need
more information to make “appropriate” decisions, sometimes

resulting in a surplus of information and a dearth of action
(Kollmuss and Agyeman, 2002; Cox, 2012). In chapter C, we
provided some initial guidance on using the Transtheoretical
model to engage stakeholders from local through Federal
scales. Our stakeholder engagement in this project, however,
was limited to a relatively small representation of the broader
conservation community, in which many participants are well
beyond the earlier phases of behavioral change and are most
interested in action to address changes being experienced by
the Lowcountry. That such participants had well-developed
concerns for impending threats and were prepared to act
would explain why scenario planning may not have resonated
strongly with some participants (that is, those who were at a
stage of action implementation). We believe, however, that
scenario planning to envision alternative futures could be a
useful approach to help a broader, more diverse stakeholder
group, with members at various stages of behavioral change,
develop a shared perspective of the changes and associated
challenges confronting the South Carolina Lowcountry. Our
particular experience with scenario planning highlights the
importance of understanding the perspectives and sense of
agency among stakeholders and the value of applying a model
of human behavior when proposing engagement and learning
activities.

G.5. Proposition 5—Decision Makers,
Scientists, and Stakehoders Work
Together to Coproduce Knowledge and
Meaning
Coproduction has been defined in at least two related
ways (van Kerkhoff and Lebel, 2015). In the first, science and
governance are seen to interact, whereby scientific information
must be dropped into contexts that produce distinctive cultural
responses (Jasanoff, 2004). This implies that the diversity,
richness, and challenges of local contexts are paramount
in understanding how scientific information is acted upon
(Hulme, 2010). We touched upon these ideas in propositions 1
and 2. A more recent view of coproduction is of a normative
approach, in which experts and users have equal ownership
in the process and collaborate to develop a shared body of
knowledge (Mitchell and others, 2004). In this view, scientists work with stakeholders to help frame questions, design
research, and collect and analyze data (Klenk and others,
2015). Such sustained collaborations are increasingly believed
to be an effective way to produce useable (or “actionable”)
science (Meadow and others, 2015). When these collaborations are combined with a community-of-inquiry (in other
words, self-organizing) approach to learning, knowledge and
sense making unfolds through complex interactions of social,
cognitive, and teaching elements (Swan and Ice, 2010). This
approach differs dramatically from engagement activities
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that envision learning as a unidirectional, teacher-to-student
process. Irrespective of any specific view of coproduction is
the belief that allowing participants to interpret information in
a way that resonates more clearly with their lived experiences,
while enabling them to empathize with competing perspectives, can help overcome the gap between scientific knowledge
and policy action in climate-change adaptation (Schuttenberg
and Guth, 2015). Key to any coproduction approach is the
involvement of social scientists who can analyze social interactions in a given decision context and inform the development of participatory scientific inquiry and collective decision
making (Weaver and others, 2014).
Successful coproduction can be quite difficult, however,
because of differences among participants (for example, scientists, decision makers, and other stakeholders) in timeframes,
reward structures, goals, process cycles, and epistemologies
(Hegger and Dieperink, 2014). The challenge is to facilitate
a shift from disparate, self-focused perspectives of a problem
based on the interests of individual members to a holistic,
collective framework for knowledge production in which
stakeholders are given an equal voice so that trust, creativity,
and a shared perspective can develop (Schuttenberg and Guth,
2015). Boundary organizations (or individuals) are considered
an effective way to enable this social learning because science
is viewed within the context of values and political processes
(Bidwell and others, 2013; Hegger and Dieperink, 2014).
We highlighted the importance of bridging organizations in
proposition 1, and note here how organizations like Sea Grant
(see table A1) can serve as a bridging organization and a
facilitator of boundary networks, in which evolving communities of decision makers and scientists can be connected within
a network of local bridging organizations to link communities
of researchers and decision making for addressing dynamic
problems (Guston, 2001; Bidwell and others, 2013).
Finally, we note that scenario planning can be a useful
tool for coproduction and an effective tactic for coping with
wicked problems (Peterson and others, 2003; Camillus, 2008).
A participatory approach to scenario planning can provide
saliency, credibility, and legitimacy to scenario narratives, as
well as a vehicle for consensus building and problem solving (Rounsevell and Metzger, 2010). Scenario planning acts
to promote social learning by fostering greater awareness
of social-ecological change and its effects by exploring and
integrating many different issues and forms of knowledge, by
exposing and exploring different worldviews, and by encouraging greater awareness of the role of human choices and
actions in shaping the future (Wiseman and others, 2011).

G.6. Proposition 6—Build Adaptive
Capacity
Adaptive capacity is defined as the ability to prepare for
environmental stressors in advance or to adjust and respond
to stressor effects (Engle, 2011). The greater the adaptive

capacity, the greater the resilience to disturbances like sealevel rise, tropical storms, economic downturns and other
sources of social disruption. Adaptive capacity depends on the
ability to act collectively, and social capital, trust, and organization greatly affect the capacity to act (Adger, 2003). The
presence of strong social networks, coordination and deliberation among diverse stakeholders, applications of adaptive
management methods, and emphasis on social learning are key
elements contributing to adaptive capacity (Dietz and others,
2003; Olsson and others, 2004; Pahl-Wostl, 2009).
The Cape Romain Partnership for Coastal Protection
has taken important steps towards building adaptive capacity by networking with various conservation interests and
by exploring the coproduction of knowledge and meaning.
By engaging in directed learning processes such as scenario
planning and formalized evaluation of organization and
partnership strengths, weaknesses, opportunities and risks,
this coalition has initiated development of a more resilient and
integrated network. By assessing strengths and weaknesses of
its constituent members, it has begun to understand the extent
of diversity and redundancy—essential features of adaptive
capacity—within the conservation community. Moreover,
its stated intent is to network with additional conservation
interests and with larger societal interests to help ensure the
sustainability of ecological goods and services in the South
Carolina Lowcountry. The partnership also has been forward
looking by anticipating the threats and opportunities presented
by varying scenarios of the future. Adaptive capacity could
be further enhanced by developing more formal mechanisms
for feedback. Which approaches worked and why? Which
approaches were less or unsuccessful and should be discarded?
Such institutional learning is essential from a tactical and strategic perspective, and ultimately for developing governance
regimes that are more effective at navigating periods of rapid
change in social-ecological systems (Pahl-Wostl, 2009).

G.7. Conclusions
A draft Cape Romain National Wildlife Refuge Climate
Change Action Plan emphasizes the protection and acquisition
of fish and wildlife habitat in partnership with Francis Marion
National Forest. We sought to develop decision-making tools
to support this effort (chap. F) but ultimately focused more
on governance and collective decision making within the
larger social-ecological system that is the South Carolina
Lowcountry. This focus on process over product differs from
the strategic guidance provided by the refuge system, which
emphasizes training employees in climate-change adaptation, providing technical assistance (U.S. Fish and Wildlife
Service, 2010), educating the public about climate change,
protecting infrastructure, and using energy wisely (Czech and
others, 2014). Strategic guidance from scholars is likewise
very much refuge-centric (Griffith and others, 2009; Iguchi,
2011; Magness and others, 2012). Yet even when a refuge is
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clear about the systemic and individual refuge objectives it
wishes to pursue (Iguchi, 2011), the tradeoffs the refuge must
make and actions it takes involve considering multiple levels
of governance, from local stakeholders to regional institutions
and national politics. The view of this governance landscape
will vary widely among refuges (Gunderson and Holling,
2002), sometimes engendering feelings of isolation, hopelessness, and despair in refuges facing the local effects of climate
change and other stressors (Bryant and others, 2012).
We believe this sense of isolation can be overcome in
part by engaging local conservation interests and, perhaps
more importantly, those who depend on the ecological goods
and services that support quality of life throughout the South
Carolina Lowcountry. This is likely to be unfamiliar territory for some refuge staff, whose principal focus is keeping
the refuge running and trying to mitigate or adapt to effects
of climate change on the refuge (Johnson and others, 2015).
Fortunately for Cape Romain National Wildlife Refuge, there
is a diverse, active, and vibrant conservation community in the
South Carolina Lowcountry (Halfacre, 2013). Opportunities
for engagement abound and, if seized upon, can minimize the
problem of fit and enhance the capacity for collective action.
Central to the emerging perspective of governance of the
commons is the recognition that social and ecological systems are coupled; the issues and problems of one cannot be
addressed without considering the consequences for the other.
Moreover, a dominant theme emerging from our research
and that of other scholars is the importance of place attachment, which generates social cohesion and facilitates problem
solving. These ideas have important implications for when,
where, and how stakeholders are engaged to address the rapid
changes being experienced by the South Carolina Lowcountry.
A central tenet of anthropology, sociology, and cultural
geography suggests that how we view, understand, and experience the world (defined as our “cultural construction”) can
vary greatly among individuals (Demeritt, 2002; Crane, 2010).
These are not trivial differences a linear process of decision
making can overcome. In the end, complex conservation
problems can only be solved by society at large; therefore,
acceptable solutions will only arise when there is a respect for
the pluralities of experience and meaning that stakeholders
bring with them to the decision-making process. Such differences then are not merely a nuisance to be abstracted away
but something that must be embraced in any attempt to solve a
wicked problem.
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Glossary
These definitions are intended to help the
reader differentiate names of places, people,
and concepts referenced in this document.
bridging organization or boundary
organization
An entity functioning in
the space between science and policy to
facilitate joint knowledge production through
convening, communication, mediating
multidirectional information flows, and
translation among actors in different arenas.
Such entities negotiate boundaries and
provide accountability across levels while
connecting and coordinating activities
between actors. Members of such entities are
often considered as decision brokers.
Cape Romain National Wildlife
Refuge Administered by the U.S. Fish and
Wildlife Service, the refuge was designated
in 1932 and consists of 26,825 hectares of
coastal marsh and upland wildlife habitat.
The refuge is northeast of Charleston, South
Carolina.
Cape Romain Partnership for Coastal
Protection A group of conservation
interests, including local personnel
from Federal and State agencies and
nongovernmental organizations, who came
together to contribute to this project. The
partnership provides a forum for social
learning and for exploring potential areas of
conflict and cooperation in adaptation efforts.
Class 1 Wilderness A designation under
the Clean Air Act (42 U.S.C. §7401 et seq.)
of air quality and visibility protection given
to national wilderness areas. In 1975,
11,735 hectares of Cape Romain National
Wildlife Refuge was designated by Congress
as Class 1 Wilderness.
coproduction The process of producing
usable, or actionable, science through
collaboration between scientists and
those who use science to make policy and
management decisions.

commons, the Cultural and natural
resources held in common, not owned
privately, and accessible to all members of a
society. Commons resources include natural
materials such as air, water, and a habitable
earth. Commons can also be understood
as natural resources that groups of people
including communities and user groups
manage for individual and collective benefit.
engagement (in particular, community
engagement) The collaborative process of
working with community members and groups
to address an issue that affects their lives
and livelihoods (in this case, sea-level rise,
population growth, and urbanization and in the
South Carolina Lowcountry).
Lowcountry A geographic and cultural
region along South Carolina’s coastal plain,
including the State’s barrier islands and
10 coastal counties. Once known for its
slave-based agricultural wealth in rice and
indigo, the Lowcountry today is known for
its historic cities and communities, natural
environment, cultural heritage, and tourism
industry. Occasionally appearing as “Low
Country” or “low country” in some literature.
The work contained in this report specifically
focuses on Berkeley, Charleston, and
Georgetown Counties.
modern portfolio theory An economic
principle for managing risk that postulates
that an “asset” should not be evaluated for
investment in isolation but, instead, that a
portfolio of assets be considered based on
its estimated composite benefits and by how
each asset in the portfolio is expected to
covary with all others as market conditions
fluctuate.
reserve design A systematic and
transparent process for planning a spatial
network of land or marine parcels to
accomplish conservation goals effectively.
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scenario planning, scenario analysis A
technique developed by the U.S. military and
the RAND Corporation to generate strategic
plans based on anticipating plausible future
“storylines” that combine elements of
possible ecological, economic and social
change. Scenario analysis allows decision
makers to “test” the consequences of
identified strategies under the conditions
depicted by the scenarios in order that they
understand the implications of a range of
plausible futures.
sense of place A sociological construct
used to characterize the relationship between
people and spatial settings often used in
relation to those characteristics that make a
place special or unique, as well as to those
that promote a sense of human attachment
and belonging.
social-ecological environment The total
environment, including social and ecological
patterns and drivers and how these interact to
enhance or diminish the supply of ecological
goods and services desired by humans.

social network Structures composed of
actors who are tied to one another through
socially meaningful relations. Social networks
are considered to be “self organizing” when
they contain sufficient diversity, connectivity,
and interactions to learn and adapt with
limited input from outside actors.
stakeholders Anyone with a vested
interest in the social-ecological future of the
Lowcountry. For the purposes of this project,
the stakeholders were largely synonymous
with the Cape Romain Partnership for Coastal
Protection. However, this report also focuses
on methods for engaging stakeholders beyond
those principally interested in conservation of
natural resources.
strengths, weaknesses, opportunities, and
threats analysis A commonly used tool in
strategic management practice for analyzing
the interactions of internal and external
factors important for considering future
conditions and actions.
wicked problem Defined as problems
that defy classification, have no definitive
formulation, no stopping rule, and no test for a
solution, and are unlikely to conform to a final
resolution.
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Appendix 1. Tracks of Tropical Storms Affecting the Lowcountry, 1910–2009
Figures 1.1, 1.2, 1.3, 1.4, and 1.5 show hurricane and
tropical storm tracks for 1910–29 and 1940–2019. No hurricanes or storms were recorded for this area for 1930–39.
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Hurricane and tropical storm tracks for 1910–19 and 1920–29. Data are from https://www.weather.gov/chs/TChistory.
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Hurricane and tropical storm tracks for 1940–49 and 1950–59. Data are from https://www.weather.gov/chs/TChistory.
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Hurricane and tropical storm tracks for 1960–69 and 1970–79. Data are from https://www.weather.gov/chs/TChistory.
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Hurricane and tropical storm tracks for 1980–89 and 1990–99. Data are from https://www.weather.gov/chs/TChistory.
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Hurricane and tropical storm tracks for 2000–9 and 2010–19. Data are from https://www.weather.gov/chs/TChistory.
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Appendix 2. Coastal Salinity and Water Temperature Model
Coastal ecosystems are inherently dynamic, and fluctuation of environmental conditions is a key property that
determines the biological communities that they can support.
The range and pattern of fluctuation of biologically important
variables, such as salinity and water temperature, are sensitive to changes in land use, water management, and climate.
Extremes in these conditions, exceeding historical levels, are
becoming more frequent. For that reason, restoring water flow
and coastal salinity regime is a current topic of interest for
conservation and natural resource management. Hydrologic
restoration also affects other restoration efforts, such as oyster
reef, seagrass, and salt marsh, which depend on, and to some
extent regulate, coastal salinity regimes. Thus, coastal salinity regime is commonly considered an important measure for
gauging restoration performance at the ecosystem level (that
is, broadly affecting communities) and not just a single species
or habitat.
In this appendix and appendix 3, we present two methodologies for modeling and predicting the restoration performance of coastal salinity regime and oyster reef ecosystems
using a combination of simple quantile distribution modeling
and ecological simulation modeling. We demonstrate here
an application of the coastal salinity model for filling in gaps
in the data record of salinity and water temperature recorded
at Skrine Creek on Cape Romain National Wildlife Refuge
(NWR) from 2013 to 2018. We then use these adjusted records
in simulations of oyster reef building dynamics (app. 3).

Deriving Salinity from Water Flow and
Temperature
The overall approach of the coastal salinity model is to
derive a time series of salinity, resolved daily, from time series
of air temperature and freshwater flow, which are more readily
available for longer periods of record than coastal salinity. In
general, monitoring of coastal salinity is lacking in spatial and
temporal coverage, possibly for the reason that maintaining
gaging stations is logistically more challenging. Our approach
here is to predict a daily distribution of salinity, for given
antecedent conditions of air temperature and freshwater flow,
representing a range that salinity is likely to fall within. As
such, we do not aim to predict exact values but instead focus
on narrowing the extremes and the uncertainty associated with
these. This predictive approach can then be used to generate scenarios of potential future conditions under different
expected patterns of change in land use, water management,
and climate. We have not carried out the model as far as scenario development here but instead present a simple demonstration for filling gaps in a data record.

The application of the coastal salinity model was derived
from a time series of freshwater flow data (in cubic feet per
second) taken at the Santee River monitoring station (gage
station 02171700; USGS, 2016a), and air temperature data (in
degrees Celsius) taken from the Charleston airport (National
Oceanic and Atmospheric Administration/National Weather
Service Automated Surface Observing System, 32.89864,
−80.04053). Training data for the salinity model came from
a four-year time series of coastal salinity taken at the Skrine
Creek station (gage station 330428079214800; USGS, 2016b)
on Cape Romain National Wildlife Refuge. This monitoring
program was started by The Nature Conservancy and is currently being maintained by the South Carolina Department of
Natural Resources. The site is within a tidal salt marsh creek,
about 12 kilometers from the mouth of the Santee River and
4 kilometers from the Intracoastal Waterway. The Jamestown
station is about 40 kilometers inshore from the Santee River
mouth. The locations for these U.S. Geological Survey watermonitoring stations are shown in figure 2.1, and raw data and
models are shown in figure 2.2. Figure 2.3 shows an example
of quantile distributions used to derive these models.
Briefly, the model bootstraps a time series of salinity
from the flow and temperature data using methods of the
Coastal Salinity Index (CSI; Conrads and Darby, 2017) and
the Standard Precipitation Index (SPI; McKee and others,
1993; Edwards, 1997) using quantile distributions that relate
salinity training data to the long-term data. These distributions
summarize the range of salinity values that are likely for a
given mean air temperature or flow rate.
The CSI and SPI use a parametric gamma distribution
and monthly time scale for estimating means. We refined this
resolution to a daily time scale, which is the scale of the oyster
model. However, this precluded use of the parametric gamma
distribution, which does not accurately represent multimodal
distributions, which are common at a daily scale. Instead, we
took quantile distributions, which approximate the cumulative
density function of salinity for a given water flow rate or air
temperature. These distributions were calculated by graphing the raw salinity data against these variables and taking
quantiles within a moving window along the horizontal axis.
Figure 2.3 shows an example of one of these distributions.
To derive the full salinity time series, the raw salinity
training data were related to the mean air temperature and
water flow data over different temporal ranges of water flow.
For water flow rate, means were taken over the 2, 6, and
20 days preceding each salinity data point, reasoning that the
2-day time scale represents an approximate local residence
time from the Jamestown gage to Skrine Creek, the 6-day
scale represents effects at the greater Santee River watershed
scale, and 20 days represents seasonal patterns that can vary
from year to year (for example, drought, high flow, or hot
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The lower Santee River and location of U.S. Geological Survey water-monitoring stations.

months). For air temperature, means were taken over 0.25
(6 hours), 2, 5, and 20 days. The 0.25 scale represents daily
effects of evaporation from solar heating, which can raise and
lower salinity in shallow creeks. The 2, 5, and 20 days were
chosen to correspond loosely with those of flow rate, although
the 5-day range had a higher correlation than 6 days, possibly
because it describes atmospheric patterns and not hydrologic
flow. A water temperature model was also derived using similar methods as salinity, although using only air temperature,
and separate relations between air and water temperature.
Quantile distributions of salinity were determined for
all these metrics and were combined to produce a daily grand
salinity distribution. However, they were not all weighted
equally, a few rules were adapted as a weighting scheme,
and weighted averages were taken across distributions. For
example, the salinity graph from Skrine Creek (raw data,
fig. 2.2, middle panel) is dominated by flow rates when flows
are 4,000 cubic feet per second or greater, whereas air temperature has very little, if any, effect at these high rates. Thus,

res20-hcen0502-0097_App2.1

a rule was set to use only the water flow distributions, and
omit the temperature distributions, for days when flow rates
exceeded 4,000 cubic feet per second. Additionally, under
these conditions, if the first derivative of flow rate, dF/dt,
taken over 10 days (arbitrarily chosen) was positive, (that is,
flood conditions), then only the 2-day distribution was used,
assuming that the Jamestown station was indicative of water
flow conditions at Skrine Creek, whereas, if it was negative,
(that is, ebb conditions), then all three water flow distributions
were used. Other rules were included, such as assuming that
evaporation is a primary factor determining salinity under low
flow and hot temperature conditions. To visualize the accuracy
of this coastal salinity model, the median and quantile range,
10th–90th quantile of the bootstrapped salinity time series are
compared to the median of the raw salinity data in figure 2.2B.
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Figure 2.2. Models of A, upstream river flow rates recorded at the U.S. Geological Survey water-monitoring station at Jamestown,
South Carolina (see fig. 2.1); B, coastal salinity; and C, water temperature derived from air temperature data collected at the Charleston,
South Carolina airport. The models are shown as filling in gaps in the data record as the 10th- to 90th-quantile range of the predicted
daily distributions. Daily means of the model and data are compared for salinity.
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Example of quantile distributions of salinity related to the 5-day mean air temperature.

Discussion
Key questions related to restoration of coastal ecosystems
in the face of global climate change include how well buffered
are proposed sites to potentially large swings in environmental
conditions before and after restoration? Are some sites more
resilient to perturbation than others, given their landscape and
bathymetric properties? In the case of oyster reef restoration,
how well suited are restored reefs to sustaining their populations, when historical ranges of salinity and water temperature
are likely to be exceeded at more frequent intervals in the near
future? Does the reef ecosystem have regulatory properties
that buffers it against this type of uncertainty?
To address these questions, we developed a model that
predicts coastal salinity from nearby air temperatures and
freshwater flow rates (fig. 2.2), providing links between climate
modeling and management action, respectively. One main

advantage of this approach is that long-term records (several
decades) are available for air temperature and streamflow,
whereas monitoring of coastal salinity and water temperature
is not as extensive. With long-term coverage, decadal and
interannual patterns of change can be identified and used as
proxies for future change. For example, particularly hot or
cold years can be identified and compared to the long-term
average and simulated in the oyster model at different frequencies of occurrence across decades following predictions of
climate models. In this way, the time scales that are relevant
to oyster biology (weeks to months) can be linked to those
of global climate change (decades) by finding intermediary
relations between climate and ecological modeling through air
temperature, freshwater flow, and salinity. We plan to continue
this work to evaluate these links between ecological restoration and climatology.
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We also presented a methodology for simulating future
scenarios of environmental conditions that affect oyster reef
performance. These include water temperature, salinity, and
terrestrial freshwater flow rates. Our approach for this was
to identify ranges of fluctuation that currently occur under
drought, floods, and routine water management, and to simulate variation in these patterns within predicted ranges. In this
way, this coastal salinity model has the potential to be applied
to develop alternative future scenarios for a given restoration
site, estimating restoration performance across these scenarios,
such as was done with the reserve design project.
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Appendix 3. Predicting Long-Term Performance and Risk of Oyster Reef
Restorations Under Deep Uncertainty in Climate and Management Policy
Introduction
Changes in oceanographic patterns (for example, sealevel rise, tropical storms, low amplitude nuisance flooding)
along the U.S. Atlantic and Gulf of Mexico coast over the
past few decades have led to increased public awareness and
examination of the multiple protective services that coastal
ecosystems can provide. Coastal habitats are now being valued
for their natural resilience properties, which may be effective
tools for buffering against damage caused by major storms,
and for stabilizing shorelines (Costanza and others, 2008;
Cheong and others, 2013); for these reasons, coastal habitats
are becoming increasingly attractive for application to coastal
zone management (Allen and Web, 2011; Arkema and others,
2013; Temmerman and others, 2013; Sutton-Grier and others,
2015). At the same time, human coastal communities rely
heavily on estuaries and coastal wetlands for supporting local
fisheries economies through recreational and commercial
harvest of finfish and shellfish and through additional revenues
related to tourism. These economies are intrinsically linked
with the productivity of the ecosystems, where collapse of a
fishery can be devastating (Camp and others, 2015; Pine and
others, 2015).
Because of this multiple utility value, tradeoffs are possible between managing coastal ecosystems for fisheries harvest
and for coastal protection. Harvest necessarily removes biomass from the ecosystem, which can disrupt natural resilience
properties. At the same time, oysters are highly plastic in their
abilities to acclimate and adapt to environmental conditions,
and grow and reproduce rapidly. Harvest could complement
these properties if applied within naturally evolved ranges of
predation. However, identifying thresholds of overfishing and
detecting when it is occurring are often very difficult (Camp
and others, 2015). In reality, we are somewhere in between;
catastrophic collapses of oyster fisheries continue to occur, and
recent changes in hydrology, climate, land use, and harvest
economics over the past few decades continue to impose
additional pressures, although the importance of conservation
is recognized.
To better understand the ecological responses of oyster
reef restoration to possible future climate and harvest pressures, we developed two new simulation models of oyster
reefs (presented here) and coastal salinity (presented in appendix 2). These models were developed to be applied in conjunction because reef restoration and regulation of freshwater
flows are two of the primary agents for restoring and managing coastal ecosystems in the Gulf of Mexico and Atlantic
coasts. The oyster model was developed to predict restoration

performance under different scenarios of hydrologic flow, climate, and harvest pressure; performance was measured as the
production of ecosystem services of the reef for fisheries harvest and coastal protection (that is, regulating hydrology and
wave energy). We have completed preliminary testing of the
model and are now developing applications to real problems
identified by fisheries and land managers who are interested in
reef restoration and wish to examine effects of different types
of uncertainty in environmental conditions and harvest policy.
This model was developed to address five primary areas
of research: (1) understand the underlying reef structure that
supports oyster populations, (2) learn about the establishment period and long-term viability of reefs after restoration,
(3) understand the dynamics of coastal salinity and oyster
reefs, which interact to affect reef performance, (4) set predictions that can be tested through monitoring, and (5) determine
the feasibility of and appropriate timing for opening restored
reefs to fishing. These points represent potential future applications of the model, which can be developed through partnerships with State and local agencies and organizations. In this
appendix, we demonstrate a simple, preliminary application
that estimates oyster reef responses to the salinity and temperature conditions modeled in the previous section.

Oyster Reef Simulation Model
Oyster reefs are self-organizing ecosystems, meaning that
they create, modify, and maintain habitat and conditions that
benefit the oysters and the reef ecological community (Wilberg
and others, 2013, Yurek and others, 2021). The structure of the
reef is dynamic, interacts with the physical environment, and
is a function of shell production from live oysters, persistence
of deposited dead shell, and exogenous factors of hydrodynamics and estuarine chemistry that break down and scatter
the shell (Bahr and Lanier, 1981). We developed a simulation model of the oyster reef building process that tracks reef
dynamics across levels of the individual, population, and
physical reef structure so that ecological effects that scale
across these three levels can be tracked.
We used existing models of oyster bioenergetics, shell
longevity, and budget, and population dynamics to build a new
three-dimensional model of the reef system. The model tracks
the dynamics and interactions of individual oysters, oyster
shell substrate, and recruits, applying a complex dynamic
energy budget (DEB, Lavaud and others, 2017) to regulate
allocation of energy to growth and maintenance of tissue,
shell, and gonad for individual organisms over their lifecycle.
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Live oysters and reef shell were tracked explicitly, and
reproduction was modeled as a combined process of gamete
production, larval survival, and spat settlement.
Our oyster simulation model was developed to assist
in planning for oyster reef restorations and to accommodate
limitations in the availability and spatial and temporal coverage of monitoring programs. To do this, we combined previous
modeling efforts developed over the past 25 years that include
models of oyster DEB (Lavaud and others, 2017), shell persistence on the reef (Powell and others, 2006; Powell and Klinck,
2007; Harding and others, 2010; Southworth and others, 2010;
Kuykendall and others, 2015), management of shell budgets
(Soniat and others, 2012), oyster population dynamics (Pine
and others, 2015), and relationships of growth and mortality
to environmental factors (Hofmann and others, 1992, 1994;
Powell and others, 1992; Soniat and others, 1998; Wang and
others, 2008, 2017; La Peyre and others, 2016; Lowe and
others, 2017).
Two important features of reef ecosystems are that live
adult oysters, shell, and recruits all occupy space on the reef,
and as the reef accretes in biomass, its overall area and height
approach a limit determined by the balance between accretion
rate and intertidal hydrodynamics (Bahr and Lanier, 1981).
Thus, some reduction in one or more of these groups is necessary to make room for the others, both during the process of
accretion and at maximum height, so that the reef can steadily
accumulate and maintain shell biomass to balance what is
lost to degradation (Powell and others, 2006; Powell and
Klinck, 2007). Key feedbacks occur in the simulation model
as the oysters, shell, and recruits interact with environmental
conditions during the reef accretion process and when the reef
approaches capacity. One critical variable affecting reef accretion is the turnover rate of shell boxes, which are intact shell
valves made available after adult mortality, that also degrade
through exposure to the physical environment (Powell and
others, 2006). Changes in this variable affect the total available surface area for spat settlement, which in turn affects the
reef accretion rate and the size structure of the oyster population through time.
Reefs occur in many states of accretion, and at different
water depths, in the intertidal and subtidal zones and generally have an upper limit to their accretion height because of
a combination of constraining factors at the reef crest, such
as temperature and light exposure, and increased hydraulic
force (Lenihan, 1999). This model represents these dynamics
in three modules that describe (1) oyster population biology,
(2) a three-dimensional structure of the reef, and (3) regulation
of wave energy by this structure (fig. 3.1). Module 1 describes
the biological and ecological processes of oyster population dynamics, and module 2 describes the relation between
population dynamics and reef volumetric structure. These
two are fully coupled (arrows in fig. 3.1); the reef volume and
surface area impose constraints on oyster growth and reproduction, and living oysters supply biomass to fill out the reef.
Module 3, the effect of wave energy on oyster population

dynamics, is still in development and currently represents
the ecosystem service of wave attenuation as a model output.
However, in the future, this module can be further developed to represent a feedback on oyster biology (growth and
reproduction).
The model presented here tracks individual live oysters
in units of energy (joules) allocated to growth and maintenance (Lavaud and others, 2017) and reef shell in units of
wet biomass (grams). Previous models of oyster growth used
oyster size classes and tracked abundance within these classes
(Hofmann and others, 1992; Powell and others, 1992; Pine and
others, 2015), whereas the shell models used either densities
on a reef (Powell and others, 2006; Powell and Klinck, 2007;
Kuykendall and others, 2015) or harvestable sack units (Soniat
and others, 2012). We sought to standardize units across these
studies by modeling a complete organism at the individual
level and tracking how the dynamics of the three reef components, live oysters, boxes, and crushed shell, scale up to define
the population and reef structure. However, because previous
studies tended to examine tissue and shell separately, data on
a whole organism are generally not widely available across
the southeast region, except for a few targeted studies. We
acknowledge that these studies span populations that may vary
greatly in metabolic rates and population dynamics and that
it is important to know the specific dynamics of the populations being managed whenever possible because the success
and persistence of reef restorations are likely to be sensitive to
these variables. This model is therefore intended to be used to
set baseline predictions for understanding reef dynamics and
can be updated as new data become available.
The basic components of the oyster biological model
(live oysters, shell substrate, and recruits) are as follows.
Live oysters represent all ages post-settlement (juvenile and
adults) and are tracked explicitly as individuals (called “adult”
here for simplicity).These are modeled as a whole organism
composed of tissue, gonad, and shell (measured in joules),
and allocations of food intake to these groups, mediated by a
storage buffer, are regulated by complex energy flux equations
(Lavaud and others, 2017). Shell substrate is all shell deposited postmortality and is tracked explicitly as individual boxes
that retain concave structure and also implicitly as a crushed
shell pool. These two variables are described by equations representing shell degradation rates. Reproduction is modeled as
the combined process of gonad growth, gamete production, a
larval pool, and spat that settle on the reef as individuals. Spat
settlement dynamics are a function of the available shell area
of live oysters, boxes, and crushed shell, which are calculated
as physical morphometrics of the reef.
Exogenous factors affecting oyster metabolism and population dynamics are salinity, temperature, food availability,
inorganic suspended solids, and predators (Powell and others,
1994; Pine and others, 2015; La Peyre and others, 2016). The
first three environmental variables all affect oyster metabolism
and are modeled as time series that could potentially have
varying patterns under different future scenarios of climate
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Wave attenuation
Oyster population

Reef building

Figure 3.1. Overview of oyster reef simulation model composed of three modules: oyster population, reef building, and wave
attenuation. Arrows indicate hypothesized feedbacks between modules. The wave attenuation model and figure were adapted from
Allen and Webb (2011), and the feedback on oyster biology is currently inactive.

change and variability. Sources of mortality currently included
in the model are predation, burial, natural mortality, and terminal age, each described by separate equations in the model.
Disease and harvest policy, modeled similar to predation, are
also included but for our purposes here are turned off because
they represent special, complex problems and will be treated
in future modeling studies.

Preliminary Results
We summarize the functionality of this model by presenting results of two sets of simulations: one that models a
100-year time series with recruitment dynamics included and
another that has recruitment turned off and tracks an initial
population through to its extinction (about 20 years). The
first set (long run) demonstrates oyster population and reef
dynamics through time, and the second set (extinction) allows
for easier examination of individual dynamics. Both sets of
simulations use time steps of 1 day.

For both the long run and extinction sets, restorations
were simulated on the first time step of the model runs by
stocking an initial oyster population at a density of 400 square
meters over a base reef area of 200 by 1,000 centimeters. The
oysters were assumed to be the size of spat (energy reserve
was 3.698×10−5 joule; volume was 8×10−9 cubic centimeter),
and reef height was assumed to begin at zero centimeters.
Oysters were not assumed to be particularly vulnerable at this
low reef height, for our purposes here, although this is recognized to be a factor (Colden and others, 2017). After these
initial conditions, no other external sources of oysters, larvae,
or shell were applied to the reefs throughout the remainder
of the simulations; and for the long-run scenario, reefs were
assumed to be self-recruiting.
Environmental conditions were applied by looping a
selected 1-year subset of the data record successively over
the several years of the simulation run. The purpose of this
was to remove interannual and lagged effects that could carry
across years, for simplicity here, and to examine potential
variations in population dynamics for different patterns of
salinity and temperature. The modeled salinity and water
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temperature distributions described in the previous section were used. These were derived from data recorded at
the U.S. Geological Survey station at Skrine Creek on Cape
Romain National Wildlife Refuge, South Carolina, (gage
station 330428079214800; USGS, 2016). For the extinction
scenarios, each of the 5 years, 2013 to 2017, was applied in
separate simulations. The chlorophyll a time series used in
the model was taken from a long-term monitoring station
in a nearby watershed, at North Inlet in Winyah Bay, S.C.
(station code NIWOLWQ), part of the National Oceanic and
Atmospheric Administration’s National Estuarine Research
Reserve System. We recognize that these data may not be
accurate for Skrine Creek, although nutrients are not necessarily limiting in South Carolina (chlorophyll a values are high
relative to other areas).
Results of the long-run simulations are presented in figure
3.2. The top two panels show the dynamics of the reef volumetric structure and surface area available for spat settlement,
respectively. The bottom two panels show oyster population
dynamics as biomass and individual density summarized by
size classes, respectively. For the latter, size bins were taken
from previous modeling studies (for example, Soniat and others, 2012), for purposes of comparing to those, although the
model is individual based. The general trend in this simulation
is that the reef slowly accretes in biomass up to about year 85,
where it reaches maximum height (chosen by the user). For
the remainder of the simulation (years 85 to 100), reef height
and shell biomass remain stable (top panel), although the
available settlement area (second panel) and oyster population demographics (bottom panel) go into significant oscillations. Interestingly, the periods of oscillation of settlement
area (1 year) and demographics (5–7 years) occur at different
time scales. In other simulations with different parameters (not
shown), the reefs demonstrated varying dynamics, including
one simulation where the reef accreted very quickly (perhaps
unrealistically) and then went into unstable oscillations (rapid
increase and loss of biomass) and another that never reached
maximum height.
The oyster model also tracks mortality through time,
as shown in figure 3.3. This helps to visually check that the
dynamics are behaving reasonably. For example, natural
mortality and predation are complex functions that are related
to individual density and size (not described here). However,
their levels are fairly consistent through time, suggesting
that these sources support stable reef dynamics through time.
Interestingly, large oscillations in burials for this scenario are
possible (years 60–70 and 80–90) without greatly affecting the
stability of the reef.
Results of the simulations with recruitment turned off
(extinction scenario) are shown in figures 3.4, 3.5 and 3.6.
These simulations have a population initiated at time step
1, stocked at a density of 400 individuals per square meter
and declining to zero, representing the dynamics of a single
cohort under low total population density. Figure 3.4 shows
the simulation that loops one year of environmental conditions for 2013. This population grows in total biomass in the

first 6 years (fig. 3.4A) and rapidly loses individuals in the
first 3 years, primarily spat and juveniles (fig. 3.4B). Note spat
densities are not shown but begin at 400 and decline to about
170 individuals per square meter at around 0.5 year, at which
point they grow into the juvenile class. This population then
slowly declines until extinction at about year 22 (fig. 3.4B).
Boxes that degrade to become crushed shell are also shown
(fig. 3.4B).
The dynamics of oyster shell biomass and surface area
of the reef for the 2013 simulation are shown in figure 3.5.
Biomass is summed across live individuals and across dead
boxes, with reef height shown for comparison (fig. 3.5A).
Shell surface areas are calculated as the total geometric area
summed across individuals (solid lines), and as the total area
available for settlement (dotted lines; fig. 3.5B). Total and
available area differ because a part of the total area is assumed
to never be settled, and an additional part becomes unavailable
when occupied by other oysters (only in the long-run example;
fig. 3.5B). The grand total of available settlement area summed
across all shell types, is shown in the bottom panel (fig. 3.5C).
Note that the reef height is driven largely by the dynamics of
the shell boxes (top panel), which break down and contribute
to the crushed shell pool that comprises reef volume. Also, the
surface area of shell boxes (middle panel, red lines, left axis)
is greater than that of live oysters (middle panel, blue lines,
right axis) because both sides of each valve (four total) are
counted for boxes, whereas only two sides of a live oyster are
considered exposed.
Population biomass is compared across the five simulations that respectively loop years 2013 to 2017 separately
(fig. 3.6). The overall pattern of population growth and decline
is similar among these; however, they have different extinction dates. The 2013 population persisted for about 22 years
(fig. 3.6A), whereas the 2017 population went extinct at about
year 19 (fig. 3.6E). The 2017 population produced the most
5
total biomass (about 2.3×10 kilograms) and the 2013 popula5
tion the least (about 2.3×10 kilograms). Water temperatures
for 2013 were generally the lowest of the 5 years and 2017 the
highest (fig. 3.1); however, 2017 had a large amount of filled
data compared to others, and water temperatures may have
been artificially raised for winter months.
Finally, individual densities are compared across the
year simulations in figure 3.7, for selected size classes, with
years distinguished by colored lines. The top panel shows the
period when the population grows into the adult size class
(50–75 millimeters), at approximately 0.75 to 1.5 years, and
similarly into the marketable sack class (greater than 75 millimeters), around year 1.5. Year 2017 is the first to reach marketable size, followed by 2016, with 2013 last. After the initial
transition into this size class, all years maintain their marketable densities at roughly the same relative rate (not shown)
before going extinct. This similarity could be because the
sources of mortality included in the model (presented here) are
not particularly sensitive to variations in salinity and temperature, which can be adjusted for future modeling. The general
pattern of increase and decrease in box density through time

Appendix 3. Predicting Long-Term Performance and Risk of Oyster Reef Restorations   143

4

100

2

0

10

20

30

40

50

60

70

80

90

0
100

60

70

80

90

100

60

70

80

90

100

60

70

80

90

100

Dead shell biomass,
in kilograms

200

EXPLANATION
Reef height
Shell biomass
Maximum reef height (150 cm)
Buried live individuals

0

Reef height, in centimeters

A

Years

80

600

B
Surface area,
in square meters

Shell area,
in square meters

EXPLANATION

0

10

20

30

60
40

50

20

0

40

200

400

Total area of live individuals
Total area available for settlement
Total reef surface area

Years

Gametes postmortality
per time step

Biomass, in wet grams
per square meter

C
2ˣ106

0

0

2ˣ105

Live shell
Gametes

1ˣ106

4ˣ105

EXPLANATION
Biomass type
Tissue
Gonad

0

10

20

30

40

50

Years

EXPLANATION
Size class
Spat
Juvenile

Adult
Sack

0

5,000

10,000

Individuals, in number
per square meter

D

0

10

20

30

40

50

Years

Figure 3.2.

Oyster reef and population dynamics simulated through time over 100 years.

(bottom panel) of the five simulations is generally similar;
however, 2017 has consistently the highest number of boxes
and 2013 the lowest. Interestingly, 2016 has a rapid increase
in box density from years 1 to 3, compared to the others, followed by intermediate levels. This result could be because the

environmental conditions are much more dynamic that year
(high amount of salinity variance because of upstream flooding), which affects the degradation rate of boxes.
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Figure 3.3. Results of oyster mortality through time for a 100-year simulation. Dots indicate number of individual oysters killed at each
time step. Around year 60, an increase in reef height coincides with increased burial mortality, and these seem to feedback on each
other.

Discussion
Oyster reefs are valuable for the fisheries economy, are
resilient to environmental fluctuation, and are believed to
contribute to stabilizing shorelines in tandem with salt marsh.
Unfortunately, these systems have experienced catastrophic
collapse throughout most of the historical range (La Peyre and
others, 2014). Currently, restoration of historically productive
and potentially ecologically stabilizing oyster reefs is a major
concern. To support these projects, we developed a new simulation model of an oyster reef building system that simultaneously tracks the population dynamics of oysters, regulatory

ecosystem services of wave attenuation, a resilience property,
and provisioning services of available harvest biomass, an
economic property.
Restorations of oyster reefs are often implemented in
areas to that do not have intensive monitoring data (La Peyre
and others, 2014). We designed a flexible model that can
be broadly applicable to any area of the coast, regardless of
monitoring status. To accomplish this, we drew from over
30 years of research and modeling, combining information
on first principles of oyster physiology, metabolism, population dynamics, and physical structural properties of reefs. The
model was parameterized using a combination of empirical
information and expert judgement. Ultimately, all the model
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Figure 3.4. Simulated time series of oyster biomass and individual density for the extinction scenario using year 2013 data. A, biomass.
B, individuals.

parameters should be obtainable from monitoring data. The
baseline predictions for restoration performance can be set and
updated throughout the restoration process as more information becomes available.
Human population density is increasing along many
coastal areas, including in the United States (McGranahan
and others, 2007). At the same time, pressure is mounting on
human development, livelihood, and economics as important
resources such as fisheries decline and as climate factors, such
as sea-level rise, flooding, and erosion, threaten to undermine
the long-term stability of coastal infrastructure. Critically, this
exposure to multiple converging pressures imposes on coastal
managers difficult choices between managing for objectives of
coastal protection or for extractive use of reefs for recreational
or commercial harvest. An important first step to tackling this
decision problem is to develop a framework for predicting
ecosystem response to changes in climate and fishery management policy. Research often approaches these as separate subjects, examining either ecosystem properties or management
of fishery yields. This approach is also evident in restoration

practice, where projects tend to be viewed as either creation of
protected reefs that exclude all fishing or as enhancement of
a resource to be extracted to the full extent possible, including mariculture. The current trend is to maintain these under
separate authorities, managed either by State natural resource
agencies or by independent conservation organizations, to
meet distinct, often exclusive objectives. Under this paradigm,
harvest policy (that is, regulations) tends to produce limited
amounts of ecosystem services for coastal protection, and
conservation practices (that is, setting no take reserves) offer
limited economic value for shellfisheries in comparison to
harvest. We addressed this limitation by developing a simulation model where decisions can be made to vary the level
of fishing pressure on oyster reef restorations, both in units
of catch rates and as temporal openings and closures, also
viewing the effects that these policies have on the regulating
services of wave attenuation. In this way, the tradeoff space of
decision making can be viewed, and outcomes from restorations and harvest policies can be identified within it, whereas
in real systems, this is very difficult to do experimentally.
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Figure 3.5.

Oyster reef dynamics for extinction scenario. Here 1 year of data from 2013 was looped over successive simulation years.
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Figure 3.6.

Across year comparison of oyster biomass dynamics for 2013 to 2017.
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Figure 3.6.—Continued
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Figure 3.7.

Across year comparison of oyster density through time, separated by demographic groupings.
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Appendix 4. Integrating Econometric Land-Use Models with Ecological
Modeling of Ecosystem Services to Guide Coastal Management and Planning—
Methods and Provisional Results
Introduction
In the natural resources and environmental sciences, there
are few examples of research analyzing the dynamic implications of land-use policy on land development and conservation. Many of the analyses evaluating growth management
policies options come from the urban economics literature,
and they tend to focus on the management of urban sprawl.
The growing body of literature on the economics of urban
sprawl is surveyed in Glaeser and Kahn (2004) and Nechyba
and Walsh (2004). Moreover, few of these studies have developed methods to connect policy effects on land-use decisions
and the resulting change in ecosystem services provision.
Irwin (2010) and Duke and Wu (2014) provide a comprehensive review of the land-use modeling literature and its current
deficiencies. With this project, we will contribute to a growing
area of research in the land-use and environmental economics literature by evaluating the cost effectiveness of alternative land-use policies that target the conservation of coastal
land with high ecological value for local flood prevention (for
example, areas largely covered by wetlands) while accounting
for future effects of climate change and urbanization. Here,
we present our methodological framework and offer some
preliminary findings, but note that this research is ongoing and
that results are provisional (see Villegas, 2019).
In this project, we are developing an iterative procedure
to specify a spatially explicit econometric model of land-use
change that directly incorporates ecosystem services and
feedback mechanisms between land use, ecosystem services
and land values in a dynamic framework. More specifically,
using landscape simulations, we intend to study how climate
change, spatial patterns of urbanization, and alternative coastal
development policies affect land-use decisions, and how these
decisions affect the conservation of critical wetland habitat and
the landscape’s capacity to mitigate risks from future flooding.
We focus our study on three fast-growing coastal counties of
South Carolina that encompass the Charleston metropolitan
area: a region subject to rapid urbanization and rising threats
from current and future flooding. Figure 4.1 shows the study
area, including county boundaries.
Coastal flooding is an imminent climatic and economic
threat in the United States. Some 39 percent of U.S. households are in coastal areas along the country’s 12,000 miles of
coastline (National Oceanic and Atmospheric Administration
[NOAA], 2018). Climate scientists warn that sea-level rise
and changes in storm frequency will make coastal systems
more vulnerable to the dynamic forces of wind, waves, tides,

currents, and storms. In the United States, biophysical changes
have already been shown to impair the capacity of municipal
storm water drainage systems to empty into the ocean, and
because flooding events began to be recorded in the 1960s,
the number of inland floods increased between 300 and
925 percent along coastal areas. In some places, like Norfolk,
Virginia, Charleston, South Carolina, and Miami, Florida,
minor floods now occur as frequently as high tides (Dahl and
Stedman, 2013).
Floods can cause substantial natural, human and economic damage. Between 1980 and 2016, flooding has caused
on average $7.96 billion in damages and 82 fatalities per year.
In 2016, the monetary cost of floods was more than twice the
26-year annual average, adding to $16.5 billion and causing
49 deaths. Moreover, that year, disaster floods alone (that is,
without considering hurricanes) constituted almost 25 percent
of all weather and climate disasters in the United States that
cost over $1 billion each (totaled of $67 billion; NOAA, 2018,
2020). Figures 4.2 and 4.3 show trends and location of floods
in the study area since 1996.
Flooding risks are exacerbated by rapid urbanization
trends and the subsequent loss of natural barriers (for example,
coastal wetlands). Land development creates areas that are
impermeable to precipitation, which leads to increased runoff
and makes coastal areas more prone to flooding. Additionally,
high-density growth increases the magnitude of economic
damages and human costs as more people move towards vulnerable areas and become exposed to climatic threats. In 2010,
shoreline coastal counties were home to about 39 percent of
the Nation’s households, or more than 123.3 million people
(a 6.5-percent increase since the previous 2000 Census), and
a number that is projected to increase by 8 percent by 2020.
Finally, land development destroys, displaces, or inhibits the
formation of naturally occurring wetland habitats that promote infiltration or absorption, reduce runoff, and decrease
the landscape’s vulnerability to floods. Land development and
new impervious surfaces prevent water, sediments, organic
matter ,and nutrients from percolating into the soil and
therefore inhibit the formation of wetlands. Additionally, the
construction of physical structures like bulkheads, sea walls,
jetties, and sandbags pose a physical impediment for wetlands
and marshes to migrate inland, which is their natural response
to sea-level rise, and further impair the landscape’s capacity
to prevent flooding. Figure 4.4 shows a map of housing unit
growth from 1990 to 2016 by census track in the three counties in the study area. It shows the number of structures built
after 1990 recorded in the 2016 American Community Survey
(U.S. Census Bureau, 2017).
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As shown by figure 4.4, new development is concentrated
around urban centers and near the coast. An examination of
the most recent national land cover data indicates that new
development in the study area is dominated by high- and
medium-density development and is generally more suburban
in nature.
NOAA predicts that flood trends in the United States will
continue to accelerate. In combination with current projections of sea-level rise, storm frequency and urban growth
along the coast, this prognosis makes flooding the costliest and
fastest-growing climatic threat in the Nation. Thus, general
policy concern over the rising effects of floods is of increasing
relevance and civic requests for public planning and intervention are increasingly justifiable.
Urban planners have traditionally dealt with flooding
using engineering solutions (for example, by building eater
storage and infiltration structures like dams, pumps, and
spillways). To a lesser extent, they have also used prescriptive

regulation on land use to limit the damages to private properties from flooding events. For instance, in South Carolina, the
Beachfront Management Act of 1988 (Coastal Tidelands and
Wetlands Act, as amended, §48–39–250 et seq.) establishes
a zone adjacent to the shoreline and wetlands within which
structure cannot be built or reconstructed. Alternatively, policy
makers could consider enacting land-use policies that affect
the level, intensity, and distribution of development, as well as
a desired composition of the natural landscape (for example,
by promoting the conservation of coastal wetlands that provide
beneficial flood protection services). In this study, we will consider three types of potential land-use policies that have been
used by local jurisdictions across the country in various forms:
1. a flat-rate development impact fee (that is, a uniform fee
that applies to each parcel that is being developed);
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2. a development impact fee that is related to spatial
features of each parcel that is critical for flood prevention, such as the extent of impervious surface cover after
development; and

growth trends in the South Carolina Lowcountry region, and
(3) show how alternative land-use policies can reduce flooding
risks and resulting economic damages.

3. a prescriptive policy limiting the amount of a parcel that
is covered by impervious surface after development.

Overview of Methodology

The policies above can be refined as the research progresses. For example, maximum impervious surface limits
(policy 3) or variable development impact fees (policy 2)
could vary with features of a parcel. For instance, parcels
that are closer to water bodies or wetlands could have lower
impervious surface allowances or pay higher development
fees. Each of the policies described above can be assessed by
comparing their associated costs (reduced development value)
and benefits (increased flood protection and reduced damages
from flooding events).
When complete, this project intends to (1) develop a
model of land-use change that is coupled with flood risks that
change over time because of sea-level rise and change in land
use, (2) show the geographic areas that are effected and their
associated damages from flooding in the future given current

An iterative simulation procedure that combines a spatially explicit statistical model of land-use change at the parcel
level with an ecological model of flood prevention services
is used. Future landscape scenarios are generated and used
to evaluate the effects of various urban growth policies. The
exogenous forces in this conceptual model are climatic trends
(that is, sea-level rise and changes in storm frequency) and
urbanization trends (for example, population growth).
The iterative procedure begins with an initial landscape in
the current period. The current physical landscape has particular spatial features that relate to its current value and its future
value in development and give the land some capacity to mitigate flood risks. A probabilistic model is developed to predict
the probability that each currently undeveloped parcel in the
landscape will develop in the next period. Parcels are either
converted to developed uses or stay undeveloped according to
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a conversion rule that assigns a higher probability of development to land with higher value in development as compared to
its current use.
In the next period, the physical landscape will exhibit
different spatial features and different ability to mitigate flooding hazards because of development. These different spatial
features affect land values in undeveloped and developed
uses. For example, if land around a given undeveloped parcel
is converted to development, the value of the undeveloped
parcel is likely to change similar to the value it would attain if
it were to be developed. Over many iterations, the landscape
may also be altered by climatic forces. Thus, in future periods,
the landscape may have more water coverage (because of
sea-level rise), more coverage of impervious surfaces (because
of new development), and less coverage of wetland habitats
(because of a combination of sea-level rise and new development). A simulated business-as-usual future landscape that

allows the development process to iterate over time without
any policy intervention can be compared to future landscapes
whose development patterns are altered by one of the three
policies described earlier. Under alternative land-use regulations or policies, future landscapes may exhibit different
spatial features and therefore have different inherent capacities
to prevent floods. The business-as-usual development patterns
and the policy-altered development patterns can be compared
on their effectiveness in lowering expected damages from
flooding and assessed on how expected damages are distributed spatially.
There are two main components for implementing the
conceptual framework just described: (1) a land-use change
model and (2) a simulation procedure. The land-use change
model is the centerpiece of the analysis because it provides
the behavioral explanation for changes in the landscape that
reflect the decision-making process of individual landowners.
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In other words, the land-use change model is developed to
estimate land-use transition probabilities for each parcel in
the landscape. The inputs for the land-use change model are
derived from a first stage estimation and prediction analysis using hedonic models of land value. Hedonic modeling
uses revealed preference tools to estimate property value by
considering the contribution to this value of particular characteristics (Rosen, 1974). In turn, the outputs of the model (that
is, the probabilistic transition rules) are used to simulate future
landscapes that are consistent with the underlying forces of the
model. It is through the simulations procedure that the moving
components of the general framework (that is, the land-use
change model, the ecological production function of flood
prevention services, the first-stage hedonics analysis, and the
different policy rules) affect one another in a dynamic way.
Figure 4.5 illustrates the iterative procedure described above.

Data
To estimate the land-use change models that are a core
component of this research, we use the predictions of land values generated in a first stage analysis as explanatory variables
in a second-stage probabilistic model of land development.
The value of undeveloped land in development is estimated
using statistical property-value models that incorporate information on parcel characteristics such as its physical and geographical characteristics. A full list of the sources of data used
in the analysis is presented in the table 4.1. Characteristics of
land available for analysis include housing market data (for
example, sales prices and value of buildings on a parcel),
physical and spatial characteristics of the land (for example,
soil type, elevation, and tree cover, or proximity to water or
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beginning with a current landscape and flood prevention services
of the landscape that affect land-use decisions and result in
altered landscapes in the next period. Future landscapes may
exhibit changes in land cover composition (∆LC), which in turn
affect land values, flood risk indicators (∆FR) and economic
damages from flood events (∆$). Changes in flood risk indicators
are determined using an ecological function that takes ∆LC
as inputs. Land-use decisions by landowners are affected by
land-use policies through their effect on land values.

employment centers) and social-economic characteristics of
the area (for example, average income and racial composition
of households nearby).
There are three primary types of data used to complete
this project: (1) land market data, (2) geophysical and landscape data, and (3) National Weather Service data on historical
floods. The land market data for the land-use change analysis
were obtained from county tax assessor databases. These
databases contain information for every parcel, including lot
size, zoning designation and characteristics of the physical
structures on the lot, like square footage and number of rooms.
Tax assessor databases also contain historical transaction data
on property sales, which are key for predicting the land values
that are used in the land-use change model.
For the empirical analysis, we use only a subset of all the
properties listed in the tax assessor databases. The sampled
properties meet certain selection criteria that were set to
minimize potential errors in the prediction analysis. Overall,
there are 210,721 parcels available for analysis: 105,756 from
Charleston County, 68,513 from Berkeley County, and 36,452

from Georgetown County. Of those, 153,009 are currently
considered residential properties, and the remaining 57,712
are considered undeveloped. The starting point of the landuse models predicts the probability that each one of those
57,712 parcels is developed within the next 5 years.
Parcel characteristics included in the tax assessor databases have been augmented with other geospatial features
obtained from public sources including flood hazard maps and
raster data of land cover types, elevation, streams and rivers,
and soil quality classes. In addition, spatial variables such as
proximity to employment centers, water bodies, main roads,
and access points to public beaches were created using geographic information system parcel layers obtained from county
geographic information system offices.
A second central interest of this project is to examine the
effect of changes in land use on flood risk. Therefore, National
Weather Service data on historical floods are currently being
used in conjunction with land cover data from the National
Land Cover Database to develop a measure of flood risk,
which is a key input for the comparative analysis component
of this project.

Outcomes
Currently, preliminary versions of the land-use model
have been estimated, and we are in the process of refining
the models before initiating the simulation component of this
project. As we work towards refining the predictive models,
we are developing a flood risk index that will be used in the
simulation and comparative pieces of this project.
Upon completion, we will have alternative coupled land
use change and flood risk models that can be used to analyze
the implications of development patterns as related to potential
flood risks and their associated property damages. We will
also have spatially explicit maps that show expected development patterns in the future under current growth trends and
under scenarios with alternative policy rules. Finally, we will
have estimates of monetary damages that can be avoided when
alternative land use management policies are directed at reducing flood risks.
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Table 4.1.

Econometrics model data sources.

[GIS, geographic information system]

Layer

Source

Website
Primary sources

Land cover data

National Land Cover
Database

http://www.mrlc.gov/ﬁnddata.php

Soil data

National Resources
Conservation Service

http://www.nrcs.usda.gov/wps/portal/nrcs

Geographic names

U.S. Geological Survey

https://gdg.sc.egov.usda.gov/

National hydrography dataset U.S. Geological Survey

https://gdg.sc.egov.usda.gov/

2015 primary and secondary
roads

U.S. Geological Survey

https://gdg.sc.egov.usda.gov/

National Elevation dataset

U.S. Geological Survey

https://gdg.sc.egov.usda.gov/

South Carolina public access
to beaches

South Carolina Department
of Health and
Environmental Control

https://scdhec.gov/

Social-economic data

American Community
Survey

https://data.census.gov/cedsci

Housing price index

Federal Reserve Bank

https://fred.stlouisfed.org/series/USSTHPI

Tax assessor data Charleston

Tax assessor oﬃce

https://www.charlestoncounty.org/

Tax assessor data Berkeley

Tax assessor oﬃce

https://berkeleycountysc.gov/

Tax assessor data
Georgetown

Tax assessor oﬃce

http://www.georgetowncountysc.org/

Charleston County GIS oﬃce GIS oﬃce

https://www.charlestoncounty.org/

Berkeley County GIS oﬃce

GIS oﬃce

https://gis.berkeleycountysc.gov/

Georgetown County GIS
oﬃce

GIS oﬃce

http://www.georgetowncountysc.org/

Wood Mills in South United
States 2015

Forest economics and policy https://www.srs.fs.usda.gov/econ/data/mills/
research

South Carolina hurricane
evacuation routes

South Carolina Emergency
Management Division

https://www.scemd.org/prepare/know-your-zone/

Storm database

National Oceanic
and Atmospheric
Administration’s National
Weather Service

https://www.ncdc.noaa.gov/stormevents/ftp.jsp

Building permits database

State of the Cities Data
Systems

https://socds.huduser.gov/permits/

South Carolina Department
of Transportation

South Carolina Department
of Transportation

https://info.scdot.org/

U.S. National Conservation
Easement Database

U.S. National Conservation
Easement Database

https://www.conservationeasement.us/

South Carolina Department
of Natural Resources

South Carolina Department
of Natural Resources

https://www.dnr.sc.gov/

Flood hazard maps

Federal Emergency
Management Agency

https://www.floodmaps.fema.gov/

U.S. Geological Survey
flood-inundation maps

U.S. Geological Survey

https://water.usgs.gov/floods/events/2015/Joaquin/data_ofr20161019/

Coastal Emergency Risks
Assessment group storm
simulations

Coastal Emergency Risk
Assessment

https://cera.coastalrisk.live/

Other consulted sources
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