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Jemma Mae

Jemma Mae sells baskets from a stand along the coastal road
just north of Charleston,

Near the very place where she was born,
in a tiny house beside the marsh.

Her mom taught her how to weave the sweetgrass
into baskets

And she points to where two oaks once stood, and
says they made a shady place

Where she could sew the straw.

She says that folks just used to stop and look at baskets
on their way to church or Charleston.

And sometimes someone bought a basket for a sister in Atlanta
or friend in Alabama, or a cousin in New York.

But the road is getting wider now:
all the shade is gone.

Lots of people visit Jemma’s stand,
but not from church or Charleston.

Jemma says she’s tired and that she don't feel
Much like talking

But then she points a crooked finger
toward the marsh where she grew up.

She talks
about her people

And how their lives are woven
like sweetgrass, into baskets:

Baskets full of stories, baskets full of hope,
and sadness.

Then she points to a construction site
and to where the CVS will be.

And she tells me that her daughter
doesn’t want to weave grass baskets.

G.S. Kleppel
June 1999
Dutch Fork, South Carolina



Preface

Each year, numerous edited volumes are produced by scientific pub-
lishers that describe or review research in a particular discipline. For
the most part, the papers that appear in these volumes represent the
efforts of scientists to communicate with other scientists. Many of the
authors and most of the readership are faculty, postdocs and graduate
students at universities, or researchers at government, academic, or
private laboratories. This is certainly an important function of scien-
tific publishing and one to which the present volume will hopefully
contribute.

There is, however, another purpose to scientific communication.
That purpose, though underrepresented in the professional literature,
is crucial to society. In the language of the National Science Founda-
tion, today’s science must seek a broader impact. Scientists are becom-
ing increasingly aware of their capacity and responsibility to inform
public policy and the decision-making process. An essential role of
scientists today is to translate technical data into socially relevant
products.

There are few areas of research where the transfer of scientific infor-
mation to the public sector is more critically needed than in understand-
ing and mitigating the impacts of development on coastal habitats.
Each year more than 2 million acres of forests, fields, and farmland
are converted to urban, largely suburban, use. On average, the rate of
development on the U.S. coastal plain is one-and-a-half times greater
than inland. Three of the five fastest growing states in the union are
coastal, and ecosystems along our nation’s coasts are being lost or mod-
ified even before scientists can document their ecological structure and



viii Preface

functioning. Despite the use of modern secondary wastewater treat-
ment, retention ponds, and other mitigation techniques, water quality
degradation and habitat destruction have become synonymous with
what is best described as coastal sprawl.

This book arose from a deep belief among its contributors that sci-
ence and scientists are important, even crucial, elements in the coastal
development paradigm. It is not the mission of scientists to impede
coastal development. Rather, it is their job to provide guidance that
helps to reduce the impacts of urbanization on critical natural resources,
regional cultures, and national coastal heritage. We believe that this is
anoble and tractable mission. It is with this motivation that we under-
took to produce a volume dealing with land use change in coastal
regions. We sought from the beginning to simultaneously address the
technical needs of scientists and the practical needs of resource man-
agers, planners, policy-makers, and others who must make decisions
that affect people, cultures, the environment, and ecological systems.

In compiling this volume, we sought to provide the reader with
the state of knowledge on key issues associated with the responses
of coastal systems to rapid urban development. Our goal is to share
our science not only with other scientists but also with society-at-large.
Contributors include natural and social scientists, empiricists, and
modelers. Much of the volume is based on the initial results of a pro-
gram called the Land Use-Coastal Ecosystem Study (LU-CES) which
is supported by the Coastal Ocean Program of the National Oceanic
and Atmospheric Administration (NOAA, U.S. Department of Com-
merce) and administered by the South Carolina Sea Grant Consortium.
The scientific mission of LU-CES is to develop protocols and models
based on scientific studies of processes that govern the transmission of
impacts from changing land use patterns to salt marsh and tidal creek
ecosystems in Georgia and South Carolina, with the goal of assist-
ing local decision-makers in their efforts to minimize those impacts
while accommodating an increasing coastal population. Because the
geographic emphasis of the LU-CES program is on the Southeast, the
chapters in the book are regionally focused. The message that emerges,
however, is applicable to any rapidly developing coastal landscape in
the United States.

There are several individuals whose contribution to the LU-CES pro-
gram were pivotal. Had they not leant their support to the program, this
book would not have been written. First and foremost, we are indebted
to U. S. Senator Ernest “Fritz” Hollings and his staff for their support
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for the nation’s coastal and marine resources, and their recognition of
the role that science can play in addressing the environmental chal-
lenges we face in coastal America. We are also indebted to Dr. James
J. Alberts, Ms. Margaret A. Davidson, Esq., Dr. A. Fredrick Holland,
Dr. F. John Vernberg, and Dr. Herbert L. Windham for their vision and
leadership with the early organization of LU-CES. We appreciate the
assistance of our colleagues at NOAA, including Dr. Larry Pugh, Dr.
David Johnson, Dr. Kendrick Osgood, Mr. John Wickham, and Dr. Mal-
colm Meaburn, for their support and guidance. We acknowledge the
continuous assistance provided by a panel of resource managers and
urban planners who advised the program and helped us to appreciate
the important role that environmental research has to play in society.
Finally, we thank the many anonymous referees, who reviewed the
chapters in this volume.

Changing Land Use Patterns in the Coastal Zone is divided into three
parts: I. Trends in Coastal Population Growth—Policies and Predic-
tions; II. Coastal Hydrology and Geochemistry; and IIl. Contami-
nants and Their Effects. An important feature of this book is that each
chapter following the Introduction (Chapter 1) is preceded by a brief,
nontechnical summary. In all but a few cases, these summaries were
produced by outreach specialists from the South Carolina Sea Grant
Consortium and Georgia Sea Grant College Program, frequently in
collaboration with the chapter authors. The intent of the summaries
is to translate the technical information and concepts contained in the
chapters into text useful to informed readers, including those engaged
in coastal development issues. The chapter that follows each summary
is traditional in its technical content and focuses on an issue of interest
to a particular discipline or group of disciplines. The intended audi-
ences of the technical content of the chapters are scientists, graduate
students, resource managers, and other professionals.

In Chapter 1, DeVoe and Kleppel provide a general description
of the changes in land use that are taking place nationally and in the
southeastern coastal zone. They offer a conceptual framework to guide
research aimed at addressing the documented challenges in coastal
resource management that rapid land use change, particularly coastal
urbanization, creates.

The three chapters in Part I focus on land use policies and their
consequences. In Chapter 2, Kleppel, Becker, Allen, and Lu point out
that the explosive increase in coastal development that began in the
Southeast during the 1970s and continues today as urban sprawl is
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dictated by federal and local laws that have had serious unintended
consequences. The authors go on to describe how modern planning
approaches might change development patterns and protect large
landscapes and regional cultures. In Chapter 3, Allen and Lu describe
the development of models that predict the trajectory of coastal devel-
opment. They focus on the use of hybrid models that combine several
approaches to produce realistic projections of where development is
headed. The chapter concludes with a discussion of next generation
neural network models that are more accurate and flexible than tra-
ditional hybrid approaches. Part I concludes with a conceptual study
by Kleppel, Porter, and DeVoe of the potential effects of different
urban development styles or typologies on the biodiversity of bottom-
dwelling invertebrate communities in the tidal creeks along the rap-
idly developing coast of South Carolina. The authors argue that tradi-
tional urban typologies would require the urbanization of less land in
coastal watersheds than suburban typologies, and, therefore, should
have a smaller impact on biodiversity than suburban typologies.

In Part II, the authors consider the hydrodynamic and geochemical
environments of coastal ecosystems. In Chapter 5, Blanton, Andrade,
and Ferriera address the problem of predicting water movement in
tidal creeks, which are important both ecologically and economi-
cally. Tidal creek hydrodynamics are governed by complex physics.
The focus of the chapter is on the development of hypsometric mod-
els, which describe the filling and emptying of the creeks during the
tidal cycle, from remotely sensed, empirical data. The applications
of these models to the identification of locations for future develop-
ment projects that minimize impacts, and the prediction of future
costs (such as dredging) associated with siting decisions show how
planners and engineers in coastal communities can use such informa-
tion to design communities in relatively cost-effective and sustainable
ways. In Chapter 6, McKellar and Bratvold discuss the nutrient cycle
of coastal, estuarine, and salt marsh systems and their relationship
with the watershed. They emphasize the complexity of these systems
and discuss the importance of understanding the nutrient budget in
order to manage water quality and ecosystem functionality. In chap-
ter 7, Joye, Bronk, Koopmans, and Moore offer an informed perspec-
tive on groundwater, which often contributes substantively to the
ecology and water quality of coastal systems but which is, at best,
poorly studied in many regions. Groundwater transports both nutri-
ents and contaminants to the nation’s estuaries, but detailed studies
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of its dynamics have, for the most part, been lacking. Recommenda-
tions are made to resolve the most pressing data needs. In Chapter §,
the conclusion of Part I, Pomeroy and Cai report on oxygen and car-
bon dioxide dynamics in slat marsh systems and on the use of these
variables for predicting anoxia and hypoxia. The chapter contains a
complete review of measurement techniques and their applications to
resource management.

Part III deals with contaminants of coastal ecosystems and their
effects. In Chapter 9, Lee and Maruya catalog the types and sources
of toxic contaminants entering coastal and estuarine ecosystems as a
result of changing land use patterns in the southeast. Commentary
on the constraints (or lack thereof) to the availability and use of pes-
ticides and other contaminants and the challenges that the increas-
ingly impervious landscape will create for contamination prevention
and mitigation should provide a wake-up call to coastal communities
and the policy-makers who represent them. Chapter 10 by Siewicki
discusses key developments in the use of models to predict contami-
nant-induced ecosystem stress. The directions of current research and
needs for future research are examined in detail. Finally, in Chapter
11, Frischer and Verity discuss alternatives to coliform bacteria in the
detection of microbial contamination in coastal and estuarine systems.
The authors also consider existing and novel microbial and bacterio-
logical approaches to a variety of environmental assessment needs.

We end this volume with an afterword by three recognized lead-
ers in coastal research who have applied scientific data to numerous
coastal policy issues. Dr. Geoffrey I. Scott is director of the NOAA
Center for Coastal Environmental Health and Biomolecular Research,
in Charleston, South Carolina. Dr. A. Fredrick Holland is director of
NOAA’s Hollings Marine Laboratory, also in Charleston. Dr. Paul A.
Sandifer, former director of the South Carolina Department of Nat-
ural Resources, is currently senior scientist at the NOAA National
Centers for Coastal Ocean Science. Together they propose a new para-
digm for coastal research in which coastal policy is driven by science.
Objectively gathered scientific data, they suggest, has the potential to
resolve conflicts between stakeholders in local development issues.
The challenge to the scientific community is to develop data and pro-
tocols that respond to society’s needs and can be integrated into the
decision-making process. The challenge to society is to be willing to
accept scientific findings. Can it happen? Some would say it must, if
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we are to retain the integrity of our nation’s coastal heritage in the face
of dramatic changes in land use patterns.

January 2006

G.S. Kleppel

M. Richard DeVoe
Mac V. Rawson
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Introduction —The Effects of Changing
Land Use Patterns on Marine Resources:
Setting a Research Agenda to Facilitate
Management

M. Richard DeVoe and G. S. Kleppel

1.1 Population Growth and Development in
the Coastal Zone

1.1.1 National Trends

The coastal United States is an economic engine. Almost 31 percent of
the Gross National Product of the United States is generated in coastal
counties, and 75 percent of the nation’s Gross State Product comes
from the coastal states (Colgan 2003). Counties located within 80 kilo-
meters of an ocean or Great Lake, while making up just 13 percent of
the landmass of the continental United States, accounted for 50 percent
of the nation’s population in 2000 and 56 percent of the civilian income
in 1999 (Rappaport and Sachs 2001). The near-shore area, which repre-
sents 4 percent of the nation’s land, produces more than 11 percent of
the nation’s economic output (Colgan 2003).

Economic growth in the nation’s coastal regions is pushing the
demand for land conversion from open space, farmland, and wildlife
habitat to residential and commercial uses (Colgan 2003). More than
one-fourth of all land conversions from rural to urban and suburban
uses over the last three centuries has occurred in the past 15 years,
and between 1982 and 1992, land was developed at 1.8 times the rate
of population growth; from 1992 to 1997 that factor had grown to 2.5
(Beach 2002).

In 2003, more than 153 million people—about 53 percent of the pop-
ulation of the United States—lived in the coastal regions of the United
States (NOAA 2004), and by 2015, the population of these regions
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will reach 165 million (W&PE 2003, in NOAA 2004). Coastal counties
average 300 people per square mile (excluding Alaska), an increase of
65 people per square mile since 1980 and more than three times the
national average of 98 people per square mile (NOAA 2004). Population
density is expected to increase by another 13 people per square mile (or
4 percent) by 2008 (NOAA 2004).

During the last decade, 17 of the 20 fastest growing counties in the
United States were located along the coast, and this region accounts for
23 of the 25 most densely populated counties in the country (NOAA
2004). Because the coast will retain its current population share of
growth, it will absorb more than half of the nation’s population growth
in the next several decades (Beach 2002).

Development is placing tremendous pressure on the natural
resources of the coastal United States —the beaches, waterways, oceans,
rivers, and estuaries where people come to live, work, and play. The
more people, the more infrastructure; the more infrastructure, the more
impervious surfaces. Impervious surfaces include paved areas, such
as roads and parking lots, as well as roofs that rain cannot penetrate.
Increases in impervious cover associated with development increase
both the volume and the rate of storm water runoff. When the amount
of impervious surface in a watershed area reaches 10 percent or more,
the resources within that watershed become altered and sometimes
impaired (Beach 2002 and references therein).

Poorly managed growth can also translate into increased taxes and
spending for urban infrastructure and services (O’Hara 1997). Beach
(2002) described reforms needed to address the impacts and costs of
growth on coastal and ocean resources, and ideas about how to apply
some of those reforms to prevent or mitigate sprawl are provided by
Kleppel, Becker, and Allen (manuscript) in this volume.

1.1.2 The Southeastern U.S. Coastal Region

From the interior basins to the coastal margins, natural processes and
human activities in the southeastern United States are affected by water
flow and its role in determining the transport and fate of materials and
the structure of ecosystems. Inputs of freshwater from rivers, ground-
water, and rainfall vary spatially and temporally. Associated with the
volumes of water delivered to the coastal ocean are variable loads
of sediment, nutrients, and pollutants. The inputs of freshwater and
materials interact with the coastal ocean to influence processes such as
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local circulation patterns, sediment accumulation and transport, and
habitat quality and stability for marine and estuarine species.

The South Atlantic Bight along the southeastern United States cov-
ers an area of more than 90,600 square kilometers, and the continen-
tal coastline that borders it extends for almost 2,000 kilometers along
Florida, Georgia, and the Carolinas. Diverse and extensive estuarine
systems in the region cover an estimated 11,600 km? (U.S. EPA 2002).
Some 47,000 km of tidal shoreline rim the more than 300 estuaries in
the southeastern and Gulf coasts of the United States, which supported
about $850 million in commercial fishery landings in 2003 (pers. comm.
NOAA National Marine Fisheries Service, Fisheries Statistics Divi-
sion) and $3.4 billion in recreational fisheries annually (NOAA 1990).
At least 96 percent of the commercial and 70 percent of recreationally
important fish and shellfish in the southeastern region require estuar-
ies and near-shore marine habitats during their life cycles. This region
can be considered a large marine ecosystem with common physical
and demographic attributes, and multi-disciplinary research efforts
to examine the relationships between land use and coastal ecosystem
integrity on a variety of scales are needed.

The coastal counties of the southeastern United States have seen
unprecedented growth over the last 30 years. Population in southeast-
ern coastal counties increased by 64 percent between 1970 and 1990
(U.S. Bureau of the Census 1996, in U.S. EPA 2002). The Southeast
region exhibited the largest rate of population growth in the country
(58 percent) between 1980 and 2003; three of the ten states with the
highest percent change in population growth in the United States were
located in the Southeast (NOAA 2004).

It is expected that during the next 20 to 30 years, the Southeast will
continue to experience high population growth (DeVoe and Kleppel
1995; NOA A 1999, 2004). The majority of this growth will occur along the
coast and will be associated with an in-migration of both retirees and job
seekers (U.S. Census Bureau 1998; NOAA 2004). Indeed, the U.S. Census
Bureau (1998) projected that 11 million additional people, 14 percent of
the post-World War Il baby boom generation, will reside in the Carolinas
and Georgia by 2025. While silvaculture is expected to remain the princi-
pal industry in the Southeast during this period, retirement and tourist-
oriented businesses will dramatically increase the economic investment
and level of development within the region.

Significant impacts to the landscape, estuarine water quality, and
coastal ecosystem integrity are predicted as a result of urbanization
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(Kleppel and DeVoe 2000; Beach 2002). Growth and development are
already placing enormous pressure on coastal resources, watersheds,
and the adjacent coastal ocean. The impacts of rapid, often loosely man-
aged growth can drastically alter the cultures and quality of life of people
in the Southeast; the importance of understanding and addressing these
challenges should not be underestimated.

Perhaps the most tangible sign of urban impacts is the closure
of shellfish beds due to contamination, since this indicates not only
where human activities have degraded environmental quality, but also
where watershed management has failed (Fletcher et al. 1998). More
than 30 percent of the shellfish harvesting waters of Georgia, South
Carolina, and North Carolina have been closed due to fecal coliform
contamination. Similarly, severe restrictions on fish harvest can indi-
cate that living marine resource management has had limited success.
Fish advisories due to chemical contamination also serve as indicators
of ineffective environmental management. These examples illustrate
the clear need to examine the relationship between land use and the
integrity of coastal ecosystems.

The opportunity for managed growth and scientifically sound
decision-making still exists in the southeastern United States.
Unfortunately, much of the scientific knowledge needed to inform the
decision-making process either does not exist, or has yet to be deliv-
ered to decision-makers in a usable form. The effects of watershed
alteration on coastal resources in the Southeast are, in general, poorly
understood and inaccessible to watershed and coastal resource man-
agers. New management strategies and techniques will be needed
by urban and regional planners and resource managers as they seek
to address the economic, public health, environmental quality, and
quality of life issues emerging as a result of rapid population growth
and development.

1.2 Scientific and Management Issues

1.2.1 Pertinent Resource Management Challenges

Resource managers recognize that coastal ecosystem integrity could
be compromised by the high rate of population growth and associ-
ated development predicted for the Southeast over the next two
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decades. They have identified the following challenges as critical to
the management of coastal and marine resources:

1. Distribution of population. Much of the growth and develop-
ment that will take place in the coastal Southeast during the next
two decades will occur in environmentally sensitive areas. There is
little policy to guide the increasingly strained relationship between
resource protection and economic development.

2. Urbanization. Presently, more than 60 percent of the land in
coastal watersheds in the region is covered with natural vegeta-
tion or used for silvaculture or agriculture. A significant portion of
this landscape could be converted to urban use during the coming
decades. As a result, impervious surface area will increase and the
water budget and contaminant transport mechanisms will change.
The consequences of such changes in land use patterns for coastal
ecosystems are poorly understood.

3. Surface and groundwater resources. The management of water to
ensure adequate quantity and quality will drive resource decision-
making for several decades. The development of management strat-
egies based on the accurate prediction of impacts and outcomes is
crucial to the maintenance of water quality and coastal ecosystem
integrity. Little is known about the distribution and chemical com-
position of groundwater resources in many parts of the region, nor
is there a clear understanding of the physical, chemical, and biotic
mechanisms by which contaminants, nutrients, and other constitu-
ents are transported to and processed within coastal ecosystems.

4. Land use decision-making. Striking a balance between increased
population growth and development and conservation of natural
resources requires that those responsible for managing growth
work with those managing natural resources. However, while
much of the authority for natural resource management rests with
officials at the federal and state levels, most land use decisions are
made at the county or municipal level (Dale et al. 2000). This “dis-
connect” constrains land use planning, which is further hampered
by inadequate exchange of technical and scientific information.

5. Translation of science-based information. Data and information
from scientific research must be packaged and delivered in formats
that meet the specific needs of the management and planning com-
munities. That translation must be rapid, as changes in land use
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and concomitant effects on environmental quality and ecosystem
and cultural integrity are occurring at high rates. The current rate
of conversion of scientific results into management applications is
many times too slow to be of value in attempts to balance growth
with the protection of socioeconomic and environmental values.

. Education and outreach. Most growth and development decisions

are influenced by public constituencies. A clear understanding of
the costs and benefits of growth is lacking throughout the public
sector. Methodologies for collecting, synthesizing, and disseminat-
ing scientific data to inform land use decisions must be improved.
Environmentally and economically enlightened decision-making
is crucial to sustainable development and resource conservation in
the region.

1.2.2 Matching Management Needs with

Science-Based Information

Any effort to understand the relationships between land use and the
condition of marine ecosystems must be multi-disciplinary, involving
both the natural and social sciences. In developing such a program, the
challenges to the scientific community include:

1. Varying time and space scales. Temporal and spatial variability

scales determine the outcomes of numerous biotic, chemical, and
physical processes. Identifying the factors that drive these variability
scales as they relate to the transport, fate, and effects of land-derived
contaminants in estuarine and coastal waters is among the most
important challenges in environmental science and management.

. Natural variability. The behavior of any ecosystem is driven by

variable physical, chemical, and biological processes. The chal-
lenge is to document and model these natural variations to distin-
guish them from anthropogenic variability.

. Multiple land use activities. In order to understand the relationships

between land use patterns and ecosystem integrity, “signals” or indi-
cators of specific land uses or cover classes must be identified.

. Nature of scientific investigation. Studies of coastal ecosystem

responses to changing land use patterns must engage a variety of
disciplines. The challenge is to ensure that integration across disci-
plines and between research and outreach is achieved. A strong proj-
ect management structure can prevent researchers from becoming
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advocates of their own work plans rather than of the project as a
whole (Auyong 1998).

5. Science to management. The scientific community faces enormous
challenges when it comes to designing and implementing research
programs to answer questions posed by resource managers and
coastal decision-makers. The science-management “disconnect”
manifests itself in several ways:

a. Time frame. Decisions by resource managers and coastal
decision-makers (e.g., planners, local government officials)
tend to be time sensitive and time limited. Often decisions are
made without adequate data on hand. Conversely, scientists
often require much more time than is available to the decision-
maker. Furthermore, scientific data may not be available in the
synthesized form needed by the decision-maker. It has been
difficult to incorporate ecological values in land use decision-
making because science and management are constrained by
different time and spatial scales (Hulse and Ribe 2000).

b. Communication. While decision-makers “manage” people,
scientists “manage” research. The challenge for the decision-
maker is to clearly articulate management needs for the
scientist and, for the scientist, to understand the questions,
translate them into appropriate research strategies, and ulti-
mately communicate the results back to the decision-maker in
a timely fashion and in a usable form.

c. Product delivery to decision-makers. Although the specific
products of any research program become more clearly defined
as it matures, several general directions for product develop-
ment can be foreseen. Many solutions take the form of concep-
tual models that provide land use and development scenarios
to guide planning and decision-making. In addition, several
approaches, such as GIS, can be used to gather, organize, and
deliver data to managers and decision-makers.

1.3 Linking Land Use to Ecosystem Health

1.3.1 A Conceptual Model

Variability in the types and amounts of inputs from terrestrial sources
is often due to changing land use practices and water management
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strategies. In the Southeast, water inputs have varied because of
impoundment and increasing use of aquifers for agriculture, land-
scape irrigation, and other human uses. Future demands for water may
result in major interbasin transfers that could shift large quantities of
water from the South Atlantic to the Gulf of Mexico. Landscape altera-
tions have led to increased riverborne sediment loading from acceler-
ated soil erosion; for example, coastal turbidity is largely attributable
to deforestation and intensive agriculture, much of which began in
the eighteenth and nineteenth centuries. The influences of watershed
alterations on coastal ecosystems are poorly understood. Further, there
is little information available for developing large-scale management
strategies for watersheds or coastal environments. A novel approach to
planning and management is needed to balance the impacts of rapid
growth with resource conservation.

To predict how changing land use patterns and anthropogenic
inputs from coastal population growth will affect habitat quality and
living marine resources, a functional understanding of the biogeo-
chemical processes common to the entire system as well as those that
are unique to individual ecosystems is needed.

1.3.2 System Compartments

As a general conceptual model, coastal regions in the southeastern
United States can be divided into distinct “compartments”:

The inner shelf region of the coastal ocean

Riverine estuaries

Nonriverine estuaries

Salt marsh-tidal creek complexes

Rivers and their associated watersheds and landscapes

Defining biogeochemical processes within each compartment of
the coastal system and the particulate and chemical fluxes within and
among compartments can provide information useful to the manage-
ment of aquatic and coastal resources. Characterization of these fluxes
into, within, and through compartments is critical for investigating
both natural and anthropogenic impacts. As materials are transported
from land to sea, they transit a number of compartments from water-
sheds and rivers, through salt marshes and tidal creeks, into estuaries,
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and ultimately the coastal ocean. As salinity gradients are crossed,
changes occur in transport mechanisms and in the forms the materials
take. Understanding these fluxes and the processes that drive them is
critical to predicting and managing the loading parameters and carry-
ing capacities of contaminants in coastal ecosystems.

1.3.3 Compartmental Interfaces

Interfaces are boundaries between compartments where sedimentary
and transport processes change. For example, alteration in the direc-
tion of transport occurs along small tidal creeks due to the distortion
of the diurnal internal tidal wave (Pietrafesa et al. 1985; Blanton and
Gross 1998). The character and strength of wind-generated and density-
driven currents also change at the interfaces between compartments
(Blanton et al. 1989a).

Tidal creek-salt marsh complexes are the primary linkages between
upland (including freshwater) and estuarine environments. Tidal creeks
function as repositories for sediments, organic materials, and chemi-
cal contaminants. Urbanized tidal creek watersheds tend to have large
amounts of impervious surfaces in them. The tidal creeks that drain
these watersheds exhibit altered hydrology (as indicated by salinity
range), increased levels of chemical contaminants, altered growth or
reduced fecundity of marine benthic organisms, and frequent and
sometimes severe hypoxic events (Cai and Pomeroy 1998; Lerberg
et al. 2000; Holland et al. 2004).

It is impractical to attempt to monitor all coastal systems from their
headwaters to the estuaries on a routine basis. It is necessary, there-
fore, to identify important systemic interfaces on appropriate scales
through which the status of compartments can be evaluated. By focus-
ing on these “compartmental interfaces” of the system, the effects of
various land use practices and the influences of changing land use pat-
terns on the physical, chemical, and biological attributes of the system
can be identified.

If we assume that land use activities alter stream flows, hydrody-
namics, and the loading of both natural and man-made materials to
these ecosystems, and that their resultant impacts on biotic resources
and processes will eventually be reflected in the structure and func-
tioning of ecosystems, two unifying themes emerge. The first is that
different types and intensities of development will result in different
impacts to ecosystems and living marine resources. The second is that
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different types of watersheds and coastal systems will respond dif-
ferently to development pressures. It is therefore important to define:
(1) compartmental interfaces where management actions can intervene
to mitigate impact; (2) indicators representative of ecosystem condi-
tion; and (3) the dynamic interactions within and across compartments,
expressed at the interfaces. The intent should not be to study every
system, but to conduct sufficient regional-scale research to develop
conceptual models that can be extrapolated to a range of system types
within the region.

Efforts to understand the region and the changes taking place
within it as a function of human population growth should involve
both retrospective analyses (see, for example, Kleppel and DeVoe 1999)
and new research. Such efforts also require a strategy that recognizes
both the longitudinal breadth of the region (from watersheds to the
coastal ocean) on scales at which various components of the system
function, and the multi-dimensional nature of the system. Given the
size, complexity, and multiplicity of scales that characterize coastal
ecosystems, it becomes clear that most of the data acquired from the
system will be spatially and temporally discontinuous. It is impossi-
ble to sample the entire system continuously or synoptically (Cowen
et al. 1998). Instead, the approach should seek to identify the “control
points” or convergences within the system where the greatest amount
of information regarding anthropogenic impacts can be obtained. This
is the idea behind the compartmental interface approach (DeVoe and
Kleppel 1995; Kleppel and DeVoe 1996; see examples in Table 1.1).

Compartmental interfaces represent hydrographic junctions at
which changes in material fluxes may represent an integrated system
response to anthropogenic activities landward of the interface, and are
locations that can be used to index system health and condition. Pro-
cesses or variables assessed at interfaces represent the response of the
system integrated over important spatial or temporal scales (Wiegert
1986; Kneib 1994). Effective resource management depends on how
well the relationships between process and scale are understood.

1.3.4 Functional Components

For any compartmental interface, a progression or flow can be estab-
lished that defines the functional aspects of some parameter at that
interface. Land use-coastal ecosystem studies should identify markers
representative of classes of materials that affect coastal ecosystems for
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Table 1.1. Examples of Compartmental Interfaces.

Compartmental Pertinent Variables or Examples of
Interface Scales Processes Representative
Extent of Tidal Days to 10s to 100s  Riverborne particles
Intrusion Months Km runoff; Drainage
basin scale inputs
Upland/Marsh/ Hours to Meters Mixtures of land-
Creek Seasons based dissolved and
Boundary particulate mate-
rials; freshwater
inflow
Tidal Creek/ Hours to <1tol0s Km Fisheries recruit-
Riverine Seasons ment; Exposure to
Boundary contaminants
Turbidity Hours to 1to10 Km  Mixtures of dis-
Maxima Days solved and
particulate materials
Estuarine Inlets Hours to <Km Fisheries recruit-
Months ment; Estuarine/
coastal exchanges
Coastal Bound- Hours to 1to10s Km  Plume dynamics;
ary Zone Years Sediment transport;
Alongshore
transport

the purpose of developing and validating quantitative and predictive
models. The influence of a specific contaminant will depend upon the
nature of its loading, transport, and ultimate fate. Further, the degree
of exposure to this contaminant by living organisms will depend on
a number of biogeochemical processes, and hence the effect of that
material will be determined by the progression of events.

A cornerstone of an integrated research program, and a mechanism
around which a diverse array of research activities can be organized,
is an effort to conduct a uniform characterization of the functional
components of the coastal marine system(s) selected for study. This
necessitates research that measures anthropogenic inputs that are
quantitatively linked to land use.
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1.4 Studying the Land-Water Interface

1.4.1 Scaling Factors

A component of this conceptual model is the focus on ecological stud-
ies on the scales at which most land use decisions are made, and where
materials that originate from land use activities first enter the marine
ecosystem. In the southeastern United States, these are salt marshes
and tidal creeks.

Scaling factors influence the relationships between land use patterns,
ecosystem function, and the transport, fate, and effects of contaminants
within these systems. One must be aware of the time and space scales
across which the compartmental interface paradigm is framed and the
spatial dimensions of the landmass (i.e., the watershed or subwater-
shed) that impacts a particular salt marsh-tidal creek system.

With a mechanistic understanding of the processes that govern
the transport, fate, and effects of specific “land use indicators,” the
feasibility of modeling impacts to coastal ecosystems increases. The
processes that must be understood to obtain such a mechanistic per-
spective include, but are not limited to, those that govern associations
between contaminants (metals, toxic organics) and substrates (e.g.,
humic acids), estuarine metabolism, and nutrient dynamics. Examples
of such indicators of land use impacts in salt marshes and tidal creeks
the southeastern United States are provided in Table 1.2.

Table 1.2. Possible Land Use Indicators.

Indicator Application Reference
0,/CO, Estuary metabolism  Cai and
Pomeroy 1998

Dissolved DIN, DON, DIC, Potential for eutro- Joye et al. 1998
DOC, CH,, CO,, N,O phication; dis-
in aquifer criminate surface

from ground water

inputs; possibly dis-

criminate agricul-
tural from domestic
nutrient sources

(Continued)
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Indicator Application Reference
Uranium, ?°Pb, ¥"Cs, Cultural Windom et al.
dissolved Si eutrophication 1998
E. coli analyses: pulsed gel ~ Distinguish human  Fletcher et al.
electrophoresis, from other animal 1998
ribotyping, fatty acid wastes;

composition, multiple
antibiotic resistance

Specific bacteriophages

Specific microbial taxa

Luminescent bacteria
Phytoplankton composition
Veterinary pharmaceuticals
Metal phase; organic
C/fulvic and humic acids

PAHs

Specific pesticides

distinguish domes-

tic, farm and

wild animal fecal
coliform

Certain bacte-
riophages attack
bacteria specific to

human sources (e.g.,

sorbitol-
fermenting bifido-
bacteria)

Urban runoff,
eutrophication,
chemical
contaminants

Toxic contaminants

Nutrient
distributions
Agriculture

Discriminate
forested,
agricultural

and urban inputs
Particular forms
associated with
urbanization
Differentiate
agriculture from
suburban land use

Fletcher et al.
1998

Fletcher et al.
1998

Fletcher et al.
1998

Fletcher et al.
1998

Shaw and
Chandler 1998
Shaw and
Chandler 1998

Kucklick et al.
1997

G. Scott pers.
comm.
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1.4.2 Process Studies

There is considerable information about the concentrations and distri-
butions of nutrients and contaminants in the estuaries and watersheds
of the southeastern United States. However, the processes that regu-
late these distributions or their impacts in coastal ecosystems are not
well understood. Inasmuch as most contaminants in coastal ecosys-
tems occur as a function of particular activities on land, the relation-
ship between land use and contamination is also poorly understood.
The processes and mechanisms that govern the associations between
changing land use patterns and the integrity of coastal ecosystems
require additional characterization and evaluation for their broader
predictive power.

1.4.3 Modeling

Coastal ecosystems along the southeastern United States are influ-
enced by one of the most energetic tidal regimes on the eastern sea-
board. Tidal and buoyancy-driven processes dominate the circulation
patterns of the region’s estuaries. However, small, poorly understood
asymmetries in transport actually determine the net fluxes of materi-
als. Models that seem capable of resolving local circulation patterns
within salt marsh-tidal creek systems are accessible without major
investment in software development. Information on the contribu-
tion and influence of groundwater on local circulation is a critically
important, but largely missing element in circulation and transport
models and in land use-ecosystem studies in general (Joye et al., this
volume).

Whether they are newly created or generated through modifica-
tion and adaptation of existing models, the development and evalua-
tion of both conceptual and process models to better correlate linkages
among development activities, material flux, habitat quality, and the
condition of living marine resources is crucial to the successful study
of land use change dynamics. Attempts to calibrate these models will
identify shortcomings in both the quality and coverage of the existing
data and the functionality of the models. It is unlikely that existing
models will be adequate to describe all relevant processes in south-
eastern marine and coastal systems or address all pertinent manage-
ment issues. Therefore, linked or hybrid modeling approaches should
be considered.
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1.5 Conclusion

The rapid rate of land use change along the coasts of the United States,
largely in the form of urbanization, requires a new approach to envi-
ronmental and ecological research. That approach must respond to
the needs of resource managers and decision-makers for information
about the impacts of coastal development in the context and on the
time scales appropriate to local development pressure. The information
derived from research must be delivered in a form that is understand-
able to the nonscientist. This challenge requires an approach to ecologi-
cal and environmental research that is targeted and interdisciplinary. It
requires that the research be followed by the rapid translation of results
into scenario-based models understandable by managers, planners,
and policy makers.

The conceptual framework around which such an approach is built
involves the identification of interfaces or boundaries between com-
partments in transects from the watershed to the coastal ocean. In the
southeastern United States, for example, the salt marsh-tidal creek
complex represents one such key interface. Researchers must identify
markers or “indicators” of specific land use attributes, such as par-
ticular kinds of chemical contaminants, and document the transport,
fate, and effects of these indicators across the interfaces. Ultimately,
the data must be compiled in a format from which alternative land use
scenarios can be modeled and evaluated.

Creating a conceptual framework within which to understand the
interactions between land use and coastal ecosystems will require an
improved understanding of how coastal ecosystems process anthro-
pogenic materials. This in turn will require an improved understand-
ing of the spatial and temporal constraints on loading, which implies
an improved knowledge of the interaction between surface and
groundwater.

In the spirit of what is proposed here, the following chapters sum-
marize the accumulated knowledge on regional coastal ecosystem
attributes associated with the salt marsh-tidal creek complexes of the
southeastern United States. Gaps in that knowledge, where additional
research is needed to address issues associated with coastal develop-
ment, are also identified. Finally, each chapter is preceded by a summary
written without the jargon and technical detail that often limits the use-
fulness of scientific results by nonscientists, in an effort to provide the
timely transition of fundamental scientific information to the public.
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Trends in Coastal Population
Growth—Policies and Predictions
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Trends in Land Use Policy and
Development in the Coastal Southeast

G.S. Kleppel, Robert H. Becker, Jeffery S. Allen, and Kang Shou Lu

Summary by April L. Turner

With an estimated 50 to 75 percent of the growth and development
in the southeastern United States during the next 30 years projected
to occur along the coastal plain, traditional southern communities
are being replaced by retirement communities and exclusive vacation
resorts. Natural resource managers, urban and regional planners, and
social scientists are concerned that the influx of new residents and
visitors to this newly gentrified coastal zone will result in the loss of
cultural identity and environmental quality. While the environmental
decline and cultural changes associated with urban (particularly sub-
urban) development are certainly the results of the physical disruption
of the landscape and the cultures thereon, ultimately these disruptions
are created by the policies that govern development. If we examine
the history of development in the Southeast (or nearly anywhere, for
that matter) we find that federal, state, and local policies that regulate
and shape land use practices have had consequences that were largely
unintended by those who framed the policies. There are few more
compelling examples of this than the National Flood Insurance Pro-
gram (NFIP) of 1968, or the emergence of local single-purpose zoning
ordinances created by the state Standard Zoning Enabling Act (SZEA)
of 1926.

Following the Civil War, the Southeast experienced one of the low-
est regional economic development rates in the nation. This facilitated
the concentration of large parcels of land in the hands of a few very
wealthy individuals and corporations, largely for their private use.
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One outcome of this privatization of coastal property was a reduction
in coastal population.

Over the past three decades, population growth on the coastal plain
of South Carolina has exploded, and coastal destinations in the Caro-
linas and Georgia are experiencing an enormous increase in tourism
and in retirement and vacation-home development. Given the limited
availability of developable land on the coast, growth is tracking inland
along rivers, lakes, and major highways.

To predict the consequences of development in the coastal zone,
one must also understand the policies that drive it and the implications
of those policies for human behavior. Historically, siting decisions for
coastal development were governed by a consideration of risk. Abate-
ment of risk (by building in places protected from storms and floods)
was a mitigating factor in early land use decisions. However, the NFIP
of 1968, which underwrote flood insurance for all borrowers with fed-
erally backed mortgages, transferred these risks from developers and
lenders to taxpayers. Thus, the NFIP and subsequent federally funded
flood protection opened up the coastal real estate market to develop-
ment by transferring risk to the public.

At the level of local government, zoning and subdivision regula-
tions have defined the layout of the built environment since the end
of the Second World War. The concept of single-purpose zoning was
introduced as part of the SZEA of 1926. Subsequent ordinances for
parcel subdivision and infrastructure development have been signifi-
cant factors in determining land use patterns in coastal South Caro-
lina. Single-purpose zoning, based on the concept of “consistent use,”
coupled with pressure from special interests (e.g., 0il companies), has
led to increased reliance on the automobile for transportation, and
severe constraints on pedestrian and public transit opportunities. Such
policies have isolated people, physically and socially, from the places
where they conduct their daily business.

Today, zoning and subdivision regulations essentially mandate
sprawling suburban development. Research has shown that there is a
link between the land use patterns determined by current zoning and
subdivision ordinances and declining environmental quality. Data also
suggest that traditional urban typologies, such as small towns and vil-
lages, may be environmentally benign relative to those created by cur-
rent policies. By reducing the amount of land per person, or urban land
use ratio (ULUR), from current suburban values of 3 to 20 acres per per-
son (which does not represent solely the land that a person lives on, but
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rather the amount of land in urban use, including roads and parking
lots), to lower, more traditional values of 0.1 to 0.05 acres per person,
population densities will increase (which research has shown has no
effect on the quality of life) and thereby accommodate the projected
population increase in a smaller proportion of the coastal landscape.

Research on New Urbanist and neotraditional landscape architec-
ture points to the profitability of these designs and suggests that they
are capable of outperforming conventional suburban typologies in the
market. This is not to say that all new developments should look like
nineteenth-century Victorian communities. However, by restructur-
ing land use policies to allow reduced ULURs, reduced road widths
to traditional dimensions, and protection of natural riparian buffers
(often done out of necessity in the past), as well as by encouraging
new development in areas with infrastructure already in place, posi-
tive environmental and fiscal outcomes should be realized.

A variety of conservation tools, including conservation easements,
the purchase and transfer of development rights, and the creation of
urban service or growth boundaries have been used successfully to
protect existing nonurban parcels and landscapes. To be successful,
however, conservation efforts must involve all stakeholders, particu-
larly property owners and developers. Incentives that reward devel-
opment that the public considers appropriate in preapproved locations
reduce risks and costs to developers and create positive outcomes for
communities.

Although benign alternative landscape architectures exist at the
scale of the subdivision development, application of sustainable design
principles to larger landscapes, such as the county and region, have
generally been lacking. At these scales one must consider a combination
of alternative approaches to achieve preservation of landscapes, rather
than parcels. Standard, publicly supported conservation techniques
such as the purchase of development rights are usually inadequate to
protect more than a small portion of a landscape under development
pressure. A strategy (referred to as the Hamlet Approach) that involves
government, developers, and landowners may provide a mechanism
for protecting rural landscapes while encouraging economic growth
and development and maintaining the value of the land for owners of
large parcels. First, the local jurisdiction must identify some number of
130- to 500-acre development districts that will be developed at tradi-
tional densities (ULURs of 0.1-0.07). The number of districts depends
on expected growth. Developers purchasing parcels in the districts
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must then purchase development rights from local landowners out-
side of the districts and transfer them into the districts. The transferred
development “credits” can be used to build at the higher allowable
density. This transfer of development rights approach preserves land
in proportion to the development pressure. Coincidental to the pro-
cess, infrastructure extension is constrained, which reduces costs to
both developers and taxpayers.

Current demographic trends indicate that the conversion of land
to urban use will not abate any time soon. Current urban develop-
ment patterns are causing environmental and ecological deteriora-
tion and loss of cultural identity at unprecedented rates in many parts
of the United States. Alternatives to current development policies
exist and must be considered if there is to be any chance at preserv-
ing the functioning of ecosystems and the integrity of our nation’s
regional cultures. Opportunities to become educated in the methods
of sustainable development are available to decision-makers and to
the public at large. The failure of communities to incorporate these
design principles into local decision-making will invariably reduce
the quality of life while increasing the costs of community services
to citizens.

2.1 Introduction

For approximately a century after the Civil War, the American South-
east experienced one of the lowest rates of regional economic develop-
ment in the nation (DeVoe and Kleppel 1995). Emigration, driven by
economic stagnation, and the concentration of property in the hands
of a few individuals and corporations combined to produce one of the
most sparsely populated coastlines in America. In the mid-1970s, how-
ever, the coastal real estate market exploded. Today, the Southeast is
among the fastest-growing regions in the country (Culliton et al. 1990).
The U.S. Census Bureau projects that approximately 11 million people,
some 14 percent of the post-World War II baby boom generation, will
immigrate to the Carolinas and Georgia between 1995 and 2025 (Kleppel
and DeVoe 2000). Fifty to 75 percent of the in-migrating population
will reside on the coastal plain (DeVoe and Kleppel 1995). As a result,
ecosystems will be degraded and traditional cultures and economies
will be displaced (Van Dolah et al. 2000).
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In this chapter we consider some of the causes and consequences
of the remarkable change in land use patterns that has occurred in the
coastal Southeast. We argue that while development represents the
proximate cause of cultural and environmental change, policies that
govern land use and development are the ultimate forcing functions of
the changes that take place.

We will take a look at the history of coastal development in the
Southeast, particularly in South Carolina, and consider the likely tra-
jectories of future development. We will examine some of the federal
and local policies that drive these trajectories and the typologies they
create. Finally, we will suggest specific modifications to existing poli-
cies, particularly those governing zoning and subdivision design, that
we believe will lead to culturally and environmentally benign changes
in urban typology, while impacting neither the rate of population
growth nor the expected benefits of economic development.

2.2 Trajectories of Coastal Population Growth
and Development

2.2.1 A Brief History of Development in the Coastal Southeast

Following the Civil War and the failure of the plantation system, large
parcels of land were acquired by silvaculture and paper interests, and
by wealthy individuals seeking the idyllic seclusion of the region’s
coasts and barrier islands. Elegant vacation homes, hunting lodges,
private estates, and posh resorts replaced cotton and rice plantations.
Bernard Baruch acquired the 15,000-acre Hobcaw Barony outside of
Georgetown, South Carolina, for his vacation home. R. J. Reynolds
established a private hunting preserve on Sapelo Island, off the coast
of Brunswick, Georgia. And Jekyll and St. Simons Islands off the Geor-
gia coast became the sites of splendid Victorian and Arts and Crafts
era “cottages” and hotels. Interestingly, “privatization” of the coast
obviated the possibility of intensive development and, quite uninten-
tionally, preserved many of the region’s unique coastal ecosystems.
Today, most of these private preserves are state or national parks.
Creation of the Cape Romaine National Seashore in 1932, and the
Francis Marion National Forest in 1936, along with the protection of
large coastal tracts, including 135,000 acres in the watersheds of the
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Ashepoo, Combahee, and Edisto Rivers—the ACE Basin—in 1991, has
reduced the amount of developable land along the shoreline of South
Carolina considerably (DeVoe and Kleppel 1995). The population of
the South Carolina coastal plain will increase by more than 500,000
between 1995 and 2025, and will only be accommodated by tracking
inland along rivers, lakes, and major highways (Allen and Lu 2003).

2.3 Land Use Policies and their Effects on
Coastal Development

2.3.1 Risk, Real Estate, and the National Flood
Insurance Program

Historically, the trajectories of residential development in the coastal
zone reflect regional adaptations to risk. The assumption of risk has
always been a mitigating element on land use decisions, and early
low-lying structures built in close proximity to tidal rivers and coastal
dunes illustrate the adaptation to risk. Small fishing cabins and cottages
were built recognizing the possibility that their very location put them
in danger of destruction (by hurricanes or floods) and that they might
need to be replaced. Great homes and hunting clubs, such as Carnegie’s
Dungeness mansion on Cumberland Island and the Jekyll Island Club,
both off the Georgia coast, though grand in scale, reflected the same
sense of risk management. The properties were self-insured by great
wealth, and siting considerations included risk reduction. Thus, the
Jekyll Island Club sits almost a mile inshore of the dune line.

When risks can be externalized, and when associated costs can be
reduced or borne by others, perversions in markets, as well as in indi-
vidual behaviors, occur. This is, perhaps, nowhere better illustrated
than by the influence of the National Flood Insurance Program (NFIP)
of 1968, the accompanying Flood Disaster Protection Act of 1973, and
the Flood Insurance Reform Act of 1994, which required borrowers of
federally backed mortgages to purchase subsidized flood insurance
coverage (Myers 1995).

Until the NFIP became available, banks usually refused to grant
mortgages for beachfront home construction without additional back-
ing with low-risk securities. It was only after the federal government
assumed the risk private insurers were unwilling to undertake, that
the coastal real estate market boomed.
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Kriesel and Landry (2004) examined participation in the NFIP
for coastal zone properties. They found that, unlike the programs in
river-basin floodplains, where participation has been historically low,
coastal participation was significant, with almost 50 percent of homes
estimated to be part of the program. Of those responding to the sur-
vey, more than 82 percent reported having coverage by the NFIP. The
authors weighted that response downward to fit “known” insured
property distributions. Within their sample the leading predictor of
participation was the requirement of a lender for such subsidized cov-
erage. Again, the lenders’ requirement that the property owner pur-
chase flood insurance reflects a reduction in risk and therefore opens
to development housing markets that were previously considered too
risky for completely internalized cost assumption.

While it was the intent of Kriesel and Landry to examine price elas-
ticity and individual decision criteria for participating in the NFIP,
the evidence of risk minimization required by lending institutions is
instructive and further suggests that the NFIP may be an extremely
influential driver of rapid coastal residential development.

Figure 2.1 illustrates the historic land parcel transaction activity in
the Murrell’s Inlet area of Georgetown County, South Carolina. Land
parcel transactions are defined as the sale or exchange of existing par-
cels, and also as the subdivision, sale, and transfer of larger parcels.
Between 1908 and the early 1970s there was little variation in activity,
with only modest increases in parcel transactions, principally as the
result of infrastructure (e.g., road and bridge) development. After the
1970s, parcel transaction exhibits exponential growth. An explana-
tion for this growth is the entry of Georgetown County into the NFIP
and the subsequent reduction of risk in this market. The idea of risk
reduction is strengthened by the dip in parcel transactions in the early
1990s. The dip has been attributed to the implementation of the South
Carolina Beach Management Act (BMA) and the state’s post-Hurricane
Hugo (September 1989) refusal to allow construction on highly eroded
beach lots, typified by those owned by David Lucas on a Charleston
County barrier island (Butler 1993). The creation of setbacks under the
BMA, advanced by South Carolina as an appropriate police zoning
action, was contested by Lucas as a taking under provisions of the
Fifth Amendment to the U.S. Constitution. That case, settled in the
U.S. Supreme Court in 1992 with Lucas the victor, was a landmark in
advancing the so-called property rights agenda. Access to subsidized
federal insurance is encompassed by the takings concept.
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Fig. 2.1. Land parcel transactions in the Murrells Inlet area of South Carolina,
1908-1995

Beaufort County, South Carolina, with such notable sites as Hilton
Head Island, is among the fastest-growing retirement and resort loca-
tions in the nation (Figure 2.2). Hilton Head was a principle driver for
parcel creation in the period from 1960 to 1980, with peaks occurring in
conjunction with infrastructure improvements. As in the Murrells Inlet
area, parcel transaction in Beaufort County exhibits a depression in the
early 1990s, i.e., the post-Hurricane Hugo period, and then resumes
strong growth with the subsequent clarification of coastal zone man-
agement and property rights issues.

Although the NFIP is not the sole driver of growth in coastal South
Carolina, it would appear to make a clear contribution to the pattern of
development. Even Gilbert White (1994), who is considered the father of
flood plain management, contends that the program was not intended to
have the consequences that it has. The NFIP was supposed to be a source
of retreat from the coastal and floodplain zones—not a property right to
allow building where even common sense would suggest we not go.

Helvarg (2003) is less kind regarding the influence of the NFIP. He
comments:

Barrier islands are like geology on amphetamines. Unarmored,
they tend to move, by the decade, year, season, sometimes in a
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single stormy day. It’s a natural process that can be strikingly
beautiful, provided you haven't just closed on a multimillion-
dollar beachfront dream home.

Unfortunately, more and more wealthy people in the United
States are doing just that—moving to or buying second homes in
places like East Hampton, Hilton Head, Sea Island, Ocean Reef
or Captiva. Other folks are buying high rise condos in Ocean
City, Myrtle Beach, Gulf Port, Coronado and Honolulu, or else
flocking like lemmings to new housing developments built on
filled-in salt marshes and flood plains all along the coast.

And while lemmings don’t actually jump off cliffs and
drown themselves in the sea, if they did there would undoubt-
edly be a number of government programs offering them flight
insurance and full-coverage for any water damage. . ..

There are, however, more sensible models for living safely
by the shore in the heavy weather to come. When Hurricane
Opal hit the Florida panhandle in 1995, towns like Destin
and Dune-Allen were devastated, but the town of Seaside—a
recently constructed village of 280 old-Florida-style frame
homes set back behind the dunes—came out unscathed.

Aside from siting its homes behind the beach’s protec-
tive sand dunes, Seaside also used tough building standards

2.2. Land parcel transactions in Beaufort County, South Carolina, 1940-2000
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designed to resist 150-mile-per-hour winds, sank its foundation
pilings deep into the ground, and planted lots of native trees and
grasses to secure the dunes and buffer the houses. Also rejected
were cheap building materials like vinyl and strandboard sid-
ing. “If it didn’t exist before 1940, we didn't feel it was proven,”
says Robert Davis, the founding developer of Seaside.

“It used to be everyone built well back from the beach,” he
adds. “That was before federal flood insurance made stupidity
feasible.”

2.3.2 Zoning, Land Use, and the Geometry of Communities

Federal policies such as the NFIP drive behaviors and outcomes at the
local level, where the overwhelming majority of land use decisions are
made (Dale et al. 2000). However, as White (1994) pointed out (above),
the behaviors and outcomes that occur as a result of these policies are
not always those intended. The exemplar of unintended consequences
in land use policy is single-purpose zoning and its corollary ordinances
for parcel subdivision and infrastructure development.

The concept of zoning emerged in Europe during the nineteenth
century. Urban planners realized that the siting of factories in resi-
dential neighborhoods threatened the public well-being and they
sought to separate industrial from residential areas within cities. In the
United States, the State Standard Zoning Enabling Act (SZEA), of 1926,
extended that concept to single-purpose districting, which endeav-
ored to cluster consistent land uses and activities into distinct zones
and to exclude inconsistent or nonconforming uses. An unintended
consequence of this policy during the past 60 years has been the increas-
ing separation of people from the businesses, services, and institutions
they regularly use (Salkin 2002).

In the 1940s and 1950s, the automobile emerged (through pressure
applied in Washington by oil and automobile companies) as the center-
piece of anew perception of mobility in America (Katz1994). Construction
of roads and highways became nearly the singular focus of federal trans-
portation policy. Public transportation was ignored and its infrastructure
fell into disrepair. The quality of service became undependable and, pre-
dictably, ridership disappeared (Caro 1974). Since the 1940s, the coupling
of single-purpose zoning with policies promoting highway development
and personal vehicle use (over public transportation) has rescaled the
American ambit to the automobile, as is most obviously expressed by



2.3 Land Use Policies and their Effects on Coastal Development 33

Table 2.1. Urban Land Use Ratios (Acres in Urban Use/Person) Characteristic of:
A. Traditional (Pre-1945) and B. Modern and Suburban (Post-1945) Development
Styles.

Location Ratio Reference or data source
A. Traditional
Brunswick, ME 0.04 City of Brunswick, ME
Boston, MA 0.05 City of Boston, MA
Baltimore, MD 0.10 City oof Baltimore, MD
Troy, NY 0.14 Fabozzi, 2002
Charleston, SC 0.05 City of Charleston, SC
B. Modern suburban
Beaufort County, SC 3.0 Allen and Lu, unpublished
Guilderland Township, NY 5.0 Fabozzi 2002
Town of Clifton Park, NY 7.0 Fabozzi 2002
Berkeley County, SC 7.0 BCD-COG 1996
Dorchester County, SC 8.0 BCD-COG 1996
Albuquerque, NM 6.9 City of Albuquerque, NM
Central New York State 10.0 Pendall 2003
Los Angeles, CA 20.7 City of Los Angeles, CA

the changing relationship between people and the urban landscape. This
relationship is expressed by the urban land use ratio, or ULUR, which
is simply the amount of urban land/person in a jurisdiction. A drastic
change in the ULUR in American communities occurred after World
War II, coincident with the passage of the G.I. Bill, the development of
the modern suburban typology and the emergence of the automobile as
the mainstay of American mobility. In urban areas that experienced their
major development prior to about 1945, ULURs are generally below 0.1
(Table 2.1A). Urban areas that developed after 1945 have ULURs rang-
ing from 3 to 20 (Table 2.1B). The per capita rate of urbanization today is
about two orders of magnitude higher than it was prior to 1945.

2.3.3 Unintended Consequences of the Standard
Zoning Enabling Act

Single-purpose zoning has evolved beyond its initial intent of remov-
ing heavy industry from residential neighborhoods. Today, it segregates
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people by social and economic class and has produced a mind-set that
considers it inappropriate to live within walking distance of the busi-
nesses and services one uses on a regular basis. Since the late 1980s
architects and planners, in growing numbers, have come to consider
the infrastructure, design, and spatial-scaling elements created by our
modern zoning and subdivision ordinances to be aesthetically unap-
pealing, spatially wasteful, poorly proportioned, and sometimes, even
sociopathic (Kunstler 1993; Fodor 1999; Duany et al. 2000).

A considerable body of research, accumulated during the past
30 years, indicates that receiving-waters draining communities devel-
oped according to modern zoning and subdivision standards exhibit
excessive nutrient enrichment, eutrophication, toxic contamination and
the loss of ecosystem functionality (Valiela and Teal 1979; Limburgh and
Schmidt 1990; Scheuler 1994; Nixon 1995; Fulton et al. 1996; Hoss and
Engel 1996; Lerberg et al. 2000; Van Dolah et al. 2000; Bowen and Valiela
2001; Valiela and Bowen 2002; Holland et al. 2004; Kleppel et al. 2004).
Nonetheless, few studies have attempted to associate these impacts
with specific urban typologies. Recent work, suggests that traditional
urban typologies (e.g., small towns, villages) may be environmen-
tally benign relative to modern suburbs (Kleppel et al. 2004). Kleppel
et al. (this volume) predict that damage to tidal creek-benthic ecosys-
tems, likely to result from rapid population growth and development
in South Carolina’s coastal watersheds, may be substantially reduced
by lowering urban land use ratios from those typical of modern sub-
urbs, to values characteristic of traditional towns and villages. Although
runoff to tidal creeks increases in proportion with the amount of urban-
ized land in coastal watersheds (Holland et al. 1996; Holland et al. 2004;
Lerberg et al. 2000), the type of development in a watershed may influ-
ence susceptibility to nonpoint source contamination (Kleppel et al. 2004;
Shirer 2004). Wetlands that drain suburbanized watersheds receive
larger amounts of nonpoint source runoff than wetlands in watersheds
where the principal form of development is a small town, village, or
hamlet, even when approximately the same number of people lives in
each watershed (Kleppel et al. 2004). At least three factors—the ULUR,
the average width of vegetative buffers, and the amount of impervious
surface within the watershed —differentiate traditional from suburban
land use patterns and appear to influence the impacts of urban develop-
ment on ecosystem functioning (Kleppel et al. 2004).

Modern urban designs based on traditional typologies, with mixed
commercial and residential districts and greater capacity for walking,
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are being created throughout the United States by rezoning and over-
lay zoning (Duany et al. 2000). This neotraditional typology is compet-
itive in the market (Eppli and Tu 1999). In the past five years, there has
been a noteworthy increase in neotraditional, mixed-use subdivision
development in the Carolinas, often with concomitant reductions in
imperviousness and even attention to traditional architecture. Simi-
larly, revitalized urban neighborhoods and small towns are attracting
the attention of home buyers.

2.3.4 Reducing Development Pressure on Large
Parcels of Land

One of the frequent outcomes of single-purpose zoning is “hopscotch-
ing” suburban development. Unlike the suburbs of the nineteenth and
early twentieth centuries, which grew as neighborhoods along the
edges of existing urban centers, hopscotching occurs as isolated pockets
of growth greatly displaced from the core. Promoted by planners and
engineers after World War II, who envisioned America as a society of
commuters (Katz1994), and by school districts and commercial interests
seeking inexpensive land (understanding that the infrastructure will
be publicly subsidized), hopscotching has become a principal cause of
urban decay, loss of family farms, and landscape fragmentation, which
severely impacts biological diversity. Today, more than two million acres
of land in the United States are urbanized each year (Fodor 1999). More
than half of that is on the coastal plain.

Virtually all of the developable land in the coastal Southeast is pri-
vately owned, and efforts to manage the rate and impacts of urbaniza-
tion must target the owners of undeveloped large parcels. Among the
most widely used conservation instruments are easements, the pur-
chase or transfer of development rights (PDR, TDR), and the creation
of urban growth and service boundaries (UGB, USB) (Kleppel 2002).
In Lancaster County, Pennsylvania, agricultural zoning and easements
have protected some 14,500 acres of fertile, productive farmland (Dan-
iels and Bowens 1997; Daniels 1999). Conservation easements in the
ACE Basin of South Carolina have similarly protected large amounts
of land in this sensitive estuarine system.

Under such an approach, landowners restrict development of their
land and may receive fee simple compensation or some other benefit,
such as a tax reduction. The easement may be held and administered
by a land conservancy, some government authority, or a combination of
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private and public entities. A landowner also may sell the development
rights attached to his property (a PDR) to a public or private interest, or
to a consortium, in return for cash and/or tax benefits. The landowner
forfeits future development options but retains title to the property, man-
aging it for traditional rural uses. Use of the development rights by the
purchaser(s) is legally constrained. Because PDRs involve willing sellers
and willing buyers, property rights remain protected.

Various mechanisms are used to fund PDR programs, including
sales taxes, real estate fees, and property taxes. PDR programs are capa-
ble of constraining hopscotch and sprawling development and thereby
tend to reduce tax burdens associated with the extension of infrastruc-
ture and urban services. Beaufort County, South Carolina, has already
established a PDR program, and Charleston County may soon follow
suit. Unfortunately, the number of property owners interested in PDR
programs almost always exceeds the availability of funds.

Transfer of development rights (TDR) programs, dependent on pri-
vate sector investment, may be better able to protect land in propor-
tion to development pressure. As such, TDRs may be more effective
conservation instruments than PDRs because the investment in con-
servation can be made by the developer, who is rewarded by gaining
greater access to the market within a sanctioned development district
(DD). Urban growth and service boundaries beyond which publicly
supported infrastructure is not extended, and the designation of devel-
opment districts near existing infrastructure (obviating the need for
new, publicly financed infrastructure development) have contributed
to urban and neighborhood revitalization and the protection of open
space and farmland in Oregon, Kentucky, the Chesapeake Bay water-
shed, Maine, and Maryland. Not surprisingly, UGBs, USBs, and DDs
have also been effective at controlling the rate of tax growth.

Alternatively, incentives in the permitting process that encourage
development that the community considers acceptable can replace
antagonism between developers and residents with a sense that devel-
opment will have a positive outcome (Duany et al. 2000). At public
workshops, stakeholders reach agreement on the attributes and loca-
tions of “acceptable” development districts. Developers are provided
with this information (usually as a simple checklist of development
standards and a list of “shovel-ready” sites in prezoned development
districts). Permitting is expedited if the developer complies with the
program. The time saved can significantly improve the developer’s
bottom line. Alternatively, the applicant may choose to develop in the
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conventional way, in which case, a rezoning petition is submitted and
the rezoning process begins. Rezoning may take months to years, and
may end in failure.

2.4 Fixing the System —The Hamlet Approach

In this chapter we have suggested that the NFIP and property rights
advocacy are in large part responsible for the explosive rise in develop-
ment along the Southeast coast since the mid-1970s. We have predicted
that during the next 30 years, the trajectory of development on the
coastal plain will track inland, along rivers, lakes, and major highways.
We have shown that the present distribution of development and the
form it takes on the landscape are defined by local ordinances govern-
ing zoning and the subdivision of property as well as policies support-
ing development of various kinds of infrastructure (e.g., highways) over
others (e.g., rails). We have suggested that the urban typologies cre-
ated by these ordinances often have negative environmental and social
impacts. Finally, we have argued that marketable alternative develop-
ment styles, legal instruments, and incentive techniques exist, and that
together, they can be used to create relatively benign urban typologies.
We conclude this chapter by describing how some of these alterna-
tive typologies and conservation tools can be applied, emphasizing that
no approach will be effective alone and that no specific combination of
approaches will be effective in every case. Furthermore, one can expect
that developers and realtors, local government officials, and citizens
who believe that the alternatives will limit their rights or reduce their
quality of life, will likely resist changes to existing land use policies. In
any effort to create and implement a sustainable development strategy,
the developers, the citizenry, or both must be firmly on board (or at
least disinterested). To gain the support of these stakeholder groups, it
is crucial to demonstrate that their interests and quality of life will be
protected. To this end, education of the public with regard to the issues
and the honest sharing of information is crucial in generating support
and alleviating concerns about development within a community.
The landscape architecture of the neotraditional subdivision devel-
opment has been described extensively in the literature (Arendt 1992,
1999; Duany et al. 2000). However, issues of scale, spatial distribu-
tion, and density within the larger jurisdiction (the town or county),
remain largely unresolved. For example, decisions about the number
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and density of subdivisions within a jurisdiction and what to do with
parcels that will not be developed are not addressed at the typology scale
and often are not considered or are inadequately addressed in ordinances
and municipal codes. A failure to address these issues may simply alter
the architecture of sprawl and will most assuredly bring out the property
rights constituency. Such efforts are usually doomed before they start.

The best way to achieve preservation of large parcels is to create
a strategy that will allow buy-in by both landowners and developers.
Creating a system of easements and PDRs may satisfy landowners, but
it will leave developers, realtors, and often, other influential players
(e.g., moneylenders, remote public works authorities seeking to extend
their systems) out of the matrix, and may result in costly and conten-
tious disputes. Further, in most cases public and conservancy funds are
insufficient to protect more than a fraction of the developable land.

We propose here an alternative based on private sector investment.
We call this concept the Hamlet Approach. A hamlet differs from a vil-
lage or a town in that villages and towns are government jurisdictions; a
hamlet is not. Thus, while the power and tax structures of a community
would be altered by creating villages or towns, they will not change by
creating hamlets. A hamlet is simply a traditional multi-use urban dis-
trict (see Kleppel et al. 2004) within a particular jurisdiction. A hamlet
may be a development district separate from an existing urban area, or
it can be attached to an existing urban system, such as a city, in which
case it becomes a neighborhood (see Duany et al. 2000). Hamlets them-
selves, however, will not create sustainable landscapes. A critical part
of the Hamlet Approach is to appeal to both developers and landown-
ers by using conservation instruments, particularly TDRs, to create or
enhance value in both developable (the hamlets) and nondevelopable
districts (the large parcels and landscapes surrounding hamlets).

TDR programs require sending and receiving zones, from which and
to which development rights move. Sending zones are usually large, pri-
vately owned parcels, such as farms and forests. Receiving zones, the
hamlets, are some number of mixed-use, urban developments created by
the jurisdictional authority (e.g., the county) and developed by several
developers with expertise in residential, commercial, and public sector
architecture and real estate. The number of hamlets is dependent on sev-
eral factors, and we demonstrate how the number of hamlets influences
urban land use and large parcel protection below. Hamlets would be
located to avoid impacts to cultural and natural resources. They would
be separated from one another by legally specified distances, as currently
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exist for towns under South Carolina law. Each hamlet would receive
water and sewerage from the jurisdiction, but taps to water and sewer
lines would be prohibited outside the hamlet. The jurisdiction would
invest in the hamlet by providing additional services (e.g., police and fire
substations, library annexes).

Planners and landscape architects suggest that in a hamlet, the
average person should be able to walk from one side of the commu-
nity to the other in about ten minutes, or to go from the edge of the
community to its center in five minutes. This would constrain hamlets
to a diameter of about a half-mile, which, if the hamlet is envisioned
as a circle, would constitute an area of 0.20 square miles or 125.9 acres.
Alternatively, it seems unlikely that the walkability of a community
would be compromised by a doubling of its diameter to a mile (a 15- to
20-minute walk from end to end). This would have a large impact on
area, increasing the size of the development district by a factor of four,
to 0.79 square miles or 502.7 acres. The result of enlarging the area of
the hamlet would be to reduce the number of hamlets needed to accom-
modate some amount of expected population growth and would prob-
ably help to defray some infrastructure costs. Smaller hamlets might
be desirable to real estate interests, as well as to organizations (banks)
that will sell bonds for infrastructure. Larger hamlets would appeal
to public authorities charged with infrastructure development and to
developers who bear some of the costs of building the infrastructure.

Population densities might vary from one hamlet to the next,
but hamlets would seek traditional average ULURs lower than 0.1
(Table 2.1A). ULURs well below 0.1 do not detract from marketability
or perceived quality of life (Arendt 1992). The ULUR of Charleston,
South Carolina, for instance, is 0.05. Of course, not everyone would
live at the same density; traditional communities permit a variety of
residential densities, with highest densities closest to (or within) desir-
able shopping or public districts or near other urban services (e.g., the
village green or a public garden). Lower densities might occur near
the outer edge of the hamlet, or near certain other public landscapes,
such as a golf course. The jurisdiction would logically provide more
services to hamlets with higher average densities.

Using land use and land cover data (Table 2.2) and U.S. Census
Bureau growth projections for Beaufort County, South Carolina (the
fastest-growing coastal county in the state between 1990 and 2000),
we generate a series of scaling scenarios (Table 2.3) for hamlets with
different length standards (diameters of 0.5 and 1.0 mile) and ULURs



40 2 Trends in Land Use Policy and Development

Table 2.2. Land Cover Data in Beaufort Country, South Carolina. A. Land Covers
and Uses. B. Acreages of Developable and Undevelopable Areas of the Country.

A. Land Cover Classes and Acreages

Land Cover Class Acres Land Cover Class Acres
High density urban 1008 Freshwater marsh 1169
Low density urban 790 Deciduous wet forest 4534
Evergreen forest 85610 Evergreen wet forest 31010
Deciduous forest 4378 Bottomland hardwood 7314
Mixed forest 1991 Wet scrub/shrub 44164
Open 38355 Dry scrub/shrub 9929
Water 218145 Sand Beach 1524
High marsh 55349 Barren 2890
Low marsh 78767 Total 586926

B. Developable and Undevelopable Areas in Beaufort County

Land Cover Class Acres Percent of Total
Water/wetlands 433138 73.8
Existing urban 1798 0.3
Total Developable 151990 259

(0.10 and 0.07). The decision to use Beaufort County in this example
was arbitrary and implies no special interest on our part.

Atthe time that theland cover and land use data were compiled (2000),
nearly 76 percent of the land in Beaufort County was classified as wet-
land. Less than 1 percent of the county was already developed. Slightly
more than 24 percent of the land in Beaufort County, about 152,000 acres,
was nominally available for development. Between 2000 and 2025, the
population of Beaufort County is expected to increase by 62,239 people.

As is evident from Table 2.3, the quadrupling of hamlet area that
occurs with a doubling of its diameter results in a quadrupling of the
hamlet population and a 75 percent difference in the number of ham-
lets in the county, for a given population density (ULUR). Further-
more, regardless of the number of hamlets created, the amount of land
developed is reasonably constant, the difference (<1000 acres) being
due to differences in the ULUR, not the diameter. The amount of land
conserved by this approach is about the same in all cases and exceeds
95 percent. Although we have not factored the spatial requirements of
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Table 2.3. Project Outcomes of Three Implementation Scenarios of the Hamlet
Approach in Beaufort Country, South Carolina. Predictions are Based on Different
ULURSs and a Population Increase of 62,239 People Between 2000 and 2025.

Scenario
Hamlet Attribute 1 2 3 4
Diameter of hamlet 1.0 1.0 0.5 0.5
(mile)
Average ULUR® 0.10 0.07 0.10 0.07
Hamlet area (acres) 503 503 126 126
No. of hamlets in county 12 9 50 35
Maximum population 5027 7181 1259 1799
Maximum no. of units® 1676 2393 420 600
Acres developed in 6032 4524 6224 4407
county
Acres conserved in 145958 147465 145766 147583
county
Percent developable 96 97 96 97

land conserved

2ULUR= Urban land use ratio (acres/person.)
?Maximum number of units = maximum number of people/3.

infrastructure into the calculations, the scenarios nonetheless provide a
reasonable sense of the development scales and conservation implica-
tions of the Hamlet Approach.

It bears mentioning that the Hamlet Approach does not attempt to
reduce growth or development within the jurisdiction. It does not affect
the number of people who will be looking for places to live. It does, how-
ever, reduce infrastructure and overhead costs both for developers and
the public, while simultaneously conserving large amounts of land.

Most importantly, development of hamlets is underwritten by pri-
vate sector investment, through the purchase of transferable develop-
ment rights from land outside the development district (hamlet), by the
developer. The proposed TDR program provides the capital to ensure
that the land outside of the development districts retains its value.
The development rights purchased from a property owner outside a
hamlet (see Daniels and Bowers 1997) are used to increase unit density
(to ULUR specifications) on the developer’s parcel within the hamlet.
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The density permitted per acre of transferred development rights is
determined by jurisdictional formula (Kleppel and Mapes unpublished
ms.). The limited funds available through PDR programs can now be
directed at protection of parcels with public value, such as historic sites
or ecologically sensitive landscapes.

2.5 Conclusion

Human demographics ensure that urbanization in the coastal South-
east will not abate any time soon. Conservative estimates of growth tra-
jectories and projections of the impacts of development portend severe
environmental and cultural consequences if current land use patterns
persist. It is clear however, that population growth alone drives neither
the scale nor the impact of urbanization. Rather, local and regional poli-
cies that regulate the location and typology of development ultimately
determine impacts on both natural and cultural resources. Environ-
mentally benign typologies that are competitive in the market already
exist. It becomes incumbent on local decision-makers and their advisers
to become familiar with the design principles and conservation tech-
niques that we have described here. The failure of local governments
to incorporate these principles into policy leads to documented failures
in economy (Burchell et al. 2000; AFT 2001), public health (Lopez 2004),
and environmental quality (Kleppel et al. 2004). Decision-makers must
embrace the principles of benign urban design or they must be pre-
pared to accept responsibility for the consequences.
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Predicting Trajectories of Urban Growth
in the Coastal Southeast

Jeffery S. Allen and Kang Shou Lu

Summary by Jeffery S. Allen and Kang Shou Lu

The growth projected for the Southeast during the next two decades
will put enormous pressure on economic, social, and environmental
resources. The ability to predict not only how many people will be
immigrating to the region, but also the trajectory of growth, is crucial
to managing impacts.

In this chapter, we consider models that predict human popula-
tion growth trajectories at the spatial scales of counties to regions. We
focus on hybrid models that integrate a variety of modeling strategies,
describing their development and uses. We also describe a model that
has been used successfully to predict growth in a tricounty region
around Charleston, South Carolina, and discuss the evolution of that
model from a three-tiered predictive tool to a neural network-driven
protocol.

The growth projection modeling study investigated urban growth
in the greater Charleston metropolitan area from 1973 to 1994 and found
that over the 21-year period, urban land use growth has exceeded pop-
ulation growth by a 6:1 ratio. The prediction modeling was based on
the historical trends of the 1973-1994 study and set under the current
policy constraints and the physical environment. For the statistical
modeling component of the overall model, a multi-variate logistic
regression model was selected because of the nonlinear nature of
urban growth problems. A rule-based model was developed to derive
the relative transition probabilities of urban growth. This model was
designed to complement the pure statistical model primarily through
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subjective weighting of variables. The third technique used was focus
group mapping. A group of experts, local officials, planners, devel-
opers, conservationists, and other people were invited to a number
of meetings, or interviewed individually, to express their opinions on
where growth may occur during the next 30 years. Finally, an inte-
grated GIS model was designed to fully take advantage of the above
three models by integrating them into one.

As an additional powerful computational and modeling tool,
artificial neural networks have many advantages over conventional
mathematical methods and statistical models in addressing complex
systems. The use of neural networks for modeling has four major
potential benefits: better performance, greater representational flex-
ibility and freedom from current model design constraints, the oppor-
tunity to handle explicitly noisy data, and incorporation of spatial
dependency, which is currently ignored, in the net representation. The
authors applied this model to predict urban growth in coastal South
Carolina. The neural network outperformed the conventional logis-
tic regression model in most of the cases (55 of 66) and classification
categories (urban, nonurban, overall).

If the current growth trends continue and the predictions hold
true, the future urban growth in the modeled areas will sprawl con-
siderably outward from the current urban boundaries. This has sev-
eral significant economic, environmental, and social implications for
policy-making and urban planning. While these implications are too
numerous to list here, their importance should not be underestimated
and the issues cannot be left unaddressed. It is hoped that model-
ing projects can help inspire decision-makers and citizens to become
involved in the planning processes and land use decisions for areas
from the local to regional scales.

3.1 Introduction

The state of South Carolina’s population has grown steadily in recent
decades, particularly in the coastal counties, the greater Columbia
area, and along the Interstate 85 corridor. In the coming 25 years, the
population of the state is projected to grow 20 percent, from 3,858,000 to
4,645,000 (U.S. Census Bureau 2001). Over 60 percent of this increase is
expected to come from the over-65 population as baby boomers age and
retirees move into the state (U.S. Census Bureau 2001). While the bulk of
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Georgia’s population growth has occurred around the Atlanta metropoli-
tan area, its coastal counties are experiencing population in-migration
patterns similar to those occurring in South Carolina.

The rate of conversion of farms and forests to urban uses in South
Carolina and Georgia is already significant, and substantially higher
than the rate of population growth. According to the U.S. Department
of Agriculture’s 1999 National Resource Inventory report on the
50 states, Georgia had the nation’s third-highest rate of rural acre-
age conversion to more developed uses between 1992 and 1997, with
1,053,200 rural acres converted, while South Carolina ranked ninth
nationally, with 539,700 rural acres converted (London and Hill 2000).
For South Carolina, this acreage amounted to a 30.2 percent increase
in the amount of developed land in the state over this five-year period.
Over this same period, the state’s population only grew 5.3 percent.

The growth projected for the Southeast during the next two decades
will put enormous pressure on economic, social, and environmental
resources. The ability to predict not only how many people will be
immigrating to the region, but also the trajectory of growth, is crucial
to managing impacts.

In this chapter, we consider models that predict human popula-
tion growth trajectories at the spatial scales of counties to regions. We
focus on hybrid models that integrate a variety of modeling strategies,
describing their development and uses. We also describe a model that
has been used successfully to predict growth in a tricounty region
around Charleston, South Carolina, and discuss the evolution of that
model from a three-tiered predictive tool to a neural network-driven
protocol.

3.2 Factors Affecting the Prediction of Growth
Trajectories

Prediction of the magnitude and trajectory of development, while
substantively improved during the past decade by advances in
change-detection analysis, geographic information processing, and
modeling, remains a difficult task because land use systems and human
demographics are inherently complex. Land use systems are multi-
dimensional. Both natural and human factors, including the physical
environment, economics, use status, ownerships, and myriad other
human activities affect this dimensionality.
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Land, either as an element or a subsystem of the natural environ-
ment, is the spatial template for numerous processes, including both
hydrologic and biogeochemical cycles. The productivity, suitability,
capacity, and availability of land are not stable, and changes in these
parameters are often unpredictable.

The human part of a land use system is more complex still, and the
land use decision-making apparatus reflects this complexity. Decision-
making involves government agencies, nonprofit organizations, com-
mercial interests, and the public. These diverse interests endeavor to
extract, retain, or protect land values for different purposes. Even the
concept of value is multi-faceted (i.e., economic, social, ecological), so
there is no single criterion for measuring value. The factors and forces
that drive land use change can be either endogenous or exogenous. It
is impossible to identify all of these, much less their interrelationships.
With such uncertainties, prediction of land use change in an urban
system is risk intensive.

Spatially, change in urban land use systems results from new devel-
opment, infill development, or redevelopment. It may take the form of
scattered, “leapfrogging” or concentric spreading from an urban core.
It may expand along major roads or diffuse around specific nodes. The
difficulty lies in determining its spatial sequence and extent.

The spatial patterns of urbanland use are fractal innature, exhibiting
both regularity and irregularity. As a result, the geometry of urban
growth can be neither adequately expressed by a single mathematical
formula, nor fully described by other physical features in urban space.
Urban systems are susceptible to chaotic behavior (Casti 1991) and
therefore any change in the urban spatial pattern is predictable only
to a limited extent.

3.3 Predicting Growth Trajectories

Despite the difficulty of predicting urban trajectories, a number of com-
prehensive urban growth models have been developed. Several of these
are based on an integrated approach in which a variety of techniques
and methodologies are combined to improve predictability and usabil-
ity for a multiplicity of purposes, stages, and urban scales. TRANUS
(de la Barra 1989) and MEPLAN (Echenique et al. 1990) have been used
to model residential and employment location, residential and nonresi-
dential floor space, supply and consumption, and goods transport and
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travel, while taking into account network congestion. Wegener’s (1991)
Dortmund Model is a spatial model that uses a regional context to sim-
ulate intraregional location decisions for industry, residential develop-
ment, and households, together with associated public policy impacts
in the fields of housing and infrastructure. Spatial interaction models
and microsimulation methods are used in combination to produce the
prediction.

Allen and Lu (2003) took an integrated approach to modeling and
predicting urban growth in the Charleston, South Carolina, metropoli-
tan area. A hybrid urban growth model built on a logistic framework
was coupled with a rule-based module and a focus group methodology
for predicting urban land transitional probabilities (Figure 3.1). Devel-
opment of the Charleston area (Berkeley, Charleston, and Dorchester
Counties) model involved two basic procedures to predict future urban
growth in the region. The first was to predict urban transition prob-
abilities with an array of spatial (with geographic coordinates) data.
The second procedure was to set urban growth scenarios with aspatial
(without geographic coordinates) data. The combination of these pro-
cedures yielded maps of future urban growth as well as scenario series
(different growth ratios) and temporal series (growth in each succes-
sive year) maps. The data used in the Charleston area growth model
are listed in Table 3.1.

3.3.1 Charleston Growth Scenario

Two assumptions were involved in the growth scenario. First, it was
assumed that the ratio of overall urban land use change (255 percent)
to overall population growth (41 percent) over the historic period of
1973 t0 1994, a ratio of 6:1, would remain relatively stable for the next 35
years. After much discussion with planners and other interest groups, a
more conservative ratio of 5:1 was selected for the final model. Since this
ratio is an important index of urban growth, it is used here to determine
the spatial scale of the urban development. Second, it was assumed
that population would grow as predicted by the Berkeley-Charleston-
Dorchester (BCD) Council of Governments with information from
the U.S. Census Bureau and the South Carolina State Budget Control
Board. In other words, as population increases by 49 percent, from
532,688 persons in 1994 to 795,879 persons in 2030, the total urban area
should grow by 245 percent, from 250.07 square miles to 868.55 square
miles over the same period. Urban area growth at that ratio is considered
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Fig. 3.1. Framework of the integrative model for urban growth in the Charleston,

South Carolina, region

to be conservative because first, it is widely perceived that overall pop-
ulation growth in the Charleston area is underestimated, and second,
a higher ratio of urban land use increase per unit population growth
has been observed in nearby Mt. Pleasant and Summerville since 1994.
National growth rates for population and urban area expansion support
this notion. According to Rusk (1997), many metropolitan areas such as
Detroit (13:1), St. Louis (7:1), and Baltimore (5:1), not necessarily targeted
as high-growth areas, have seen similar or higher ratios between 1960
and 1990 over a longer term than the current study used.
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3.3.2 Transition Probabilities

For the prediction of urban transition probabilities, four techniques,
including logistic regression possibility modeling, rule-based modeling,
focus group mapping, and integrated GIS modeling, were used in the
project. Because the size of the region is too large for high-resolution
modeling (parcel level), analysis units were set to 250X250 meters.
All the source data were resampled at this resolution before further
processing, then remapped at 30X30 meter resolution for final map
production. Some information losses associated with this resampling
were expected.

3.3.3 Logistic Regression Model

For the statistical modeling, a multivariate logistic regression model
was selected because of the nonlinear nature of urban growth problems.
Urban growth was measured only in terms of change in urban area
or urban land use. Urban land use is the binary dependent variable,
while independent variables are a mix of continuous, discrete, and
dichotomous variables that represent the major physical, economic,
and social factors influencing urban growth and land use. Fifteen vari-
ables were used to build the model. The selection of sets of variables
was limited by the availability of data. All variable grids were resam-
pled with a cell size of 250 meters to fit the analytical capabilities of the
software and hardware. The model was calibrated using the 1989 data
set and validated using the 1994 data set, the most recent urban land
use data available. Only those variables that proved to be statistically
significant were used to rebuild the prediction model. All predictions
of future growth were based on the new input and the 1994 conditions.
The resulting map from the logistic regression is shown in Figure 3.2.

3.3.4 Rule-Based Model

A rule-based model was developed to further enhance the relative
transition probabilities of urban growth. This model was designed
to complement the pure statistical model for three reasons. First, the
overall success rate of the statistical model is relatively low for land use
change prediction though the model is statistically significant. This is
particularly true if urban and suburban areas are spatially scattered or
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Fig. 3.2. The integrative urban growth model for the Charleston, South Carolina,
region

fragmented, as is the case in the Charleston region. Second, some sta-
tistical predictions do not make any sense spatially. This is especially
true when using a model built on historical data over a short period
but predicting the future growth over a relatively long period. Third,
the statistical model used here is not sensitive to some policy variables
that are actually very important factors affecting urban growth. Nor
is this model sensitive to new or planned primary roads that greatly
influence where new development will occur.

The rule-based model utilizes various rating, weighting, and ranking
techniques through map overlays and map manipulation (map algebra)
to create a map of ranked suitabilities or relative probabilities of urban
transformation. The former is a common practice in geographic infor-
mation processing. Although this method is conditional on subjective
decisions made by the modelers, the rules used for assigning different
values, selecting rating scales, or determining weighting factors are all
based on theories and knowledge of urban growth and planning. In
this prediction, protected land, wetlands, and water were excluded by
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assigning the value 0 to them, while other variables, such as proximity to
improved primary roads, distance to water lines, and adjacency to com-
mercial centers, were weighted higher during the overlay process. The
map that resulted from the rule-based model is shown in Figure 3.2.

3.3.5 Focus Group Mapping

The third technique used in the growth modeling process was focus
group mapping. A group of experts, including local public officials,
planners, developers, and conservationists who possess a profound
knowledge of the area and of urban growth issues was invited to a
number of meetings, or interviewed individually to express their opin-
ions on where they think the urban area is going to expand during the
next 35 years. A base map of the BCD region was provided and each
member of the focus group was asked to mark on the map, or describe
in writing, the urban boundary for year 2030. These urban boundaries
were further discussed during a second focus group meeting and a
generally agreed upon urban boundary was drawn. Water, wetland,
and protected land were excluded for this study in order to calculate
the net growth area. Although the projected urban area was not dif-
ferentiated in terms of priority or probabilities, the method provides a
unique insight into perceived future growth patterns. No growth sce-
narios were involved in this step of the model. The map that resulted
from the focus group prediction is shown in Figure 3.2.

3.3.6 Integrated GIS Model

An integrated GIS-based model is designed to take advantage of the
above three models by integrating them into one. In this model, the
focus group prediction was weighted 10 percent while the other two
predictions were weighted 45 percent each. This was done to elimi-
nate the arbitrary boundary of the focus group prediction but keep
the spatial differentiation of transition probabilities predicted by the
logistic and rule-based models. The latter allows modelers to map the
spatial extents of future urban growth based on different growth sce-
narios as set previously. The model is intended to keep the insight of
urban growth predicted by the focus group members; to integrate the
policy factors with physical and economic factors in the rule-based
model; and to keep the detail and objectivity of the logistic regression
model. The map that resulted from the integrated GIS prediction is
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shown in Figure 3.2. Results of the integrated model also allow us to
predict the relative increase in urban area through a time series map
(Figure 3.3).

3.3.7 Implications

If current growth trends in the Charleston metropolitan area continue
and the predictions hold true, future urban growth will exhibit a pat-
tern typical of urban sprawl. Economically, there will be increased
pressure on urban infrastructure and a decrease in the efficiency of
natural and urban resource use. As the urban area sprawls, population
density and housing density will decrease. The spreading of residen-
tial, commercial, industrial, and service centers will require additional
intraurban roads, bridges, water and sewer lines, as well as other ser-
vices and infrastructure, such as fire stations, schools, and medical
facilities. If the allocation of urban resources is per capita based, the
overall travel time from home to work, to shopping centers, to schools,

1973
70 Square Miles

503 Square Miles 4 694 Square Miles v 868 Square Miles

0o 15 30 60 Miles B ubanAea [ Water
| T I T S B [ Rural Area County Boundary

Fig. 3.3. Historical and future urban growth in the Charleston, South Carolina,
region, 1973-2030
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and to other service areas will increase substantially as these facilities
and services are distributed over a wider area. Even if the allocation
of urban resources is area based, the increase in per capita urban land
use, infrastructure, and services will decrease the efficiencies-limited
resource use. How to balance this need for urban growth with the effi-
cient use of resources is a daunting issue for policy-makers and urban
planners.

Urban sprawl implies the large scale conversion of natural and
rural land to urban use. This conversion often involves damaging,
destroying, or altering natural environments by physically removing
the elements of ecosystems, building barriers to natural processes, dis-
posing pollutants that may alter natural geochemical processes and
cycles, and so on. Even if policies and regulations are implemented to
protect some areas from being developed, they cannot guarantee that
these protected areas will not be polluted, for example by urban run-
off generated upstream. How to make an urban plan that will protect
the wetlands, endangered species, and unique landscapes and riparian
resources is a challenge to planners and citizens.

3.4 Neural Networks and the Future of Growth
Trajectory Forecasting

Neural network computing and generic algorithms have been pro-
posed as alternative approaches to handling complex systems (Sui
1997). Although the first neural network models appeared as early as
the 1940s (McCulloch and Pitts 1943), they were applied principally in
signal processing (Widrow and Stearns 1985), control (Nguyen and
Widrow 1989; Miller et al. 1990), pattern recognition (Le Gun et al. 1990),
medicine (Anderson 1986, Anderson et al. 1986, Hecht-Nilsen 1990),
speech production and recognition (Sejinowski and Rosenberg 1986;
Lippmann 1989), and business (Collins et al. 1988). Following a period
of active neural network development in the 1950s and 1960s, interest
in the approach waned during the 1970s. Robust propagation training
methods and the advancement of computer technology led to renewed
interest in neural networks in the 1980s and early 1990s (Fausett, 1994).
Not until the mid-1990s, however, were neural networks used for land
use modeling and resource management.

Openshaw (1993) used a neural network for modeling spatial inter-
action. Wang (1994) used artificial neural networks in a geographic
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information system for agricultural land suitability assessment.
Gimblett et al. (1994) developed a forest management decision model,
based on neural networks and generic algorithms, that was validated
in the Hoosier National Forest. Fischer and Gopal (1994) used an arti-
ficial neural network approach to model interregional telecommunica-
tions flows. Gong (1996) combined evidential reasoning and artificial
neural network techniques for geological mapping. More recently, Yeh
and Li (2002) used neural networks and cellular automata to simulate
potential or alternative urban development patterns based on different
planning objectives.

As a powerful computational tool, artificial neural networks have
several advantages over conventional mathematical methods and sta-
tistical models in addressing complex systems. According to Openshaw
and Openshaw (1997), the use of neural networks for modeling has four
major potential benefits: better performance, greater representational
flexibility and freedom from current model design constraints, the
opportunity to handle explicitly noisy data, and incorporation of spa-
tial dependency, which is currently ignored, in the net representation.

According to Kohonen (1988), neural networks are “massively par-
allel interconnected networks of simple (usually adaptive) elements
and their hierarchical organizations which are intended to interact with
other objects of the real world in the same way as the biological nervous
systems do.” Biological nervous systems are composed of millions of
interconnected neurons. Each neuron (Figure 3.4) has three functioning
parts: dendrite, soma, and axon. Dendrites are sensors or signal receiv-
ers. Soma are the information processing centers, and the axons are the
sender or signal emitters. There is a synaptic gap between the axon and
the dendrite of two adjacent neurons. When a neuron receives signals
from other neurons through its dendrites, the soma starts processing
these signals, assigning each a different weight, and making a summa-
tion of all weighted signals. Then, the soma applies a signal transfer
function or activation function to calculate the overall effect of these
weighted signals. If the overall effect is strong enough, the neuron will
become activated and send its own reactive signal through the axon to
another neuron. When millions of biological neurons are networked,
the structure and information transfer processes are far more compli-
cated, but the architectural and functioning principles can be used for
constructing artificial neural networks.

Artificial neural networks differ mainly in architecture, activation
functions, and methods for determining weights and biases. Fischer
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Fig. 3.4. Biological neuron

(2001) has identified four types of neural network models that seem par-
ticularly attractive for spatial analysis. They include back-propagation
networks, radial basis function networks, adaptive resonance theory
(ART) based models (supervised and unsupervised), and self-organizing
feature map networks. For urban land use prediction, the three-layer,
sigmoid function-based, back-propagation neural networks appear to be
most appropriate.

We developed a predictive land use model based on back-
propagation neural networks (Figure 3.5). In this model, artificial neu-
rons, called units or nodes, are arranged in three layers: one input layer,
one hidden layer, and one target layer. The input layer has multiple
units representing predictor variables, but the target layer has only one
unit representing a dichotomous variable with two values: 0 for unde-
veloped or rural and 1 for developed or urban. The hidden layer can
have multiple units, but not more than the input units and not fewer
than the target units. Units between two adjacent layers are intercon-
nected, which creates a hierarchical architecture. The sigmoid function
has a value range from 0 to 1, appropriate for handling binary classifi-
cation problems. Weights and biases are learned from samples using a
robust algorithm through a feedback error propagation process.

Training such a network involves three phases: feed-forward pre-
diction, backward error propagation, and adjustment of biases and
weights. During the phase of feed-forward prediction, each hidden
unit receives the signal (value) from each input unit, sums all the
received signals with different weights and biases, and applies a sig-
moid function to the sum and sends the output to each target unit.
The target unit receives a signal (value) from each unit in the hidden
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Fig.3.5. The neural network model for land use change in the Myrtle Beach, South
Carolina, region

layer, sums all signals (values) with corresponding weights and biases,
and applies the sigmoid function. The output of the target layer is the
prediction of the neural network. During the error back-propagation
phase, the network compares the predicted value with the observed
value to calculate the error and the total error correction term using
a gradient reduction method. The total error correction term is then
distributed over each hidden unit based on its weight and bias. At the
same time, the weight and bias correction terms are calculated respec-
tively for each hidden unit. The same process is repeated for each
input unit but only the weight and bias are calculated. During the last
phase, all weights and biases are updated using their respective cor-
rection terms obtained in the previous phase. The process is repeated
for every training pattern (record) from the data set over a complete
cycle called an epoch. The training process continues iteratively until
a stop condition is met. The ultimate goal is to minimize the error and
build a network that is sufficiently trained with the ability to approxi-
mate a complex land use system but not overfitted (which would limit
future prediction power).
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We applied this model to predict urban growth in coastal South
Carolina. Three different study areas were selected: the Myrtle Beach
Region (Allen and Lu 2004, unpublished manuscript), Beaufort County
(Lu, Allen, and Liu 2005), and Hilton Head Island (Lin et al. 2005) to
test the reliability and validity of the neural net models for predicting
land use change at regional, county, and local scales, respectively. The
neural network outperformed the conventional logistic regression
model in most cases (55 of 66) and classification categories (urban,
nonurban, overall). Statistically, the network improved the urban clas-
sification accuracy by an average 10.74 percentage points in the Myrtle
Beach region. Spatially, the neural network was able to differentiate
dispersed urban land parcels from predominantly undeveloped rural
environments where the logistic regression often failed to generate reli-
able predictions (Figure 3.5). Risks associated with prediction errors
were also much smaller than those for the logistic regression model
when different classification strategies were used.

Each geographic unit is unique and no two urban areas are the
same. While we will always need an empirical approach to study land
use and urban systems, neural networks are one of the more promising
alternative approaches and methodologies for modeling and predict-
ing their changes. As database management, computing technologies,
and modeling techniques continue to evolve, prediction of the trajec-
tory of development will become more accurate. However, the chaotic
aspects of natural, social, and economic forces will always challenge
the predictive process.

3.5 Discussion

Population growth is still the most fundamental driving force that
affects land use change and urban growth. Understanding the future
trajectory of population growth and urban development is critical
for advanced land use planning and adaptive resource management.
Although land use systems are constantly changing, their environ-
mental impacts are not always positive. All too often, detrimental
changes in coastal ecosystems are not perceived detrimental unless
their negative impacts have cumulatively reached certain critical
levels that are too severe to ignore, too late to avoid, or too costly
to mitigate. Predictive modeling does not necessarily enable us to
foresee a brighter future, but it does provide prediagnosed warning
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signals for some of the potentially unexpected consequences of devel-
opment patterns.

Public policy makers are often reluctant to advocate environmen-
tally friendly growth regulations when they are concerned that such
regulations may have economic costs or limit economic development.
Likewise, land developers are seldom eager voluntarily to save spe-
cies or habitats if additional land management expenses are expected.
Without quantified descriptions and specific locations of potential
impacts, both planners and natural resource managers become less
persuasive and effective in promoting ecologically sustainable plan-
ning and development. Predictive modeling is not only a necessary
step toward anticipating the potential ecological effects of land use
change (Pearson et al. 1998), but it is also an important mechanism
for generating quantitative, spatial, temporal, and visual information
crucial for urban planning, impact assessment, and public education.
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Urban Typology and Estuarine Biodiversity
in Rapidly Developing Coastal Watersheds

G. S. Kleppel, Dwayne E. Porter, and M. Richard DeVoe

Summary by Susan E. Ferris

Modern suburbs, those built after World War I, tend to be disconnected
from the “urban core,” with considerable infrastructure and associated
impervious surfaces (e.g., roads and parking lots) being required to
accommodate residents and traffic. Modern suburbs depend heavily
on the use of automobiles for transportation because single-purpose
zoning separates residential from commercial and public areas by dis-
tances not easily traversed on foot, and the distribution of population
is often not conducive to public transportation.

By contrast, traditional urban developments—those built prior to
1945—such as small towns, villages, and cities tend to combine resi-
dential and commercial zones into mixed-use districts that are compact
and pedestrian friendly. Historically, walkable access to urban services
was a requirement of the urban environment. As such, traditional com-
munities tend to have fewer, often narrower, roads, than do suburbs
and, for a variety of reasons (including a revulsion of insect-infested
marshes and flood prone waterways), greater riparian buffering than
suburbs.

A key difference between suburban and traditional urban land use
relates to population density. Due in large part to the infrastructure
requirements of modern zoning ordinances, subdivision and commer-
cial development codes, and, at least early in the development of a
suburb, the large parcels provided for single-family residences, typical
suburban population densities tend to be low, often less than one per-
son per acre. For instance, in the southeastern United States, between
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three and eight acres of urbanized land are required to support each
person in the community. Conversely, in traditional small towns and
many of the cities developed prior to World War II that are today con-
sidered as high-quality development (e.g., Charleston, South Carolina,
or Savannah, Georgia), population densities between 14 and 20 people
per acre are typical. That is, there is far less than an acre of urban space
per person. Apparently, population density and quality of life have
little to do with one another.

The southeastern United States is currently undergoing massive
population growth, particularly in environmentally sensitive coastal
areas. Rural areas, consisting primarily of agricultural communi-
ties and small towns, are being replaced by suburban subdivisions.
Current research suggests that the new development is contributing
to contaminant loading derived from the runoff of roads, rooftops,
driveways, sidewalks, and parking lots. The natural capacity of eco-
systems to process contaminants is hampered by the infrastructure
associated with sprawling development. Documented consequences
of coastal watershed urbanization include a decrease in species diver-
sity, increased eutrophication or excess nutrients from fertilizers and
road runoff, disruption of aquatic plant communities, a decreased
ability of the ecosystem to process excess nutrients, and reduced
numbers of invertebrate (i.e., shellfish) and vertebrate (i.e., fish)
stocks.

Simple models can be used to make a rough comparison of the
impacts of two different styles, or typologies, of development, sub-
urbs and traditional urban communities, on coastal ecosystems. Such
a comparison is based in part on the species-area relationship (SAR),
which predicts that the number of species (or species richness) that a
landscape supports changes systematically with the area of that land-
scape. One can ask if development influences the SAR. Using a data
set from Charleston County, South Carolina, collected by the South
Carolina Department of Natural Resources during the Tidal Creeks
Project (1996), it was shown that as the area of a watershed (the small
drainage bounded by ridgelines, drained by tidal creeks) increases,
the number of species of small, bottom-dwelling invertebrates living
in the tidal creeks in the watershed also increases. However, if that
watershed is developed, the tidal creek will support only about half
as many species per unit area as an undeveloped creek. Potentially,
as more watersheds in a region are developed, the number of species
in the tidal creeks of an “average watershed” will decline. Therefore,
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development styles that are land intensive (require a great deal of
urban land per person), such as suburbs, will use up more of the
watershed area in a region and should experience a greater decline
in the average species richness in the area’s watersheds than devel-
opment styles that require less land per person, such as traditional
urban communities.

Using U.S. Census Bureau estimates of expected population growth
in the eight coastal counties of South Carolina, along with data avail-
able in a geographic information system on the sorts of land covers
and uses in the counties, it was possible to estimate the watershed area
in the coastal counties and the number of people who would be mov-
ing to these watersheds between 1995 and 2025. One can then ask how
much space in the watershed the in-migrant population would require
if the watersheds were developed as suburbs (conservatively requiring
3 acres/person) or as traditional communities (conservatively requir-
ing 1 acre/person). Finally, one can roughly evaluate how the increase
in developed watershed area would impact invertebrate species rich-
ness in the tidal creeks associated with these watersheds.

What emerges from this simple exercise is that we find that virtually
the entire estimated watershed areas of three counties (Horry, Berkeley,
and Beaufort) will be developed if suburbs are the primary typology
used to accommodate future growth. With a modest change in density,
to one urban acre per person, however, none of the coastal counties
will experience complete watershed development. Furthermore, using
conservative suburban density estimates, invertebrate species richness
will decline by an average of 24 percent in South Carolina’s tidal creeks
over the period from 1995 to 2025. The decline will be 38 percent, on
average, in the three most rapidly developing counties. With even the
modest change in density used here (from 3 to 1 acre/person), the aver-
age loss of tidal creek species is reduced to 9 percent coastwide and
16 percent in the three fastest-growing coastal counties.

Although these predictions are coarse, they suggest that alterna-
tive urban typologies have different environmental impacts. At truly
traditional population densities of 20 people per acre, the impact of
development on tidal creek species richness would predictably be
even smaller than those estimated by densities of one person per acre.
The point is that low-impact alternatives to suburban development in
the coastal zone appear to exist in the form of traditional small town
design. Studies indicate that these traditional alternatives often per-
form well in the market.
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4.1 Introduction

Although it is recognized that urbanization will be among the lead-
ing causes of ecosystem disruption during the twenty-first century
(Vitousek 1994; Pimm and Raven 2000; Sala et al. 2000), it is unlikely
that the rate of conversion of natural and agricultural landscapes to
urban use will abate any time soon. The impacts of urban encroachment
on ecosystems will depend in part on the spatial extent over which
development occurs. The term “urban” has been defined in a variety
of ways by different authors. In this paper, we consider an urban envi-
ronment as a relative level of human social and structural development
on the landscape according to the definition of Kleppel et al. (2004).
Urban environments exist where human population densities exceed
the average for the surrounding landscape and where infrastructure
and urban services exceed those found on the surrounding landscape.
Thus, urban environments may include small towns and villages,
and modern suburbs on rural and urban fringe landscapes, as well as
small and large cities and groups of cities. Although all forms of urban
development tend to reduce the functionality of natural ecosystems
(Kleppel 2002), it is worth asking whether certain kinds of develop-
ment have lower impacts than others. We are broadly concerned with
the question of whether the spatial distributions of urban attributes,
i.e., urban typology, influence the kinds and magnitudes of impacts
to associated ecosystems (Lowrance 1998; Wenger 1999; Kleppel 2002;
Kleppel et al. 2004).

Certain urban typologies are associated with specific periods in
the history of American landscape architecture. A benchmark in land-
scape architecture occurred with the emergence of the modern suburb,
shortly after World War II, circa 1947. Modern suburban typologies
differ markedly from their pre-World War II counterparts, which are
connected, as fringing neighborhoods, to the existing urban core.
After World War II, suburbs began to disconnect from the urban core
and to alter key spatial relationships associated with human mobil-
ity and the infrastructure needed to support that mobility (Katz 1994;
Eisenberg 1998). The modern suburb, with its characteristic single-
purpose zones, has redefined the American mobility scale to that of
the automobile, and in doing so, has necessitated the commitment of
extensive portions of the landscape to (largely impervious) support-
ive infrastructure (Duany et al. 2000). Alternatively, traditional urban
typologies represented by small towns, villages, and cities developed
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Fig. 4.1. South Carolina county boundaries. The eight coastal counties are shaded
and identified by name

prior to 1950 (see Kleppel et al. this volume) are spatially constrained,
and defined by large riparian buffers and reduced impervious sur-
face area (Kleppel 2002; Kleppel et al. 2004), all features that are today
considered characteristic of “smart” or “green” design (Arendt 1992;
Duany et al. 2000).

The modern suburb is currently the dominant urban typology in the
southeastern United States, where one of the nation’s highest regional
rates of urbanization is underway (Culliton et al. 1990; Porter et al.
1996; Kleppel and DeVoe 2000; U.S. Census Bureau 2000). Significant
portions of coastal ecosystems have already been lost to development
(Porter et al. 1996), with no hope of replacing the critical functions they
once fulfilled. Ecosystem structure and function, altered by physical
disruption and the associated loss of capacity to process the increased
point and nonpoint contaminant loads that urban landscapes produce,
are quickly degraded (Scheuler 1995; Collins et al. 2000). Declines in
species diversity (Lerberg 1997), increased eutrophication (Valiela and
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Teal 1979; Paer1 1988, 1997; Nixon 1995), disruption of macrophytic com-
munity structure (Pennings and Bertness 1999), alteration of ecosys-
tem metabolism (Cai and Pomeroy 1999), and reduced recruitment to
invertebrate and vertebrate fisheries (Nixon 1980; Hoss and Engel 1996)
are among the documented consequences of urbanization of coastal
watersheds.

In this paper, we use data from a study of tidal creeks in Charles-
ton County, South Carolina (Holland et al. 1996), along with geographic
and demographic data from South Carolina’s coastal counties (Fig-
ure 4.1) to investigate the impacts on tidal creek benthic macroinverte-
brate biodiversity of suburban and traditional-urban typologies in the
watersheds that they drain. We define a watershed as a small drainage
on the coastal plain that is spatially constrained by ridgelines, and we
consider the null hypothesis that differences in tidal creek benthic bio-
diversity are unrelated to urban typology in the watershed.

4.2 Methods

4.2.1 Data

Benthic macroinvertebrate samples were collected by the South Caro-
lina Department of Natural Resources (SC DNR) in 24 tidal creeks in
Charleston County, South Carolina, between July 5 and September 10,
1994, as part of the Charleston Harbor Tidal Creeks Study (Holland
et al. 1996). Samples were taken with a 3.8 cm internal diameter PVC
corer (area = 45.6 cm?) to a depth of 15 cm. The number of samples
collected in each tidal creek was a function of creek length. Sampling
and sample processing are described in detail by Lerberg (1997) and
Lerberg et al. (2000).

The tidal creeks were located in small drainages, or watersheds (13.1
to 442.9 ha), defined by topographic ridgelines (Table 4.1). Lerberg et al.
(2000) distinguished several land use and cover classes in the upland
(developable) portions of these watersheds, namely: (1) forested,
(2) agricultural, (3) suburban, (4) urban, and (5) industrial. We combined
classes to distinguish watersheds as either “undeveloped” or “urban-
ized.” Undeveloped watersheds were forested (class 1). Urbanized
watersheds contained one or more of the land uses in classes 3 to 5
(suburban, urban, industrial). We did not include the single watershed
considered agricultural. We also omitted Horlbeck and Long Creeks,



4.2 Methods 75

which Lerberg considered undeveloped (i.e., upland forest) but we
considered mixed use. While sparsely populated, these watersheds
contained >20 ha (10-25% of the watershed) of land in agricultural use.
Long Creek also contained 6 ha in urban use. Our data set consisted of
6 creeks in undeveloped watersheds and 11 creeks in urbanized water-
sheds. The mean watershed area, A, was 126.3 ha.

4.2.2 Theoretical Context

It has been known for years that as the area of a landscape increases,
the number of species on that landscape also increases in a roughly
exponential way (Arrenhius 1921; Preston 1962). That correlation has

Table 4.1. Characterization of Tidal Creeks Sampled Near Charleston, South

Carolina (cf. Lerberg 1997 and Lerberg et al. 2000).

Watershed Class Watershed
(Lerberg et al. Class Watershed
Creek Name 2000) (this study) Area (ha)

Deep Creek Forested Undeveloped 64.7
Foster Creek Forested Undeveloped 16.0
Lighthouse Inlet ~ Forested Undeveloped 37.3
Creek

Rathall Creek Forested Undeveloped 721
Lachicotte Creek Forested Undeveloped 13.1
Beresford Creek ~ Forested Undeveloped 251
Diesel Creek Industrial Urbanized 105.3
Koppers Creek Industrial Urbanized 116.6
Shipyard Creek Industrial Urbanized 279.1
Vardell Creek Urban Urbanized 68.7
New Market Urban Urbanized 187.2
creek

Bull Creek Suburban Urbanized 442 .8
Metcalfs Creek Suburban Urbanized 129.7
Shem Creek Suburban Urbanized 427.8
Yatch Club Suburban Urbanized 69.1
Creek

Cross Creek Suburban Urbanized 312.9
Parrot Creek Suburban Urbanized 147.2
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been called the species-area relationship, or SAR. Recent studies reveal
that what one considers the relevant landscape can influence the SAR
significantly (Plotkin et al. 2000; Crawley and Harral 2001). In the pres-
ent study, we consider that the species richness, S, of tidal creek ben-
thic communities varies as a function of the area, A, of the associated
watershed, according to a power law (MacArthur and Wilson 1967),

S=cA? @1

where c is a scaling factor. The slope, z, is related to habitat connec-
tivity and complexity (Forman and Godron 1996) and is influenced by
numerous landscape variables (Plotkin et al. 2000; Crawley and Harral
2001). Since, in the present study, the number of samples, n, varied with
creek length, species density, S, defined as S/n, was substituted for S as
a measure of biodiversity.

4.2.3 Demographic and Land Cover Data

We used the SAR, along with a coarse analysis of population growth
rates and development trajectories, to predict the impacts of various
urban typologies on benthic biodiversity in the tidal creeks of South
Carolina’s eight coastal counties. We assumed that at the relatively
coarse level of analysis used in these projections, tidal creeks along the
entire South Carolina coast are comparable. Demographic projections
by county for the year 2025 were obtained along with 1995 population
estimates from the U.S. Census Bureau (2000). Land cover estimates
were derived from Thematic Mapper imagery classified by the South
Carolina Department of Natural Resources and transferred to the Uni-
versity of South Carolina’s Geographic Information Processing Labora-
tory. The 1995 composite land cover data for South Carolina’s coastal
counties were processed with ArcView® software and reformatted for
use in this analysis (Table 4.2). The land area in each county that was
considered “unavailable for development” was estimated as the sum
of the areas of wetland, open water, and existing urban development
(areas that were classified as urban in 1995 were considered unavailable
for further development). We assumed that the total watershed area in
a given county is equal to the sum of open water and wetlands areas.
The change in average benthic species density in the tidal creeks
in a given county that was due to a particular urban typology (sub-
urban, traditional) was estimated by first determining the amount of
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land in a watershed of average area, A,, required by that typology to
support the expected human population growth (see below). We then
computed S’ for the watershed by summing the species densities in the
developed and undeveloped portions of the watershed.

An estimate of the “new” population arriving in coastal county
watersheds between 1995 and 2025 was computed from county popu-
lation estimates, assuming that the proportion of the population in the
watersheds reflects the proportion of watershed area to the total devel-
opable area of the county. Thus,

N, =N_xA, /A, (4.2)

where N is population size in the watersheds of some county, C, and
N is the total new population in that county, estimated as the differ-
ence between number of people in the county in 2025 and 1995. A . is the
total developable area (ha) in each county and A, is the total watershed
area (ha) in each county. This is a conservative assumption, since demo-
graphic statistics suggest a preference for development in proximity to
water. Thus, we underestimate the pressure on the watershed.

The amount of watershed area needed for development depends
on urban typology, notably the amount of land that is urbanized per
person and the number of people that will reside in the watershed, N,
The urban land use ratio (ULUR), i.e., the urban land use per person
in a particular place (e.g., town, county), expresses the former attri-
bute and varies with urban typology. Suburban typologies are land
intensive relative to traditional typologies. A ULUR of 3, meaning that
three acres (or 1.22 hectares; the ULUR is given in acres, but all com-
putations were performed using the metric system) of urban land are
required to support each person, was used to estimate the suburban
land requirement, A, in the watersheds. This ratio is conservative rela-
tive to ULUR values (5-8) in some rapidly developing counties in coastal
South Carolina (BCD-COG 1996; Allen and Lu 2003). The watershed area
required by the traditional urban typology, A, was computed using a
ULUR of 1 (= 0.42 hectares/person). This is also conservative, as ULURs
in traditional small towns and cities, such as Charleston, typically range
from 0.05 to 0.1 (Kleppel et al. this volume). The proportion of the total
watershed area in each county, A, required for development is A /A,
where urban typology, X, is either suburban, S, or traditional, T.

The benthic macroinvertebrate species density in a tidal creek in a
watershed of average area, A, in county C, resultant from suburban
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or traditional urban development was estimated from the SAR
[Equation (4.1)],

Se = [AWA) (e AT+ [(A/AY) (e AR] (4.32)
=5/ +S, (4.3b)

where S/, S, and S| are, respectively, the average species density for tidal
creeks in county, C, in undeveloped (N) and urbanized (X) portions of
the average watershed of area, A, ( =126.3 ha). X can be either the sub-
urban (S) or the traditional urban (T) typology. The scaling factor, ¢, and
slope, z, are specific to undeveloped (N) and urbanized (X) watersheds.
The ratio A /A, refers to the proportion of the total watershed area in the
county, A, that is undeveloped. A, /A is as in Equation (4.2), above.

The proportional change in S/, (i.e., AS]) between 1995 and 2025 was
computed with the equation

AS& = (SIC2025 - SIC1995/ SN)’ (4'4)

where S .. = S/. That is, in 1995, the watersheds in this analysis were

not yet urbanized. S, ,. = S/ in Equation (4.3(a)).

C2025

4.3 Results

4.3.1 Species-Area Relationships and Watershed Urbanization

The relationship between tidal creek benthic macroinvertebrate species
density, ', and watershed area, A, depends on land use (Figure 4.2).
While the SARs for both undeveloped and urbanized watersheds con-
form to a power law and both slopes (z) approach 0.25 (see MacArthur
and Wilson 1967; but also, Crawley and Harral 2001), the constant c is
approximately 1.8 times higher in undeveloped watersheds than in
urbanized watersheds. Thus, at realistic values of A (50-500 ha), S’ in
undeveloped watersheds is approximately double that in undeveloped
watersheds.

4.3.2 Demographic Trends and Changing Land Cover in
Coastal Counties

Between 1995 and 2025 projected in-migration to the coastal counties of
South Carolina will exceed 520,000 people. We estimate that more than
450,000 people will live in small coastal watersheds associated with



80 4 Urban Typology and Estuarine Biodiversity

100
¢ Undeveloped
A Urbanized
S/= 3.3814R™2%%
»n 10 A
%
A A
¢ A
S;= 1.8834A%%
1 T
10.0 100.0 1000.0

Area

Fig. 4.2. Species-area relationships for benthic macroinvertebrate species density,
S’, versus watershed area, A, in hectares. S’ was assessed in tidal creeks in unde-
veloped and urbanized watersheds near Charleston, South Carolina, as part of the
Tidal Creeks Study (Holland et al. 1996). Circles represent undeveloped watersheds
(species density = §'\), n = 6. Triangles represent watersheds dominated by urban
development (species density =S5’, ), n =11. Open triangle is an anomalous point and
was omitted from the analysis. Data sets were fit by a power law per Equation (4.1)

the salt marsh-tidal creek complex. Population growth rates will vary
substantially among counties. Horry, Berkeley, Dorchester, and Beau-
fort counties will experience increases of more than 75 percent, while
Georgetown, Charleston, Colleton, and Jasper counties will grow by
less than 50 percent.

4.3.3 Urban Development in Coastal Watersheds and
Benthic Biodiversity in Tidal Creeks

In Table 4.3(A-G), we step through the calculations used to estimate
average benthic species density in coastal tidal creeks in 2025. Based
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on projected population growth (Table 4.3(A)) and the distribution of
a portion of that population within the small coastal drainages that
we define as watersheds (Table 4.3(B)), an average of 20-60 percent
of the watershed area in the coastal counties will be required to sup-
port the incoming population, depending upon typology, i.e., ULUR
(Table 4.3(C, D)). Suburban development (ULUR = 3) along the coast
will, by 2025, require the urbanization of roughly one-half million ha
of land in the watersheds to accommodate the expected coastal popu-
lation growth. In Horry, Berkeley, and Beaufort Counties the suburban
typology would require more than 100 percent of the watershed area
in each county. [When the estimate of A /A, exceeded 100 percent,
a default value of 1.00 was input (Table 4.3(D)).] Thus, with a suburban
growth scenario, the watershed areas of Horry, Berkeley, and Beaufort
Counties are too small to accommodate the entire in-migrant popu-
lation expected by 2025 (Figure 4.3(a)). Conversely, traditional urban
development, with a ULUR =1, would use about one-third of the space
required by the suburban typology.

4.3.4 Typological Influences on Benthic Biodiversity

The suburban scenario predicts that on average, benthic macroinver-
tebrate species density in coastal South Carolina’s tidal creeks will, by
2025 (Table 4.3(A-G)) be reduced to 76 percent (i.e., a loss of 24 percent),
of what it was in 1995 (Figure 4.3(b)). In the three fastest-growing counties
(Horry, Berkeley, Beaufort), S’ will decline by 38 percent. A substan-
tially smaller impact, an all-county average reduction in S’ . of 9 percent
and a reduction in the three fastest-growing counties of 16 percent, is
predicted if, instead of suburban typologies, traditional urban typolo-
gies are used to develop in coastal watersheds.

4.4 Discussion

4.4.1 Benthic Tidal Creek Species-Area Relationships in
Typologically Different Watersheds

It is well known that urbanization in watersheds affects biotic com-
munity structure in the aquatic systems that drain them (Valiella and
Teal 1979; Limburg and Schmidt 1990; Scheuler 1995). In the present
study, it would appear that the species-area relationship was sensitive
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Fig. 4.3. (a) Proportion of watersheds in South Carolina’s coastal counties that
will be developed between 1995 and 2025 as a function of different urban typolo-
gies. For the suburban typology (black bars), the urban land use ratio (ULUR) is 3.
For the traditional urban typology (white bars) the ULUR is 1. (b). Percent of the
benthic macroinvertebrate biodiversity, species density, ', in tidal creeks in South

Carolina’s coastal counties in 2025 relative to that in 1995
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to the influence of watershed urbanization on benthic invertebrate
communities. Tidal creeks in urbanized watersheds support about
half the biodiversity of creeks in undeveloped watersheds.

Clearly, SARs do not reflect the fine details of spatiobiotic relation-
ships, and our analysis does not permit detailed examination of the
influence of species variability at seasonal or other biologically relevant
time scales. However, despite their coarseness, relationships identified
here can help elucidate general trends and create a basis for comparing
alternative development styles in the coastal zone.

4.4.2 Coastal Growth—Implications for Tidal Creek
Habitat and Benthic Biodiversity

We have emphasized throughout this paper that our projections are
intended to reflect predicted trends rather than precise outcomes.
However, the trends we predict are, when evaluated empirically,
supported by observations. Lerberg (1997) described reductions in
tidal creek benthic macroinvertebrate species richness accompanying
intensive watershed development, and Lerberg et al. (2000) noted that
tidal creeks in urbanized watersheds were dominated by a few species
of oligochaetes. Similar observations have been made in coastal and
estuarine ecosystems that drain other urbanized landscapes (Weinstein
1996). Numerous studies suggest that ecosystem functionality is linked
to biodiversity (Hooper and Vitousek 1997; Tilman et al. 1997; Kinzig
et al. 2001). Reductions in benthic biodiversity may reduce functional-
ity (Pimm 1984; Kondoh 2003) and increase susceptibility to biological
invasion (Elton 1958; Mack et al. 2000; but see Simberloff 1995).

Two lessons emerge from this work. First, development along the
coast, if allowed to continue according to current suburban design stan-
dards, will result in the urbanization of a significant proportion of the
watersheds in South Carolina’s coastal counties, accompanied by an
equally significant loss of the benthic biodiversity in the tidal creeks
of these watersheds. The second lesson is that typology can alter these
outcomes. By employing designs like those of traditional small towns,
cities and increasingly popular new urbanist communities [which, data
suggest, often perform well in the market (Eppli and Tu 1999)], pro-
jected in-migrant population growth can be supported on a third of
the land required by suburbs, and the decline in S can be reduced
considerably.
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The Relationship of Hydrodynamics to
Morphology in Tidal Creek and Salt Marsh
Systems of South Carolina and Georgia

Jackson O. Blanton, Francisco Andrade, and M. Adelaide Ferreira

Summary by Jackson O. Blanton and Daniel R. Hitchcock

Salt marshes, typical of those found in South Carolina and Georgia,
are covered and uncovered approximately twice daily by the rise and
fall of the tide. Salt water is transported to the marshes by an array of
tidal creeks ranging from 0 to 15 meters in depth and 5 to 500 meters in
width. The water fills the creeks on the rising tide and then spills out
into the marsh. As the tides fall, the creeks, starting with the smallest,
collect the water much as do the capillary blood vessels in mammals,
and convey it to ever-larger creeks by which it is eventually transported
into the sounds and estuaries. The banks of tidal creeks undergo con-
siderable sediment erosion, while marsh surfaces are areas of sediment
deposition, allowing them to keep pace with sea level rise.

When the marshes and creeks are treated as a whole, one sees that
the water surface area changes from its smallest value at spring tide
low water to its maximum at spring tide high water. The areas encom-
passed by neap tide fit somewhere in between. Thus, one can derive
curves to estimate the variation of the water surface area in the salt
marsh-tidal creek complex as a function of water depth. These curves,
called hypsometric curves, are needed to estimate the flushing and
flooding potential of a marsh.

To understand how the hypsometry of a salt marsh system can be
determined, one can use an example from a small system of tidal creeks
in and around the Okatee River in South Carolina. A series of six airborne
aerial images was used to measure flooded water area during the flood
phase of the tide. The water level was measured with a pressure sensor
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at the bottom of the main creek, thus providing a vertical reference level
for the corresponding flooded area. The shape of this curve is governed
by the morphology of the creek-marsh areas, i.e., distribution of wetted
surface area as water level increases in the area of interest.

The change in area as depth increases represents a certain vol-
ume that covers the marsh from its low-water stage to its high-water
stage. This volume, defined as the tidal prism, equals the volume of
water that flows through a cross-section of the tidal creek. The growth
rate of the prism is equal to the velocity flowing through the cross-
section of the creek (an equality based on a principle of fluid dynamics
called continuity). The faster the horizontal area increases, the larger
the transport of water must be to support the growth of the surface
area. While the tide is largely responsible for increases in the area (and
depth) covered, water level changes can also be induced by winds
along the coast. Winds that blow coastal water to the south pile up
water in the estuaries and sounds, and water level there can increase
by 0.5 m or so. Wind from the opposite direction can depress water
levels by a comparable amount.

There are several management issues associated with strong tidal
currents flowing through the creeks. For example, the creation of docks
and marinas along a tidal creek will impede flow where impediments
did not previously exist. Boats comfortably afloat at the beginning
of the project wind up becoming stuck in mud during certain parts
of the tidal cycle several years later. The most common solution is to
implement a dredging program to remove sediment that was being
removed by the high tidal flow that existed before development. Thus,
the economic service provided by nature must be subsidized through
an expensive dredging program in order to keep the waterway usable.
Alternatively, by developing a hypsometric profile for its waterways
before development, a community can guide the siting of projects such
as marinas, thereby reducing costs to taxpayers in the future.

Using principles outlined by Friedrichs and Perry (2001) and Pethick
(2001), it seems prudent that planning for development in and adja-
cent to tidal marshes take account of the natural balance between the
tidal transport of water and sediment supply. This means that (1) the
heavy marsh grass density must be maintained in order to provide
an environment favorable to the settling of suspended sediments,
(2) that the natural sediment supply from land should be maintained,
and (3) the inland migration of the marsh as sea level rises should be
anticipated and planned for appropriately.
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5.1 Introduction

Salt marshes in Georgia and South Carolina are alternately flooded and
drained by the semidiurnal tide. The marshes are usually covered with
Spartina grasses but also have some mudflats. Some areas have exten-
sive freshwater tidal marshes. While many tidal creeks have freshwa-
ter sources, many drain the interior salt marshes, which have limited
fresh water sources. Many areas of the marsh are poorly flushed in
areas with dense marsh vegetation.

Tidal creeks are typically areas of high sediment erosion, while the
tidal marshes themselves usually have high deposition (Friedrichs and
Perry 2001). High deposition rates allow the marsh to react to sea level
rise by increasing its elevation and migrating landward (Pethick 2001).
Tidal creeks serve as important conduits that transport material into
and out of the marshes. Many tidal creeks connect to major estuaries.
Others may connect two different estuarine regimes, and a tidal creek
node in the connecting creek may limit flow between the two regimes
(Schwing and Kjerfve 1980). Tidal marshes and creeks are particu-
larly responsive to changes in freshwater supply from agents such as
groundwater, adjacent estuaries, and local rainfall. Yet we know little
about the sensitivity of this response.

This paper begins with a description of the morphology of salt marshes
in South Carolina and Georgia. The paper focuses on the geological set-
ting and the morphological properties that link directly to hydrodynam-
ics and tidal circulation. After a description of the tidal regime typical of
coastal areas in South Carolina and Georgia, the Okatee River in South
Carolina will serve as a “prototype” tidal creek to demonstrate the link
between tidal circulation and creek-marsh morphology. The effect that
wind stress on the continental shelf has on water level and exchange
with the ocean will be described. Finally, the relevance of tidal hydro-
dynamics and marsh sedimentation to management issues will be
discussed.

5.2 Links Between Hydrodynamics and
Morphology

Hydrology of the salt marsh, the area and duration of flooding,
frequency of inundation, and permeability of sediments determine
nutrient and particulate transport within the marsh. One study of
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interstitial water residence time yielded values of 1-26 hr for the upper
10 cm of sediments (Bollinger and Moore 1993). Throughout the estuary,
reactive nutrients in the marsh, such as ammonium and phosphate,
exhibit quite different salinity-nutrient mixing diagrams during spring
tides, when marshes flood, versus neap tides that do not inundate the
marsh surface (Vorosmarty and Loder 1994). The flooded area and
marsh depth below spring high tides can thereby greatly influence the
whole estuarine ecosystem.

Salt marshes keep pace with rising sea level by accumulating sedi-
ment at rates of 1-10 mm per year (Wolaver et al. 1988) and migrating
landward atarate ashigh as1m/year for a surface slope of 1:1000 (Pethick
2001). Sediments can arrive at the marsh surfaces through resuspen-
sion and transport by strong tides and storms, as well as by river flow.
Time scales associated with resuspension are associated with the fort-
nightly tides and similar time scales associated with storms. Nearby
rivers can also supply large amounts of suspended sediments during
flood stages, with time scales that are usually much longer. Regard-
less of source, the mechanism of sediment delivery is not obvious. The
simple model is that sediment is delivered and deposited by high tidal
flooding. When marshes are flooded by waters carrying a large sedi-
ment load, the shallow depths and obstructions caused by grass stalks
cause the flow to slow and allow sediments to settle (Leonard and
Reed 2002). Much of this sediment can be subsequently mobilized and
removed in a single rain event occurring at low tide (Chalmers et al.
1985). However, in some cases much of the annual sediment accumu-
lation may occur during one or two storm events (Stumpf 1983). Tidal
range and fortnightly variations would be expected to have a great
influence on the effects of single events on sediment accumulation and
erosion in the salt marsh—tidal creek complex.

Estuarine morphology bears a strong relationship to tidal circulation
in estuaries and tidal creeks (Postma 1967; Healey et al. 1981; Zarillo 1985;
Dronkers 1986). Ebb-dominant estuaries are common south of Cape
Romain, South Carolina (Friedrichs and Aubrey 1988), due to the inef-
ficient water exchange near the time of high water between the exten-
sive intertidal marsh areas and the deep channels. Friction slows the
propagation of high tide through shallow grassy intertidal creeks and
marshes, which prolongs the duration of flood tide. Similarly, friction
retards the fall of the tide relative to the fall in the open channels, thus
providing a strong surface slope that drives a faster ebb tide but for a
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shorter duration (Dronkers 1986). Numerical studies confirm that chan-
nels without intertidal storage in flats and marshes are flood dominant,
while channels with large areas of intertidal storage are ebb dominant
(Speer and Aubrey 1985). Zarillo (1985) clearly demonstrated that in the
ebb-dominated Duplin River (Georgia), threshold values for sand trans-
port were exceeded for two hours or more during ebb tide, resulting
in seaward migration of coarse-grained bed forms consistent with ebb
dominance. The changes in marsh morphology along the various lev-
els of tidal creeks (levels that become shallower and are fed by smaller
creeks) change the character of the tidal currents due to continuity and
bottom and side friction (Healey et al. 1981) in a manner that alters the
size fraction and direction of sediment transport (Dronkers 1986).

The geometry of tidal creeks is hydraulically controlled by depth
and flow. This control is governed by strong feedback involving resus-
pension, erosion, deposition, and river supply. Sediment resuspension
during strong spring tides creates erosive bed conditions, but only fine
sediments are resuspened during neap tides (Gardner and Bohn 1980;
Smith and McLean 1984). Erosion plus resuspension on the beds of the
creeks are important to the dispersion of benthic meiofauna, including
some of the larval stages of fish and shellfish (Palmer and Giist 1985).
Thus the fortnightly cycle is very important to the dynamics of tidal
creeks. In many systems large erosion may occur with storm surges,
but because the duration of such events is short, they are thought to
have little total effect in Georgia and South Carolina marshes over
seasonal time scales (Gardner et al. 1992).

5.3 Tidal Circulation and Morphology:
Example from the Okatee River, South Carolina

The link between the tidal regime and morphology is well accepted
by most. To establish this link for an area undergoing rapid develop-
ment, a series of six airborne aerial images of a small tidal creek in
South Carolina (Figure 5.1) was used to measure flooded water area
during the flood phase of the tide (Andrade et al. in preparation). The
water level, measured with a sub-surface pressure gage in the study
area, was used as the vertical reference level for the corresponding
flooded area. A hypsometric curve was defined from this data set that
yielded water surface area as a function of water level.
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Fig. 5.1. Location of Okatee Creek (inset) and detailed map of the study area. The
lines mark the locations upstream of which the hypsometric curves were calculated.
The subsurface pressure gauge used to monitor water level during the overflights

was located at Melon Hole

5.4 Examples of the Hypsometric Curve for
the Okatee River System

The hypsometric curve for the entire study area (Figure 5.2) shows
that water surface area increased relatively slowly as the water level
increased from low water (LW) to one-third of the way to high water
(HW). Thereafter, water surface area increased at a faster rate. The
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Okatee River Hypsometric Curve upstream of Baileys Landing
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Fig. 5.2. The hysometric curve for the Okatee River upstream of Baileys Landing.
The six values obtained from the aerial images are denoted by asterisks and the
curve results from a spline fit to these values. Note that water surface area increased
by more than a factor of three over the flood phase of the tide. See Figure 5.1 for
location

growth of water area over time influences the volume transport of the
tidal current during flood through a down-stream cross-section of a
given area.

We compare two small upstream intertidal areas in Okatee River
and Malind Creek (Figure 5.3). The curve for upper Okatee River
shows the same general properties of the other sections of Okatee
River. However, the upper part of Malind Creek (a tidal creek that
feeds the Okatee River) looks quite different. The hypsometry suggests
steep banks with small water surface areas until mid-tide after which
the area increases at a fast rate reflecting the very low slope of the high
marsh areas.
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Okatee River Hypsometric Curves for two small intertidal areas
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Fig. 5.3. Hypsometric curves for the intertidal areas upstream of U.S. 278 and
Pooh Bridge (Malind Creek). See Figure 5.1 for location. The six values obtained
from the aerial images are denoted by symbols and the curves result from a spline
fit to these values. Note that the scale of the x-axis is smaller than that of Figure 5.2
by almost three orders of magnitude

5.5 Tidal Currents Derived from
Hypsometric Curves

The tidal current was calculated from the hypsometric curve
using the continuity equation to conserve volume. The average cur-
rent through a cross-section is related to the cross-sectional area and
the tidal prism upstream of the cross-section through the equation of
continuity:

om
A=A = 51
u Z xy at ( )
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Fig. 5.4. Currents derived from the hypsometric curves at locations shown in
Figure 5.1

where u is the cross-sectionally averaged axial velocity, A is the cross-
sectional area at the downstream end where the hypsometric curve
applies, A_ is the horizontal surface area of the estuary’s water surface,
and 0/t is the rate of change of water level. Both A_and A  are func-
tions of time and were calculated for all cross-sections based on the
digital elevation model derived from the infrared images of the Okatee
River system (Andrade et al. in preparation).

Applying Equation 1 to six sections of the Okatee River system
(Figure 5.1) yielded a series of flood current speed as a function of
water level (Figure 5.4). The fastest flood currents generally occurred
early in the flood phase when rate of change of water area upstream of
the measurement was maximum. Also, note that there are two maxima
in the flood current at most areas, one soon after water level began to
rise, the other closer to high water.

The calculated currents were compared with observations at two
of the smallest tidal water sheds (Figure 5.5). While these records were
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Fig.5.5. Comparison of currents calculated from Equation (5.1) with field measure-
ments. (a) Calculations for U.S. 278; (b) Measurements at U.S. 278; (c) Calculations
for Pooh Bridge; (d) Measurements at Pooh Bridge

not obtained at the same time as the aerial images, many features of the
field data can be discerned in the currents derived from Equation (5.1).
The field measurements confirm the two peaks in flood velocity calcu-
lated from the hypsometric curve, but the difference in magnitude of
the two peaks are not verified in the field data. As expected, the field
measurements of velocity obtained in the deepest part of the channels
were larger than the cross-sectional mean.

5.6 Effect of Low-Frequency Phenomena from
Continental Shelves on Tidal Creeks

Water-level fluctuations with periods greater than 2-3 days (subtidal
frequencies) can be driven by wind-stress (Ekman fluxes) on the con-
tinental shelf (Klinck et al. 1981) or by remotely forced shelf waves
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Alongshore windstress — creek—level comparison
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Fig. 5.6. Comparison of water level (tidal oscillations removed) in the Okatee
River with wind stress measured at a buoy on the continental shelf off Charleston,
South Carolina (NDBO Buoy No. 41006)

(Schwing et al. 1988). These fluctuations are superimposed on the nor-
mal tidal fluctuations and cause flooding and drying of the marshes
over longer time scales. Estuarine exchange with the ocean is maxi-
mized under these conditions. On the other hand, cross-shelf stress
can transport and redistribute water inside the estuary while causing
relatively little exchange with the ocean.

We demonstrate the magnitude of such sub-tidal fluctuationsin water
level by comparing water level fluctuations inside Okatee River with
along-shore wind stress on the adjacent continental shelf (Figure 5.6).
Note the visual correspondence of along-shelf wind stress with water
level. The downwelling-favorable stress after 16 March caused water
level to increase to 0.8m. Similar water level increases were observed
for the two downwelling events of 28 March and 7 April. These caused
water level increases of 0.3-0.4 m. Upwelling wind stress caused the
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opposite effect, but water level excursions were less for a unit of wind
stress. The important point here is that when downwelling wind condi-
tions that increase sea level at the coast coincide with spring tide, sea
level can increase by as much as 1 m, thereby inundating even larger
intertidal areas.

5.7 Some Management Issues

Thelarge SM-TCC systems along the South Carolina-Georgia coasthave
a mesotidal environment along the tidal creeks. Here the tidal currents
are the principal agent governing the deposition and resuspension of
inorganic sediments (Friedrichs and Perry 2001). By contrast, areas
of the marsh adjacent to land may have smaller tidal ranges because
of the build-up of surface elevation. It is in these areas that storms and
floods (much more erratic and unpredictable than the tides) become
the important agents maintaining sediment supply.

We have used the Okatee River in South Carolina to illustrate the
physical oceanographic attributes of mesotidal salt marshes. The Okatee
shares features that are typical of many salt marshes throughout the
world. One over-arching principle that connects these mesotidal
marshes is that marshes that are in their “natural” state are approach-
ing, if not at, “a dynamic equilibrium with sediment supply, vegetative
growth, and relative sea level, rather than far out of equilibrium on a
slow evolution toward geological maturity” (Friedrichs and Perry
2001). Sediment supply is controlled by source concentration, distance
from the source, and duration of inundation which is related to the
hypsometric curve. Deposition rates are higher for longer inundation
periods, and the higher rates are expected to occur during periods of
accelerated sea level rise. The additive effect of proximity to sediment
source and duration of inundation leads to a relatively uniform accretion
of inorganic sediments along the berms at the boundary between a
tidal creek and the surrounding marsh. Moreover, as pointed out by
Pethick (2001), the vertical rise in marsh surface results in a horizon-
tal migration of the marsh landward. The low slope characteristic of
marshes in the southeastern U.S. would be particularly sensitive to this
migration.

Marshes that are undergoing changes associated with alterations
of land use may rapidly evolve away from dynamic equilibrium
(Friedrichs and Perry 2001). This implies that development in and
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adjacent to salt marshes should take account of the dynamic equilib-
rium issues outlined in the previous paragraph. This requires that
land-use designs recognize and incorporate both the vertical and
horizontal components of marsh migration (Pethick 2001). More-
over, maintaining the natural high density of marsh grasses assures
a low-velocity environment that maintains a high rate of sedimen-
tation. Any development that reduces the sediment supply to the
marshes (like hardening the landscape adjacent to marshes, con-
structing dams, and creating water diversion projects) and does not
allow room for the marsh to shift landward will be subject to high
maintenance costs.

The maintenance costs associated with land use changes need fur-
ther comment. One may argue that environments that are in “dynamic
equilibrium” maintain the optimum balance between import and
export of material. Aland use project should, as one of its fundamental
objectives, disturb this balance in as small a way as possible—not for
aesthetic reasons, although these are important—but for economic rea-
sons. For example, the creation of docks and marinas along a tidal creek
will create a high-friction environment where none existed before: the
flow of water will be slowed, sedimentation will increase, boats that
were comfortably afloat at low water become stuck in the mud at low
water. The most common solution is to implement a dredging pro-
gram to remove sediment that was once being removed by the high
tidal flow present before development.

The tidal flow that used to maintain relatively deep water at the creek’s
edge performed a economic service as a component of the dynamic equi-
librium of the system. This service must now be performed by an expen-
sive dredging program in order to keep the waterway usable. Who now
bears the cost of the dredging program? In most cases, the developer is
no longer on the scene. The cost then falls either to local governments or
to the landowners themselves. Good land-use planning should examine
carefully who will ultimately bare the maintenance costs long after the
development has been completed.

5.8 Conclusions
We have shown how tidal hydrodynamics in a salt marsh —tidal creek

complex are linked to the morphology of the system. The link is estab-
lished through the continuity equation and has been demonstrated
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through the use of the hypsometric curve and by relating the curve to
the evolution of flood tidal currents.

Evaluation of the links requires integrated modeling and field studies
that focus on the hydrology of the adjacent salt marsh and tidal creek
complex. Models must successfully simulate flooding and drying of the
salt marsh—tidal creek complex. No models should be used for predic-
tive purposes until they are calibrated and validated.

Using some of the principles outlined in a review by Friedrichs and
Perry (2001) and Pethick (2001), we suggest that the planning of land
development taking place in and adjacent to tidal marshes take account
of natural feedback between hydrodynamics and sediment supply.
This means that (1) the heavy marsh grass density must be maintained
to provide a favorable environment for suspended sediments to settle,
(2) the natural sediment supply from land must be maintained and
(3) there must be room for the marsh to migrate inland.
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The Role of Tidal Wetlands in Estuarine
Nutrient Cycling

Hank N. McKellar Jr. and Delma Bratvold

Summary by Hank N. McKellar Jr., Delma Bratvold, and
Daniel R. Hitchcock

Excessive nutrient loading to coastal waters can cause intense algal
blooms, oxygen depletion, and disruption of estuarine food webs.
These impacts represent a threat to water quality and biological bal-
ances that maintain estuarine fisheries, recreation, and other beneficial
uses of coastal waters. Recent trends in coastal development and pop-
ulation growth along the southeastern United States point to increases
in nutrient loading from wastewater discharge and urban storm water
runoff. To predict and manage the impacts of coastal development,
these changes in nutrient loads need to be evaluated within the context
of estuarine nutrient uptake, release, and cycling.

A major component of estuarine systems in the southeastern
United States is an expansive area of tidal wetlands that surround a
network of tidal creeks and channels. The daily tidal exchange and
nutrient processing in these wetlands play an important role in regu-
lating estuarine nutrient concentrations and water quality. While the
primary pathway for nutrient movement between the larger estuary
and the wetland is typically through a relatively predictable pattern of
tidal water movement, the net import or export of nutrients from the
wetland is also driven by the overall wetland metabolism, which is far
more difficult to predict.

Overall wetland metabolism is the combined processes of growth,
digestion, and energy production by all organisms in the wetland;
it includes the processing of nutrients such as carbon, nitrogen, and
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phosphorus. Wetland metabolism is affected by nutrients brought to
the wetland through the movement of tidal water, and upland sur-
face water and groundwater. Within the wetland, organic matter is
produced by photosynthetic plants and algae. This organic matter is
digested by bacteria and other micro- and macrobiota found in both the
surface water and sediment of the wetland. Nutrients are exchanged
between the water and sediment. As floodwater ebbs over the inter-
tidal regions, exposing the sediment surface to air, some of the flood-
water is returned to the creeks over the marsh surface, while other
floodwater seeps into the sediment and moves as groundwater toward
the creek beds, where it enters the creek at low tide. This slower path-
way for the return of tidal floodwater to the creek allows more time
for the sediment biota to take up nutrients for energy and growth, and
release metabolic products such as ammonia and carbon dioxide from
the digestion of sediment organic matter.

A portion of the products of wetland metabolism is reused by other
marsh organisms, causing a recycling of nutrients within the wetland.
Some of the remainder may be exported from the wetland with ebb
tides, and some may be sequestered in the wetland sediment. Substan-
tial variations within and among wetlands in metabolic activity and
recycling, sequestering, and tidal exchange are driven by factors such
as geology, topography, hydrology, and associated sediment movement
and accumulation, in addition to nutrient input from outside the wet-
land. This variety of contributing factors means that the same change
in watershed contributions can have very different effects in different
wetlands, and in the same wetland at different points in time.

In some cases, nutrient uptake by marshes may tend to buffer moder-
ate impacts of nutrient loads from surrounding upland development. On
the other hand, the natural export of organic debris from marsh grasses
contributes to biochemical oxygen demand (BOD) in the estuarine water.
This “natural” input should be accounted for in BOD waste load alloca-
tions to these productive systems. Wetland nutrient exchange may be
particularly important in the estuaries of the southeastern United States,
where a substantial tidal range (2-4 m) regularly flows across broad areas
of productive intertidal marshes. These wetlands represent an important
habitat where issues of coastal urban development and wetland function
play a critical role in regulating estuarine water quality.

Although recent research has contributed much to our understand-
ing of estuarine processes and how they affect nutrient exchanges in
intertidal wetlands, more detailed understanding of marsh nutrient
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exchanges in urbanized estuaries is needed to address issues in land
use planning and water quality management. Factors that affect both
the uptake of nutrients by marshes and the potential export of matter
from the marshes need to be better quantified to confidently predict
and manage the effects of land use changes.

More effective water quality management plans may be able to be
developed with greater consideration of a few key factors that affect the
variation in uptake and release of nutrients from marshes (e.g., water
movement and topography, successional stage, vegetation dominants).
Application of these factors to management plans could be facilitated
by the development of marsh categories based on these factors. These
concepts need careful consideration in water quality management deci-
sions for rapidly developing areas.

6.1 Introduction

Nutrient overenrichment of estuarine and nearshore waters is a problem
common to an increasing number of coastal areas throughout the world
(GESAMP 1990; Windom 1992; Galloway et al. 1996; Rabalais et al. 1996).
It has been estimated that the present day anthropogenic input to ocean
margins equals the natural input (GESAMP 1990; Galloway et al. 1996).
Eutrophication of coastal waters is a potential threat to fisheries and rec-
reational uses and poses a significant human health risk. Increased inputs
of nutrients (particularly nitrogen and phosphorus) can have important
consequences for the structure of estuarine communities, aquatic food
webs, and estuarine water quality (Boynton et al. 1996; Rabalais et al.
1996). Excessive nutrient concentrations may also be responsible for
stimulating harmful algal blooms, such as the toxic Pfiesteria piscicida
blooms linked to fish kills in North Carolina, Chesapeake Bay, and
Charleston Harbor (Burkholder et al. 1995; Lewitus et al. 1995).

The National Eutrophication Study (Bricker 1997) indicated clear
reasons for concern with regard to eutrophication in many Atlantic and
Gulf Coast estuaries of the United States. For the southeastern United
States in particular, trends in both land use and population growth are
major sources for concern. For example, the population of the coastal
counties of Georgia and South Carolina has increased at a rate of about
20 percent each decade since about 1970 (Shabman 1996). This trend is
expected to continue in this century. Along with population growth,
coastal planners expect concurrent increases in wastewater discharge;
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land cover changes to more urban land uses; and related impacts of
nonpoint source runoff. All potentially lead to increased input of nutri-
ents to coastal waters eutrophication (Livingston 1996; Stanley 1996).
Implications of increased nutrient loads need to be evaluated
within the context of major estuarine processes of nutrient cycling and
exchange. In particular, the daily tidal exchange and nutrient process-
ing in estuarine wetlands plays an important role in regulating estua-
rine nutrient cycling and productivity (Odum 1968, 1980). The exchange
between coastal wetlands and adjacent estuarine waters has been the
subject of much research (Nixon 1980); recent summaries have described
the emerging understanding of these exchanges (Childers et al. 2000).
Wetland nutrient exchange may be particularly important in the estuar-
ies of South Atlantic Bight (SAB), which are characterized by large, reg-
ular tides (2-4 m tidal range) that flow across broad areas of productive
intertidal wetlands. With a typical ratio of intertidal wetland area to
estuarine channel area of >3:1, southeastern U.S. estuaries, in particular,
represent an important geographical area where issues of coastal urban
development and wetland function play a critical role in regulating
estuarine water quality. In this chapter, we examine some general con-
cepts and recent developments in our understanding of wetland nutri-
ent exchange. We also address key factors that may significantly affect
these processes, such as surface sediment and groundwater; marsh age,
successional stage, and vegetation dominants; organic matter content;
temporal patterns; precipitation, land use, and nutrient loading.

6.2 Pathways of Wetland Exchange and
Patterns of Nutrient Import/Export

In general, patterns of nutrient exchange between intertidal wetlands
and estuarine waters indicate the dominant pathways of biogeochemi-
cal cycling within the wetland and the net influence of these wetlands on
estuarine nutrients and water quality. Figure 6.1illustrates several physi-
cal pathways of water and nutrient exchange that may result in patterns
of net uptake or export. While tidal creek water quality is clearly influ-
enced by water exchange with the ocean (1), important transformations
occur along creek bottoms (2) and during tidal exchange with the inter-
tidal wetlands (3,4). As floodtide waters inundate the vegetated marsh
surface, nutrients may be removed from the overlying water (3) by a
variety of mechanisms. Sediment trapping by the vegetation could lead
to removal and burial of nutrients adsorbed onto the trapped particles
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Fig. 6.1 Physical pathways of water and nutrient exchange in a tidal creek-wetland
system. (1) Tidal water and associated nutrient exchange between the ocean and
the wetlands. (2) Nutrient and organic matter transfer between the creek bed
and creek water. (3) Uptake of tidal nutrients and organic matter by the marsh
(surface vegetation and sediment). (4) Release of nutrients and organic matter by
the marsh (surface vegetation and sediment). (5) Sedimentation and subsequent
burial of tidal suspended solids (organic matter and associated nutrients) within
the vegetated marsh. (6) Sediment nutrient cycling processes (e.g., nitrate assimi-
lation into biomass, dissimilatory nitrate reduction to ammonia (DNRA), nitrifi-
cation and denitrification). (7) Subsurface flow of interstitial water and associated
organic matter and nutrients through the marsh sediment to the creek during low
tide. (8) Upland surface water runoff. (9) Groundwater movement from upland
sources to seepage.

(5). Some uptake by the marsh may be related to nutrient processing
by the marsh vegetation (Morris 1980; Hopkinson and Shubauer 1984).
However, microbial processes in the sediments, such as denitrification
(6), dissimilatory nitrate reduction to ammonia (DNRA), and assimila-
tion of nitrate into microbial biomass in the sediments and marsh litter,
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are also potential pathways of nutrient removal from the overlying
water (Valiela and Teal 1979; Whiting and Morris 1986; Bowden et al.
1991; Rivera-Monroy and Twilley 1996).

The vegetated marsh surface may also release organic matter and
nutrients to the tidal creek (4) in the form of detrital material, ranging
in size from small particles to large mats of plant matter, produced by
the marsh vegetation (Teal 1962; de la Cruz1973). The washing of marsh
surface organic matter and nutrients occurs both from daily tidal flow
patterns and low-tide rainfall (Chalmers et al. 1985). Marsh sediment
organic matter, derived from marsh grasses, algae, bacteria, and land
plants (Pomeroy et al. 1977; Turner 1978; Klok, et al. 1984), releases both
inorganic (Rocha 1998; Rocha and Cabral 1998) and dissolved organic
nutrients (Gofii and Thomas 2000).

Some of the floodtide waters on the marsh surface may seep
downward into the sediment pore waters, and it becomes entrained in
subsurface flow back to the tidal creeks (7) during low tide drainage
(Gardner 1975; Wolaver et al. 1980; and Whiting and Childers 1989).
Finally, upland runoff (8) and upland groundwater (9) feed into the
marsh system and may be affected by upland watershed land use
(Valiela et al. 1992; Aelion et al. 1997; Wahl et al. 1997).

The balance among these complex interactions may culminate in a
significant net movement of nutrients between the intertidal marshes
and estuarine water. Early research using direct measures of tidal
nutrient exchange in coastal marshes (Valiela and Teal 1979; Woodwell
et al. 1979; Nixon 1980) suggested that intertidal salt marshes tend to
export organic matter and some reduce inorganic nutrient fractions
(ammonia) while importing suspended sediments and nitrate. More
recent research has tended to corroborate the earlier work, although
there is considerable variability in the reported values of net nutrient
exchange for different marsh-estuarine systems.

6.3 Spatial Scale and Subsystem Interactions

While some studies of marsh nutrient exchange have relied on the use
of relatively small-scale experimental chambers or flumes, others have
based estimates of net nutrient exchange on larger-scale mass-flux mea-
surements at the mouths of tidal creeks and channels. Results from
these different spatial scales of investigation may differ considerably
because of variable scales of subsystem interaction (Childers et al. 2000).
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For example, marsh flume studies of nutrient flux across the Spartina
marshes of North Inlet (South Carolina) found that the vegegated marsh
surface imported nitrate+nitrite and ammonia, especially during the
summer (Whiting et al. 1989). In contrast, transect sampling at the mouth
of the estuary indicated that total marsh-estuarine ecosystem exported
these nutrients (Whiting et al. 1987). The difference was due, in part, to
the contribution of more estuarine subsystems (tidal creeks and subtidal
benthos, and mudflats) and mechanisms (low-tide drainage, subtidal
groundwater advection, and creek channel transformations) that culmi-
nated in nutrient export in the larger-scale study. Overall, considerations
of spatial scale and subsystem interactions are essential for assessment of
the relative significance of factors that affect wetland processes and their
ultimate impact on the adjacent estuary.

6.4 Surface Sediment and Groundwater

The interactions of benthic and pelagic systems are well recognized as a
critical component in estuarine nutrient cycling (e.g., Nixon 1980; Kelly
and Nixon 1984; Mackin and Swider 1989; Hopkinson et al. 2001). Near-
surface processes in marsh sediments have been suggested to be fac-
tors in the cycling of material in tidal estuaries (e.g., Goni and Thomas
2000, and references therein). In a southeastern U.S. tidal estuary, both
the proportion of organic carbon and organic nitrogen in the upper
sediment have been shown to be lowest at lower elevations dominated
by Spartina, higher at upper marsh elevations dominated by Juncus,
and highest in the adjacent forest soil. Conversely, mineral content
decreased from roughly 85 percent in Spartina regions, to 60 percent
in Juncus regions, and finally to 20 percent in forest regions (Goni and
Thomas 2000). The presence of plant shoots induces lower surface
water velocities and hence promotes sedimentation of suspended mat-
ter in the marsh (Leonard and Luther 1995). Small spatial-scale water
currents and other sediment perturbations determine particle resus-
pension, and thus contribute to the extent to which local areas may be
sources or sinks of suspended solids. It has been suggested that only a
small percentage (1 to 5 percent) of Spartina production becomes part
of the sediment (Middelburg et al. 1997). Mineral content of the upper
sediment in the lower and upper marsh is largely composed of sand
that is readily resuspended and deposited by tidal floodwater (Goni
and Thomas 2000). Consequently, in many tidal wetlands there is a net
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export of particulate matter from the surface sediment. Organic mat-
ter associated with the disturbed sediment is typically less dense than
sand, and may be transported farther within a single tide.

In tidal wetlands, nutrient fluxes across the sediment-water inter-
face are a function of both benthic remineralization and interstitial
water advection, also referred to as seepage (Jordan and Correll 1985;
Whiting and Childers 1989). Interstitial water that seeps into saltwater
marshes and creeks has been reported to contain higher concentrations
of nutrients than overlying water. Measurements of these interstitial
water nutrients have included at least one or more of the following:
ammonia, nitrate, dissolved organic nitrogen (DON), phosphates, and
dissolved organic carbon (DOC) (Capone and Bautista 1985; Jordan
and Correll 1985, Whiting and Childers 1989). In several South Caro-
lina tidal creeks, interstitial water advection has been reported to pro-
vide several fold more ammonia and phosphate than low tide runoff
from the marsh surface, while low tide surface runoff was a greater
source of nitrate than interstitial seepage (Whiting and Childers 1989).
Total groundwater input to coastal waters in the South Atlantic Bright
has been estimated to be as much as 40 percent of the river water input
(Moore 1996). The dominance of reduced inorganic nitrogen in low-
oxygen interstitial water, and oxygenated inorganic nitrogen in surface
runoff supports reports of oxygen depletion and anaerobic conditions
in many marine sediments (e.g., Koike and Serensen 1988; Mackin and
Swider 1989; Cai and Sayles 1996).

Interstitial water seepage into tidal creeks is thought to be the
result of hydraulic pressure generated by head differences between
marsh pore water and the surface of the tidal creek water (Whiting and
Childers 1989). Under some circumstances, the exchange of interstitial
water and surface water may be promoted by changes in water density
(Smetacek et al. 1976). In intertidal marsh regions with interstitial water
that is of lower salinity than tidal inflow, flushing of the interstitial
water into the surface water may be enhanced by gravity displacement
of the lighter, lower-salinity water by the denser tidal water. These and
other hydrological processes have been identified as contributing to
groundwater seepage into marine systems (Burnett et al. 2003).

In addition to tidal water residence time, organic matter quality
and quantity in the sediment affect the quantity of microbial metabo-
lites such as CO,, ammonia, DON, and PO;~ (Kelly and Nixon 1984;
Christensen et al. 2000). The primary source of carbon in Winyah Bay, a
river-dominated estuary in South Carolina, was found to be terrestrial,
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with increasing carbon from marine phytoplankton and, to a less extent,
marsh grasses, toward the mouth of the largely salt marsh-surrounded
bay (Goni et al. 2003). However, within tidal marshes themselves, autoch-
thonous carbon sources (i.e., marsh grasses, and, to a lesser extent, ben-
thic algae) have been found to be the dominant carbon sources (Pomeroy
et al. 1981; Goni and Thomas 2000). In general, sediments with the high-
est amounts of biologically labile organic matter would be expected to
have the greatest potential effect on nutrients as they move through the
subsurface. This is a result of the greater biological activity and associ-
ated processing of carbon, nitrogen, and phosphorus that is common in
sediments with more biologically degradable organic matter.

6.5 Marsh Age, Successional Stage, and
Vegetation Dominants

In North Inlet, South Carolina, lower marsh regions dominated by the
tall form of S. alterniflora were found to have higher nitrogen uptake
and release rates compared to higher marsh areas dominated by short
S. alterniflora (Whiting et al. 1989). Also in North Inlet, a younger, accret-
ing marsh subsystem (Bly Creek) was found to import and accumu-
late more material than the total estuarine system of North Inlet, which
includes large areas of more mature marsh that tended to export mate-
rial (Dame et al. 1991). Similar patterns related to successional stages of
wetland development were demonstrated in relation to marsh accre-
tion and subsidence in the Gulf Coast marshes of Louisiana (Childers
and Day 1990).

In many coastal systems, the successional stage of wetland devel-
opment is further linked to marsh topography, tidal hydrology, and
species dominants, all factors that probably have additional influence
on net nutrient exchange in the wetland. Jordan and Correll (1991) dem-
onstrated the effect of marsh elevation, frequency of tidal inundation,
and dominant vegetation on nutrient exchange dynamics in the Rhode
River estuary (Maryland). They found that the lower-elevation marsh
(dominated by Typha angustifolia) tended to import nutrients via depo-
sition of particulate matter, while the higher-elevation marsh (domi-
nated by Spartina patens, Distichilis spicata, and Scirpus olneyi) tended to
export nutrients (especially organic nitrogen and phosphorus).

Similar issues of marsh topography and vegetation dominants have
been recently implicated in the tidal freshwater wetlands of the upper
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Cooper River Estuary, South Carolina (McKellar et al. 2001, Morris
et al. 2002; Huang and Morris 2003; Kelley et al. in prep). Many of
these wetlands were managed for rice cultivation in the colonial times.
Now these relict rice fields are mostly open to tidal exchange, but vary
considerably in topography, tidal hydrology, vegetation dominants,
and nutrient exchange. At lower elevations, the wetlands are charac-
terized mostly by deeper, subtidal habitat dominated by submerged
aquatic vegetation (Hydrilla, Egeria, and Potamogeton). At higher eleva-
tions, the wetlands are characterized by intertidal habitats dominated
by a diverse community of emergent marsh vegetation (Pickett et al.
1989), including Zizaniopsis, Pontederia, and Peltandra. These intertidal
marsh sediments of the upper Cooper estuary generally contained
higher organic content than the other successional stages (Huang and
Morris 2003). Intermediate elevations are characterized by a combina-
tion of subtidal and intertidal habitats dominated by vegetation with
dense floating leaves and stems (Ludwigia, Eichornia, and Polygonum).
Potential overall patterns of nitrate+nitrate (NO ) uptake by all three
wetland elevations are indicated by consistently lower NO, concentra-
tions in ebbing flow (Alford 2000; McKellar et al. 2001). However, the
net uptake of NO_was particularly consistent at the intertidal marsh,
where flow-weighted ebb concentrations were usually 18-40 percent
lower than the flow-weighted flood concentrations (Saroprayogi 2001).

These more consistent patterns of NO, uptake by the intertidal
marsh correlated with higher plant biomass and organic content of the
sediments than in the other study sites (Huang and Morris 2003). Both
of these factors may enhance NO_uptake because of the increased
organic substrate for denitrification (Nowicki et al. 1999) and DNRA
(Christensen 2000). The coupling of nitrification and denitrification
may also be stimulated by vegetative aeration of root-zone sediments
(Reddy et al. 1989; Caffrey and Kemp 1992). Perhaps, the alternate
wetting, drying, and aeration of surface sediments by tidal action in
intertidal marshes further stimulate sediment denitrification and cor-
responding NO_uptake from the overlying water.

6.6 Organic Matter and Nitrogen Cycling

The net accumulation or export of organic matter in a particular region
within a marsh results from the balance between local primary produc-
tion and decomposition, in addition to resuspension and deposition as
a result of surface water flow and groundwater seepage. Most of the
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primary production in tidal marshes is from marsh grasses (Pomeroy
et al. 1981), and thus grasses provide the greatest component to the pool
of particulate organic matter (POM). POM may be degraded to dis-
solved organic matter (DOM). As discussed by Alberts and Filip (1994),
some river DOC is converted to particulate organic carbon (POC) as
it mixes with seawater. While only 1-12 percent DOC was converted
to POC in southeastern U.S. rivers, this represented a large change in
POC, which is typically tenfold less than DOC in these systems. The
distinction between DOC and POC is particle size, where as a practical
matter, DOM is defined by a specific filter pore size through which it
passes, commonly ranging from 0.2 to 0.7 um.

The largest fraction of DOM in most natural waters is humic sub-
stances (HS), which are structurally complex organic matter (Thurman
1985). HS derive from both allochthonous vegetation drainage and
autochthonous marsh grasses and algae. The variety of HS has con-
tributed to varied reports of their utilization by bacterial flora, ranging
from recalcitrant forms from which readily available energy sources
have been exhausted (Rashid 1985), to labile, high-energy sources sup-
porting up to 50 percent of the bacterial growth (Moran and Hodson
1990). In a survey of river and groundwater supplying five coastal U.S.
estuaries, differences in organic matter composition explained 67-75
percent of the variation in bacterial growth (Hopkinson et al. 1998).
In laboratory studies, microbial degradation of HS was found to be
strongly dependent on HS composition and microorganism species
(Hertkorn at al. 2002). The primary source of HS in tidal wetlands has
been identified as marsh grasses, which may contribute roughly half of
the HS on the southeastern U.S. continental shelf (Moran and Hodson
1994). Coastal marine HS, in particular, are used by bacterioplankton
(Moran and Hodson 1994), and aerobic and anaerobic sediment bacteria
(Alberts and Filip 1994; Coates et al. 1998).

In coastal environments, HS also provide an important direct source
of nitrogen for bacteria, and an indirect source of nitrogen for primary
producers as a result of bacterial nitrogen cycling (Carlsson et al. 1993).
The dissolved organic nitrogen (DON) component of DOM represents
the largest nitrogen pool in estuarine rivers of the Southeast (Alberts
and Takacs 1999), and may comprise up to 90 percent of the total dis-
solved nitrogen pool (i.e., dissolved inorganic and organic nitrogen)
in southeastern estuarine waters (Alberts and Takacs 1999; Bratvold, in
prep). Thus, the combined quantity and lability of the DOM pool in
tidal wetlands makes it an important consideration in carbon and
nitrogen cycling.
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Changes in the quantity of labile organic matter in sediments have
been shown to correspond positively with rates of decomposition and
associated nutrient cycling (Aller and Yingst 1980; Kelly and Nixon
1984; Marvin-DiPasquale and Capone 1998; Christensen 2000). In a
stable isotope study of intertidal sediments, relatively labile organic
matter of marine origin was preferentially degraded by the microbial
community compared to the more recalcitrant terrestrial organic mat-
ter (Bottcher et al. 2000). The sorption of organic matter onto clay min-
eral surfaces was suggested to cause the correlation between organic
matter burial and sediment clay content (Bottcher et al. 2000), which
also corresponds to a lower rate of resuspension than sandy sediments
(Middelburg et al. 2000).

The accumulation of organic matter in the marsh sediment may
substantially reduce oxygen penetration and associated reduction-
oxidation (i.e., redox) potential (Koike and Serensen 1988; Cai and
Reimers, 1995). Many nutrient cycling processes are sensitive to sedi-
ment redox potential. In coastal sediments with high organic content,
nitrate concentrations fall rapidly with depth while ammonia concen-
trations increase (Koike and Serensen 1988), indicating a more reduced
environment. In contrast, coastal sediments with lower organic content
typically exhibit a nitrate peak a few centimeters below the sediment
surface as a result of nitrification, which occurs only in oxygenated
sediment (Koike and Serensen 1988). Tidal wetlands include sediments
with a broad organic content range; thus, sediment depth profiles of
nitrate and ammonia concentrations in different areas within tidal
wetlands may fit each of these patterns, and may change seasonally, as
discussed in section 6.7 (Temporal Patterns), below.

Redox potential and residence time are primary determinants of
nutrient fluxes from marine groundwater (Slomp and Cappellen
2004). Furthermore, both carbon and nitrogen recycling increase sub-
stantially in the presence of active macrophytes and benthic microal-
gae, presumably due to their release of labile (high-quality) DOC that
is rapidly used by the bacterial community (Middelburg et al. 1998).
Thus, in tidal wetlands the prevalence of macrophytes and benthic
microalgae may promote rapid cycling of carbon and nitrogen, the pri-
mary pathways of which may be determined by sediment reduction-
oxidation potential.

The potential biogeochemical pathways for nitrogen cycling are
shown in Figure 6.2. Nitrate may be assimilated into biomass both by
autotrophs and heterotrophs (Caraco et al. 1998), or it may be reduced
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to either ammonia (via DNRA) or nitrogen gas (via denitrification).
While some ammonia may be lost to the atmosphere, particularly
under windy and high pH conditions, the products of denitrifica-
tion are considered the primary means of nitrogen loss directly to the
atmosphere.

Higher-sediment organics have been correlated with higher rates
of both denitrification (Nowicki et al. 1999) and DNRA (Christensen
2000). In some tidal wetland regions, higher rates of denitrification may
also be related to enhanced coupling of nitrification and denitrifica-
tion (Kemp et al. 1990; Nowicki et al. 1999; LaMontagne et al. 2002) as a
result of the cycling oxic conditions of the surface sediment due to alter-
nate flooding and draining. However, in wetland regions with active
benthic microalgal populations (Risgaard-Petersen 2003), nitrification
rates may be very low due to high organic matter content (Strauss and
Lamberti 2000), and anaerobic sediments (Focht and Verstraete 1977).
Furthermore, denitrification is apparently inhibited by hydrogen sulfide
(Serensen et al. 1980), a byproduct of organic decomposition by sulfate-
reducing bacteria under anaerobic, low-redox potential conditions.
In shallow, temperate marine systems, organic content is positively

Nitrogen
Fixation

Excretion /
Mineralization

PON
f \Assimilation

Assimilation

Excretion /

DNRA Assimilation leakage

|
Denitrifi-
cation

Nitrifi-
cation

Fig. 6.2. Biogeochemical pathways of nitrogen cycling in tidal wetlands.
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correlated with denitrification (Jensen et al. 1988). In subtropical tidal
wetlands, denitrification was positively correlated with sediment
organic content, but the proportion of nitrate processed by DNRA also
increased with sediment organic content (Aelion in prep.).

Along coastal salinity gradients in Danish estuaries and the Rhone
River outflow, the proportion of nitrate that is reduced via DNRA ver-
sus denitrification is greater in lower-salinity regions (Jergensen and
Serensen 1985; Bianchi et al. 1994), which typically contain greater
amounts of sediment organic matter. In the freshwater regions of both
of these systems, as much as 90 percent of nitrate reduction was attrib-
uted to DNRA, while in the marine regions, the proportion of nitrate
reduction attributed to DNRA ranged from 1-40 percent. DNRA is also
important in anoxic marine sediments off the coast of Japan (Koike and
Hattori 1978), where reduced rates of denitrification correlated with
increased DNRA, decreased redox potential, reduced depth of oxy-
gen penetration, and increased sediment organic matter (Koike and
Serensen 1988).

Thus, with respect to nitrate processing, the effects of increases
in the organic load to a tidal wetland may vary depending upon the
initial organic content and associated redox potential of the sedi-
ment. Modest organic loads to areas with relatively high redox may
stimulate denitrification, but the same loads to areas with low redox
may have a greater stimulatory effect on DNRA, increasing ammo-
nia production and transport to the estuary. Overall, the vegetation
and sediment variables throughout a tidal wetland likely cause sub-
stantial differences in the prominence of specific carbon- and nitro-
gen-processing pathways at different sites. While small spatial-scale
measurements provide important information on system capability
and variability, large spatial-scale measurements are better for assess-
ment of the net contributions of tidal wetlands to broader estuarine
systems.

6.7 Temporal Patterns

In addition to the daily tide and light cycles, temporal patterns of nutri-
ent processing in tidal wetlands include spring and neap tide cycles
and seasonal changes. Vorosmarty and Loder (1994) demonstrated sig-
nificant changes in the nutrient chemistry of salt marsh tidal creeks as a
function of marsh area inundated during spring and neap tides. During
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neap tides, relatively little area of the wetland was inundated. During
spring tides, most of the wetland was inundated, and much lower con-
centrations of all nutrients (ammonium, phosphate, nitrate+nitrite, and
total dissolved nitrogen and phosphorus) were observed in the estua-
rine waters suggesting a net nutrient uptake by the marsh. Mass balance
computations for this system supported the hypothesis that significant
levels of nutrient uptake by the intertidal wetlands were required to
produce the observed spring/neap tide patterns.

Both oxygen uptake and sulfur reduction correlate with seasonal
temperature (Hargrave and Phillips 1981; Jorgensen and Sorensen
1985; Mackin and Swider 1989; Bottcher et al. 2000), indicating tem-
perature effects on both aerobic and anaerobic organic matter decom-
position. The nitrogen cycle does not appear to be as greatly influenced
by temperature as the carbon cycle (Jorgensen and Sorensen 1985). In
the Chesapeake Bay, Bronk et al. (1998) assessed nitrogen cycling over
three seasons and concluded that this system shifts from a primar-
ily autotrophic system in the spring to an increasingly heterotrophic
system in the summer and autumn. In particular, in the spring the
Chesapeake Bay is driven by autotrophic uptake of riverine nitrate.
As the seasons progress, increasingly more nitrogen is obtained
from organic nitrogen provided by benthic and water column nitro-
gen regeneration. Correspondingly, ammonia and DON concentra-
tions were greater in the autumn (Bronk et al. 1998). Greater autumn
DON exports have also been reported in southeastern U.S. inter-
tidal marshes (1690 + 793 pu moles m™ tide™), suggesting enhanced
microbial decay and organic leaching from the accumulating litter
and senescent vegetation at the end of the growing season (McKellar
et al. 2001).

Processes such as microbial denitrification and DNRA in the inter-
tidal sediments and nitrate assimilation by the marsh flora contrib-
ute to the net nitrate removal during tidal exchange. While the major
source of nitrate for denitrification in most aquatic sediments appears
to be produced within the sediments (Seitzinger 1988), uptake from the
overlying water could represent a key process and may be seasonally
important in some systems. In a shallow Danish estuary, nitrate was
stable throughout the year except for a spring peak that was attributed
to a peak in river nitrate input (Jergensen and Serensen 1985).

In the Chesapeake Bay, nitrification and denitrification were lowest
in the late summer and highest in the spring and fall. These findings
were correlated with sediment oxygen penetration and suggest a strong
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coupling between nitrification and denitrification, the former of which
cannot function in anoxic conditions (Kemp et al. 1990). In contrast, in
the North Inlet salt marshes (South Carolina), nitrate and ammonia
uptake was higher in summer (Whiting et al. 1989). This nitrate pattern
suggested high summer denitrification in this subtropical, intertidal
system, where much of the surface sediment has daily exposure to
air. This is further supported by measurements of the highest annual
denitrification during the summer in other South Carolina tidal creeks,
tributaries to the Okatee and Colleton Rivers (Joye and Aelion in prep.).
Seasonal patterns of nitrate uptake by the intertidal community were
also indicated in South Carolina rice field wetlands, where higher rates
were seen during the spring and summer (>400 pmoles m™ tide™)
and lower rates during the fall and winter (<150 pmoles m™2 tide™)
(McKellar et al. 2001).

6.8 Precipitation, Land Use, and Nutrient Loading

The relative importance of nutrient and sediment contributions from
watershed runoff in particular may vary with rainfall and storm events.
In a modeling study of the Hudson River estuary, precipitation signifi-
cantly affected carbon flux to the estuary, and the magnitudes of day-
to-day and seasonal precipitation patterns were more important than
annual mean precipitation (Howarth et al. 1991). Whiting at al. (1989)
found that wetland export increased during rain events because of dis-
ruption of marsh sediment, resulting from both storm intensity and
the extent of exposed marsh sediment. The largest storm event in this
study (2.25 cm over 1.28 h) caused a forty-fold increase in particulate
nitrogen export, along with smaller increases in nitrate, ammonia, and
DON (Whiting et al. 1989). Chalmers et al. (1985), described the cycling
of POC in the tidal wetlands of Sapelo Island, Georgia, where POC
was deposited in marsh surfaces during daily tidal exchanges, and
later exported during rain events. A moderate rain event in the Oka-
tee estuary of South Carolina (i.e., 4.75 cm over about 2 hours) caused
a two orders of magnitude increase in total suspended solids (TSS)
(Bratvold, in prep) at a site midway between the creek headwaters and
mouth, suggesting substantial movement of sediment.

Sediment resuspension in the Laguna Madre estuary (Texas)
results in roughly equal amounts of ammonia release from three com-
partments: porewater, ammonia loosely bound to the sediment, and
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ammonia tightly bound to the sediment (Morin and Morse 1999). This
suggests that the magnitude of an ammonia pulse as a result of rain
event sediment resuspension may depend upon both sediment nutrient
content and the geochemical substrate (e.g., sand and clay). Overall,
the magnitude of nutrient fluxes during moderate and large precipi-
tation events and the resulting response of the intertidal marsh is a
potentially important topic that has had relatively little address.

Changes in land use patterns, such as increases in impervious
surfaces and retention ponds, may cause less-frequent, but greater,
single-event releases of nutrients from upland areas. The modeling
study of the Hudson River estuary (Howarth et al. 1991) suggested
that urban, suburban, and agricultural areas provide substantially
more sediment and organic carbon inputs to the estuary than forested
areas.

Issues of upland development, urban runoff, and wastewater dis-
charge into estuarine systems are particularly important in evaluating
trends toward estuarine eutrophication and the corresponding roles
of tidal wetlands. In highly urbanized/industrialized estuaries (such
as the Savannah River and Charleston Harbor) nutrient inputs tend
to be dominated by wastewater discharges and permit enforcement
(Windom et al. 1998). In the absence of major point sources of waste-
water discharge, upland commercial and residential development can
still lead to elevated nutrient loads due to nonpoint source runoff. Wahl
et al. (1997) found that estuarine nitrogen loading from a residential/
commercialized coastal watershed (Murrell’s Inlet, South Carolina)
was two times higher than from a nearby, forested watershed. The
higher loading resulted, in part, from higher nitrate concentrations in
the stream water, due to higher concentrations in the shallow ground-
water (Aelion et al. 1997). Additional nitrate contributions have been
associated with surface runoff from impervious surfaces (Wahl et al.
1997). Furthermore, the urban runoff was characterized by higher
rates of stream discharge, due largely to channelization of the urban
streams.

The corresponding estuarine impacts of upland nutrient loading
must be examined in the context of estuarine nutrient processing.
In particular, we need to understand how the processes of tidal nutrient
exchange in the impacted wetlands respond to increased loading
and the resulting higher background nutrient concentrations. In
the relatively eutrophic waters of the Patuxent River (Cheseapeake
Bay tributary, Maryland), Merrill and Cornwell (2000) found a loose
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Fig. 6.3. Comparison of nitrate uptake rates as functions of floodwater nitrate
concentration and season. Data are from two marsh sites in South Carolina that
exhibited widely different ambient levels of nitrate-N. “0-” in the data labels
indicates data from an oligotrophic marsh (Bly Creek, North Inlet, from Whiting
etal. 1989). “e-” indicates data from a eutrophic marsh (Goose Creek, Cooper River
estuary, from McKellar et al. 1996). Open circles as data points represent sum-
mer data (water temperature 25-30°C), filled circles represent winter data (water
temperature 10-15°C). Crosses indicate the ranges of seasonal observations. The
solid line and dashed line represent a linear regression through the summer and
winter data, respectively.

positive correlation between rates of denitrification in the marsh
sediments and the ambient nitrate concentration, with higher rates
occurring during summer peaks in concentration. In South Carolina,
nitrate uptake by intertidal marshes (i.e., combined nitrate assimila-
tion, denitrification, and DNRA) has been examined across a moderate
range of ambient nitrate concentrations. In the low-nutrient marshes
of North Inlet (South Carolina), there is relatively little upland devel-
opment or wastewater discharge. Tidal floodwater concentrations of
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nitrate+nitrite were relatively low (<2 uM NO,-N) and the vegetated
marsh in the Bly Creek basin removed 1-2 mg N m~?da~! (Whiting et al.
1989), with peak rates also occurring with higher nitrate concentra-
tions during the summer. In contrast, a highly developed Goose Creek
sub-basin of the Cooper River estuary (South Carolina), exhibited
tidal floodwater nitrate concentrations of 9-17 uM due to inputs from
wastewater discharge and urban runoff (McKellar et al. 1995). The tidal
wetlands in this more eutrophic system removed 10-35 mg N m 2 da!
during the summer, with higher rates of nitrate uptake occurring with
higher floodwater concentrations. Combining the nitrate exchange data
from the Bly Creek (low nutrients) and the Goose Creek (high nutrient)
studies (Figure 6.3), indicates a general linear relationship to ambient
nitrate concentrations. Higher rates of nitrate uptake occurred during
the summer due to higher ambient nitrate concentrations, but also due
to temperatures and related microbial activity.

6.9 Conclusion

Recent research has contributed much to our understanding of the pat-
terns, controls, and variability of nutrient exchanges in intertidal wet-
lands, especially as functions of interacting subsystems, tidal hydrology,
and nutrient loads. However, more detailed understanding of marsh
nutrient exchanges in urbanized estuaries is needed to address issues
in land use planning and water quality management in estuarine areas
subject to rapid urban development. Typical applications of estuarine
water quality models have focused largely on water column processes
(Brown and Barnwell 1985; Ambrose et al. 1993), with little regard to the
potential influence of tidal wetlands.

Factors that affect both the general export of organic matter and
ammonia from marshes and the uptake of nitrate and other nutrients
by marshes need to be better defined to confidently project the effects
of land use changes. In some cases, nitrate uptake by marshes may tend
to mitigate some of the impacts of nutrient loading from wastewater
discharge and nonpoint source runoff from urban sources. Because
of variations in the many factors that affect both nutrient uptake and
release from marshes, a system of categorization of creek and marsh
area may be necessary for the development of optimal water quality
management plans. These categories may spatially define creek or
marsh area and provide groupings based upon key factors such as
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hydrology, successional stage, and vegetation dominants. These and
other concepts need to be considered in water quality management
decisions for rapidly growing areas along the South Atlantic Bight.
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Summary by Samantha B. Joye and Daniel R. Hitchcock

Groundwater serves as a critical source of fresh, potable water for
humans and is also an important water source for agriculture, both for
cropland irrigation and livestock watering. Concern about groundwa-
ter resources has increased substantially in recent years because both
the quality and quantity of groundwater resources have been degraded
in many areas. It is likely that groundwater resources will be affected
by changing land use patterns in the coastal Southeast. Management
of groundwater resources and amelioration of impacts due to develop-
ment in Georgia and South Carolina will depend on the availability
of a comprehensive understanding of groundwater chemistry and the
ability to meet basic research needs related to groundwater dynamics.

Groundwater collectively refers to the water contained within the
empty spaces between rocks in the soil subsurface. Much of the rain fall-
ing on land is stored for at least some period of time in the groundwater
reservoir. Groundwater is an important source of freshwater to streams,
rivers, lakes, and even to coastal estuaries. Aquifers are permeable layers
in the subsurface through which groundwater flows easily and some-
what rapidly. Water inputs to aquifers occur in areas of recharge, while
water removal from aquifers occurs in areas of discharge. Recharge
occurs via the percolation of water into the porous aquifer, while dis-
charge occurs naturally in artesian springs or wells. There are two types
of aquifers, shallow and deep. Shallow aquifers lie within a few meters
of the soil surface and may be constantly recharged with water seeping
into the aquifer all along the flow path. Deep aquifers lie tens or more
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meters below the soil surface and are recharged in localized areas that
are typically far from discharge points.

Water flow through aquifers is driven by pressure gradients that
occur on a variety of spatial scales, but, naturally, water always flows
downhill. On small spatial scales, groundwater flows from high to low
elevation, meaning that areas of low elevation, such as stream or river
beds, have high groundwater inputs, while high-elevation areas, such
as hills or mountain tops, have no groundwater inputs (in fact, these
may be areas of recharge). On larger spatial scales, groundwater flows
generally from inland areas of high elevation to near-shore regions of
lower elevation.

Groundwater in shallow aquifers is particularly susceptible to con-
tamination because it is constantly recharged along (often) long flow
paths. Therefore, activities that occur within the recharge zone of shal-
low aquifers can potentially impact the chemical signature of ground-
water. Surficial groundwater can be thought of as a shallow water
circulatory system that connects regions of differing land use. In areas of
agricultural land use, fertilizer-derived nutrients, such as nitrogen and
phosphorus, as well as pesticides and herbicides, can become enriched
in groundwater. Similarly, urbanization can alter patterns of ground-
water recharge by increasing the area of impermeable surface (e.g., as a
result of paving or home building) as well as by enriching groundwater
with fertilizers, pesticides, herbicides, and petroleum products.

Nutrients and other chemicals are passively transported along with
groundwater through watersheds and may be delivered to surficial
water systems in areas of passive discharge or where groundwater is
actively pumped. Currently the fraction of the groundwater chemi-
cal load delivered via natural discharge is unknown. Concern about
groundwater-derived chemical inputs is particularly relevant in coastal
ecosystems, where changing inputs of such nutrients as nitrogen and
phosphorus can alter the patterns and types of primary production.
Few studies in the southeastern United States have examined the nutri-
ent content of groundwater. At present, the data necessary to evaluate
the role of groundwater as a source of nutrients to coastal waters and
to assess the impact of land use on groundwater biogeochemistry and
materials fluxes are only beginning to accumulate.

Serious declines in coastal water quality and ecosystem health have
resulted from population growth and agricultural, commercial, and
industrial activities in coastal watersheds, as well as from increased
loading of anthropogenic wastes (organics and nutrients) originating at
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localized (e.g., wastewater treatment plants, factories) and diffuse (e.g.,
urban and agricultural runoff) sources. Ultimately, when excessive
amounts of anthropogenic materials arrive in coastal waters, they often
lead to eutrophication, which can be loosely defined as the increase of
labile organic matter supplies to an ecosystem. Visible signs of eutro-
phication, including increased frequency of harmful algal blooms,
water column hypoxia or anoxia (i.e., partial or complete depletion of
the oxygen dissolved in the water), fish kills, and generally reduced
water quality, are apparent in coastal environments across the globe.
Understanding the causes of eutrophication and documenting eco-
system responses to eutrophication are key research challenges facing
coastal ecologists today.

Groundwater is an important, but poorly understood, source of
nutrients and organic materials to coastal waters. Along the coast of
Georgia and South Carolina, groundwater inputs are thought to be
important, but the input terms have not been quantified in most areas.
The lack of information regarding groundwater flux and groundwa-
ter quality makes it impossible to predict how the quality (chemistry)
or quantity (freshwater flux) of this “source term” will respond to
increased development pressures in coastal regions.

A comparison of available data on the importance of surface (river,
stream) and groundwater (confined subterranean and unconfined water
table aquifers) sources of carbon and nutrients to South Carolina and
Georgia coastal systems indicates that the data are currently insufficient
to estimate groundwater-derived nutrient fluxes. It is possible, however,
to identify the data gaps. Research needed to describe groundwater
biogeochemistry and to quantify groundwater fluxes, and the linkages
between groundwater nutrient content and land use is both feasible and
critical to the management of water supplies in the rapidly developing
coastal Southeast.

7.1 Introduction

As human population has grown, agricultural, commercial, and
industrial activities have expanded in coastal watersheds. These
activities have increased inputs of anthropogenic wastes from local-
ized (e.g., sewage, industrial effluent) and diffuse (e.g., agricultural
runoff) sources to surface waters and groundwater (Westerman et al.
1995; Jordan et al. 1997a, b). Ultimately, increased nutrient loading to
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coastal waters through these and other sources causes eutrophication,
the increase in labile organic matter supply to an ecosystem (Nixon
1995). The recent increases in frequency of harmful algal blooms,
water column hypoxia and anoxia, fish kills, and reduced water qual-
ity (Nixon 1995; Paerl et al. 1998) is likely due in total or in part to
eutrophication.

A variety of factors influence surface water quality, including
watershed land use (e.g., natural vs. developed), type of development
(e.g., residential, agricultural, or commercial), soil type and erosion
rate (Hill 1978; Correll 1981; Beaulac and Reckhow 1982; Walling and
Webb 1985; Frink 1991; Correll et al. 1992; Nearing et al. 1993; Jordan
and Weller 1996; Jordan et al. 1997a). Significant effort has focused on
documenting the chemical composition (quality) and flow (quantity)
of surface waters (e.g., rivers, streams), which make up the most con-
spicuous component of the hydrologic cycle (Ittekkot 1988; Frink 1991;
Humborg et al. 1997). However, accurate models of the response of
coastal ecosystems to land use change require the inclusion of all rel-
evant sources of nutrients and organic materials. Concentrations of
nutrients and organic matter in groundwater frequently exceed those
in surface waters (Sewell 1982 and others, see below), suggesting that
groundwater is a potentially important source of these materials to
coastal waters. Unfortunately, groundwater-derived fluxes have not
been quantified in most coastal environments. The current lack of
information regarding groundwater flux and groundwater quality in
coastal systems makes it impossible to predict how the quality (chemi-
cal composition) or quantity (input rate or flux) of this source term will
respond to increased development pressures in upstream watersheds
and within coastal regions.

Spatial and temporal variations in groundwater quality and quantity
determine its potential role in influencing coastal ecosystem productiv-
ity and possibly eutrophication. Existing data suggest that the input of
fresh or salty groundwater to coastal systems is equivalent to between
5 and 40 percent of surface water inputs (Cable et al. 1996, 1997; Moore
1996; Hussain et al. 1999; Li et al. 1999). Because nutrient concentrations
in groundwater often exceed those in surface waters by an order of
magnitude or more, groundwater-associated nutrient fluxes may sig-
nificantly impact ecosystem-level nutrient budgets (Valiela et al. 1978,
1990; Sewell 1982; Capone and Bautista 1985; LaPointe and O’Connell
1989; Capone and Slater 1990; Giblin and Gaines 1990; LaPointe et al.
1990; Portnoy et al. 1998; Corbett et al. 1999). Groundwater discharge
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has been documented as an important source of nutrients and metals
in some coastal ecosystems (Johannes 1980; Moore 1996, 1999; Shaw
et al. 1998; Krest et al. 1999). However, only a few data sets contain
estimates of both the flux and chemical composition of groundwater
(e.g., Moore 1996; Portnoy et al. 1998; Corbett et al. 1999; Krest et al.
2000), making it difficult to constrain groundwater-derived nutrient
loading rates. Studies linking groundwater-derived nutrient inputs
to the biological response of a coastal ecosystem (e.g., as a nutrient
source for primary producers or as an organic source for heterotro-
phic bacteria) exist for only a handful of environments (LaPointe
and O’Connell 1989; Capone and Slater 1990; LaRoche et al. 1997;
McClelland et al. 1997; McClelland and Valiela 1998; Corbett et al.
1999), none of which are in the southeastern United States.

Changes in land use, increased agricultural, industrial, and potable
water demands, changing global temperatures, and sea level rise will
alter the amount and chemical composition of groundwater enter-
ing the coastal zone. In the coastal counties of South Carolina and
Georgia, population growth rates are among the highest in the nation
(U.S. Census Bureau 2000) and residential and commercial develop-
ment is escalating. Available data suggest that groundwater inputs
to these regions are important (Krest et al. 2000). However, these
data are insufficient to evaluate the impact of groundwater-derived
fluxes of water, nutrients, and carbon on ecosystem processes in the
region. Furthermore, our understanding of how groundwater inputs
and groundwater quality will change in response to development is
extremely limited. Because of the time required for groundwater in
coastal aquifers to travel from areas of recharge to areas of discharge,
groundwater quality may integrate anthropogenic inputs over sig-
nificant temporal (e.g., from decades in confined aquifers to weeks or
months in unconfined aquifers) and spatial (e.g., km) scales (Freeze
and Cherry 1989). Increased potable water demands on coastal aqui-
fers could lead to withdrawal rates exceeding recharge rates, result-
ing in saltwater intrusion into shallow aquifers. The expansion of
impermeable surface area (e.g., rooftops, highways, parking lots, etc.)
will alter runoff regimes, further slowing and/or disrupting natural
recharge regimes. Introduction of anthropogenic wastes directly (e.g.,
septic systems) or indirectly (e.g., infiltration of golf course and agri-
cultural runoff) into surficial aquifers degrades groundwater quality.
These changes may significantly alter the role groundwater plays in
coastal nutrient budgets.
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7.2 Groundwater and Coastal Ecosystems

Ninety-seven percent of the world’s freshwater is stored underground
as groundwater (Church 1996). Groundwater flows along hydraulic
pressure gradients, ultimately leading to points of withdrawal, or
more commonly, to surface waters (e.g., streams, lakes, rivers) or to the
coastal ocean. Surficial groundwater, in particular, tends to be nutrient
rich relative to coastal waters. Despite the importance of the ground-
water reservoir, little is known regarding its role as a source of freshwa-
ter, nutrients, and dissolved organic material to coastal environments
because groundwater inputs to coastal regions were thought to be
unimportant. However, recent work (Moore 1996) has corroborated
earlier suggestions (Valiela and Teal 1979; Johannes 1980) that ground-
water-derived nutrient inputs are important in some coastal systems.
For example, groundwater inputs to lakes and rivers have been used to
explain high partial pressures of carbon dioxide (CO,) observed there
(Kempe et al. 1991; Mook and Tan 1991). Direct discharge of ground-
water into the coastal ocean has been observed (Simmons 1992) and
these inputs may exceed river inputs at some sites (Valiela et al. 1978,
1992, 1997, Millham and Howes 1994). Based on dissolved radium
isotope (**Ra) data, direct fresh and brackish groundwater discharge
to the South Atlantic Bight (SAB) off South Carolina was estimated
to be equivalent to 40 percent of the river runoff (Moore 1996). Using
dissolved radium budgets in the coastal ocean and dissolved radium,
nitrogen (N), and phosphorus (P) concentration relationships in
groundwater, Moore et al. (2002) estimated that groundwater-derived
nutrient inputs (i.e., loading rates) were potentially as important as,
or more important than, river-derived N and P inputs to the South
Atlantic Bight.

The potential importance of groundwater-derived nutrient loading
to the coastal zone is determined largely by the inputs to the aquifer
along the flow path and by the geologic framework of the aquifers
through which the groundwater flows. Aquifers of interest to coastal
discharge may be separated into two classes, (1) surficial, unconfined
aquifers and (2) deep, confined aquifers. Surficial, unconfined aquifers
are exposed to recharge from overlying water sources, such as rainfall
and irrigation. Recharge occurs throughout the surficial aquifer system
and is not limited to recharge areas per se. In coastal regions, water
circulates through surficial aquifers relatively rapidly (on the order of
weeks to months) and generally flows around marshes but discharges



7.2 Groundwater and Coastal Ecosystems 145

close to shore (Harvey and Odum 1990). In contrast, deeper, confined
aquifers are recharged only within recharge zones, which may be
located tens to hundreds of miles from discharge zones or water with-
drawal points. Water circulates through these confined aquifers much
more slowly (on timescales of years to decades) and, depending on the
degree of confinement, these aquifers may discharge far from shore
(Freeze and Cherry 1989).

In coastal Georgia and South Carolina, the aquifers of interest to coastal
discharge are the surficial aquifer and the Upper and Lower Floridan
aquifers. All three aquifers are composed of highly permeable deposits
separated by impermeable confining units (Bush and Johnston 1988).
A detailed study of the surficial aquifer on Sapelo Island (Georgia) indi-
cated that discharge into neighboring estuaries is restricted by marsh
deposits. Marshes appear to force groundwater flow through mul-
tiple paths; diffuse seepage through marsh sediments, creek bottom
baseflow, and deeper submarsh flow (Schultz and Ruppel 2002). The
Upper Floridan aquifer is recharged in southwest Georgia, 150 miles
from the Atlantic coast. Water flows through deep aquifers over much
longer timescales (decades) and may discharge kilometers offshore, as
observed for the Castle Hayne aquifer off the coast of North Carolina
(Moore et al. 2002). In preindustrial times the hydraulic pressure within
the Upper Floridan aquifer was strong enough in Savannah, Georgia,
to drive groundwater 10 m above the land surface (Bush and Johnston
1988; Miller 1990), suggesting ample pressure to discharge kilometers
offshore.

The region of groundwater discharge into shallow coastal waters,
such as estuaries, is often characterized by the mixing of fresh- and
salt water in a subterranean estuary (Moore 1999). As a result of this
mixing, groundwater that discharges into the coastal zone is not sim-
ply fresh groundwater but a combination of groundwater and seawater
that is enriched with dissolved materials that derive from the nutrient-
enriched groundwater and from reaction of salt water within aquifer
sediments (Moore 1999). Even though groundwater discharge may
not be an important source of freshwater to the coastal zone per se,
it can still be a significant source of dissolved materials to these envi-
ronments. Determining the magnitude of these material fluxes is an
important but difficult task. Groundwater represents an underground,
diffuse flow that, like overland flows, connects geographically sepa-
rate regions and is influenced by a variety of physicochemical parame-
ters. The composition of coastal groundwater represents the net effect
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of different source terms (e.g., upstream as well as local effects) and
internal processing (e.g., the results of microbial processes occurring
within the groundwater aquifer). The same processes that affect sur-
face water quality, particularly land use, also impact groundwater
quality.

One of the primary differences between surface (e.g., rivers and
streams) and groundwater is the relative availability of dissolved oxy-
gen, noted hereafter as O,. Surface waters are in contact with the O,-rich
atmosphere and atmospheric O, freely exchanges via diffusion with
these waters. Surface waters also support primary production, mainly
via oxygenic photosynthesis, which provides an internal source of O,
to these waters. Oxygen depletion from surface waters requires high
concentrations of labile organic and stratified conditions, which serves
to stimulate O, consumption (via respiration) and limit O, exchange,
creating hypoxic or anoxic conditions. Groundwater, on the other
hand, is effectively separated from the atmosphere when it enters an
aquifer. Isolation of groundwater from the atmosphere means that the
groundwater O, content is limited to that which is dissolved in the
water when it enters the aquifer. Unlike surface waters, groundwater
does not support oxygenic photosynthesis because no photosyntheti-
cally active radiation (i.e., sunlight) is available, so there is no inter-
nal O, generation within an aquifer. Additions of O, may exist along
the aquifer flow path (as oxygenated water enters shallow unconfined
aquifers), but microbial processes within the aquifer can rapidly draw
down O,, leading to anoxic conditions (Drever 1982). Dissolved O,
concentration is therefore a critical biogeochemical variable in subter-
ranean aquifers, as O, availability influences the pathway and rates of
microbial metabolism and the accumulation of reduced metabolites in
the groundwater (Drever 1982).

Microbial processes occurring within an aquifer alter the concentra-
tions and forms of elements along the flow path. The dominant mode of
microbially mediated organic matter mineralization (e.g., aerobic res-
piration vs. denitrification vs. iron reduction vs. methanogenesis) in an
aquifer is influenced by the availability and concentration of dissolved
O,, (Iabile) organic carbon, and the availability of alternate electron
acceptors (Drever 1982). The dissolved O, concentration reflects the
length of time the groundwater has been isolated from the atmosphere,
the rate of recharge along the flow path (for shallow, partially confined
aquifers), and the rate of O, consumption. The availability of labile
organic matter (by organic matter, we mean simply organic carbon that
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may be metabolized by microbes; we are not referring to any particular
compound or suite of compounds) also influences microbial metabolic
rates (Drever 1982). Dissolved organic matter availability is influenced
by surface inputs and possibly by leaching of organic matter from the
solid phase as water transits an aquifer. Oxygen concentrations also
impact nutrient concentrations and speciation in groundwater. For
example, inorganic phosphateisattached toiron oxyhydroxide particles
under oxic conditions and dissolved phosphate concentrations may be
low. Under anoxic conditions, in contrast, microbially mediated iron
reduction occurs, releasing reduced Fe (Fe*") and inorganic phosphate
(Lovley et al. 1990). Similarly, under oxic conditions, ammonia may be
converted to nitrate and nitrate accumulates. Under anoxic conditions,
nitrate is reduced to dinitrogen (Chapelle 1992).

In the Floridan Aquifer, for example, nitrate reduction appears
to be widespread. Concentrations of nitrate and nitrite are higher at
recharge areas (50 = 77 uM in unconfined vs. 18 = 56 uM confined) than
at discharge areas (5 *11 uM unconfined, 7+ 40 uM confined), sug-
gesting consumption, presumably by denitrification, during transit
through the aquifer. The trend for ammonium, where data are avail-
able, is reversed, with concentrations lower at unconfined recharge
areas (3.6 5 uM) than at unconfined discharge areas (28 =16 uM;
Sprinkle 1989). Ammonium is a by-product of microbial metabolism, so
this N species should accumulate during transit through the aquifer.
Internal processing occurs during groundwater transit through an
aquifer and influences the geochemistry of the groundwater poten-
tially entering the coastal zone.

A variety of physical parameters influence the transport of ground-
water to coastal systems (Figure 7.1). Understanding the relationship
between groundwater-derived materials and coastal eutrophication
requires information regarding the physicochemical, geochemical,
and microbiological parameters within and upstream of coastal aqui-
fers. Nutrient (N, P), organic matter, and trace gas concentrations in
groundwater are affected by many factors, including land use pat-
terns; water residence time, which is affected by the recharge rate and
the hydraulic conductivity of the aquifer system; mixing of differ-
ent water types; and biogeochemical processes occurring within the
aquifer (Freeze and Cherry 1989). The depth to the water table and the
degree of confinement are also important, since they influence how
rapidly the aquifer is affected by changes in surface inputs: shallow,
partially confined, surficial aquifers may be recharged throughout the
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Costal aquifers

Upstream aquifer Surficial, unconfined

+ precipitation * precipitation discharge Coastal ocean
— evapotranspiration ~ evapotranspiration \ + tidal fluctuati
. P Sp — withdrawal recharge + tidal Huctuation
— withdrawal recharge . + storm surge
+ estuary connection i
+ sea level rise
Deep, confined dischy
+ inter-aquifer recharge /
. recharge
— withdrawal

+ estuary connection

Net flow in systems with sustainable withdrawals

Fig. 7.1. Conceptual model of the variables affecting groundwater flux for a hypo-
thetical system composed of two coastal aquifers with an open connection to an
estuary. Discharge is driven by hydraulic gradients but restricted by confining
units and impermeable sediments. + indicates increased hydraulic pressure in that
component of the model and increased efflux along available flow paths. — indi-
cates decreased hydraulic pressure in that component of the model and decreased
efflux along available flow paths. * indicates variable (either + or —) effects.

flow path, whereas deep, confined aquifers are affected primarily at
the upstream recharge site.

Knowing the geochemical signature of groundwater (e.g., oxygen,
nutrient and organic matter content) and the groundwater-derived
flux of materials to coastal waters permits correlation of groundwater
fluxes and observed biological impacts in coastal receiving waters. The
complexity of such linkages is illustrated in a data set describing the
variability of groundwater inputs and the occurrence of a brown tide
in Long Island Sound (LaRoche et al. 1997). Variations in groundwater
discharge were correlated with changes in the ratio of dissolved organic
nitrogen (DON) to dissolved inorganic nitrogen (DIN). Groundwater
was enriched in DIN relative to DON, and increasing groundwater
inputs lowered the DON:DIN ratio in sound waters. Variability in the
DON:DIN ratio influenced the timing and magnitude of blooms of the
brown tide alga, Aureococcus anophagefferens. Blooms of A. anophagef-
ferens were observed in coastal bays characterized by a higher ratio of
DON:DIN. In years with high groundwater discharge, the DON:DIN
ratio in the bays was low, and the growth of A. anophagefferens was
overshadowed by phytoplankton that preferred DIN. In dry years,
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groundwater discharge and associated DIN inputs were lower and
at these times, DON dominated the total nitrogen pool, leading to
A. anophagefferens blooms.

In order to evaluate the role of groundwater in coastal eutrophi-
cation, one must address several fundamental questions. First and
foremost, a baseline of groundwater flux and concentration data must
be established against which future change can be gauged. At pres-
ent, baseline data are sparse, particularly in Georgia. Such data are
required to make sound management decisions in the future. Second,
the sources of nutrients and organic materials in groundwater must
be determined to quantify the link between groundwater biogeo-
chemistry and land use. Third, the importance of dissolved organic
nutrients, DON and dissolved organic phosphorus (DOP), in ground-
water should be determined and their bioavailability to primary and
secondary producers in coastal ecosystems must be assessed. Fourth,
the ability of aquifer microbes to alter concentrations and forms (i.e.,
bioavailability) of organic materials before they are delivered to coastal
environments must be evaluated. Fifth, data on source and availabil-
ity must be merged with estimates of groundwater flux to assess the
contribution of groundwater to coastal nutrient and materials budgets.
Finally, a dynamic mechanistic model relating groundwater nutrient
loading to coastal land use must be developed. These questions are
addressed in more detail later in this chapter.

7.3 Available Data Describing Carbon, Nitrogen,
and Phosphorus Concentrations in
South Carolina and Georgia Groundwater

The data presented below have been compiled from the peer-reviewed
literature, federal and state government reports, and unpublished
sources. The depth, or depth range, that was sampled is noted because
the depth of groundwater sampled varied between studies. The mag-
nitude of groundwater-derived inputs, relative to river-derived inputs,
to coastal systems varies substantially (Table 7.1). However, ground-
water is a globally significant input that averages about 20 percent of
riverine input on a worldwide basis (Zekster and Loaiciga 1993) and up
to 50 percent of riverine input in some closely studied systems (Valiela
et al. 1992). In general, significant amounts of dissolved and particulate
material are transported via groundwater because the concentrations
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Table 7.1. Estimates of Groundwater Input to the Coastal Ocean.

Location % of riverine input Reference
Chesapeake Bay 10 Hussain et al. 1999
South Carolina 40 Moore 1996
Western Australia 20 Johannes 1980
Wagquoit Bay 50 Valiela et al. 1992
Worldwide 20 Zekster and Loaiciga 1993

of solutes are usually much higher in salty groundwater than in river
or coastal waters (Valiela et al. 1978, 1990; Moore 1999). Therefore, the
biological (e.g., increased rates of primary production or bacterial res-
piration) and ecosystem-level (e.g., change in species distribution of
phytoplankton, increased frequency of harmful algal blooms, or water
column hypoxia/anoxia) repercussions of groundwater-mediated
chemical inputs to coastal ecosystems can be significant (Church 1996).
Information pertaining to the distribution of carbon (C), nitrogen (N),
and phosphorus (P) species in groundwater is presented below. For
N and P, data describing dissolved inorganic (nitrate, NOj, nitrite,
NO; , ammonium, NH;, ortho-phosphate, HPO;") and organic (DON
and DOP) forms as well as gaseous N species (nitrous oxide, N,O) are
discussed. For carbon, data describing dissolved inorganic (DIC) and
organic (DOC) C, and gaseous C (methane, CH,) are presented.

7.3.1 Dissolved Inorganic and Organic Nitrogen

Groundwater transport of N to coastal aquifers is far more significant
and widespread than previously thought, primarily due to anthropo-
genic alterations within coastal watersheds (Valiela et al. 1992, 1997).
Groundwater flows into coastal systems could provide a quantitatively
significant source of N, which may impact eutrophication because
primary production in many coastal ecosystems is N limited (Ryther
and Dunston 1971; Legendre and Gosselin 1989; Nixon 1995; Paerl 1997;
Valiela et al. 1997). Changes in groundwater-derived inorganic N fluxes
could, therefore, increase primary production and contribute to coastal
eutrophication. Coastal waters in Georgia and South Carolina often
have elevated NO; concentrations, up to 35.7 uM. However, few data
are available for shallow groundwater in coastal South Carolina and
Georgia (Table 7.2). In other coastal regions, NO;, or NO; + NO,,
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Sampling Depth
Location Range (uM) (feet) Source
Bly Creek 1.93 Surficial Dame et al. 1991
Basin, SC
Cape Cod, MA 0450 not reported Frimpter and
Gay 1979
Coastal Plain, 0-543 Surface to 1000  Sprinkle 1989
GA/FL
Coastal Plain, <0.7-130 10-200 Burt 1993
GA/SC
Coastal Plain, <0.7-2250  surficial Gilliam et al. 1974
NC
Coastal Plain 0.7-1000  surface to1500  Earthinfo 1997
GA (n =41)
Coastal SC 0.7-450 surface to 1500  Earthinfo 1997
(n = 381)
Delmarva 6.4-650  Surficial Reay and
Peninsula, VA Gallagher 1992
Falmouth, MA 0.7-694 not reported Meade and
Vaccaro 1971
Florida Keys <0.7-2.8 domestic wells ~ LaPointe et al. 1990
Long Island, 7.86 not reported Bowman 1977
NY
Murrels Inlet, 0-6.42 Surficial Aelion et al. 1997
SC
North Inlet, SC 5.71 Surficial Aelion et al. 1997
Wye River, MD  957-1164  Surficial Staver and
Brinsfield 1996
Orleans, MA 0-392 not reported Teal et al. 1982
Tomales Bay, <0.7-2.85  domestic wells  Oberdorfer
CA et al. 1990

concentrations can be even higher (up to 2,250 uM; Gilliam et al. 1974).
In highly populated areas where septic tanks are the primary form of
sewage treatment, inorganic N rich materials enter the groundwater
through leach fields, and groundwater NO; concentrations as high as
714 uM have been documented (Table 2; Meade and Vacarro 1971).
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Direct measurements of groundwater discharge into coastal envi-
ronments indicates that the NO; content of groundwater discharging
to coastal waters may be orders of magnitude greater than the con-
centration in the receiving coastal waters (Table 7.3). For example,
NO; concentrations in offshore coastal waters tend to be low, ranging
between 0.07 to 0.5 uM (Paerl 1997). In contrast, NO; concentrations
in estuarine waters range from 0 to 100 uM, and elevated concentra-
tions in the upper reaches of estuarine systems could reflect substan-
tial groundwater inputs (Fisher et al. 1988). Most of this DIN is taken
up rapidly within the estuary, and very little dissolved inorganic N is
actually delivered to the coastal zone (Fisher et al. 1988). While a clear
connection between population density, septic tanks, and NO; con-
tamination of groundwater has been shown in some regions (Valiela
et al. 1992), correlations between groundwater NO; concentrations and
residential land use in South Carolina and Georgia cannot be made
at this time because systematic data delineating residential land use
types is insufficient (see below). However, the impact of agriculture on
groundwater nitrogen concentrations in the Georgia coastal plain has
been examined. In southwest Georgia, agricultural activities increased
NO; concentrations in surficial groundwater to a median value of

Table 7.3. Nitrate concentrations in groundwater discharging into coastal

systems.

Location Range (uM) Reference
Agana Bay, Guam 178.6 Marsh 1977
Discovery Bay, 85.7-250 D’Elia et al. 1981
Jamaica
Great Sippewissett 10-100 Valiela et al. 1978
Marsh, MA
Swan River Estuary, 114.3-378.6 Johannes 1980
W Australia
Town Cove, MA 7.1-107.1 Giblin 1983
Town Cove, MA 57.1-200 Giblin and

Gaines 1990
Tumon Bay, Guam 71.4-142.9 Matson 1993

Western HI Island 28.6-92.8 Kay et al. 1977
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479 uM (Crandall 1996). Increased concentrations of NO; in surficial
aquifers have been linked directly to an increase in NO; in Suwanee
River waters, also in Southwest Georgia (Pittman et al. 1997).

Ammonium (NH]) is another inorganic form of N found in
groundwater, although NH} concentration data are less frequently
reported than NO; (Table 7.4). In particular, NH; can be a dominant
form of DIN in anaerobic or suboxic aquifers. For example, in North
Inlet, South Carolina, NH; concentrations can be as high as 250 uM as
NH}-N (Table 7.4). Generally speaking, however, NH; concentrations
are lower than NO; concentrations. This is likely a function of the O,
concentration of the aquifer. Nitrate would be expected to be the domi-
nant N form in aerobic groundwater, while NH,” would be expected to
be the dominant N form in anaerobic ground water. Data with respect
to land use and NH concentrations are sparse. However, available
data from the Delmarva Peninsula, Virginia, show that groundwater
NH;" concentrations in agriculture-dominated and forest-dominated
regions were similar (Table 7.4; Reay and Gallagher 1992).

While NO; and NH; are the N forms most often considered when
discussing groundwater N sources, dissolved organic nitrogen, DON,
is another potentially important N pool in groundwater. DON is the
major dissolved N species in rivers in the Georgia-Florida coastal plain
(Ham 1997) and estuarine waters in Georgia typically have comparable
concentrations of DON and DIN (Joye unpublished data). Tradition-
ally, the DON pool has been viewed as a large refractory pool that per-
sists in marine systems, which are often N limited, because its rate of
utilization is very low. However, over the last ten years, the DON pool
has been shown to be more labile than previously thought (reviewed in
Bronk 2002). For example, Bronk and Glibert (1993) found that uptake
rates of DON rivaled or even exceeded DIN uptake rates in the Ches-
apeake Bay. Seitzinger and Sanders (1997) performed bioassays with
DON from a variety of natural and anthropogenic sources and found
that ~70 percent of the DON pool was utilized on timescales of 14 days
or less. Though data are scarce, DON concentrations as high as 93 uM
in coastal groundwater have been observed (Table 7.5). DON concentra-
tions in the Upper Floridan aquifer (median 14.3 uM), which is in open
connection with surface waters in much of Florida, are similar to DIN
concentrations (median 20.7 uM, Sprinkle 1989). Given that a significant
fraction of the DON pool in surface waters appears to be bioavailable
on timescales of days, groundwater DON is likely an important and
underestimated source of bioavailable N to coastal plankton.
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Table 7.4. Ammonium Concentrations in Coastal Aquifers.

Sampling Depth
Location Range (uM) (feet) Source
Coastal GA (n=5) 0.7-5 Surface to 1500 Earthinfo 1997
Coastal SC (n=319)  0.07-185.7  Surface to 1500 Earthinfo 1997
Coastal Plain, 0-150 Surface to 1000 Sprinkle 1989
GA/FL
Dog Creek, SC' 7.14-50 Surficial Aelion et al.
1997
Opyster Creek, SC? 0-178.6 Surficial Aelion et al.
1997
Coastal Plain, 0.7-192.8 10-200 Burt 1993
GA/SC
North Inlet, SC 28.6-250 Surficial Gardner
pers. Com.
Bly Creek Basin, 35.7 Surficial Dame et al.
SC 1991
Delmarva 2.893 Surficial Reay and
Peninsula, VA3 Gallagher 1992
Delmarva 5.7-12.8 Surficial Reay and
Peninsula, VA? Gallagher 1992
Tomales Bay, CA 0.7-714 Domestic Wells ~ Orberdorfer
et al. 1990
Cape Cod, MA 0-64.3 Springs Valiela et al.
1990
Great Sippewissett 21-121 Springs Valiela et al.
Marsh, MA 1990
Florida Keys 0.7-2.86 Surficial LaPointe et al.
1990
! suburban
? forested

% agriculture

7.3.2 Dissolved Inorganic and Organic Carbon

Dissolved inorganic C (DIC) is another important constituent that is
carried by groundwater to the coastal zone. Data on DIC concentra-
tions in groundwater are scarce (Table 7.6). Reported groundwater
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Table 7.5. Dissolved Organic Nitrogen Concentrations in Groundwater.

Range Depth
Location (M) (feet) Source

Coastal GA (n=3) 10-28.6 To 1500 Earthinfo 1997
Coastal Plain, 0-86 Surface Sprinkle 1989
GA/FL to 1000
Bly Creek Basin, 92.8! Surficial Dame et al. 1991
SC
Great Sippewissett ~ 35.7-78.6>  Surficial Valiela et al. 1978
Marsh, MA
Childs River, MA 42.8 +14.3'  Top of water ~ Rudy et al. 1994

table
Sage Lot Pond, 107 = 14.3'  Top of water ~ Rudy et al. 1994
MA table

! persulfate oxidation
2 Kjeldahl (TON)

DIC concentrations for Georgia and South Carolina coastal regions
range from 0 to 12 mM. These data represent compilations for a vari-
ety of depths (to 500 m) and are regionally scattered. In one of the
few studies specifically investigating DIC in groundwater, Cai et al.
(2003) observed North Inlet (South Carolina) groundwater had much
higher DIC concentrations than adjacent seawater or river water. DIC
values in groundwater, river water, and seawater were 8 to 12 mM, 0.4
to 0.8 mM, and 2.1 mM, respectively. Although groundwater DOC data
span a similar concentration range, 0 to 4.1 mM (Table 7.7), whether
it is source of potentially labile DOC to coastal systems has not been
determined. Labile dissolved organic matter inputs could stimulate
heterotrophy in coastal ecosystems and exacerbate hypoxic or anoxic
conditions in coastal regions.

7.3.3 Dissolved Inorganic and Organic Phosphorus

Similar to N, P availability may be an important control on primary
production in coastal ecosystems, and, at times, P availability may
limit production in the coastal zone (Malone et al. 1996; Paerl 1997).
The interplay between N and P as limiting or colimiting nutrients in
coastal systems is dynamic. Dissolved inorganic P (present as HPO; ™ at
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Table 7.6. Dissolved Inorganic Carbon (as HCO;) Concentrations in Groundwater.

Range Depth

Location (mM) (feet) Source
Coastal GA 0.17-4.7 To 1500 Earthinfo 1997
(n=52)
Coastal Plain 1 To 1500 Earthinfo 1997
SC
Coastal Plain 1.8-12.5 10-200 Burt 1993
GA/SC
Black Creek 0.1-12 Deep aquifer Chapelle and
aquifer, SC McMahon 1991
Tomales Bay, 0.58-6.2 Domestic Orberdorfer
CA well et al. 1990
North Inlet, 2-12 Surface Cai et al. 2003
SC
River Water 0.4-0.8 Surface Cai et al. 2003
Seawater 2.8 Surface Cai et al. 2003

Table 7.7. Dissolved Organic Carbon (DOC) Concentrations in Groundwater.

Range Depth

Location (M) (feet) Source
Coastal Plain 16.6—433 10-200 Burt 1993
GA/SC
Florida and 8.3-417 106-1000 Leenheer et al.
Georgia 1974
Coastal Plain, 8-3330 Surface Sprinkle 1989
GA/FL to 1000
Coastal Georgia 16.6-75 To 1500 Earthinfo 1997
(n=4)
Coastal SC 33-4083 To 1500 Earthinfo 1997
(n=284)
Savannah River, 25-167 Surficial Dosskey and
SC Bertsch 1997
Bly Creek Basin, 767 Surficial Dame et al.
SC 1991
Southern 75-1500 141-525 Aravena and
Ontario, CA Wassenaar 1993
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Table 7.8. Dissolved Phosphorus Concentrations in Groundwater.

Sampling
Location Range (uM) Depth (feet) Source
North Inlet SC 0.1-77.4 Surficial Gardner pers.
comm.
Coastal Georgia 0.3-0.6! Surface to 1500  Earthinfo 1997
(n = 4)
Coastal SC 161! Surface to 1500  Earthinfo 1997
Coastal Plain, 0-39! Surface to 1000  Sprinkle 1989
GA/FL
Coastal Plain, 0-58° Surface to 1000  Sprinkle 1989
GA/FL
Bly Creek Basin, 2.9 Surficial Dame et al.
sC? 1991
Bly Creek Basin, 4.22 Surficial Dame et al.
sC? 1991
Delmarva 0.3-0.58! Surficial Reay and
Peninsula, VA* Gallagher 1992
Delmarva 0.19! Surficial Reay and
Peninsula, VA® Gallagher 1992
Tomales Bay, CA 0.09-54.8'  Domestic Wells Orberdorfer et
al. 1990
Cape Cod, MA 0.3-16.1" Springs Valiela et al.
1990
Great Sippewissett 0-10" Springs Valiela et al.
Marsh, MA 1990
Florida Keys <0.03-106'  Surficial LaPointe et al.

1990

! DIP: dissolved inorganic orthophosphate

2 TP: total phosphorus
* annual average

* agriculture

® forested

the pH of most groundwater) concentrations in groundwater vary over
three orders of magnitude (0.32 to 161 uM; Table 7.8). As in the case of
NO; versus NH;", concentrations of HPO;™ in groundwater are related
to the redox regime. Under oxic conditions, HPO;~ may be partitioned
onto the solid phase via sorption to reactive iron oxyhydroxides,
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limiting the potential flux of HPO?~ through aquifers with high adsorp-
tion capacities. However sediments, predominantly sands, that have
a low adsorption capacity are common on the Atlantic coastal plain
(National Research Council 2000). Under anoxic conditions, iron oxy-
hydroxides are reductively dissolved, thereby releasing HPO?™ into
solution. High concentrations of dissolved HPO?~ would therefore be
expected in hypoxic or anoxic groundwater, while low concentrations
of dissolved HPO;~ would be expected in oxic groundwater. Unfor-
tunately, groundwater O, concentrations were not presented in most
of the papers cited in Table 7.8. Furthermore, most of the P data was
collected from random depths. More data on groundwater P concen-
trations and loading rates are needed to evaluate the potential impor-
tance of groundwater-derived P in coastal nutrient dynamics.

Dissolved organic P (DOP) is often available for uptake by micro-
organisms (Cembella et al. 1984; Rivkin and Swift 1985; Bjorkman and
Karl 1994). When both dissolved inorganic P (DIP) and DOP pools are
quantified, DOP concentrations frequently exceed DIP (Butler et al.
1979; Jackson and Williams 1985; Karl and Tien 1997). DOP is rapidly
turned over enzymatically and taken up as DIP in the pelagic environ-
ments (Rivkin and Swift 1985; Orrett and Karl 1987). Therefore, ground-
water-derived DOP could be bioavailable and serve as a significant
P source to coastal primary producers. Unfortunately, data describing
DOP concentrations in groundwater are sorely lacking; we were unable
to identify any references on this topic.

7.3.4 Trace Gases: N,O and CH,

In addition to inorganic and organic nutrients, groundwater may also
contain high concentrations of dissolved gases. Of these dissolved gases,
some are common bimolecular gases (e.g., O,, N,) while others are radi-
ative trace gases (e.g., N,O and CH,) that result from microbial metabo-
lism and may contribute to the radiative heating of the atmosphere upon
efflux from the aquifer. Nitrous oxide (N,0) has a long atmospheric resi-
dence time (~150 yr) and the destruction of N,O in the stratosphere con-
tributes to ozone degradation. Nitrous oxide is 300 times more efficient
than CO, in capturing radiative heat and is thus a more effective green-
house gas. Methane has a shorter atmospheric residence time (~10 yr)
but is 15 times more efficient than CO, in capturing radiative heat.
Thus, although the atmospheric concentration of N,O (~300 ppb) and
CH, (~1.7 ppm) are much lower than that of CO, (~350 ppm), both gases
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contribute significantly to global warming because of their enhanced
radiative heating capacity.

Because groundwater is isolated from the atmosphere, O, consump-
tion via bacterial respiration in groundwater reduces the O, concentra-
tion and increases the concentration of metabolic end products. Under
low O, conditions, the gaseous end products of nitrate respiration (deni-
trification), such as N,O and N,, accumulate in groundwater. Under
anoxic conditions, hydrogen sulfide (H,S) and CH, also accumulate
(Bugna et al. 1996). When groundwater is discharged to the coastal zone,
a significant fraction of the dissolved gas load may be released to the
atmosphere. Though N,O and CH, concentrations are often elevated in
groundwater (Ronen et al. 1988), the fate of these trace gases in coastal
systems is unknown (LaMontagne et al. 2003).

Nitrous oxide is a by-product of both nitrification and denitrifi-
cation, two microbially mediated processes that transform fixed N
between oxidized, reduced, and gaseous forms. No N,O concentra-
tion data were found for coastal (or inland) Georgia or South Carolina
groundwater (Table 7.9). However, elevated N,O concentrations in
groundwater have been observed elsewhere. In agriculturally impacted
regions, N,O concentrations were extremely high (approaching 11.4 uM;
Table 7.9). Methane concentrations in groundwater may be supersatu-
rated (Table 7.10). Data were also not available for CH, concentration
in the shallow coastal groundwater of Georgia and South Carolina.
As a result, data from other systems are presented. In the deeper aqui-
fers of Georgia (Black Warrior, Chattahoochee River, and Pearl River),
CH, concentrations are low (< 0.2 uM; Table 7.10). In shallow and deep
aquifers around the Gulf of Mexico and throughout Canada, concen-
trations of CH, from 0.06 uM to 4750 uM have been reported. Metha-
nogenesis is an anaerobic process; therefore, high CH, concentrations
in groundwater imply negligible concentrations of dissolved O,. The
importance of N,O and CH, as radiative trace gases makes determining
their source terms important. Given the high concentrations (relative
to the atmospheric mixing ratios) of N,O and CH, in groundwater, the
groundwater flux term could be globally significant.

7.3.5 Land Use

Loading of inorganic and organic materials to either to ground or sur-
face waters is closely linked to watershed land use patterns (Valiela
et al. 1990, 1992). A variety of anthropogenic alterations, including
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Table 7.10. Methane Concentrations (UM Unless Otherwise Noted) in Groundwater.

Sampling

Location Range Depth (feet) Source
Black Warrier 0-18.8 >1500 (coast) Lee 1993
River Aquifer
Chattahoochee 0-5 >1500 (coast) Lee 1993
River Aquifer
Pearl River 0-3.8 >1500 (coast) Lee 1993
Aquifer
Gulf of Mexico 0-203 12-171m Bugna et al. 1996
Canada/US 0-4725 <300 Barker and Fritz 1981
Texas Cretaceous  0.06-1219 Zhang et al. 1997
aquifer
Texas Eocene 0.06-3.1 Zhang et al. 1997
aquifer
Southern 7.5-3512 50425 Valiela et al. 1990
Ontario
Eastern 0.06-330 <300 LaPointe et al. 1990
Canada
'nM

urbanization, agricultural practices (e.g., pastureland and row crops),
and recreational development (e.g., golf courses), contribute to altera-
tions in both the amount and composition (nutrient and organic loads)
of freshwater delivered to coastal ecosystems. The influence of land
use on river and lake water quality is easily observed because these
waters are visible and in close contact to both scientists and the general
public. The influence of anthropogenic alterations on groundwater is
not clear, and studies of groundwater-mediated transport have been
less common because these waters are underground and less obviously
impacted.

River flow is controlled largely by precipitation, but it is also affected
by development along the river, e.g., deforestation, construction of
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dams, and municipal and industrial diversion. Deforestation alters the
sediment load and the forms of nutrients delivered to rivers from the
watershed (Valiela et al. 1992). Construction of dams along rivers alters
the sediment load as well as the distribution of sediment types (e.g.,
fine vs. coarse grained materials; Humborg et al. 1997). Water diverted
for municipal and industrial use typically ends up back in the river,
but in a highly altered form (in particular, nutrients loads may be ele-
vated). Groundwater is impacted by anthropogenic forces in much the
same way. For example, Valiela et al. (1992) established a linear cor-
relation between watershed development (number of buildings per
hectare) and groundwater NO; concentration (see Figure 3 of Valiela
et al. 1992), suggesting that groundwater nutrient loads increase pro-
portionately to urbanization. Agricultural impacts result in similar cor-
relations. Though some studies have examined the correlation between
agricultural (e.g., row crops and animal industry) activity and surface
and ground water nutrient concentrations (Girard and Hillaire-Marcel
1997; Iqbal et al. 1997; Jordan et al. 1997a, 1997b; Mallin et al. 1997; Matson
et al. 1997), detailed studies of agricultural impacts on groundwater are
lacking. Such studies are sorely needed as proposals for expansion of
agricultural activity, particularly intensive animal operations, in coastal
Georgia are pending. There are currently no baseline data against
which to gauge the magnitude of future alterations of groundwater
nutrient concentrations that could result from the proposed industry
expansion.

In a simplified sense, estuaries, either directly or indirectly (through
marshes), collect chemicals released from freshwater inputs, which are
derived from both surface and groundwater flows. Estuarine residence
time can influence whether chemicals derived from the land are trans-
ported to the coastal ocean or processed by biological activity within
the estuary. For example, Cai et al. (2000) found that the seasonal differ-
ence in the abundance of nitrate and nitrite in the Satilla River, Georgia,
could be explained by changes in river flow, assuming marsh respi-
ration rates are constant. Concentrations of NO; + NO, were higher
during the low-flow summer period, when the water residence time
is long, than during the high-flow period of April, when the residence
time is short. This is also true of P in Georgia estuaries (Pomeroy et al.
1972). Impoundment of rivers and coastal barrier islands and regulation
(diversion) of river water can also affect the balance between surface
and groundwater inflows. Fortunately, both Georgia and South Carolina
salt marshes have been protected from impoundment and infilling
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since the 1970s (Smith 1988). Despite the passage of the Coastal Marsh-
land Protection Act in 1970, more than 4,330 hectares of marshland have
been destroyed nationally as a result of road construction and dredge
and fill activities (Kundell et al. 1988).

Sources of anthropogenic inorganic nutrients to coastal aquifers
include agricultural fertilizers, animal wastes, golf courses, septic tanks,
and sewage treatment facilities, as well as airborne pollutants (e.g.,
NH}) added to groundwater via rainfall and recharge. With respect to
agriculture, fertilizer use has increased substantially. In 1938, Georgia
farms used approximately 696,717 metric tons of N fertilizer; by 1994, N
fertilizer usage had risen to 1,379,827 metric tons (Irvin et al. 1994). The
growth of golf courses along the South Carolina and Georgia coast and
on barrier islands represents another mechanism of increasing the flux
of inorganic N and P because of the heavy fertilizer use (Fig. 7.2); newer
commercial fertilizer mixtures contain high concentrations of urea, an
organic N form not monitored routinely. With an average fertilization
rate of 75 kg per acre, the impact of golf course runoff on groundwa-
ter nutrient concentrations could be substantial. Groundwater N and P
concentrations around golf courses are elevated.

Data describing land use type and NO; and HPO;™ concentrations
in Georgia groundwater are presented in Table 7.11 (data provided by
Prof. P. Bush of the University of Georgia). The data were collected
using a nonrandom experimental design where individuals interested
in knowing the concentrations of nutrients in their well water con-
tributed samples for analysis. As such, the data were obtained from
drinking water wells for the most part and are not necessarily repre-
sentative of the groundwater impacted by various animal industries.
A final consideration is that the coastal plain is poorly represented in
the data set. Most of these data are from the interior, central portions
of the state, and the depths of the wells sampled varied substantially.
No significant concentration-depth correlations were observed within
the data, so the data were combined and sorted according to land use.
Wells characterized as being impacted by households consistently
exhibited the highest concentrations of NO; and HPO;~ (Table 7.11).
Poultry and swine impacted regions exhibited higher NO; concentra-
tions. These data underscore the need for a more systematic survey of
coastal groundwater in order to document correlations between land
use and groundwater nutrient loads. Such studies should aim for a
consistent sampling regime (e.g., depth sampled) and a random sam-
pling grid (including the aquifers downstream from settling ponds, as
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Fig. 7.2. Trends in total number of golf courses in the state of Georgia
that lie within drainage basins with access to the coastal zone. Data
were normalized for courses with nine holes. Compiled from data in
McCollister (1993).

well as aquifers undergoing sea water intrusion, etc.). To add to the
difficulty of understanding groundwater inputs to coastal zones, even
where nutrient data are available and groundwater flow paths are well
studied, predictions of coastal nutrient loading via groundwater by dif-
ferent models are highly variable (Valiela et al. 2002).
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7.4 Recommendations

To evaluate the role of groundwater as a nutrient source in the south-
eastern United States, an integrative research strategy is needed. Six
research areas are highlighted in order from more- basic to more-
sophisticated data requirements (1 to 4). These are logical first steps
towards understanding the magnitude and variability of groundwater-
derived nutrient inputs. The final two research areas are interdisci-
plinary objectives and are only possible once monitoring data become
available.

1. Establish a baseline of concentration and flux data against which future
change can be gauged. Baseline data describing nutrient, organics,
and trace gas concentrations in coastal South Carolina and Georgia
groundwater are extremely limited, and detailed seasonal studies
throughout the coastal zone are sorely needed. Such data are criti-
cal for making sound management decisions.

2. Determine the sources of nutrients and organic materials in order to quan-
tify linkages between groundwater concentrations and land use. Linking
specificland use(s) with alterations of groundwater nutrients, organ-
ics, and trace gas concentrations and groundwater fluxes to coastal
systems can be accomplished using modeling and geochemical
methods. Linkages between land use and groundwater alterations
can only be made once baseline data are available. After establishing
the baseline, geochemical methods, such as stable isotope tracers,
can be used to trace sources from the land to groundwater aquifers
(e.g., Girard and Hillaire-Marcel 1997) or from groundwater aquifers
into coastal estuaries (e.g., McClelland and Valiela 1998).

3. Assess the bioavailability of groundwater DOC, DON and DOP to eval-
uate the impact on coastal food webs. Inorganic nutrients are assimi-
lated rapidly by primary producers and bacteria. Organic nutrient
sources may also be bioavailable. Determining the magnitude of
the groundwater-derived organic N and P source term is impor-
tant, but assessing the bioavailability of this pool is imperative
when trying to estimate the potential impacts of eutrophication.
Very few data on groundwater dissolved organic pools exist, and
at present, the importance of these potentially significant nutrient
sources cannot be estimated. Evaluating the lability of the DOC
pool is also important because DOC may stimulate respiration and
contribute to coastal hypoxia or anoxia.
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4. Evaluate the ability of aquifer microbes to alter concentrations and forms
(i.e. its bioavailability) of materials before they are delivered to coastal envi-
ronments. Given that coastal groundwater travels at slow velocities
(about 0.3 m d'in a sandy aquifer, though velocities vary substan-
tially among and between sites; Valiela et al. 1992), there is signifi-
cant opportunity for microbial alteration as groundwater transits
through the aquifer. Over the short term (days-months), aquifer
microbes could significantly alter the concentrations and forms of
materials present in groundwater. The activity of microbes could
reduce the loads of certain components (e.g., NO;) while increas-
ing the loads of others (N,O). Understanding the role groundwa-
ter microbes play in altering groundwater nutrient, organics, and
trace gas concentrations in coastal, and possibly in upstream, aqui-
fers is therefore vital.

5. Merge source and availability data with hydrological estimates of ground-
water flux to assess the contribution of groundwater to coastal eutrophi-
cation. To obtain a quantitative estimate of groundwater-derived
fluxes to coastal environments, land use, hydrologic, geochemical,
and ecological data must be merged. Combining such data will
permit the calculation of groundwater-specific loading rates. These
data can be compared with riverine and other (atmospheric, oce-
anic) loading rates in order to evaluate the contribution of ground-
water to coastal eutrophication.

6. Develop a mechanistic model relating groundwater nutrient loading to
land use in coastal environments. Ultimately, the data obtained from
addressing Recommendations 1 through 5 could be input into a
mechanistic model that would eventually allow predictions to be
made of how changes in land use (e.g., urbanization) will change
the inputs of materials to coastal systems. Then, the manner in
which these inputs might be manifest in altered regional patterns
of primary production and nutrient cycling could be assessed.

7.5 Conclusions

Concern over nutrient (primarily N) and organic matter loading to
coastal watersheds is increasing because loading is increasing and
rates of primary production in coastal waters are largely limited by N
supply (Howarth 1988; Valiela 1995). Eutrophication of coastal waters,
often linked to increasing N loading from the adjacent watersheds, is
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arguably the principal and most pervasive anthropogenic alteration
to coastal ecosystems across the globe (GESAMP 1990). The contribu-
tion of groundwater-derived inorganic nutrients and organic materials
to coastal eutrophication is largely unknown but potentially impor-
tant (Valiela et al. 1992). Determining whether groundwater plays a
significant role in the eutrophication of coastal systems is, therefore,
a necessary endeavor. In order to properly manage water resources, it
is imperative that we have in place a firm understanding of the role of
groundwater in the budgets of C, N, and P in coastal environments.
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Oxygen, Carbon Dioxide, and Estuarine
Condition

Lawrence R. Pomeroy and Wei-Jun Cai

Summary by Lawrence R. Pomeroy and Daniel R. Hitchcock

Fish kills and obnoxious odors are symptoms of an estuary whose
water is depleted of dissolved oxygen, a condition called hypoxia (or
anoxia, when all of the oxygen is depleted). It is important that as com-
munities develop in coastal watersheds, guidelines be developed for
avoiding hypoxia and its consequences by detecting oxygen depletion
and its causes before it has reached an extreme, and probably illegal,
condition.

Although exceptions do occur, the water in healthy estuaries is usu-
ally nearly saturated with dissolved oxygen. Heterotrophs, organisms
that do not photosynthesize, must extract dissolved oxygen from the
water in order to respire and survive. All animals (including fishes) and
many bacteria are heterotrophs. The process of respiration by estuarine
organisms—taking in oxygen and giving off carbon dioxide—removes
oxygen from the water. Most of the removal of oxygen from estuarine
water is not by fishes but by naturally occurring and otherwise harmless
microorganisms. They can grow on almost any source of organic mat-
ter that finds its way into the water. At the same time, oxygen is being
added to the water by diffusion from the atmosphere across the surface
of the estuary. Oxygen is also provided as a by-product of photosyn-
thesis by microscopic algae (phytoplankton) in the water and by larger
submerged algae and sea grasses. What is important is the maintenance
of a balance between the inputs and the losses of oxygen. To encour-
age that balance, managers need to understand a few basic principles of
estuarine structure and function, and the amount of dissolved oxygen or
carbon dioxide in estuarine water must be measured.
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In an estuary, some sources of organic matter that fuel respiration
by microorganisms, depleting oxygen, are natural ones, such as those
produced by the growth of plants in the water and in bordering wet-
lands. Organic matter from plants growing in the upland watershed
of the estuary also enters the estuary with river water. While the algae
and phytoplankton growing in the water are adding oxygen to the
water as they grow, plants growing in uplands in the watershed and
in bordering wetlands are not adding oxygen, since they exchange
oxygen and carbon dioxide directly with the air. Those are natural
sources of organic matter to estuaries that deplete the estuarine water
of oxygen. Sometimes, even algae and phytoplankton can be a prob-
lem. If excessive fertilization of the estuary occurs as the result of
inputs from sewage plants, farms, golf courses, or rain runoff from
urban and suburban areas, phytoplankton growth in the estuary will
increase. Much of that newly created excess organic material will then
fall to the bottom of the estuary. The water near the bottom will lose
all of its oxygen as microorganisms grow on the organic fallout, and
that may lead to fish kills.

Since estuaries vary greatly in size, shape, depth, and the amount
of fresh water passing through them, the processes affecting oxygen
balance can also be quite different in their relative importance. In estu-
aries with substantial input of freshwater and a relatively deep cen-
tral channel, the water is often layered (stratified), with saltier water
near bottom and fresher water at the top. Even shallow estuaries may
stratify thermally during summer, with a warm layer at the top and a
cooler layer at the bottom. This layered structure of the water virtually
seals off the bottom layer, making it more prone to oxygen depletion as
organic matter falls out from the upper layer where the phytoplankton
are growing. Estuaries as diverse as Chesapeake Bay and Long Island
Sound may experience oxygen depletion near bottom because of the
layered structure of the water. Any human-induced process that adds
more organic matter to such estuaries increases the probability and
extent of oxygen depletion near bottom. Each estuary must be under-
stood in terms of its natural characteristics and the changes that it
undergoes with the seasons. Potential human-introduced sources of
organic matter or fertilizer must be identified and be related to the
structure and function of that estuary in order to understand how it
is likely to respond to those additions. Also, it is advisable to have in
place at least a minimal program for routinely monitoring the distri-
bution of dissolved oxygen at all water depths. Most estuaries today
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are probably receiving more of both organic matter and fertilizer than
they did centuries ago. Environmental quality and resource managers
should use all available clues to anticipate organic inputs that may over-
whelm the estuary’s ability to balance oxygen gains and losses. A new
industry, housing development, or golf course in an estuary’s water-
shed has a predictable outcome for water quality. Early signs of trouble
should be documented with measurements of dissolved oxygen and
action taken to prevent extreme loss of oxygen before it happens. Dif-
fuse sources of organic matter and fertilizing nutrients, such as those
from agriculture, septic tanks, suburban runoff, and golf courses, may
be less obvious and more difficult to monitor than a sewage treatment
plant. They are, however, frequent contributors to the organic matter
and fertilizers that lead to oxygen depletion in the estuary.

So how does one measure the dissolved oxygen in an estuary?
A variety of methods is now available, including simple dip-and-read
devices that are easy to use. Their routine use can provide inexpensive
monitoring of an estuary and can help to avoid expensive surprises.
With such an approach, the most important considerations are when
and where to take measurements. The basics include early-morning
sampling and many measurements at all depths of water (technical
details are provided in this chapter). If repeated surveys reveal chang-
ing oxygen concentrations or serious deficiencies of oxygen, or if poten-
tial legal considerations arise, dip-and-read monitoring may not be a
sufficient approach. Precise methods for measuring dissolved oxygen
require a considerable knowledge of chemistry, a substantial outlay
of funds for equipment and supplies, and time-consuming work by
technically competent personnel (detailed below). A prudent and pro-
active approach to the basic principle of achieving balance between the
input and output of oxygen and carbon dioxide in an estuary provides
the best insurance against undesirable outcomes, such as fish kills and
noxious odors.

8.1 Introduction

Ecosystem respiratory processes and photosynthesis are key param-
eters of ecosystem condition that are characterized by their products:
photosynthesis produces oxygen as a by-product, and aerobic respira-
tion produces carbon dioxide. The importance of these parameters of
the condition of aquatic ecosystems has been recognized for a century
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(Delebecque 1898). The simple and robust Winkler (1888) method for
measuring dissolved oxygen in water made it easy to detect waters of
low oxygen content, which might be a threat to fishes and other aquatic
life, and also to measure the potential biological oxygen demand of the
organic matter in natural waters and sediments. These methods are fre-
quently used in public health and sanitary engineering management.
Carbon dioxide dissolved in water also can be measured, although this
is somewhat more complex because of the reaction of carbon dioxide
with water. Today, all of these measurements can be automated, simple
dip-and-read instruments are available for measuring dissolved oxy-
gen, and high-precision modifications that require careful calibration
are also available. Moreover, we have improved our understanding of
the location and magnitude of biological processes within estuaries,
making predictions based on gas concentrations and gas exchanges
more useful than ever. Understanding estuarine ecosystem structure
and function, in addition to basic familiarity with methods, will help
resource managers make good recommendations and decisions.

The concentration of dissolved oxygen and the partial pressure of
carbon dioxide in estuarine water are valuable indicators of estuarine
condition, because they are relatively simple to measure and we know
what they mean. However, they must be used with some specific
knowledge of the estuary, because some estuaries, or adjacent wet-
lands, may have naturally high respiratory rates (Cai and Wang 1998;
Cai et al. 1999). This may also be true of certain freshwater streams and
wetlands, some of which naturally fail to meet mandated dissolved
oxygen minima (Hampton 1989).

In many states or countries, environmental protection agencies have
adopted legally mandated criteria for the minimum permitted con-
centration of dissolved oxygen in natural waters. While this legalistic
approach oversimplifies complex natural processes, sometimes leading
to “illegal” oxygen concentrations owing to natural causes, it is a useful
first line of defense against organic pollution and eutrophication. We
will briefly discuss the processes that influence the concentrations of
oxygen and carbon dioxide in estuarine waters and suggest why these
easily monitored parameters are more useful than ever for protec-
tion of water quality and the safety of populations of estuarine organ-
isms. Even in environments where we do not ordinarily expect to find
depressed dissolved oxygen, the ease of measurement makes measur-
ing it worthwhile insurance against unexpected impacts. In impacted
environments, measuring dissolved oxygen is an inexpensive way to
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find trouble spots and to provide a focus that may help to minimize the
need for more detailed and costly monitoring. We also review recent
advances in methods of measuring dissolved oxygen and the carbon
dioxide system in natural waters.

8.2 The Natural Metabolism of Estuaries

While the natural resource manager may not wish to investigate how
natural aquatic food webs function, an awareness of what is currently
known can be useful in understanding causes and solutions of man-
agement problems. For example, recent evidence suggests that most
terrestrial organic matter of natural origins entering estuaries in river
water either remains in estuarine sediments or is metabolized within the
estuary, with essentially only the most refractory lignin phenols mak-
ing their way into the sea (Benner and Opsahl 2001; Shi et al. 2001). This
means that estuarine food webs are utilizing not only the products of
local, estuarine photosynthesis but also organic matter from upstream,
and, as a result, their net annual respiration often exceeds net annual
photosynthesis (Goosen et al. 1997). If they are not re-aerated by wind
and tidal mixing, such estuaries are vulnerable to anoxia owing to any
additional anthropogenic loading of organic materials. Anthropogenic
organic wastes impact numerous estuaries currently, and others have
recovered following mitigation.

Excessive loading of nutrient elements, nitrogen, phosphorus, and
silicon (i.e., eutrophication), stimulates high rates of photosynthe-
sis in estuaries and, when the resulting organic matter decomposes,
depletes the waters of oxygen and oversaturates them with carbon
dioxide, initiating an increase in pCO,. The nutrients may originate
from point sources, such as sewage-processing sites or animal feed-
lots, or they may originate from nonpoint sources, such as urban areas,
golf courses, and the agricultural use of fertilizer. Nutrient loading
sometimes results in summertime hypoxia in estuarine waters that is
detrimental to fish and shellfish. So-called stratified estuaries, such as
Chesapeake Bay, with a layer of low-salinity water capping a bottom
layer of higher salinity, are especially vulnerable to hypoxia, because
the bottom layer is not re-aerated continuously by winds and tides.
Even well-mixed, shallow estuaries in the southeastern United States
have experienced anoxia, but none in South Carolina or Georgia are
currently considered to be eutrophic (Bricker et al. 1999).
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8.2.1 Primary Production

The organic matter produced through photosynthesis, called primary
production by ecologists, is the source of energy for nonphotosynthetic
organisms in estuaries. This organic matter can originate from aquatic
plants —phytoplankton, microalgae on the surfaces of rocks and sedi-
ments, and submerged macrophytes. It can also originate from the
emergent vegetation in adjacent intertidal wetlands, and some of the
organic matter produced by upland plants is transported into estuar-
ies by rivers as particulate and dissolved organic matter, sometimes
after residing in soils for years (Onstad et al. 2000). However, this latter
“old” organic matter leached from soils is more resistant to further
oxidation. From our perspective of the status of dissolved oxygen
and carbon dioxide in estuaries, the origin of the organic matter is
important. Submerged aquatic plants and phytoplankton are net pro-
ducers of dissolved oxygen in the water, while emergent and upland
vegetation is releasing oxygen to the atmosphere, not to the water. So,
to the extent that emergent vegetation and terrestrial vegetation are
the sources of estuarine organic matter, the eventual oxidation of that
organic matter creates a net deficit in the balance of oxygen and carbon
dioxide in the estuarine water that must be made up by gas exchanges
across the surface of the water (Figure 8.1). Even in completely natural
systems this does not always happen.

8.2.2 Estuarine Food Webs

To understand the budgets of oxygen and carbon dioxide in estuaries,
we have to consider all living populations and all stocks of nonliving
organic matter in inflowing river water, inflowing seawater, estuarine
water, bottom sediments, adjacent tidal wetlands, and wetland sedi-
ments. In terms of oxygen demand and production of carbon dioxide,
the smallest organisms are the most important. With each factor-of-ten
decrease in body size, the metabolic rate per unit weight of organisms
increases by a factor of approximately 1.75 (Peters 1983). This means
that depending on nutrient availability and temperature (Pomeroy
and Wiebe 2001), bacteria have from 10 to 1000 times the oxygen
demand of an equal weight of fishes (Pomeroy 2001) (Figure 8.2). To
find the oxygen demand in estuaries, we must measure the metabolic
activity of microorganisms. Concentrations of bacteria tend to occur
on organic detritus, and since organic detritus tends to sink, we can
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Fig. 8.1. Fluxes of oxygen and carbon dioxide that impact estuarine water.

(1) Respiratory degradation of terrestrial organic matter introduced with river
water.

(2) Gas exchanges with the atmosphere by bordering terrestrial plants, with net
production of organic matter that may be degraded in the estuary.

(3) Gas exchanges with the atmosphere by intertidal plants, with substantial
fractions of organic production degraded in estuarine water or sediments.

(4) Complex aerobic and anaerobic degradation of organic matter in intertidal
sediments with a net demand for oxygen and net production of carbon
dioxide. Gas exchanges are with the atmosphere at all times by the intertidal
macrophytes. Intertidal sediments exchange gases with the atmosphere during
low tide and with the estuarine water during high tide.

(5) Gas exchanges of submerged macrophytes and benthic microalgae with
estuarine water.

(6) Gas exchanges of bottom sediments and benthic macro- and microorganisms
with estuarine water.

(7) Respiratory processes within the water column, primarily by aerobic
microorganisms and largely associated with suspended or near-bottom organic
particulate matter.

(8) Air-water gas exchanges influenced by wind waves and tidal currents.

(9) Inflow of ground water that may be enriched in carbon dioxide and depleted
of oxygen.
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expect a concentration of bacteria—and oxygen demand—in water
along the bottom of the estuary, near the sediment surface, in near-
surface sediments, and anywhere water currents concentrate sinking
organic matter (see River Flow and Flushing Rate).

In the upper portions of some estuaries, the area of tidal wetlands
exceeds the area of water at low tide, and these wetlands are usually
populated with stands of highly productive emergent vegetation,
such as Spartina, Juncus, Phragmites, or Carex. Since the vegetation is
emergent, its photosynthesis is not adding oxygen to the water. Most
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Fig. 8.2. Relationship of the ratio of production rate per unit
biomass (P/B) to size of organisms demonstrates that even a
small mass of bacteria and other microorganisms (Protozoa,
Fungi) will outgrow and outrespire all other kinds of living
organisms, making them the most influential in gas exchange
in aquatic systems. Data from Banse and Mosher (1980); Duck-
low (1992); Koslow (1996). Revised from Pomeroy (2001), with
permission from the Institut de Sciencias del Mar.



8.2 The Natural Metabolism of Estuaries 187

wetland vegetation is not grazed by animals but instead dies in place,
and a large fraction of the organic matter, especially that in roots and
rhizomes, is incorporated into the intertidal sediments. This results
in strong anaerobic bacterial respiration in the sediments, with a net
release of carbon dioxide and demand for oxygen near the sediment
surface. Water covering the wetlands at high tide thus tends to become
depleted of oxygen and enriched in carbon dioxide, and when that
water returns to the estuary at low tide and mixes into the estuary, the
net oxygen concentration in the estuary is reduced and pCQO, increased.
Over a series of tidal cycles, the water in such estuarine zones can
become greatly depleted in oxygen (Cai and Wang 1998; Cai et al. 1999).
Because of temperature effects on bacterial metabolic rate, in temper-
ate or subtropical estuaries this is primarily a summertime phenom-
enon (Shiah and Ducklow 1994a, b; Pomeroy et al. 2000). The net excess
oxygen demand in wetlands is an entirely natural condition leading to
naturally low oxygen concentrations in some tidal creeks and estuaries
in summer (Ragotzkie 1959; Frankenberg 1975). This means that such
estuaries will be highly sensitive to any anthropogenic processes that
further reduce dissolved oxygen. It is important not only to monitor
oxygen or carbon dioxide in such estuaries but also to predict changes
in loading of organic matter from changing municipal or industrial
sources that might quickly reduce oxygen concentrations to zero, with
resultant damage to populations of fishes and invertebrates.

8.2.3 Outwelling

The discovery in the 1960s of the large amount of primary production
of the emergent vegetation on intertidal wetlands led to the expectation
that there must also be a significant export of organic matter from tidal
wetlands to estuaries and through them to the sea, a process sometimes
termed outwelling (Teal 1962; Odum 1968). Several investigators have
failed to find observational evidence for a large flux of organic mat-
ter from tidal salt marshes (Haines 1977; Haines and Montague 1979;
Nixon 1980; Chalmers et al. 1985), but the idea persists (Childers 1994;
Childers et al. 2000), together with a recent assertion that regional dif-
ferences can be seen, i.e., between marshes in western Europe and east-
ern North America (Heip et al. 1995; Dame and Allen 1996; Klap 1997).
It is not necessary for us to recapitulate the debate here, but the reader
should be aware that there is a debate; the outwelling concept remains
alive but under continued scrutiny. The practical manager ought simply
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to go ahead and measure the local distributions of organic matter and
oxygen and to act as the data indicate one should.

8.3 River Flow and Flushing Rate

Geomorphology and river flow rates interact to create a range of estu-
arine types having different dominant biological communities and
different regimes of gas exchange. A number of classification schemes
for estuaries have attempted to capture the significance of estuarine
size, shape, depth, magnitude of river flow, and tidal effects (reviewed
by Sheldon and Alber 2002). Deep or fjord-like estuaries and estuaries
receiving major river flow usually have water that is stratified by salin-
ity, with a brackish, river-dominated upper layer and a more saline
bottom layer. Mixing between the layers at the halocline flushes salt
back out to sea with the upper layer as it moves seaward, while the
lower layer is resupplied from the sea, and there is a net movement of
water in the lower layer from the sea toward the land. Because the lower
layer is receiving organic fallout from the upper mixed layer, the lower
layer often becomes partially or totally depleted of oxygen. Moreover,
the landward movement of water in the lower layer transports particu-
late organic matter upstream, concentrating it at the head of the “salt
wedge” where the last of the sea salt is mixed into the upper layer and
transported back downstream. Such turbidity maxima are zones of
high bacterial production and respiration (Baross et al. 1994). Oxygen is
typically the most depleted in such systems in the upstream part of the
lower water layer (Welsh et al. 1994). Although physical hydrographic
structure sets the stage for the course of biological processes, it is the
biology that is responsible for most carbon flux and transport (Kemp
et al. 1997), but we must use knowledge of the physical and chemical
structure of the estuary to lead us to potential trouble spots of hypoxia.
Just as Jesse James said that he robbed banks “because that’s where the
money is,” oxygen-depleting respiration, mostly by microorganisms,
is going to occur where the labile organic matter is.

At the other morphological extreme from the fjord-estuaries, coastal
lagoons with limited inputs of fresh water and very long flushing times
may be thermally stratified in summer. In cases such as that of Long
Island Sound, thermal stratification isolates a lower layer that becomes
progressively depleted of oxygen during summer as a result of the oxy-
gen demand by the benthos, in addition to that from sinking particulate
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organic matter produced by phytoplankton in the upper mixed layer
(Welsh et al. 1994). Shallow coastal plain estuaries may be partially
stratified by salinity or not at all stratified, depending on freshwater
inflow, solar heating, tidal energy, and wind exposure. As noted above
(Estuarine Food Webs), in spite of their lack of stratification, such estu-
aries may be depleted in oxygen during summer where some reaches
are dominated by extensive intertidal marshes, and as a result those
areas are sensitive to additional loading with organic carbon. This can
be organic carbon introduced with sewage and other wastes, or it can
result from additions of more nitrogen and phosphorus, which lead to
more internal production of organic matter.

Wherever there is sea salt, there is movement of seawater as well as
freshwater into the estuary. We think of the sea as being inherently salty
but more dilute than estuaries with respect to its enrichment with nutri-
ents (available forms of nitrogen and phosphorus) and labile organic
matter. However, in locations where coastal upwellings impinge on the
shore, the sea is the major, natural source of eutrophication. Examples
of sea-enriched estuaries include Netarts Bay, Oregon, Walvis Bay,
Namibia, and the rias of northwestern Spain. The only potential gas
exchange problems in such systems of which we are aware are in
Spanish rias where rafted mussel-culture leads to excessive deposition
of organic matter (Blanton et al. 1987; Norueira et al. 1997).

8.4 Human Impacts on Estuarine Dissolved Gases

As we have outlined above, several types of estuaries are relatively
sensitive to additional loading of organic matter because they are
already partially depleted of dissolved oxygen, sometimes continu-
ously and sometimes seasonally or over diel cycles. Good manage-
ment of estuaries requires that we know the kind of estuary with
which we are dealing and what one would expect its natural con-
dition to be. In cases where anthropogenic impacts have occurred,
understanding the estuarine types can help us to predict what we can
expect once the impacts are mitigated. One cannot expect 100 percent
saturation of oxygen everywhere in all circumstances. In some cases,
natural oxygen concentrations may be near, or even below, legally
mandated minima, and that is important to recognize (e.g., Hampton
1989). In such cases, of course, it is most important to minimize the
human impacts.
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8.4.1 Allochthonous Organic Matter

Many, if not most, of the world’s estuaries are today receiving nutri-
ents and organic matter originating from human activities that were
not part of the historic river discharge, and we can never expect them
to return to what were baseline conditions in the year 1500. The addi-
tional organic matter or nutrients may originate from industrial,
municipal, agricultural, or forest-industry sources. The standing stocks
of dissolved oxygen in estuaries reflect these changes in organic load-
ing. Today, managers should be proactive by predicting expected gas
concentrations in the water and initiating steps to make changes before
large sections of an estuary become anoxic. Historically, many estuaries
have become anoxic, especially during summer, when high tempera-
ture accelerates bacterial respiration of organic matter. Sometimes, the
anoxia is not detected because it may occur only at night, when oxy-
gen production by aquatic photosynthesis shuts down. Sampling very
early in the morning, or installing automated, continuously recording
devices, is advisable. Probably the most difficult problems for man-
agers are nonpoint sources that may be difficult to identify and their
effects difficult to quantify.

8.4.2 Eutrophication

More insidious than inputs of anthropogenic organic matter are inputs
of forms of nitrogen and phosphorus that can be utilized by plants and
which commonly result in blooms of phytoplankton. Phytoplankton
blooms can lead to accumulation of organic matter in the lower layer
of the water, in salt wedges, in deeper basins within an estuary, or in
bottom sediments. The additional organic matter is metabolized and
respired by microorganisms, especially in warm weather, producing
an oxygen demand in addition to those already present. In estuaries
that are naturally oxygen-deficient in summer, this can quickly lead
to anoxia, with fish kills and other problems. Many inputs come from
nonpoint sources, such as golf courses or agriculture, that can be dif-
ficult to identify and quantify, as well as difficult to regulate. Moreover,
recovery may not have a linear relationship to mitigation but may occur
only after some nutrient threshold has been passed (Smith et al. 1992).
A classic example is Moriches Bay, Long Island, in which phytoplankton
blooms developed during the 1950s that devastated its oyster industry,
the source of the famous Blue Point oysters (Ryther 1954). The principal
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source of nutrients proved to be duck farms whose wastes were not
controlled adequately. Thirty years later, with the duck farms long ago
replaced by suburban housing developments, the blooms reappeared.
This time, the principal sources of nutrients proved to be lawn fertiliz-
ers and dog feces. With urbanization, the eutrophication threshold was
again surpassed and regulation had only become more difficult.

8.4.3 Impoundments

Impounding wetlands or uplands adjacent to estuaries can have two
kinds of effects: (1) the effect of changing water circulation, estua-
rine water volume, flushing characteristics, and gas exchange of the
impounded area, and (2) the effect of what is being done within the
impoundment, which may at some point in time impact the estuary.
Either of these may alter dissolved oxygen and carbon dioxide in estu-
arine waters. Since tidal wetlands can have a net oxygen demand, at
least in summer (Cai et al. 1999; Pomeroy et al. 2000), impoundment
might actually have a positive effect on dissolved oxygen and pCO,
in estuarine water. However, this “benefit” could be offset by other
important considerations, such as the loss of habitat for first-year
shrimp, menhaden, and other harvestable species. The purpose of the
impoundment and its consequences is the more serious issue. If the
impoundment is intended for aquaculture, this will involve a concen-
tration of the cultured organism and its food supplements that will be
reflected in an accumulation of waste products and a resulting oxygen
deficit. Some of either the organic wastes or the oxygen deficit is likely
at some time to find its way into the estuary. With upland impound-
ments for the storage and oxidation of manure from animal feedlots,
the problems are leakage and accidental rupture. Such an event on the
Neuse River, North Carolina, undoubtedly affected dissolved oxygen,
although that aspect of the spill was overshadowed by the induction of
a dinoflagellate bloom (Burkholder et al. 1997).

8.5 Measurement Methods and Evaluation Strategies

8.5.1 The Winkler Method

Although most of the basic chemistry of the Winkler method has
remained unchanged for a century, many improvements have been
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made in both the speed and the precision of the titration. Today, one
ideally uses one of the several automatic titrators now commercially
available (Oudot et al. 1988; Granéli and Granéli 1991). The automatic
titrators not only speed the titration but also add precision. This can
be further improved in a number of ways, either by titrating the entire
contents of carefully calibrated bottles or by precision pipetting of
the sample for titration (Pomeroy et al. 1994, Carnigan et al. 1998).
Sensitivity as well as precision can be increased by statistical means
through collection and titration of multiple water samples for each
data point (Pomeroy et al. 1994). The speed of the automatic titra-
tion makes this feasible. A recently developed colorimetric method
also achieves very high precision and avoids some of the manipula-
tion problems of the precision titrations (Pai et al. 1993). Where less
precision is needed or precision equipment is not available, Winkler
samples can be read by a traditional burette technique (Carpenter
1965), or inexpensive dip-and-read oxygen electrodes can be taken
into the field and oxygen concentrations read directly in the estuary.
With any variation of the Winkler method, a number of substances
that may be introduced into the water naturally or anthropogenically
sometimes interfere and limit its accuracy. These are described by
Clesceri et al. (1999).

8.5.2 Polarographic Oxygen Electrodes

In contrast to the Winkler method, which produces a single datum,
polarographic oxygen electrodes (POEs) can produce either a single
datum or a continuous record of change in pO,, which might seem
to make them ideal for measurements of respiratory rate. However,
the potential advantage is partially offset by problems of drift and
sensitivity to light or other interfering factors. They have never-
theless been widely used. A number of advanced models are now
available, some of which are essentially free of drift (Langdon 1984;
Griffith and Pomeroy 1995). POEs provide a clear choice for use in
automated field data collection, and this has been done with con-
siderable success (Kemp et al. 1994). They are also widely seen as
the instrument of choice for rapid field surveys of dissolved oxygen.
For this latter use, they have lower precision and sensitivity than
Winkler samples but may be sufficiently precise for many purposes
if well calibrated.
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8.5.3 Electron Transport System

A method for estimating respiratory rates based on activity of the
biochemical electron transport system (ETS) of all organisms, or all
microorganisms, was developed by Packard (1971). Its use has been
mostly in the ocean, where very low respiratory rates have made other
methods difficult. It is currently quite popular in Europe. A continuing
difficulty with the method has been calibration against some meaning-
ful standard. Packard has recently made a new attempt to address this
problem and has better defined the inherent problems in the method
and potential ways to deal with them (Packard et al. 2004).

8.5.4 Measuring Dissolved Oxygen— General Considerations

The above methods do not measure exactly the same thing; the
Winkler method measures total oxidizing equivalent, while POEs
measure pO,. As Pamatmat (1997) has argued, this difference can be
a significant one if plankton or macrophytes are producing signifi-
cant amounts of hydrogen peroxide as a metabolic by-product (which
they do!), especially in respiratory rate measurements in oligotrophic
waters in which enzymatic decay of H,O, can produce what appears
to be negative respiration, that is, oxygen production in the dark. The
choice of method and the precision required should be considered
during research planning in order to optimize what may be quick
and simple measurements or may be a time-consuming and costly
endeavor. Obviously, in systems in which large changes in dissolved
oxygen occur, or when only large changes will be of concern to man-
agement, traditional chemical titrations (e.g., Carpenter 1965) will
work, and simple, hand-held POE devices are rapid and may be suf-
ficiently precise. Such approaches are not sufficient in oligotrophic
systems or where small changes are of significance to management,
or where peroxide production may be a significant interference. Nor
are such devices usually sufficiently sensitive to measure respiratory
rates in bottle experiments to determine respiratory rates or biological
oxygen demand. The issues of precision and replicability can also, of
course, become issues in legal proceedings.

It is important not to overlook questions of significance and
replicability of dissolved oxygen measurements. Casual sampling is,
unfortunately, just that. Many well-intended monitoring programs
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actually miss serious deficiencies in dissolved oxygen, either because
the sampling times were limited to the middle of the day or because
sampling simply was not sufficiently intense in a highly variable system
(Taylor and Howes 1994). In addition to sampling intensity, Summers
et al. (1997) also identify a significant sampling problem that they term
“false positives,” that is, more oxygen reported than really is present.
This is obviously a question of faulty technique in either taking gas sam-
ples or reading them. Peroxide production might also be an issue here.
It is especially tricky to handle samples that are very low in a dissolved
atmospheric gas without introducing that gas to the samples from ambi-
ent air. Samples collected in bottles for later measurement of oxygen
should be collected in a gas-tight sampler that is closed at depth. Oxy-
gen samples should be taken from the sampler at once and drawn first,
before any other samples (e.g., nutrients). The valve for withdrawing
the samples should be equipped with a tube long enough to reach the
bottom of the sample bottle, and the bottle should be overflowed from
its bottom with a volume equal to three times the volume of the bottle,
then sealed gas-tight, without bubbles. Reagents to chemically fix the
dissolved oxygen should be added as soon as possible without adding
air bubbles. If ordinary oxygen electrodes are used, they are inherently
less precise than titration methods, and that makes frequent calibration
of electrodes and their proper use an important consideration.

8.5.5 Measuring the Carbon Dioxide System

Four readily measurable parameters of the marine carbon dioxide
system are pH, pCQO,, total dissolved inorganic carbon (DIC), and total
alkalinity (TA). Carbon dioxide gas has a strong tendency to dissolve
in water with a solubility of about 28 times that of oxygen (Weiss and
Craig 1973; Weiss 1974; Cai and Wang 1998). Equilibrium between the gas
phase and water is governed by a close approximation to Henry’s Law,
which states that for an ideally dilute solution, the gas vapor pressure
of a volatile solute is proportional to its mole fraction in a solution (Cai
and Wang 1998). Since CQO, is the minor component of the marine inor-
ganic carbon system (relative to bicarbonate), it is less sensitive to pos-
sible contamination by the atmosphere during sampling and analysis
than is oxygen. But, like measurement of percent saturation of dissolved
oxygen, pCO, is a useful indicator of the nature of biological processes
in estuaries, and it can be measured directly or calculated from pH and
DIC (Cai and Wang 1998). The pCO, of the estuarine water can then be
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compared with the atmospheric CO, concentration. The present aver-
age global atmospheric pCO, is approximately 370 microatmospheres.
However, air in the coastal zone of developed countries is often higher
owing to human influence (370-390 patm, Cai unpublished data).

One method of measuring pCO, involves the combination of a gas-
water equilibrator with an infrared CO, gas analyzer (Feely et al. 1998).
Samples from the equilibrator can also be measured by gas chroma-
tography. These systems tend to be large and complex and not suitable
for unattended monitoring. Measurement of pCO, can also be per-
formed spectrophotometrically using fiber optic sensors (DeGrandpre
et al. 1993). This method can achieve a precision of 1 micro-atmosphere
CO, (DeGrandpre et al. 1995) and a 99 percent response time of about
2 minutes (Wang et al. 2002, 2003). These sensors are mostly compact,
have low power requirements, and can directly measure water-phase
samples. They have been deployed successfully in mooring applica-
tions. Overall, however, handling pCQO, is much more involved than
that for oxygen sensors owing to the fact that pCO, sensors are not
commercially available with full technical support.

In marine waters, DIC is most often measured by acidification of
water samples and subsequent quantification of the extracted CO, gas
by a coulometer or by an infrared CO, analyzer (Dickson and Goyet
1994; Cai and Wang 1998). The coulometric method is gradually being
replaced by the infrared detector. The latter has the advantage of a small
sample volume (0.1-1.0 ml), rapidity (<5 min/analysis), and high preci-
sion (standard deviation about 0.1 percent) (Cai and Wang 1998). The
system is ideal for DIC analysis in sediment porewater, groundwater,
culture incubation solutions, and coastal waters that require a wide
range of concentrations and limited sample volume (Cai and Wang
1998; Cai et al. 1999; Cai and Reimers 2000; Cai et al. 2000). Salinity and
H.S do not interfere with the analysis.

8.6 Conclusion

Because of the basic importance of dissolved oxygen and carbon diox-
ide for aquatic life in estuaries, and the relative ease with which they
can be measured in most situations, they should not be overlooked by
those responsible for impact evaluations or estuarine monitoring. They
are one of the most valuable of several first lines of defense against a
range of pollution problems and one that usually can be carried out by
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personnel with limited training or experience, so long as a few simple
rules that we have outlined are followed. Concentrations of these dis-
solved gases may be a guide to how and where to direct more intensive
evaluations of other kinds. If done properly, these are measurements
that can be counted on to “stand up in court” in situations where legal
challenges must be met. We should remember and honor Winkler, who
perceived the need and first devised a chemical method that permitted
early understanding of the behavior of dissolved oxygen in natural
waters and its potential significance.
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Chemical Contaminants Entering Estuaries
in the South Atlantic Bight as a Result of
Current and Past Land Use

Richard F. Lee and Keith A. Maruya

Summary by David A. Bryant

Asurvey of research related to toxic contamination in the South Atlantic
Bight, a large, open embayment stretching roughly from Wilmington,
North Carolina, to Jacksonville, Florida, reveals five major sources of
contaminants that have the potential to harm coastal estuaries and the
near-shore environment. All of these sources are associated with human
activities within the watershed, some with historical activity, and some
with relatively recent land use trends. The contaminants vary in the
degree and manner in which they harm the environment and living
(including human) populations. Their adverse effects depend on many
factors, including how readily the compounds are broken down by
light, water, or other processes, and how readily they are either accu-
mulated or metabolized by organisms in the estuary.

Industry, largely in the form of pulp and paper plants, has discharged
heavy metals and toxic organic contaminants into the region’s coastal
rivers for decades. These facilities are often located near urban areas.
One survey found high concentrations of contaminants that persist in
the environment (i.e., they degrade slowly), that accumulate in animals
as they are transferred up the food chain, and that are toxic to the
organisms that come in contact with them at locations in Brunswick,
and Savannah, Georgia, and Charleston, South Carolina. Some of these
plants continue to operate, and those that have closed have left a legacy
of persistent-bioaccumulative-toxic (PBT) contaminants that remain in
local sediment and continue to accumulate in the food chain.
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Agriculture —cultivation of soybeans, corn, cotton, wheat, and
peanuts—a historically important industry to the South Atlantic Bight
coastal plain—employs a spectrum of insecticides, herbicides, and fun-
gicides. The total use for 35 inventoried pesticides in the region ranges
from 1,000 to 6,000 pounds per acre per year (1,100 to 6,700 kilograms
per hectare per year). These pesticides can easily be washed into coastal
waterways by rainfall and can contaminate the groundwater that seeps
into rivers and streams. There are documented cases in the region of
fish kills caused by pesticide runoff. However, a complex web of factors
makes it difficult to predict the effects of pesticides in the environment.
The chemical make-up of a pesticide; the properties of the soil on
which it is applied; the method, amount, and timing of its application;
atmospheric temperature; and the amount and type of rainfall can all
determine whether it finds its way into local waterways.

Another important industry to the region is the planting and
harvesting of slash and loblolly pine. This industry uses herbicides and
insecticides to manage its crop throughout its 25- to 30-year rotation.
The use of these chemicals is typically orders of magnitude less than
in agriculture, and public pressure, economics, and changing tech-
niques continue to reduce their use. However, that chemicals such as
Permithrin, used to control the Nantucket tip moth, and the industry’s
most widely used herbicide, Triclopyr, continue to be found in sensitive
waterways is cause for concern.

As the demand for retirement and second homes increases in the
coastal Southeast, so does the number of golf courses. In Georgia,
South Carolina, and North Carolina there are more than 150,000 acres
of golf courses, with a disproportionate share on the coastal plain.
A variety of pesticides are used to maintain golf courses, and repeated,
heavy doses of these pesticides are often required to maintain greens
and fairways. These pesticides can contaminate adjacent waterways or
enter the system through groundwater. Many golf courses are located
near sensitive estuarine environments.

Development in coastal areas can increase the toxic load signifi-
cantly in estuaries. Pesticides may be overused by untrained consumers
in suburban and urban settings, and rainfall can carry the excess appli-
cation into nearby waterways. The pesticide Fipronil, used to control
fire ants, is an example: it is often detected in suburban creeks and
has been found to be extremely toxic to estuarine crustaceans, such
as shrimp, at very low concentrations. No less troublesome is runoff
from the roads and parking lots that proliferate as coastal communities
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grow. Rain washes heavy metals and hydrocarbons, such as motor oil,
tire wear, and compounds in automobile exhaust, off these impervious
surfaces and into local waterways, along with pesticides.

While industrial contaminants often enter the waterways directly,
the fate of contaminants from other sources depends on a number of fac-
tors, such as local hydrology, the amount and frequency of precipitation,
and the presence of buffers. Once contaminants have made their way to
the estuary, another set of complex factors determines where they are
distributed in the estuary and what organisms they effect. The toxicity
of some contaminants can be reduced by water or light. However, many
pesticides were created to resist such degradation, or their activities
may actually be enhanced by water or sunlight. Some substances, such
as mercury, accumulate readily in sediment and organisms, while oth-
ers may be toxic to some organisms but harmless to others. For example,
polycyclic aromatic hydrocarbons (PAHs), found in petroleum prod-
ucts, can be harmlessly metabolized by most fish but accumulate in the
tissue of mollusks, such as oysters, clams, and mussels. While heavy
doses of many contaminants can kill fish and other estuarine creatures,
their nonlethal effect is often to inhibit growth and reproduction.

New guidelines for the selection, registration, and application of
chemicals to the landscape are being developed to address pesticide
problems in agriculture, silviculture, and golf course maintenance. Best
management practices (BMPs) in these settings also suggest the use of
vegetated buffers and retention ponds to prevent harmful chemicals
from entering waterways. BMPs for coastal residential and commer-
cial development attempt to constrain impervious surfaces and make
use of retention ponds to capture contaminated runoff. Innovations
in land use planning concentrate development in less-sensitive zones
and mandate the use of buffers. As land use changes and more land
is converted from agriculture and silviculture to residential and com-
mercial uses, the challenge for the region will be to avoid the increased
the load of toxins that typically come with roads, parking lots, and golf
courses, and to prevent the critical changes to local hydrology caused
by increased impervious surfaces.

9.1 Introduction

Wolfe (1992) suggested that the major inputs of contaminants into
coastal waters are due to direct discharge from municipal and industrial



208 9 Chemical Contaminants Entering Estuaries

outfalls, runoff from urban, agricultural, and silvicultural areas near
the coast, and atmospheric fallout. Contaminants from these different
inputs have been linked to effects on environmental quality, which can
be assessed by various bioeffect indicators. The most useful bioeffect
indicators are those linked to effects on the population, such as repro-
duction, growth, and survival. The focus of this paper is to describe
the types, sources, fates, and potential for environmental impacts
associated with chemical contaminants entering the South Atlantic
Bight (SAB). Included are contaminants associated with current, past,
and projected future land uses and responses of various bioeffect
indicators to these contaminants.

Features of the coastal watersheds of the SAB include barrier islands,
expansive marshes, dammed and undammed rivers with highly variable
flows, and a broad continental shelf proximate to the Gulf Stream. Land
along the coastal zones of the SAB has historically been used for agri-
culture and silviculture, with smaller pockets of urban, surburban, and
resort development in such coastal cities as Wilmington, North Carolina,
Charleston and Myrtle Beach, South Carolina, Savannah and Brunswick,
Georgia, and Jacksonville, Florida. In a few cases, e.g., Charleston Har-
bor and Brunswick, there were large-scale point source discharges of
potentially toxic heavy metals and organic contaminants. More recently,
there has been extensive conversion of farm and silviculture lands to
resort-type developments with low-density housing and golf courses.
This review describes the nature, expected environmental behavior,
and potential for toxic effects of chemical contaminants that enter
SAB estuaries, including those resulting from direct discharge from
municipal and industrial outfalls and runoff from urban, suburban,
agricultural, and forested areas. Alsonoted are the sources and character-
istics of several legacy contaminants at sites with severe contamination,
some of which are or were designated as U.S. Environmental
Protection Agency (U.S. EPA) Superfund sites.

9.2 Contaminant Sources

9.2.1 Industrial Contaminants

Timber, pulp and paper, and industrial chemical facilities producing
chlorine and caustic compounds for pulp bleaching were early indus-
tries in the SAB coastal area (Sullivan 1997). Some of the contaminants
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left from these industries are classified as persistent, bioaccumulative,
and toxic (PBT) (U.S. EPA 2003). Table 9.1 lists some sites in the SAB
where high concentrations of PBT contaminants have been reported.
Near Brunswick, Georgia, there was a chlor-alkali plant site with high
sediment and biota concentrations of mercury and polychlorinated
biphenyls. There is a second site with high sediment and biota concen-
trations of toxaphene, a chlorinated monoterpene formulation whose
residues are a PBT contaminant of primary concern (U.S. EPA 2003).

9.2.2 Silviculture

Slash pine (Pinus elliottii) and loblolly pine (Pinus taeda) are planted
and harvested by pulp and paper companies in many of the coastal
areas of the SAB. Herbicides and insecticides are used to manage these
pine forests. The sequence of pesticide application during a typical
25- to 30-year rotation is as follows: (1) postharvest site preparation;
(2) pine release-midrotation; (3) herbaceous weed controls. Insecticides
are applied as needed, usually during the first years of rotation when
pine stands are being established (Fettig et al. 1998). The total amount
of pesticides applied in silviculture on a total acreage basis is orders of
magnitude less than in coastal agriculture (D. Moorhead, pers. comm.).
A further reduction in pesticide application for forest management is
continuing due to economics, changes in operations, and pressure from

Table 9.1. Industrialized Estuaries in the South Atlantic Bight with High Concen-
trations of PBT contaminants

Location Contaminants Reference
Charleston Harbor Cr, Cu, Ni, Pb, Zn Sanger et al. (1999a,b)
(SO) PAH Hyland et al. (1996, 1998)
Purvis Creek Hg, PCBs, PAHs  Kannan et al. (1997)
(Brunswick, GA) Windom et al. (1976)

Maruya and Lee (1998a,b)
Terry/Dupree Creek Toxaphene Maruya and Lee (1998a),
(Brunswick, GA) Maruya et al. (2000)
Hutchinson Island Ag, Cd, Zn, Alexander et al. (1999)
(Savannah River, Cr, Hg, Pb,
Savannah, GA) PAHs, PCBs,

DDT, dieldrin
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the general public (McCormack 1994). One example of an operational
alternative to pesticide application is the planting of optimum size
pine seedlings, which results in greater survival and growth of slash
pine relative to plots treated with the herbicide, imazapyr (South and
Mitchell 1999).

Herbicides and insecticides commonly used in Georgia pine forests
are listed in Table 9.2. One of the major insect pests of managed pine
forest is the Nantucket tip moth (C. Fettig, pers. comm.). Permethrin
and A-cyalothrix applied 34 times annually at 0.21-0.65 g/hectare are
generally used to control this insect (C. Fettig, pers. comm.). Imazapyr
is used in combination with glyphosate, triclopyr, and picloram to
control grasses, applied at 0.56-0.84 kg/ha (Harrington et al. 1998).
Triclopyr is presently the most widely used herbicide in forest man-
agement (Larson et al. 1997).

Table 9.2. Pesticides Used in Silviculture in Coastal Georgia (C. Fettig, D. Moorhead,
Personal Communications).

Trade/Common
Chemical Name name Target
Insecticides
acephate Orthene various insects
carbaryl Sevin various insects
A-cyalothrix Warrior T tip moth
diflubenzuron Dimilin various insects
esfenvalerate Asana various insects
permethrin Pounce tip moth
spinosad
Herbicides
gyphosate Accord site preparation, weeds
hexazinone Velpar pine release, weeds
imazapyr Arsenal site preparation, pine

release

picloram Tordon site preparation
sulfometuron methyl Oust site preparation, weeds
triclopyr Garlon site preparation, pine

release
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9.2.3 Agriculture

Agriculture, primarily soybeans, corn, wheat, and peanuts, is an impor-
tantindustry in SAB coastal areas. Total use for 35 inventoried pesticides
ranges from 450 to 2,700 kilograms per year in the various estuarine
drainage areas of this region (Pait et al. 1989, 1992; Table 9.3). A list of
the herbicides, insecticides, and fungicides that are applied and their

Table 9.3. Properties of Pesticides Used in Coastal Areas of the South Atlantic
Bight (from Pait et al. 1992).

Water® Toxicity
Pesticide Solubility Soil Half-Life  to Fish
Pesticide Class®  (mg/L) (days) LC50(mg/L)

Aciflurofen H VS 14 31
Alachor H 242 30 43
Atrazine H 33 130 2
Bensulide H 25 140 0.32
Butylate H 45 12 3
Carbaryl I 30 8 16
Carbofuran I 415 81 0.2
Chlorothalonil F 0.6 45 0.032
Chlorpyrifos I 0.4 30 0.14
Cyanazine H 171 19 16
2,4-D H 900 18 180
Diazinon I 40 65 1.5
Disulfoton I 25 9 0.52
Endosulfan I VIS 120 0.0015
Ethoprop I 750 30 0.18
Fenvalerate I 0.085 50 0.005
Fluometuron H 90 30 43
Linuron H 75 60 3
Malathion I 145 1 0.32
Methamidophos I VS 3 34
Methyl Parathion I 57 44 1.6
Metiram F VIS 60 32

(Continued)
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Table 9.3. Properties of Pesticides Used in Coastal Areas of the South Atlantic
Bight (from Pait et al. 1992). (Continued)

Water® Toxicity
Pesticide Solubility Soil Half-Life  to Fish
Pesticide Class? (mg/L) (days) LC50(mg/L)

Metolachlor H 530 40 8
Molinate H 800 21 2
Parathion I 24 6 0.036
PCNB F 0.44 468 0.88
Permethrin I 1 30 0.008
Phorate I 50 25 0.0013
Profenofos I 20 30 0.014
Propanil H 225 15 18
Simazine H 3.5 75 20
Terbufos 1 15 5 0.39
Thiobencarb H 30 18 1.4
Trifluralin H 1 81 930
Vermolate H 90 11 2

* Abbreviations: H, herbicide; I, insecticide; F, fungicide; VS, very soluble; VIS,
very insoluble; PCNB, pentachloronitrobenzene

application rates at 18 SAB coastal sites is given in Pait et al. (1989).
For example, the combined Albermarle and Pamlico Sounds estuarine
drainage area of coastal North Carolina and the Winyah Bay drainage
area of coastal South Carolina had 1.8 million and 1.0 million kilograms
of pesticide use per year, respectively. The major herbicides used
were alachlor, atrazine, butylate, and dichlorophenoxyacetic acid
(2,4-D); major insecticides were carbaryl, carbofuran, chlorpyrifos,
and ethoprop; the major fungicide was chlorothalonil. In South Car-
olina, vegetable farms located adjacent to several estuaries receive
applications of fenvalerate, azinphosmethyl, and endosulfan (Fin-
ley et al. 1999). Fish kills due to high concentrations of pesticides in
runoff from agricultural fields have been documented in the SAB;
the pesticides causing the fish kills included endosulfan, fenvalerate,
and azinphosmethyl (Scott et al. 1987; Baughman et al. 1989; Trim and
Marcus 1990; Scott et al., 1992; Ross et al. 1996). Analysis of pesticides
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in agricultural runoff associated with fish kills in Canada indicated
that azinphos-methyl, chlorothalonil, and endosulfan exceeded fish
96 hour LC50 concentrations (Ernst et al. 2001). Some of the fac-
tors that affect pesticide runoff from agricultural fields include
physicochemical properties of the pesticides, soil properties (grain
size, organic content and quality, hydraulic conductivity), time inter-
val between pesticide applications, ambient meterological conditions
(temperature), and type and amount of rain (Willis and McDowell
1982).

9.2.4 Golf Courses

There are approximately 15,000 golf courses in the United States, with
300—400 new golf courses being developed each year (Ryals et al. 1998).
Many of the new golf courses are located in SAB coastal areas. Using
data from the National Golf Foundation, it has been calculated that
there are 24,000 ha of golf course landscapes are in North Carolina
alone, assuming that each 18-hole courses requires 53 ha, while there are
approximately 34,000 ha of golf courses in Georgia and South Carolina
(Balogh et al. 1992; Sadlon 1993). A wide variety of pesticides are used to
maintain golf courses, including 2,4-D, chlorpyrifos, carbaryl, atrazine,
chlorothalonil, metribuzinbentazone, simazine, and dimethyl tetra-
chloroterephthalate (DCPA) (Balogh and Anderson 1992; Balogh et al.
1992; Miles et al. 1992; Ryals et al. 1998; Table 9.3). Golf course ponds in
North Carolina were found to have high concentrations of chlorpyri-
fos (up to 60ug/L) after heavy summer rains (Ryals et al. 1998). Copper
compounds are widely used to treat golf course lagoons to prevent
algal blooms (Kamrin 1997). Different pesticides are used to maintain
turf grass and putting greens (Balogh and Anderson 1992; Walker and
Branham, 1992). Nationwide, Balogh and Anderson (1992) estimated
that 5.5 million kilograms of pesticides were used in 1982 to maintain
golf courses, with approximately 2 million kilograms used on golf
courses in the southeastern region. Repeated, heavy doses of pesticides
are sometimes needed to control certain pests that over time develop
resistance to specific formulations (Balogh and Anderson 1992). For
example, chlorothalonil is extensively and repeatedly used to control
fungus on golf courses. Analyses of golf courses leachates in Georgia
showed relatively high concentrations of the chlorothalonil degrada-
tion product, hydroxychlorothalonil, at concentrations ranging from
2.2 to 0.6 mg/L (Armbrust 2001).
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9.2.5 Urban and Suburban Sources

Within urban and suburban environments there are daily uses of a variety
of pesticides, many of which are also used in agriculture (Table 9.3).
Examples of insecticides used in urban and suburban environments
are chlorpyrifos, malathion, isazophos, isofenphos, pyrethroids (e.g.,
cypermethrin), and diazinon; herbicides used include diuron, 2,4-D,
simazine, triclopyr,and oryzalin; fungicidesused include chlorothalonil,
fenarimol, benomyl, and captan (Racke 1993). A few pesticides have
been developed specifically for urban and suburban use, such as isazo-
phos, isofenphos, and oryzalin. Unfortunately, relatively few surveys
of surface waters analyze for these compounds, which could allow
a determination of the relative contribution of pesticides from urban,
suburban, and agricultural areas to runoff. Fipronil, a phenylpyrazole
insecticide, has been recently introduced to control fire ants, mole
crickets, and termites in both golf courses and home gardens in
the southeastern United States. Laboratory studies found that this
compound was toxic at low concentrations (0.3 pg/L) to estuarine
crustaceans (Fulton et al. 2002; Tingle et al. 2003; Wirth et al. 2004).
Studies at a creek receiving runoff from a suburban development in
South Carolina showed fipronil, chlorothalonil, and atrazine concen-
trations of 65, 13, and 500 ng/L (Lee and Fulton, unpublished data).
All of these pesticides are widely used throughout SAB coastal areas
(Larson et al. 1997).

Road runoff in suburban and urban environments contains many
of the pesticides mentioned above as well as variety of aromatic com-
pounds from motor oil, tire wear, and exhaust emissions. For example,
where diuron was used to control weeds along a highway, the diu-
ron concentration in runoff ranged from 0.1 to 10.8 pg/L (Huang et al.
2002). Herbicides frequently detected in urban and suburban creeks
include prometon, simazine, atrazine, tebuthiuron, and metolachlor,
while insecticides frequently detected in these creeks include diazinon,
carbaryl, chlorpyrifos, and malathion (Bailey etal. 2000; Hoffman
et al. 2000). High concentrations of polycyclic aromatic hydrocarbons
(PAHs), benzthiazoles, and aromatic amines have been reported in
sediments and waters receiving road runoff (Eganhouse et al. 1981;
Bedding et al. 1982; Hoffman et al. 1984; Perry and McIntyre 1987; Spies
et al. 1987; Hewitt and Rashed 1992; Stephensen et al. 2003). A study of
highway runoff determined that the total loading rate of high molec-
ular weight PAHs was 17 kg /km? of drainage area/y (Hoffman and
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Quinn 1987). As an illustration of the influence of motor vehicle traffic
and conversion of natural to impervious surface, Lee etal. (2004)
found that PAH concentrations were extremely high (29 pg/g dry wt)
in estuarine sediments nearest the roadway and adjacent parking lot in
Hilton Head, South Carolina. Concentrations decreased rapidly with
increasing distance from the roadway and parking lot (Table 9.4).

Table 9.4. Concentrations of PAHs (ng/g dry wt.) in Sediments from Stations at
Different Distances from Highway Storm Drain in Hilton Head, South Carolina
(from Lee et al. 2004).*

Compound Station A StationB  Station C
naphthalene 16 nd n.d.
2-methylnaphthalene n.d n.d n.d.
1-methylnaphthalene 12 n.d n.d.
biphenyl n.d n.d n.d.
2,6-dimethylnaphthalene n.d n.d n.d.
acenaphthylene n.d. n.d n.d.
acenaphthene 151 nd n.d.
fluorene 220 n.d n.d.
phenanthrene 3100 68 15
anthracene 530 15 n.d.
1-methylphenanthrene 155 16 n.d.
fluoranthene 4780 223 27
pyrene 3750 192 35
benz[a]anthracene 2350 92 14
chrysene 2250 110 14
benzo[b]fluoranthene 2620 169 16
benzo[k]fluoranthene 1290 83 n.d.
benzo[e]pyrene 1550 93 n.d.
benzo[a]pyrene 1930 93 n.d.
perylene 560 88 n.d.
indeno[1,2,3-cd]pyrene 1510 98 n.d.
dibenz[a,h]anthracene 550 39 n.d.
benzo[g,h,i]perylene 1500 102 n.d.
Total PAHs 28800 1480 120

*Tidal creek stations A, B, and C were located Im, 100m, and 500m distances from
a highway storm drain. N.d. =not detected (<10ng/g)
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9.3 Fate of Contaminants in Estuaries

Fate is defined as the processes that transform, transport, modify,
and/or sequester contaminants introduced into the environment, in
this case coastal estuaries. Contaminants can be classified accord-
ing to their environmental persistence, i.e., those with long half-lives
(many months to years) are termed persistent or recalcitrant and those
with short half-lives (days to a few months) are termed nonpersistent
or labile. Such factors as aqueous solubility, vapor pressure, affinity
for solid or biotic particles, and susceptibility to microbial degrada-
tion determine whether a contaminant will be persistent or labile
(Table 9.5). Hydrophobic pesticides with large sediment-water distri-
bution coefficients (K, or K,.) are attenuated via association with soil
particles, while contaminants with high water solubility have higher

Table 9.5. Selected Organic Contaminants and Properties that Affect their
Partitioning in Aquatic Ecosystems.*

Contaminant C. t,
(class)+ (mg/L) logK = (days) References

atrazine (H) 33 2.6 130 Pait et al. (1992)
Gramatica &
DiGuardo (2002)

alachlor (H) 242 3.5 30 Pait et al. (1992)
Gramatica &
DiGuardo (2002)

chlorothalonil (F) 0.8 29 0.2-8.8 Syngenta (2003)
Gramatica &

DiGuardo (2002)
permethrin (I) 0.04 3.5 90-120 Torstensson

et al. (1999)
fenvalerate (I) 0.085 4.4 3 Southwick et al.

(1995)
fluoranthene (PAH) 0.1 51 180-360 Verschueren (1983)
toxaphene (I) 04-3.3 4.8-64 1-3600 deGeus et al. (1999)
DDT (I) 0.003 6.2  730-5500 Verschueren (1983)

* C,,, = aqueous solubility; K = octanol-water partition coefficient; t,, = half-life
+ H = herbicide; I = insecticide; PAH = polycyclic aromatic hydrocarbon;

F = fungicide
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mobility. When contaminants enter upland and/or riparian areas, the
fate of these contaminants is affected by local hydrology, precipitation,
and evapotranspiration (Fares etal. 1996). In addition to physico-
chemical properties, the mobility and transport of pesticides used in
silviculture are controlled by hydrological processes such as surface
runoff, infiltration, interflow, and leaching below the root zone, with
highest concentrations found in waterways with little or no vegetative
buffering (Neary et al. 1993). An important aspect of the fate of applied
pesticides is the extent to which the pesticides enter surface waters
through runoff and other effluents. When applied as a preemergent
herbicide, 0.3 to 2 percent of the atrazine applied was lost to surface
water (Larson et al. 1997). Two days after an application of fenvalerate to
an agricultural field, the concentration of the compound in agricultural
runoff was 1.9 ug/L (Southwick et al. 1995).

The biological fate of chemical contaminants is pertinent to the
assessment of how coastal environmental quality changes with chang-
ing land use. Processes that influence the fate of contaminants once
they enter the coastal ecosystem include uptake, elimination and
excretion, biotransformation, and metabolism (Lee 2002; Mackay and
Fraser 2000). Uptake may be passive (e.g., diffusion across membranes
such as gills) or active (gut absorption of contaminants associated with
food). Contaminants are lost from the biota by elimination and excre-
tion pathways. Biotransformation is the modification of the compound
by enzymatic processes, sometimes referred to as detoxification pro-
cesses. Metabolism refers to breakdown of the chemical, with the
products of this degradation used for cell energy needs. Contaminant
bioavailability involves both biological and physiochemical processes
that affect how contaminants are taken up into the biota. For persistent,
hydrophobic contaminants, quantifying bioaccumulation and biomag-
nification processes is important to determining long-term biological
impact. For labile, water soluble chemicals, bioaccumulation does not
occur to a measurable extent, and thus such measures as lethal and
sublethal effects indicate the bioavailability of the compounds.

9.3.1 Persistent Contaminants

Many synthetic organic and organometallic compounds such as PCBs,
organochlorine pesticides (chlordane, DDTs, toxaphene), and organo-
tins (tributyltin, triphenyltin) were synthesized for their stability and
thus are not readily degraded. These compounds are hydrophobic, as
indicated by their high log K_ , and tend to partition into such lipid
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rich compartments as biota or sediments with high organic content
(Table 9.5). Evidence of persistence was shown by the elevated con-
centrations of synthetic organochlorine compounds in sediment cores
from the Savannah River estuary (Alexander etal. 1999). The high
molecular weight PAHs, a common class of petroleum and pyrogenic
contaminants in estuaries, are hydrophobic and persistent in anoxic
sediments. However, they are readily metabolized by fish and many
estuarine invertebrates, and thus most estuarine biota do not accumu-
late PAHs (Lee 2002). Exceptions are bivalve mollusks, e.g., mussels,
clams, and oysters, which appear to lack an effective PAH metabo-
lism system, and thus these animals accumulate both PAHs and other
persistent contaminants. Quantitative structure activity relationships
(QSARs) between physiochemical properties (e.g., K ), environmen-
tal persistence, bioaccumulation, and trophic transfer have been used
to predict the generalized environmental behavior of various classes of
hydrophobic contaminants in mostly freshwater and polar ecosystems
(Kidd et al. 1995; Fisk et al. 1998). Very few studies have addressed the
behavior and fate of persistent contaminants in complex coastal and
estuarine ecosystems (Maruya and Lee 1998b).

9.3.2 Nonpersistent Contaminants

Because nonpersistent contaminants are generally soluble in water, they
are susceptible to degradation by both abiotic and biotic processes. For
example, pyrethroid insecticides, such as permethrin and fenvalerate,
were found to be highly degradable in simulated aquatic ecosystems,
with half-lives ranging from 0.5 to 31 days at 15-19°C (Lutnicka et al.
1999). For organochlorine compounds the rate of biotransformation
depends on both the degree of chlorination as well as the stereochem-
istry, i.e., chlorine substitution patterns. Chlorinated biphenyls with
1 or 2 chlorines are rapidly degraded under aerobic conditions (Brown
et al. 1987; Harkness et al. 1993) while PCB congeners with more than
6 chlorine atoms are only very slowly transformed (Palekar et al. 2003).
Widely used organochlorine pesticides such as atrazine, fenvalerate,
trichloropyr, chlorothalonil, and endosulfan have 1, 1, 3, 4, and 6
chlorines per molecule, respectively. Half-lives of these pesticides in
soil range from 45 to 130 days (Table 9.3). Many of the organic contami-
nants of concern, e.g.,, PAHs and many pesticides, contain aromatic
rings that are subject to microbial degradation in aerobic waters and
sediments by metabolic pathways involving ring oxidation and ring
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cleavage (Crosby 1998). As a result of bioturbation, sediment-dwelling
fauna, such as meiobenthos, can also biotransform sediment-associated
organic contaminants (Forbes et al. 1996; Christensen et al. 2002; Selck
et al. 2003). Gardner et al. (1979) found that without the presence of the
polychaete, Capitella capitata, in an estuarine sediment, benzo(a)pyrene
was not degraded during a 60-day study. In addition to biological deg-
radation, abiotic mechanisms such as photolysis, oxidation, reduction,
and hydrolysis may transform a variety of pesticides and PAHs (Zepp
et al. 1985; Hwang et al. 1986; Crosby 1998). For example, organic rich
clays can catalyze the hydrolysis of organophosphate pesticides (Soma
and Soma 1989). The half-life of chlorothalonil in estuarine water was
determined to be eight to nine days (Walker et al. 1988). This rapid
degradation is primarily due to photolysis, which degrades chlorotha-
lonil in natural waters to hydroxychlorothalonil (half-life = 57 days)
(Armbrust 2001). Because of the possibility of many transformation
processes, simple models that can adequately predict environmental
fate for nonpersistent contaminants are rare.

9.4 Conclusions

A variety of chemical contaminants from a variety of sources can enter
surface and groundwaters of coastal ecosystems of the SAB. Depend-
ing on their mobility and rates of degradation, these contaminants can
then enter the estuaries that are such a common feature of this region.
While fish kills can result when very high concentrations of pesticides
enter the runoff from agricultural, urban, or suburban environments,
the most likely effects of contaminants in SAB estuaries are sublethal,
which affect such parameters as growth and reproduction of estua-
rine animals. Effects on growth and reproduction are linked to effects
on the population dynamics of estuarine animals. The land use changes
taking place in the SAB are leading to changes in both types and quan-
tities of various contaminants. The rapid growth of the suburban and
urban areas in this coastal environment will increase the percentage of
impervious surface and later the hydrology of previously undisturbed
landscapes, resulting in increased loading of contaminants associated
with runoff and diverted water flows from golf courses, roads, and urban
and suburban areas over the next several decades.

Several strategies to reduce and/or minimize the impact of contami-
nants released due to increasing development and land use change are
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available, including the design and implementation of Best Management
Practices (BMPs). One such practice that deals with contaminants from
nonpoint sources is the use of retention ponds located between the
contaminant sources and the receiving estuary. Properly designed and
operated retention ponds can reduce contaminant loading by allowing
contaminant-bearing suspended sediments to settle and for the more
labile contaminants to degrade to less toxic forms before entering the
estuaries. In concert with the implementation of retention ponds are
periodic maintenance and removal of contaminated pond sediments.
Alternatively, the mobility and leaching potential of potentially toxic
contaminants associated with bedded pond sediments could be reduced
by in situ sequestration and/or vitrification technology. Land use plan-
ning strategies include minimizing impervious surface conversion, con-
centrating development in less sensitive area or in areas with integrated
wastewater/runoff treatment facilities, and mandating effective mini-
mum vegetated buffer zones. Such strategies would reduce contaminant
loading by reducing runoff volume. Coincidentally, soil recharge and
infiltration times would increase, and highly contaminated wastewater
and runoff would be subject to engineered treatment processes. A final
strategy would address the selection, registration, and application of the
chemicals. For example, the use of less persistent and toxic chemicals
will decrease the risk of in situ effects on estuarine biota. Reducing the
total mass of applied chemicals, particularly pesticides used in silvicul-
ture, agriculture, and turf and garden management to a lower level will
reduce the total inventory of contaminants in SAB coastal estuaries.
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Models of Coastal Stress:
Review and Future Challenges

Thomas C. Siewicki

Summary by Thomas C. Siewicki

Models help explain complex relationships. A current trend is to
link models that explain different environmental processes. Hydro-
dynamic models help describe circulation patterns, tidal flows, and
freshwater retention. They are being coupled to pollution runoff mod-
els. Sedimentation models predict sources, transport, deposition, and
resuspension of particulates. These processes often dictate the fates of
adhering chemical contaminants. Nutrient runoff models are being
coupled with hydrodynamic models at subwatershed levels. These
models frequently incorporate novel surrogates of environmental
parameters that are difficult to measure. The current trend for chemi-
cal contaminant modeling is to link chemical-process, hydrodynamic,
salinity, and sedimentation models to predict sources, transport, fate,
and toxicity. Land use characteristics are increasingly included, par-
ticularly in urban settings. Geographic information processing will
become increasingly important in estuarine modeling of all types. The
linking of stressor models with biomass productivity is just beginning.
Finally, development of models specific to marine and estuarine con-
ditions lags behind model development for freshwater systems. How-
ever, research that links hydrodynamics, sedimentation, nutrient and
chemical contamination, geographic information systems (GIS), and
other land use techniques to predict effects on saltwater systems is
progressing.
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10.1 Introduction

There have been many models created to simulate processes that
affect or occur within tidal systems. These models were created for
different purposes and different settings. It is not possible to identify
specific models for given circumstances without understanding what
is available and where limitations have been identified. This chapter
describes current trends in modeling. It briefly describes examples of
models that characterize stresses on estuaries similar to those found in
the southeastern United States.

Models allow theory to be developed that better explains processes
at work. Historically, the complex and dynamic nature of coastal and
estuarine areas has inhibited the ability to model such areas. Fortu-
nately, the advancement of computer and information technologies is
allowing researchers to incorporate multi-disciplinary scientific exper-
tise and data into newly developed integrated ecosystem models.
This is a review of models used to predict sources, fates, and effects
of stressors in estuaries of the southeastern United States, with an
emphasis on chemical stressors. This review focuses on models either
already used or thought applicable to estuaries in the geographic area
approximately bounded by Cape Fear, North Carolina, and Cape
Canaveral, Florida, and typified by vast Spartina marshes that contain
creeks, channels, and barrier islands. Brief descriptions of models and
their development are provided for several priority applications. Both
riverine and nonriverine estuaries, impacted by a wide range of fresh-
water flows, are found in this region. Thus, models are discussed that
are applicable to a variety of conditions.

Thomann (1998) described three historical stages in model devel-
opment. The first was from 1925 to 1980, when stressor sources were
external to the models with only point sources linked directly. In the
second phase, from 1980 to 1990, sediment models were coupled to
water column and hydrodynamic/watershed models. In the current,
third phase, air sheds and other watershed aspects (e.g., land use)
are being incorporated. Future improvements will come from better
understanding of ecosystems and from developing consensus between
land and estuary use managers (Thomann 1998).

Several reviews on different aspects of environmental modeling
have been done. Jorgensen et al. (1995) provided a description of envi-
ronmental and ecological models. A general review by Chang (1992)
described the variety of aquatic models that were available for river
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basins, estuaries, lakes, reservoirs, nonpoint source pollution storm
water management, groundwater, potable water, and wastewater.
A more specific review of estuarine flow and water quality models
was done by Najarian and Harleman (1989). A review of modeling
of nonpoint source pollution in the vadose zone using geographic
information systems (GIS) is available (Corwin et al. 1997). The U.S.
Environmental Protection Agency lists linear regression models
that used urban watershed data (U.S. EPA 1991, 1992). An excellent
overview of general modeling considerations was provided by Lung
(1989). Some of the most significant stressors identified for estuarine
modeling included: salinity changes, suspended solids, microbial
agents, dissolved oxygen, biological oxygen demand (BOD), chemi-
cal oxygen demand (COD), nutrients, and toxic chemicals (both acute
and chronic). Both hydrodynamic and water quality models were
included.

Smith (1992) prepared a report on the use of computer models of
estuaries by eastern coastal states that identified the models that were
most often used and explained why they were popular. State agency
modelers have different concerns and needs than federal, private, or
academic modelers. These agencies often used models that are based
on the U.S. EPA Water Quality Analysis Simulation Program (WASP4)
or Enhanced Stream Water Quality Model (QUAL2E) because they
often receive U.S. EPA funding. Models used in the southeastern
United States included: WASP4, CE-QUAL-W2, HAR-03, Georgia
Estuary Model, MIT Transient Water Quality Network, QUAL-2E,
Chesapeake Bay Water Quality Model (CBWQ), Hydrological Simu-
lation Program (HSPF), SPAM, AWEST, DEM-DYNDEL, TOXIWASP,
Transient Salinity Intrusion Model, Cornell Mixing Zone Expert Sys-
tem (CORMIX), NCWQAP, BLTM, CWQM, the EPA Simplified Math
Model, AUTOSS, HEM, JRWQM, SIM, tidal prism (TPM), VMP, PEM,
and TAM (Smith 1992). (The reader is reminded that, perhaps more
so in modeling than in other areas, acronyms are more recognizable
than full names.)

Appropriate model selection should depend upon the objec-
tives of the study, the level of detail required, and model criteria
(DeCoursey 1985). Models help identify areas where science is lacking
(particularly regarding coupling of processes), facilitate sensitivity
analysis of important processes, enable examination of dominant
scales of processes, and test water resource management alternatives
for implementation (Najarian and Harleman 1989).
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10.2 Hydrodynamics

Hydrodynamic models describe circulation patterns and tidal flows
in estuaries that influence transport of stressors. For example, the
TRIM-3D, three-dimensional model simulated shallow water flow
and tidal circulation in estuaries (Casulli and Bertolazzi 1993). The
TABS-2 model developed by the U.S. Army Corps of Engineers Water-
ways Experiment Station characterized shallow water flow in estu-
aries (Jones and Richards 1992). Lowery (1998) described a model
used in Gulf of Mexico estuaries to characterize freshwater retention
and flushing over tidal cycles. Wang and Jin (2001) described a GIS
model that predicted flooding by using the U.S. Department of Agri-
culture Soil Conservation Service curve number approach along with
flow direction and accumulation. This model might be adaptable to
tidal systems. It was similar to the approach used by a consortium of
researchers building a geodatabase for hydrologic modeling in a GIS
framework (Maidment 2001). Determination of whether to use a circu-
lation or a tidal flow model depends upon the objectives of the study
and hydrography of the study area.

One innovative study coupled a pollution runoff model (the Agri-
cultural Non-Point Source [AGNPS]) with a hydrodynamic model (the
Simulation of Water Resources for Rural Basin [SWRRB]), and applied
them to Charleston Harbor, South Carolina, in an attempt to character-
ize nutrient loading in a southeastern estuary. This study used GIS to
integrate detailed spatial data, particularly about land use, with both
models to predict nitrogen loads (Choi 1996). Another group coupled
GIS with a discharge model to estimate the contribution of ground-
water into shallow coastal bays (Steck et al. 2001). Bhaduri et al. (2000)
observed that existing models did not always adequately simulate land
use conditions along the coast. They demonstrated that most nonpoint
source contaminants accumulate from frequent, small, low-intensity
storms rather than infrequent high-intensity storms. Using the Long-
Term Hydrologic Impact Assessment (L-THIA) model, they were able
to assimilate land use change, climate records, and soils data within
a GIS to associate land use change with changes in runoff volume,
as well as amounts of inorganic contaminant loading. The U.S. EPA
provided a hydrologic model for storm water management called the
Storm Water Management Model (SWMM) that estimated both quan-
tity and quality of urban runoff that might apply to estuarine settings.
The WASP model has been used, alone or linked to other models, to
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estimate transport and fate of constituents in water, including BOD,
dissolved oxygen, nutrients, eutrophication, and bacterial contamination,
as well as both organic and inorganic chemical contamination. Cheng
and Smith (1993) provided a review of improvements in estuarine
hydrodynamic modeling. They emphasized formulation, numerical
methods, spatial and temporal resolution, and computational effi-
ciency. The future of hydrodynamic modeling will couple more model
types with greater diversity of data sets.

10.3 Sediment

Several models were used to predict sediment sources, transport,
and fate. The CREAMS sediment model was used to determine both
sediment loads and degradation (Williams and Nicks 1981). The U.S.
EPA Total Maximum Daily Load Universal Soil Loss Equation (TMDL
USLE) model also estimated soil loading in a system. Evans and
Seamon (1997) used another universal soil loss equation model (RUSLE)
coupled with GIS to estimate sediment delivery, storage, and routing
in a small rural watershed. The improvements in length-slope factors
from the GIS improved the model compared to simulations with-
out the GIS component. Benninger and Wells (1993) used potassium/
aluminum ratios and zinc (Zn) and copper (Cu) levels in sediment to
determine the source of sediment. Applying the technique to a south-
eastern estuary, they discovered that fine sediment in the Neuse River
(North Carolina) came from Pamlico Sound. Brunk (1997) described
turbulent coagulation of sediment. He used phenanthrene, kaolin, and
bacterial polymers as estuarine surrogate components (Brunk 1997).
Some models simulate vertical particle movement. The rate of sediment
resuspension and deposition appeared to control particle association
and removal from water (Baskaran and Santschi 1993). Gessler et al.
(1999) determined that a three-dimensional model was needed to pre-
dict sediment erosion and deposition when significant secondary cur-
rents existed due to river bends, crossings, or diversions. The trend is
to incorporate sediment models with other models to predict transport
and fate of associated stressors. The Three-Dimensional Numerical
Model of Hydrodynamics and Sediment Transport in Lakes and Estu-
aries (SED3D), distributed by the U.S. EPA, modeled both flow and
sediment transport. Lung (1989) provided a good overview of impor-
tant considerations for sediment modeling.
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Sediment modeling may be useful for estimating transport and fate
of microbiological agents. Although not a focus of this paper, these
models have been used to predict indicator microorganisms such as
fecal coliform bacteria, enterococcus bacteria, and pathogens of both
humans and aquatic organisms when particles of similar size and den-
sity were selected. Similarly, some of these models might be useful for
simulating dispersion and fate of bioterrorism agents, such as anthrax,
smallpox, brucella, rickettsia, and plague. Once these agents enter
estuarine systems, they can influence usability of estuaries for fish and
shellfish harvests, aquaculture, and recreation. Models can be valuable
for preparing emergency responses, focusing resources and directing
clean-up operations.

10.4 Nutrients

Numerous regression-based models of nutrient transport and fate, as
well as eutrophication, have been developed with varying applicabil-
ity to the coastal Southeast. An empirical model was derived for the
Potomac River to calculate area loadings of pollution from both urban
and agricultural areas (Smullen et al. 1978). Runoff samples were ana-
lyzed for total nitrogen, total and dissolved kjeldahl nitrogen, nitrite,
nitrate, total and dissolved phosphorus, ortho-phosphorus, COD, and
both biological and chemical contaminants. The authors used simple
linear regression models based on rainfall, impervious surface area,
and other land uses. Driver and Tasker (1988) developed regressions for
nitrogen and phosphorus constituents in runoff that depend upon rain-
fall amount, total drainage area, and combinations of impervious sur-
face area, commercial land use, residential land use, nonurban land use,
and temperature,. More recently, the Little River (undeveloped river)
and Webhannet River (extensively developed) in Maine were compared
(Holden 1997). In this study, urban land use was estimated to produce
nitrogen and phosphorus loadings 1.4 and 2.5 times higher, respectively,
in the developed compared to the undeveloped estuary. The model was
more accurate for the undeveloped estuary but predicted 39-83 percent
of observed nitrogen in the developed estuary. Developed land drained
by small streams and groundwater accounted for much of the differ-
ence. Currently available empirical models link land uses to nutrient
loading, but few examples are specific to the coasts of the southeastern
United States.
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Criteria and methods for nutrient modeling that are useful to coastal
planners have been developed. A simulation model by Hopkinson and
Vallino (1993) explored effects of anthropogenic impacts in watersheds
upon spatial patterns of production and respiration in a generalized
estuarine system. Effects of variations in ratios of inorganic to organic
nitrogen loading, residence time of water in the estuary, degradability
of allochthonous organic matter, and ratios of dissolved to particulate
organic matter inputs were incorporated. They showed total organic
carbon levels in some U.S. rivers have increased three- to five-fold,
largely due to channelization and dams. The Watershed Ecosystem
Nutrient Dynamics (WEND) model estimated phosphorus export
over long time periods and covered entire watersheds (Cassell et al.
2001). Shen (1996) developed a two-dimensional, real-time, integrated
hydrodynamic-eutrophication model. The hydrodynamic model pro-
vided input to the eutrophication model. A model of the Chesapeake
Bay tested pollution-reduction strategies by coupling a water quality
model to a 3-D hydrodynamic model, thus coupling a water column
model to sediment oxygen demand and a nutrient flux model on an
intertidal scale (Cerco et al. 1995). A GIS-based model coupled with an
unsaturated root zone transport model was used to assess groundwater
transport of nitrate (Lassere et al. 1999). In addition, three submodels
were coupled to evaluate the effects of vegetated buffer strips on nutri-
ent transport (Srivastava et al. 1998). Researchers are increasingly using
models to characterize the linkages between land use change, nutrient
loading, and resulting impacts on receiving water bodies.

Some researchers have developed surrogates for hard-to-measure
parameters in nutrient modeling. Lowery (1996) developed methods
for estimating subwatershed nitrogen loading surrogates based upon
human population, flushing estimates, and eutrophication modeling by
multinomial logistic regression. Similarly, Costanza (1996) conducted
sub-basin eutrophication modeling of nitrogen loading, flushing rates,
and eutrophication models for estuaries and human populations.
Sub-basin estimates were more predictive than total estuary estimates
(Costanza 1996). Surrogate predictor variables can be less expensive
and easier to obtain than direct measurements. Use of surrogates will
expand the application of models.

Widely used models have been improved and made more applica-
ble to a broader range of circumstances. The QUAL2E (and QUAL2EU
that includes uncertainty analysis) model has been used to analyze
dissolved oxygen in streams and rivers. The estuarine new math
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model, DSM2-QUAL, was developed to incorporate new routines
for decay, growth, and interactions among water quality parameters
(primary production, dissolved oxygen, phytoplankton, nutrients,
and temperature) in the original QUAL model (Rajbhandari 1995).
The Pigeon River Allocation Model (PRAM) was run in concert with
the QUAL2E model to represent carbon, oxygen, and nutrient dynam-
ics in rivers (Brown and Barnwell 1987). The AGNPS model simulated
generation, transport, and deposition of water, sediment, and nutri-
ents in receiving waters due to farm management practices (Young
et al. 1987). The GLEAMS model was coupled with a GIS to test for
agricultural nitrate pollution. Specific land uses, e.g., vegetable crops
and groundwater-irrigated land, increased nitrate contamination in
the groundwater (De Paz and Ramos 2002). A GIS-based hydrologic
model incorporated riparian land use/land cover variables to explain
more of the variation of nutrient export in streams (Baker et al. 2001).
Yetter (2001) used the BASINS model output as input into the MOD-
FLOW groundwater model to demonstrate nitrogen source loading.
The model estimated that most of the nitrogen that affected the estu-
ary came from nitrates in baseflow groundwater, whereas most of the
nitrogen in storm water runoff came from atmospheric deposition.
Shepherd et al. (1999) evaluated 14 models for estimating phospho-
rus loss from a catchment and determined that the SWAT model was
most suitable. These popular models will continue to be used widely
to characterize nutrient loading. Unfortunately, few have been cali-
brated to southeastern coastal settings.

10.5 Toxic Chemicals

Along with an increasing interest in managing toxic chemical pollu-
tion there has been a corresponding increase in chemical modeling.
Most models of chemical contaminants in estuaries have examined
the distributions and fates of toxic chemicals and most were bio-
geochemical in nature, i.e., they predict mass transport. Chemical
ecotoxicological models have been food chain or trophic level based
or mass flow based. Some models that predicted the fates of chemicals
included risk assessment components. Many incorporated measures
of sedimentation. When contaminants were sorbed to sediment, the
sediment has been treated as either a sink, or a source when resus-
pended into the water column.
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Hwang (1995) linked models to produce a hydrodynamic-sediment
transport contaminant model. The hydrodynamic model generated
velocity measures; the sediment model predicted movements and
concentrations of suspended sediment in estuaries and coastal waters;
and the toxicity model quantified interactions between sediments and
chemicals and impacts on biota (adsorption, desorption, exchange).
The U.S. EPA Hydrodynamic, Sediment, and Contaminant Trans-
port (HSCTM2D) Model was a vertically integrated, two-dimensional
approach to also link water flow, sediment flow, and contaminant
transport. Nichols (1990) modeled the fate of Kepone™ in the James
River, Virginia, through fine-sediment dispersal to sediment sinks. He
estimated that 42-90 percent of all Kepone™ input remained in this
system by entrapment in estuarine circulation and seasonal refluxing,
with its ultimate fate being the mid-estuary bed sediment (Nichols,
1990). The Simplified Method Program — Variable Complexity Stream
Toxics Model (SMPTOX3) estimated water column and stream bed
toxic chemical concentrations as well as waste load allocation estimates.
Models that couple hydrodynamic and sediment transport processes
will be useful for stressors that sorb to sediment or are particulate in
nature

A limited number of environmental processes affect metal dis-
position. A two-dimensional model of copper distribution and fate
illustrated that important processes include advection, dispersion,
partitioning with suspended particles, settling, and resuspension of
copper (Chen et al. 1996). Cuthbert and Kalff (1993) found that alu-
minum (Al), iron (Fe), manganese (Mn), Zn, and Cu distributions
were related to suspended particulate levels, turbidity, color, tem-
perature, and hydrology. These variables explained large portions
of the system variation better for some metals than others. Indepen-
dent variables included average areal runoff, average suspended
particulate matter for most metals, and conductivity and water color
for dissolved Fe (Cuthbert and Kalff 1993). Wood (1993) developed
a spatially and temporally explicit model (elaMET ) to describe the
fate and transport of nonconservative metals in estuaries that incor-
porated advection, dispersion, and transformation. It was used to
characterize adsorption kinetics and distribution of Cu, Cd, and
Zn (Wood 1993). A two-dimensional model of fate and transport
of toxic heavy metals associated with cohesive sediment was also
developed. Regnier and Wollast (1993) examined the distribution
of nickel (Ni), cobalt (Co), chromium (Cr), Zn, Cu, cadmium (Cd),
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lead (Pb), and Mn in suspended matter and sediment. Trace metals
normalized to Al allowed characterization of the origin of the sol-
ids and evaluation of their degree of contamination. Large portions
of the metal carried by the estuary were bound to suspended mat-
ter, mainly in fine grains, and accumulated in areas of low salinity
(Regnier and Wollast 1993). De Smedt et al. (1998) found it necessary
to couple four models—hydrodynamic, salt transport, suspended
sediment, and metal transport—to adequately simulate the disposi-
tion of metals in an estuary. Both empirical and process-based mod-
els, usually coupled with suspended sediment transport, have been
used to describe the fate of metals in estuaries.

Salinity can be the dominant process for determining the fate of
chemicals (Yeats 1993). Al, Mn, Fe, Co, Ni, Cu, and Zn distributions were
described by simple relationships with salinity (Yeats 1993). However,
application of the model broke down as the salinity regime became
more complex. Salinity-based models will be useful in southeastern
estuaries where large ranges of salinity occur within a study area.

Many models were specific to the fate of organic chemicals only.
Pesticides must often be treated differently because they are intention-
ally applied. Unlike other chemical contaminants, the quantity of pes-
ticide introduced to a landscape is often known. The semi-empirical
model, SWAT, was developed to predict concentrations of agricultural
pesticides moving to surface water based upon hydrologic character-
istics, soil type, and amount of water moving to streams from rainfall
(Brown and Hollis 1996). The Groundwater Loading Effects of Agri-
cultural Management Systems (GLEAMS) simulation model linked
climate, soil, topography, nutrient, and pesticide data to assess land
management practices (Leonard et al. 1987). Di Guardo et al. (1994)
developed an equilibrium model to predict pesticide concentrations
in agricultural runoff based on chemical fugacity. The GCSolar model
distributed by the U.S. EPA computed photolysis rates and half-lives
of pollutants. Ambrose (1987) linked the chemical transport and fate
model, TOXIWASD, to the hydrodynamic model, DYNHYD, to calcu-
late upstream migration of seven organic contaminants: chloroform,
1,2 dichloroethane, 1,2 dichloropropane, dimethoxymethane, methy-
lene, perchloroethylene, and trichloroethylene. Tested in the Delaware
estuary, it used published chemical property data. Volatilization was
the predominant loss mechanism (Ambrose 1987). The HSPF model
combined watershed hydrology and water quality for organic pol-
lutants (primarily pesticides) and nutrients. However, many other
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lake and river models may be useful for estuaries given appropriate
adaptation.

The Food and Gill Exchange of Toxic Substances (FGETS) model
estimated whole-body concentrations of nonionic organic chemicals
from either food or water. Siewicki (1997) used the Exposure Analy-
sis Modeling System (EXAMS-II) (Burns et al. 1982), first developed
for modeling transport, fate, persistence, and exposure of dissolved
chemicals, to predict environmental fate and exposure of oysters to
particulate-bound fluoranthene. The model suggested that land use
and boating had the greatest influence on exposure and can be used to
predict human health risks. The current trend is to use process-based
models to characterize pesticide loading. These will be coupled with
improved land use data as well as groundwater loading for chemicals
not sorbed to soils.

Land use characteristics are now being considered in models of
chemical transport and fate. Empirical models were derived for calcu-
lating area loadings of pollution in the Potomac River from both urban
and agricultural areas. Simple linear regression models were based
upon rainfall, impervious surface area, and land use (Smullen et al. 1978).
Driver and Tasker (1988) developed regressions to predict Cd, Cu, Pb,
and Zn concentrations in stormwater runoff. These regressions incor-
porated total rainfall and total drainage area along with temperature,
industrial land use, commercial land use, nonurban land use, residential
land use, impervious surface area, or temperature, depending upon the
metal. Maslia et al. (1994) described environmental assessment and site
remediation studies of spatial and temporal chemical distributions that
use GIS, simulation models, and demographic databases to automate
exposure assessments. They applied SLAM (Steady Layered Aquifer
Model) to simulate groundwater flow and CLAM (Contaminant trans-
port in Layered Aquifer Media) to simulate aquifer contamination, and
then used census data and GIS to incorporate spatial distributions of
human population (Maslia et al. 1994). Porter et al. (1996) used simple
linear regression equations to predict oyster tissue fluoranthene con-
centrations in Murrells Inlet, South Carolina, based on landscape fea-
tures and surrogate pollution measures. GIS, data management tools,
gridding software input and output interfaces, and process models
were utilized to predict oil transport, fate, dispersion and bottom depo-
sition, sewage discharges, and water quality impacts from combined
sewer overflows (Spaulding and Howlett 1995). A land use-based expo-
sure assessment model was developed for the St. Johns River, Florida
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(Siewicki et al. 2003). It was used to estimate risks to resident fauna
from current-use pesticides based on land uses. A similar approach
could be applied to other areas.

Thomann et al. (1991) modeled fate and bioaccumulation of PCB
homologuesin striped bass. They found that of the total PCBs discharged
into the Hudson River, New York, since 1947, 66 percent was volatilized,
6 percent was stored into sediment, and only a small portion was taken
up by fish. More than 90 percent of fish-tissue PCBs resulted from food
chain transfer. Rowan and Rasmussen (1992) reviewed empirical mod-
els of contaminants in the Great Lakes. They found that researchers
were using log-linear multiple regressions to link tissue concentrations
to water and sediment characteristics as well as basin-specific ecologi-
cal attributes. Important factors for determining tissue concentrations
of PCBs and DDT were tissue lipid, trophic level, and trophic structure
of the food chain, explaining 59 (DDT) to 72 (PCBs) percent of the vari-
ability of 25 species (Rowan and Rasmussen 1992). The Oyster Bioaccu-
mulation Model used oyster uptake and growth parameters to estimate
radionuclide uptake by oysters near nuclear power plants (Rose 1989).
ECOFATE (Gobas 1992) estimated the amount of organic chemical in
water, sediment, and aquatic organism tissue.

Toxicity has also been modeled. Combined toxic effects of chemi-
cal mixtures on microorganisms were predicted using the Quantitative
Structure-Activity Relationship (QSAR) (Nirmalakhandan et al. 1994).
QSAR was used to predict concentrations that cause 50 percent growth
inhibition, and the investigators found that predicted values agreed
with measured values with an R*=0.8 (Nirmalakhandan et al. 1994). The
WASP4 model was used to predict growth inhibition in fathead min-
nows (Fikslin 1994). Sensitivity analyses indicated that the model was
most sensitive to loading from point sources, model boundaries, and
decay rates. It was least sensitive to freshwater inflows, tidal phase, and
dispersion coefficients. Copper and Zn interactions seemed to account
for toxicity (Fikslin 1994). Another model based on the WASP model
was the Partitioning, Mass Balance, and Bioaccumulation Model for
Hydrophobic Organic Chemicals in Lake Ontario (Endicott and Cook
1994). This model was used to predict organic chemical concentrations
in water, sediment, and biota based upon hydrology, particle trans-
port, chemical property, physicochemistry, toxicity, and bioenergetic
data. The U.S. EPA PLUMES and Visual PLUMES models simulate
chemical dispersion in water jets and plumes in water and might be
particularly applicable in emergencies such as terrorism events. Along
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with the QSAR and WASP models, distributed toxicity models must be
calibrated to southeastern estuarine settings before they will be widely
used in the region.

10.6 Population Dynamics

Models of biomass productivity, distribution, and impacts on ecosys-
tems will be coupled to stressor source, transport, fate, and toxicity
models in the future. A few examples of biomass models are provided.
The Estuarine Phytoplankton Model (Cloern 1991) was used to assess
phytoplankton blooms in estuaries based largely upon zooplankton and
macrofauna grazing, sinking, and turbulence data. The Dynamic System
Model of Plankton Growth and Nutrient Uptake (Kumar 1991) predicted
phytoplankton growth by classes of organisms using detailed plankton-
nutrient interactions in seawater. Madden and Kemp (1996) described a
dynamic simulation model that was developed to elucidate mechanisms
responsible for decline of submerged aquatic plants in Chesapeake Bay.
Their simulations investigated the influence of phytoplankton and epi-
phytes on underwater light, balance of limiting resources on growth
and productivity, and conditions needed for restoration (Madden and
Kemp 1996). Jensen et al. (1998) used nonintrusive remote sensing and
digital image processing techniques to model aboveground biomass for
entire estuaries in South Carolina. When compared to in situ biomass
measurements, near-infrared and middle-infrared bands as well as sev-
eral vegetation indices were highly correlated.

Modeling of populations of free-swimming fish in open systems
is particularly difficult. Kiefer and Do Chi (1996) described a pelagic
fish population model using satellite ocean color and thermal imagery,
scientific surveys, and fish distribution data. Li (1994) described the
differential dynamic programming (DDP) method used to determine
optimum freshwater inflows into bays and estuaries to maximize fish-
ery productivity. Another population dynamics model was developed
for striped bass to improve predictions of recruitment and other pop-
ulation parameters (Rose and Cowan 1993). Many of the population
dynamics models, particularly those incorporating remotely sensed
data, will eventually be coupled with exposure and toxicity models to
assess impacts of stressors on communities and ecosystems.

Dabrowski (1989) developed a bioenergetic model to simulate
young fish growth and survival. The model was based upon density,
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prey type, temperature, and feeding duration, and is applicable to lakes
and marine systems. Spatially explicit bioenergetic models have been
developed using in situ measurements of water temperature and prey
density to predict fish growth (Luo and Brandt 1993). The coupling of
bioenergetic and stressor models to predict ecosystem effects of both
vegetation and fish populations, as well as effects on stressor levels and
impacts, is just evolving. Estuarine population dynamics models will
rely increasingly upon remotely sensed data because of the vast spatial
extent and extreme temporal nature of plankton and fish occurrence.

10.7 Additional Considerations

A GIS can incorporate a multiplicity of model components. Advantages
of incorporating GIS into nonpoint source pollution modeling include:
(1) generation of new information cheaply and quickly, (2) contribution
of input data for other models, (3) documentation of data sources and
methods, (4) improved diagnostics and error detection of models, and
(5) mapped outputs of models. The disadvantages include the difficulty
of transposing between different scales and the complexity of spatial
statistical analyses (Corwin et al. 1999). GIS coupled with remote sens-
ing is also used in water quality modeling. Regression models were
developed using landscape predictors and physiographic variables to
predict (R? = 0.75) water quality (Johnson et al. 2001). The IDOR?" GIS
model is a two-dimensional hydrodynamic and pollutant transport
model built within a GIS (Tsanis and Boyle 2001) and used in coastal
and lake systems. Other researchers have demonstrated the utility of
developing GIS-based assessment models for addressing coastal zone
issues (Porter et al. 1996; Siewicki 1996; Corbett et al. 1997; Porter et al.
1997). Garbrecht et al. (2001) provided a good overview of consider-
ations in data and model selection for GIS watershed modeling.
Urban or suburban growth patterns will influence future contami-
nation problems as well as the selection of models for their simulation.
Weng (2001) demonstrated increased runoff from increased impervious
surface coverage using a combination of GIS and remote sensing model-
ing. Within the southeastern United States, large expanses of silviculture
and other agriculture practices along the coast are being replaced with
resort style development. These developments are typically sprawling
single-home communities along golf courses; they often include service
industries. Spray fields are becoming more common, helping to make
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nonpoint source contamination of estuaries a greater concern than point
source contamination. Major contributors of nonpoint source contami-
nation include turf grass management and roadway runoff. The proba-
bilistic “colonization” model of Fagan et al. (2001) allowed for the study
of changes in urban landscapes through simulation of housing starts.
The model can be applied at different spatial scales. A southeastern
coastal development model projected urban growth in the vicinity of
Charleston, South Carolina, until 2030 using historical growth patterns
from 1973 to 1994 (Allen and Lu 2003). This study combined statistical
rule-making and GIS modeling with available information on policy
decisions, infrastructure, and population trends (see Kleppel, Becker,
Allen and Lu, this volume). The Patuxent Landscape Model was devel-
oped to integrate land use changes with a general ecosystem model
for use as a policy tool (Binder et al. 2003). Another similar example is
the CityPlan model (Gu and Young 1998). The use of landscape change
information into land use policy will become more common in the
southeastern United States as better assessments of land use impacts
on ecosystem health are made.

These models must be applied at different scales to estimate growth
impacts adequately. The U.S. EPA and others have supported mod-
eling and decision making at the watershed scale. However, many
land use decisions in the southeastern United States are made at the
Planned Unit Development (PUD) scale that, cumulatively, may have
an even greater overall impact on estuarine health. Models must be
developed to address both scales.

The geostatistical technique known as “kriging” and other spatial
interpolation techniques were used to develop surface data layers for
GIS analysis of parameters that are expensive or time-consuming to mea-
sure in large numbers over entire study areas (Porter et al. 1997). Because
some measurements will always be made at only a limited number of
locations, kriging (in some evolved form), in conjunction with GIS, will
likely become even more common for estuarine management in the
future. Current research on applications of kriging to estuarine research
includes explorations into specialized distance measures specific to estu-
aries (Little et al. 1997; Rathbun 1998). Improvements in spatial statistical
methods integrated in both empirical and process models are needed.

Sensitivity analysis was used to identify model parameters exert-
ing the greatest influence on model results. Hamby (1994) reviewed
more than a dozen sensitivity analysis techniques. Likewise, Monte
et al. (1996) described principles of Empirically Based Uncertainty
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Analysis based upon agreement between models and sets of inde-
pendent empirical data.

Marine models tend to need more complex descriptions of hydro-
dynamics than river or lake models. This is due to two-way tidal flows
and the open nature of these systems. For the same reasons, most
marine models are not yet very sophisticated ecological descriptions.
It is likely that ecological considerations of marine models will con-
tinue to be a rapidly growing area of research.

10.8 Challenges

The coast of the southeastern United States contains large amounts of
undeveloped land due largely to extensive silviculture for the pulp
paper industry. Development of this land will not typify past coastal
land use patterns. Instead of large, industrialized port cities, the south-
eastern and Gulf of Mexico coasts are evolving into affluent resort and
retirement communities. Instead of steel mills and commercial fish-
ing activities, there are golf courses, shopping malls, and recreational
water activities. Instead of urban sewage treatment plants, there will
continue to be more spray field discharge of effluents, representing the
replacement of point source pollution by nonpoint sources. In addition,
more emphasis on problems associated with turf grass management
will occur in the form of nutrient and pesticide runoff from shoreline
golf courses, lawns, parks, and cemeteries. Models that are selected to
characterize estuarine stresses must conform to these changes.

State, county, and local regulatory agencies will use models increas-
ingly to satisfy their own mandates. Models will be used to estimate total
maximum daily load (TMDL), urban growth, and antiterrorism planning
in addition to the assortment of current uses. A major goal will be rug-
ged, broadly applicable models to test impacts on water from alternative
development approaches. These models will primarily address nonpoint
source pollution from frequent low-intensity rain events, which contrasts
with the approaches often used in the past. These models must be easy
to use, generally accepted by a variety of regulatory and other users, and
must include training on both their uses and limitations.

Major technical challenges for modelers working at estuarine sites
in the southeastern United States are being addressed. The trend
toward greater integration of different types of models and data will
continue. Even more models will use geodatabase frameworks. Spatial
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statistical techniques will improve. These methods will be bet-
ter integrated into GIS-based models. GIS-based models will help
document model inputs and allow for easy-to-understand maps of
results. Modelers will increasingly rely on surrogate variables that
mimic important measurements of the environment and are easy
and inexpensive to estimate. These models must depend ever more
upon remotely sensed data, particularly when study areas are very
large. Models must include improved sensitivity and uncertainty
analyses to help identify causes of problems and levels of confi-
dence. Researchers must devise better ways to apply models at dif-
ferent scales, particularly the scales of watersheds and PUDs in the
southeastern United States.

Shallow groundwater models will be used even more now that
the importance of groundwater contributions of nonsorbed chemical
and microbial contaminants to mesotidal estuaries is better under-
stood. Hydrologic and sediment models will be coupled and used
to address surface loading of particulate-associated contaminants.
Both surface and groundwater models must be better integrated
with urban growth models for long-range forecasting and planning.
Widely distributed models must be tested in southeastern U.S. semi-
tropical, porous soil with high rainfall settings to convince regulators
of their usefulness. Finally, there needs to be a movement toward
land use-based ecological risk assessment because more policy will
be influenced by land use-associated risks.
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Alternatives to Coliform Bacteria as
Indicators of Human Impact on
Coastal Ecosystems

Marc E. Frischer and Peter G. Verity

Summary by David A. Bryant

The presence of coliform bacteria in coastal waters is evidence of fecal
contamination, and fecal contamination is often taken as an indication
that pathogens that cause human disease are also present. Many agen-
cies that regulate the use of surface waters use a coliform standard to
determine whether the water is safe for drinking or swimming and if
it is advisable to eat shellfish or finfish harvested from those waters.
However, recently developed scientific techniques offer new indica-
tors for a range of other environmental conditions, in addition to fecal
contamination.

Recently, the use of bacteria from the genus Enterococcus has begun
to supplant the use of coliform bacteria as an indicator of fecal contam-
ination. Both the U.S. EPA and the International Shellfish Safety Com-
mittee are considering adopting enterococci as a regulatory indicator,
and several studies have demonstrated that these bacteria are better
indicators of gastrointestinal illness associated with swimming than
are coliform bacteria. Both coliform and enterococci, however, have
a significant drawback: they cannot be used to distinguish between
fecal contamination that originates with humans and contamination
that originates with other animals. It would not be possible to tell, for
instance, whether high levels of coliform or enterococci in an estuary
are the result of a sewage facility leak or animal fecal runoff from farms.
This ambiguity makes it difficult to identify the source of a problem.

Advances in microbiology are beginning to suggest a range of more
sophisticated indicators for fecal contamination that resolve some of
the problems that coliform and enterococci standards do not, and may
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offer additional information. A short summary of some of the most
promising new proposed indicators follows.

Streptococcus bovis is a fecal bacterium found in warm-blooded ani-
mals and birds but is not prevalent in human feces. Another of its
characteristics is that it does not survive for very long in fresh or
saline water. Therefore, its presence indicates very specifically that
contamination is recent and from animal sources.

Bifidobacteria are the third most numerous bacteria in the human
intestine, but they are absent or have a low prevalence in animal
feces. The presence of these bacteria indicates human fecal contam-
ination. However, to date, most studies of bifidobacteria indicators
have been conducted in freshwater environments.

Clostridium perfringens are present in both human and animal feces
and thus cannot be used to differentiate between the two. How-
ever, the fact that they release spores during reproduction offers
an interesting possibility. Because the spores remain viable in sedi-
ment for thousands of years, sediment core samples can be used to
reconstruct the pollution history of an estuary.

Bacteriophages are viruses that infect bacteria. While it is currently dif-
ficult, expensive, and time-consuming to test waters directly for
human pathogens, it is relatively easy and inexpensive to test for
bacteriophages. The male-specific RNA coliphage (FRNA phage)
shares many traits with viruses carried by human feces. Studies sug-
gest that this bacteriophage is a good indicator for human-specific
pathogens.

In addition to indicators of human pathogens, scientists are identify-
ing microbial indicators of other aspects of ecosystem health. Two partic-
ularly promising areas of research are: (1) finding indicators that would
tell regulatory agencies when an estuary is being overloaded with nutri-
ents, a condition called eutrophication; and (2) identifying indicators of
certain toxic chemicals. A larger goal is to develop a unified picture of
the microbial composition of an estuary so that scientists can assess the
full range of effects that human activity has on estuarine environments.

Bacteria play a central role in making waterborne nutrients avail-
able to larger organisms in an estuary. At this basic level, bacteria
respond to nutrient loading by rapidly increasing their numbers.
Studies suggest that long-term monitoring of total bacterial biomass,
a relatively simple measurement to make, offers a reliable means of
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assessing eutrophication. Such monitoring can also be used to evaluate
the success of mitigation efforts.

Another way to assess eutrophication is to evaluate the complex mix
of species in estuarine microbial communities. The composition of these
communities changes as nutrient levels wax and wane. For example,
elevated nutrient levels favor smaller species of phytoplankton, some of
which can produce blooms that result in fish kills. Cyanobacteria may
also thrive in eutrophic conditions. Because of the relatively predictable
response of microbial communities to nutrient loading, long-term moni-
toring can be a reliable indicator of eutrophication in coastal waters.

Luminescent bacteria can account for as much as 10 percent of all
bacteria in an estuary. Many chemical contaminants can suppress the
numbers of luminescent bacteria. These contaminants include heavy
metals, organic solvents, detergents, pesticides, alcohols, straight-
chained hydrocarbons, polychlorinated biphenyls, and polycyclic aro-
matic hydrocarbons. Because such a wide range of contaminants affects
luminescence, monitoring luminescent bacteria will not necessarily help
identify the source and type of contaminant. It can serve, however, as an
index of the general level of chemical contamination in an estuary.

As new techniques such as molecular probes and genetic finger-
printing are developed to rapidly identify specific bacteria or to fin-
gerprint the composition and structure of microbial communities, it is
becoming increasingly possible to monitor a larger number of specific
organisms in the complex microbial mix of the estuary. However, scien-
tists are just beginning to characterize total community structure and
to relate that structure to environmental inputs. As work progresses,
the small suite of indicators now in use is likely to grow in size and
sophistication.

11.1 Introduction —Bacterial Indicators

As cholera and typhoid reached epidemic proportions almost 150 years
ago, the fact that water was a vehicle for disease was recognized and
proven (Snow 1855). During this period (the late 1800s and early 1900s) the
understanding of the nature and causes of waterborne diseases increased
rapidly, and significant efforts were made to develop analytical and
statistical methods to determine the public health risk of contaminated
waters. A primary result of these efforts has been the development of
reliable assays based on specific indicator organisms to serve as sentinels
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of sewage contamination and the development of technology and pub-
lic works to mitigate these problems. The basic criteria for appropriate
water quality indicators are that they should be specifically associated
with the contaminant of concern, that they should be easily and reliably
detectable, and that they should behave similarly to the pathogen or con-
taminant of interest. The intent of indicator systems is that they provide
information about the type and source of contamination, the risks asso-
ciated with contamination, and the efficacy of any management efforts
implemented to mediate the problem.

As discussed by Fletcher et al. (1998), coliform bacteria have been
extensively utilized as a primary bacterial indicator of human sew-
age contamination and as a surrogate for a number of disease-causing
bacteria, protozoans, and viruses (Table 11.1). Coliform bacteria are the
current regulatory standard for determining bacterial water quality in
shellfish harvesting areas of estuaries throughout the United States,
although they have recently been replaced by enterococci for assess-
ment of recreational bathing waters (U.S. EPA 1986). Concentrations of
less than 70 total coliform and 14 fecal coliform bacteria per 100 ml of
water are considered to be indicative of water quality conditions that
insure a high degree of confidence for safe harvesting and consump-
tion of shellfish from estuarine waters (Kantor and Rhodes 1994; U.S.
Public Health Service 1995). The advantages of the coliform bacteria as
water quality indicators are that simple laboratory procedures for their
detection are available, they can be grown easily under common labo-
ratory conditions, they are associated with sewage, and that relatively
long-term continuous coliform monitoring data sets exist. However,
coliform bacteria can be associated with sources other than humans,
and thus the presence of high levels of coliforms may not be an accu-
rate indicator of human pathogens. Additionally, in estuarine waters,
coliform bacteria are quickly inactivated and therefore their utility as
indicators of pathogens that survive or thrive in saline waters is limited.
Coliform bacteria such as E. coli typically do not survive longer than
24 hours in saline water, whereas bacterial pathogens such as Vibrio or
viruses can survive much longer (Kaspar and Tamplin 1993; Mezrioui
et al. 1995). Alternatively, in freshwater environments coliform bacteria
may actually grow and therefore may be of limited utility for indicating
a contamination source (Toranzos 1991; Jamieson et al. 2003; Whitman
and Nevers, 2003). Furthermore, sewage contamination represents
only one type of contamination that has been associated with human
activity, and therefore coliform bacteria are not suitable indicators for
other types of human impact on coastal waters.
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To evaluate and predict the environmental impact of human
activity on coastal systems, it is logical to focus on microorganisms
for two reasons. First, the composition and structure of microbial
communities are fundamental indicators of ecosystem status, and
second, microbial communities are a central ecosystem component,
integral to the functioning of all biogeochemical processes. Micro-
organisms are responsible for the regeneration of nutrients and the
transfer of primary production from phytoplankton to microzoo-
plankton and larger organisms (Sherr and Sherr 2000).

Table 11.1. Examples of Waterborne Diseases for Which Coliforms
Serve as Indicators.

Pathogen Type of Organism Disease
Shigella spp. Bacteria Shigellosis
Salmonella Bacteria Salmonellosis
typhimurium
Salmonella typhi Bacteria Typhoid fever
Escherichia coli Bacteria Gastroenteritis
Camplyobacter jejuni Bacteria Gastroenteritis
Vibrio spp. Bacteria Gastroenteritis
Pseudomonas Bacteria Opportunistic

infections
Legionella Bacteria Pontiac fever
Leptospira Bacteria Leptospirosis
Hepatitis A Virus Hepatitis
Norwalk-like agent ~ Virus Gastroenteritis
Rotavirus Virus Gastroenteritis
Polioviruses Virus Poliomyelitis
Giardia lamblia Protozoan Giardiasis
Cryptosporidium Protozoan Cryptospordiosis
Entamoeba histolytic Protozoan Amebiasis
Ascaris spp. Helminth Ascariasis
Ancylostoma spp. Helminth Anaemia
Necator sp. Helminth Anaemia

Trichuris spp Helminth Gastroenteritis
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The use of alternative (noncoliform) microbial indicators of
environmental impact has been examined in geographically and
environmentally diverse systems. In general, alternative microbial
indicators have been evaluated as indicators of point and nonpoint
sources of fecal pollution (human and nonhuman), eutrophication, soil
erosion, and a wide range of different types of chemical contamina-
tion. Many alternative indicator organisms have been proposed, and
examples of these studies are listed in Table 11.2, with key references

Table 11.2. Alternative Microbial Indicators.

Key
Indicator Contaminant Comments Reference

Fecal Pollution
Clostridium Fecal Pollution Long time scale Edberg et al., 1997
perfringens

Monitoring

Enterococcus ~ Fecal Pollution Persistance Edberg et al., 1997
greaterthan
E.coli

Streptococcus  Fecal Pollution Farm Animals Jagals, 1997
bovis

Rhodococcus Animal Fecal = High Jagals et al., 1995
coprophilus Pollution Specificity for

Animal Source

Material
Sorbitol- Human Fecal = High Specific-  Jagals and
fermenting- Pollution ity for Human  Grabow, 1996
bifidobacteria Source Material
Bacteroides Remote Fecal Persistence Lucena et al., 1996
fragilis phages  Pollution (viral model Virus

indicators)

Coliphages Fecal Pollution Persistence Borrego et al., 1990
Staphylococcus  Fecal Pollution Pathogen Ashbolt et al., 1993
aureus
Campylobacters Fecal Pollution Pathogen Ashbolt et al., 1993
Pseudomonas ~ Fecal Pollution Human Patho- Milner and
spp Eutrophication gen Specific Goulder, 1985

contaminants  (many others)

(Continued)
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Table 11.2. Alternative Microbial Indicators. (Continued)

Key
Indicator Contaminant Comments Reference
Runoff and Erosion
Pseudomonas ~ Urban Runoff ~ Human Guimaraes
aeruginosa Pathogen et al., 1993
Soil Bacteria Soil Indigenous Madsen et al., 1992
Contamination soil specific
(Bacillus (erosion) bacteria
mycoides,
Myxococcus
xanthus
Chromobacterium
violaceum)
Eutrophication
Aeromonas spp. Eutrophication Human Rhodes and
Pathogen (Not Kantor, 1994
Effective)
Heterotrophic Eutrophication Ubiquitous Sabrilli et al., 1997
Bacteria
Cyanobacteria Eutrophication N:P>20 Paerl and Zehr,
Blooms 2000
Chemical Pollution
Pseudomonas ~ Chemical Indigenous Lemke et al., 1997
putida Pollution organism (not
effective)
Acinetobacter ~ Chemical Indigenous Lemke et al., 1997
spp. Pollution Organism
Burkholderia Chemical Indigenous Lemke et al., 1997
cepacia Pollution organism (not
effective)
Purple Chemical Indigenous Sinha and
Nonsulfur Pollution organism Banerjee, 1997
Bacteria (sulfur
compounds)
Luminescent ~ Chemical Indigenous Ramaiah and
Bacteria Pollution organism Chandramohan,

1993
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cited. Of these proposed organisms, enterococci have gained general
acceptance as indicators of human sewage contamination in drink-
ing and recreational waters (Sinton et al. 1993; WHO 1996, WHO
2001), although numerous concerns have also been voiced (Pinto et
al. 1999; Edberg et al. 2000).

11.2 Alternative Microbial Indicators of Fecal
Contamination

The presence of enteric indicator organisms does not necessarily
indicate human contamination, as livestock and wildlife are also a
source. Resolving urban (human) and agricultural (animal) inputs
has presented a significant challenge to coliform indicator systems.
One strategy that has been pursued to overcome these limitations
has been the evaluation of alternate bacterial species and indicator
organisms. A number of potential indicator species have been pro-
posed as specific human and nonhuman indicators. For example,
organisms such as Rhodococcus coprophilus and Streptococcus bovis
(Oragui and Mara 1983; Mara and Oragui 1985) are thought to be spe-
cific for domestic animals, while other organisms, such as sorbitol-
fermenting bifidobacteria and Bacteroiides fragilis phages are believed
to be specific for human fecal pollution (Grabow et al. 1995; Jagals
and Grabow 1996; Lucena et al. 1996). It has been demonstrated via
several field studies that these indicator species are correlated with
contamination associated with particular types of pollution inputs,
including storm runoff and inadequate sewerage (e.g., Jagals et al. 1995).
Some of these alternative microbial indicators of fecal contamination
are discussed below.

11.2.1 Fecal Streptococci and Enterococci

Fecal streptococci are a group of taxonomically diverse streptococci that
are Gram-positive, catalase negative, non-spore forming, facultative
anaerobes associated with the digestive tract of animals and humans
(Carson et al. 2001; Kantor and Rhodes 1994). Although the fecal strep-
tococci comprise less than 0.1 percent of the digestive tract microflora,
this group has been considered to be an excellent indicator of human
and animal fecal pollution (Holdeman et al. 1976; WHO 2001). The pres-
ence of fecal streptococci correlates well with fecal coliform abundance,
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and fecal streptococci do not grow in seawater (Geldreich and Kenner
1969; Rozen and Belkin 2001).

The use of the genus Enterococcus has received significant atten-
tion as a water quality indicator of human bacterial pollution and it
is routinely replacing, or at least used in conjunction with, standard
coliform monitoring programs. The U.S. EPA (1986) has recommended
a geometric mean standard of 35 per 100 ml (5 samples over a 30-day
period) and an instantaneous standard of 104 per 100 ml as regulatory
standards. However, these recommendations have not been accepted
by all of the states, and therefore current Enterococcus standards vary.
Both the U.S. EPA and the International Shellfish Safety Committee
are currently considering the adoption of Enterococcus as a regulatory
indicator for shellfish-harvesting waters. Several studies have demon-
strated that enterococci are better indicators of swimming-associated
gastrointestinal illness than are coliform bacteria (e.g., Cabelli et al.
1983; Pruss 1998).

The ratio of fecal coliform to fecal streptococci has been proposed
as a means of discriminating between animal and human fecal con-
tamination (Geldreich and Kenner 1969; Sinton et al. 1993; Jagals et al.
1995). Ratios of 4 or greater are generally indicative of human pollution
sources, whereas values less than 1 are consistent with animal pollution
sources. However, several studies have found that these ratios are not
always reliable predictors of human versus animal sources (McFeters
et al. 1974; Wheater et al. 1979; Wolfe 1995). Wolfe (1995), in a study
of urbanized Murrells Inlet and pristine North Inlet in South Carolina
(U.S.A)), found that ratios of fecal coliform to fecal streptococci were
<1 at sites with both known human (e.g., septic tanks) and animal
pollution sources. The differential mortality rate of fecal coliform and
fecal streptococci in seawater, the variable nature of pollution sources
in areas affected by nonpoint source runoff, and the lack of consistent
results obtained with different growth media make the use of fecal
streptococci as an indicator tenuous at best, unless the fecal contami-
nation is very recent (Howell et al. 1995).

Streptococcus bovis is a primary fecal streptococcus bacterium that
is found in warm-blooded animals and in birds (Kenner et al. 1960;
Clausen et al. 1977; Kantor and Rhodes 1994). S. bovis survives poorly
in fresh and saline waters compared to fecal coliform bacteria, sug-
gesting that its detection may be indicative of bacterial contamination
of recent origin (Kantor and Rhodes 1994). The poor survival in receiv-
ing waters and its relatively low prevalence in human feces makes this



262 11 Alternatives to Coliform Bacteria as Indicators

organism an excellent candidate indicator of contemporary animal
bacterial pollution, thus several studies have evaluated the use of
S. bovis as an indicator system, including studies in southeastern U.S.
watersheds. For example, in a Virginia watershed where nonhuman
contamination sources were considered the primary sources of fecal
materials, S. bovis was found throughout the watershed, while other
human fecal indicators were not detected (Kantor and Rhodes 1996).
Studies such as this suggest the potential utility of this organism as an
animal fecal contamination indicator.

11.2.2 Bifidobacteria

Bifidobacteria are obligate, nonmotile, Gram-positive bacteria that have
a unique pleomorphic, branching cell morphology (Kantor and Rhodes
1994). The genus Bifidobacterium is the third most numerous bacterial
population in the human intestine (Charteris et al. 1997) and is the pre-
dominant population during childhood (Gibson and Roberfroid 1995).
Because of its association with human fecal material, its inability to
grow in both fresh and saline waters, and its relative ease of cultivation
(Nerbra and Blanch 1999), it has been proposed that Bifidobacterium
could be used as an indicator of human fecal contamination (Evison
and James 1974; Lim et al. 1995), although this proposal has been con-
sidered to be controversial (Scardovi et al. 1971; Levin 1977; Cabelli 1978;
Resnick et al. 1981). A unique feature of bifidobacteria is their apparent
absence and/or low prevalence in animal feces, which may make them
useful for differentiating human from animal contamination sources
(Levin 1977; Kantor and Rhodes 1994). Physiological differences in
sorbitol-fermenting capabilities of bifidobacteria may be used to dif-
ferentiate human (positive sorbitol fermentor) from animal pollution
sources (Mara and Oragui 1983). To date, most studies of bifidobacteria
have been conducted in freshwater environments (Carillo et al. 1985;
Mufioa and Pares 1988) although the use of bifidobacteria as indicators
in marine and estuarine shellfish-harvesting waters has been success-
fully applied (Cabelli 1978; Kantor and Rhodes 1996).

11.2.3 Clostridium perfringens

Prior to the investigation of bifidobacteria as fecal indicators,
Clostridium perfringens was the only obligatory anaerobic, enteric micro-
organism considered as a possible indicator of the sanitary quality
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of water. The anaerobic sulphite-reducing clostridia (SRC), including
the organism C. perfringens, are much less prevalent than bifidobac-
teria in human feces, but their spore-forming ability allows them
to survive for significant time periods outside the enteric environ-
ment in aquatic and estuarine receiving waters (Cabelli 1978). In
fact, spores can remain viable in sediments for thousands of years
(Edberg et al. 1997). C. perfringens is the species of clostridia most
often associated with the feces of warm-blooded animals, but is only
present in 13-55 percent of human feces (Rosebury 1962; Fujioka
et al. 1997). C. perfringens is an accepted bacterial indicator of fecal
contamination of water (Fujioka and Shizumura 1985; APHA 1992)
and in several studies it has been shown to be useful as an indicator
of the protozoan enteric pathogen Giardia (Ferguson et al. 1996). The
usefulness of C. perfringens in aquatic systems as indicators of fecal
contamination has been explored in several aquatic and estuarine
systems and found to be quite useful (e.g., Bezirtzoglou et al. 1994).
In addition to having utility as an indicator of contemporary con-
tamination, because of its persistence in sediments, it may be pos-
sible to utilize C. perfringens to reconstruct urban pollution histories
from sediment records.

11.2.4 Bacteriophages

Because coliform bacteria are short lived in estuarine waters they
are not generally thought to be predictive of viral contamination
in these environments (Feachem et al. 1983; Richards 1985; Kantor
and Rhodes 1994). While direct viral measurements in estuarine sur-
face waters are possible (Richards 1985), cost, methodological, and
time constraints have prevented their routine use in assessing fecal
pollution. Viruses that infect bacteria, known as bacteriophages,
can be easily propagated on bacterial hosts, and thus may provide
useful surrogate viral indicators of viral and protozoan fecal pollu-
tion in estuarine waters. The use of phages as models for indicat-
ing the likely presence of pathogens first appeared in the literature
in the 1930s, and direct correlation between the presence of certain
bacteriophages and the intensity of fecal contamination has been
observed in many studies since then. The ease of detection, short
assay period, low analytical cost, and resistance to disinfection make
bacteriophages potentially useful fecal pollution indicators (Keswisk
et al. 1985; DeBartolomeis 1988; Kantor and Rhodes 1994).
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The male-specific RNA coliphage (FRNA phage) has been proposed
as a potential useful sewage pollution indicator, as warm-blooded
animals and sewage are the major sources of these phages (Furuse
et al. 1978; Kantor and Rhodes 1994). FRNA phages share many traits
with human enteroviruses and may be pollution source specific
(human versus animal). FRNA phages comprise from 10-90 percent
of total coliphage abundance in domestic waste and sewage (Furuse
et al. 1978; Osawa et al. 1981; Kantor and Rhodes 1994). There are four
major serological groups (I-IV) that have been identified and have been
associated with either animal (Group I), human (Groups II and III), or
both animal and human sources (Group IV) (Osawa et al. 1981). Kantor
and Rhodes (1996) considered Group IV indicative of animal pollution
sources in samples from a tidal creek in Virginia, U.S.A. Similarly,
Kantor and Rhodes (1991) measured FRNA phage activity in surface
waters and sediments along a salinity gradient in estuarine waters
with known human bacterial pollution sources. They found that FRNA
phages were infrequently detected in surface waters but were detected
at high levels in sediments. Comparisons of FRNA phage and fecal
coliform levels in surface water and sediments found very little corre-
lation between their distributions. Other studies have utilized naturally
occurring marine bacteriophages as tracers of contamination sources
(Paul et al. 1995).

11.2.5 Other Organisms

A number of other groups of naturally occurring aquatic microbes,
including Pseudomonas aeruginosa, Aeromonas hydrophilia, Vibrio, and
Klebsiella species have been investigated as indicators of fecal pollu-
tion in coastal environments. (e.g., see Borrego et al. 1990; Okpokwasili
and Akujobi 1996, Edberg et al. 1997). All of these organisms have
characteristics that make them suitable as indicator species of fecal
contamination of estuarine and coastal systems. Specifically, studies
have indicated that they are well represented in water that has been
contaminated, and they are relatively amendable to laboratory test
procedures. However, because the growth of these organisms in natu-
ral systems is influenced by a large number of unrelated environmental
factors, unambiguous interpretation of these indicator strains is dif-
ficult. Thus, although significant correlation between these organisms
and other fecal indicators has been demonstrated in some cases, their
value as general indicators of fecal contamination in coastal systems is
largely unknown.
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11.3 Microbial Indicators of Eutrophication

Because of their central role in the utilization and remineralization
of nutrients, bacteria respond rapidly to increased nutrient loading,
particularly organic nitrogen (N), phosphorus (P), and labile carbon.
Consequently, monitoring of total bacterial abundance (biomass)
appearstobea good indicator of eutrophication of coastal and estuarine
waters. Alarge number of studies have demonstrated a strong relation-
ship between eutrophication, bacterial activity, and total heterotrophic
bacteria abundance. This relationship is well illustrated by a long-term
monitoring program (1960s to the present) in the western Baltic and
most recently discussed in a review by Gocke and Rheinheimer (1991).
In this series of studies, among other parameters, total heterotrophic
bacteria and bacterial production were monitored in two adjacent
fjords draining into the Kiel Bight. One fjord (Kiel Fjord) is surrounded
by an urban center, while the other (Schlei Fjord) is bounded by
intensely used agricultural areas. While discharges of organic material
(sewage) into Kiel Fjord are tightly controlled, Schlei Fjord receives
considerable nutrient (inorganic and organic) inputs from nonpoint
sources associated with agriculture and is considered to be highly
eutrophic. Although similar in morphology, these two estuarine sys-
tems have remarkably different characteristics with respect to total
heterotrophic bacterial counts and bacterial productivity. Super-
imposed on variations associated with seasonal cycles, Schlei Fjord
consistently supports significantly larger bacterial populations than
does Kiel Fjord. For example, summer annual heterotrophic bacterial
counts in Kiel Fjord are 3-5 X 10° cells per ml, while summer bacterial
counts in Schlei Fjord are 6-14 X 10° cells per ml. Likewise, although
total bacterial numbers decrease in both fjords during the winter
months, Schlei Fjord consistently supports higher bacterial numbers
(2.6-3.5 X 10° cells per ml) than does Kiel Fjord (0.96 X 10° cells per ml)
during the winter. Similarly, large differences in bacterial productivity
are observed between these two fjords.

Comparable studies have been conducted in other estuarine sys-
tems, including in the southeastern United States, although on less
comprehensive scales. For example, high bacterial counts are routinely
measured in coastal Georgia, and bacterial counts of up to 3.2 X 107
cells per ml have been reported (Pedrés-Alié and Newell 1989). In the
Skidaway River estuary (Savannah, Georgia, U.S.A.) during the period
from 1986 t0 1996, total bacterial abundance increased nearly 37 percent,
from ~ 5 X 10° to 8 X 10° cells per ml during the summertime (Figure 11.1).
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This increase is correlated with increased development and popula-
tion on Skidaway Island and with increases in nutrient concentrations,
particularly dissolved organic nitrogen (Verity 2002a, 2002b). Effects
of eutrophication from the swine and poultry industries also result
in increases in total heterotrophic bacteria (including coliform bacte-
ria) and bacterial productivity indices (Burkholder et al. 1997; Mallin
et al. 1997), whereas there is some evidence that other types of pol-
lution (e.g., heavy metal contamination) may decrease total bacterial
numbers (Schwinghamer 1988). These studies suggest that long-term
monitoring of total bacterial biomass can be used as a reliable means of
estimating eutrophication impacts and recovery following mitigation
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Fig. 11.1. Summer (July) monthly averages of total bacterial counts from the Skid-
away River estuary from July 1987 through July 1996. Bacterial abundance increased
from 5.3 to 8.4 X 10° cells/ml (r* = 0.70) over this period. Samples were collected
weekly during high tides and counted by epifluoresence microscopy after staining
with DAPI. Error bars represent standard deviations of at least three samples dur-
ing a one-month period. Comparative hydrographic, nutrient, and biological data
are available in Verity (2002a, b).
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efforts. The simplicity of these methods allows them to be used
routinely. However, effects of normal variability associated with sea-
sonal patterns and other site-specific mitigating influences need to
be well defined through long-term monitoring if total heterotrophic
bacterial densities are to be interpreted with respect to degree of eutro-
phication or specific ecological impacts.

11.4 Phytoplankton Communities as Indicators

Eutrophication of coastal watersheds has been underway for decades
as coastal populations have expanded and land use patterns increas-
ingly reflected anthropogenic activities. This nutrient loading has
been coincident with significant increases in primary productivity and
plankton biomass (e.g., Brush 1984; Nixon 1997), a causality confirmed
in mesocosm studies (D’Elia et al. 1986; Oviatt et al. 1986). Moreover,
there is general consensus that the frequency and magnitude of blooms
of both benign and harmful indigenous species of phytoplankton have
increased during the most recent decades (Smayda 1990; Hallegraeff
1993). A variety of environmental and ecological impacts are fueled
by high primary production resulting from nutrient loading (Hobbie
and Cole 1984), the most serious of which is often long-term increases
in aerial extent and severity of hypoxia that have been reported from
several river-dominated coastal ecosystems (Officer et al. 1984; Justic
et al. 1995).

Phytoplankton community composition changes with nutrient
fluxes because individual taxa have different nutritional require-
ments (Tilman 1977; Kilham and Kilham 1984; McCormick and
Cairns 1994). Enclosure experiments have confirmed that nutrient
enrichment alters the community composition of phytoplankton,
favoring smaller eukaryotic and prokaryotic species (Goldman and
Stanley 1974; Sanders et al. 1987). Field studies report similar occur-
rences: for example, in Moriches and Great South Bays (New York),
extremely dense populations of chlorophytes developed in waters
fertilized by effluent from adjacent duck farms, and these blooms
coincided with collapse of the oyster fishery (Ryther 1954). Similar
occurrences of abundant populations of phytoflagellates in other
meso- and eutrophic waters (e.g.,, Mahoney and McLaughlin 1977;
Verity, unpublished data) imply that elevated nutrient concentra-
tions alter phytoplankton community composition favoring smaller,
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“less-desirable” species (Smayda 1983). Cyanobacterial blooms, in
particular, have been increasingly recognized in estuarine environ-
ments as a symptom of cultural eutrophication (Paerl and Zehr 2000).
Historically, cyanobacterial blooms have been associated with fresh-
water systems receiving anthropogenic P inputs (Francis 1878; Fogg
1969; Paerl and Tucker 1995) and it has been demonstrated that there
is a strong relationship between total N:P ratios and the prevalence of
cyanobacterial bloom genera (Smith 1983). N:P ratios below 20 are
associated with the development of cyanobacterial blooms. Interest-
ingly, many human-impacted estuarine and coastal waters exhibit
N:P ratios well below 20 (D’Elia et al. 1986; Nixon 1986) and appear
to be supporting more frequent cyanobacterial blooms (Niemi 1979;
Paerl 1996; Paerl and Millie 1996). Common genera of estuarine cya-
nobacteria associated with eutrophication include Anabaena, Aphani-
zomenon, Lyngbya, Nodularia, and Oscillatoria. More recently, blooms
of hazardous algal species have been attributed to severe eutrophi-
cation of coastal waters (Anderson et al. 2002).

Because of the relatively predictable response of phytoplankton
communities to increased nutrient loading (increased productivity,
biomass, and community composition) long-term monitoring of these
parameters can be used as a reliable indicator of ongoing eutrophica-
tion of coastal waters (Verity et al. 2002 a, b).

11.5 Microbial Indicators of Other Contaminants

Marine luminescent bacteria are a ubiquitous group of diverse het-
erotrophic organisms (Hastings and Nealson 1981). The suppression
of the luminescence phenotype by a large number of contaminants
is a well-known phenomenon, and luminescence methods have
been used to monitor for various organic and inorganic chemical
contaminants in a variety of environments and sample types (e.g.,
see Steinberg et al. 1995). In pristine marine environments, includ-
ing estuarine and coastal areas, luminescent marine bacteria can
account for as much as 10 percent of the total heterotrophic bacte-
ria present (Ramaiah and Chandramohan 1993). However, in the
presence of a wide range of pollutants that result from a variety
of different human activities (e.g., heavy metals, organic solvents,
detergents, pesticides, alcohols, straight-chained hydrocarbons,
PCBs, and PAHs) the number of luminescent bacteria can be greatly
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depressed. For example, in a recent seven-year study, Ramaiah and
Chandramohan (1993) reported the complete absence of luminescent
bacteria in more than 200 samples from polluted sites in India, while
luminescent bacteria were abundant in an equal number of pristine
sites. Studies in the Skidaway River estuary have demonstrated that
the frequency of luminescent bacteria is depressed by exposure to
hydrocarbons (diesel fuel) and salt marsh sediments contaminated
with mercury and PCBs (Figure 11.2), suggesting that monitoring
of luminescent bacteria could be used as a primary screening tool
to detect impacted coastal environments. However, a number of
important caveats must be considered. For example, since there can
be considerable normal variability associated with season, salinity,
and nutrient sources, the use of luminescence parameters, as with
heterotrophic bacteria counting methods, requires that long-term
seasonal baseline data sets be developed to utilize the luminescence
criteria effectively in monitoring and identifying human-impacted
coastal ecosystems. Furthermore, since a large number of types of
contamination appear to suppress luminescence of marine bacte-
ria, this method will not necessarily be useful for identifying the
type or source of contaminant. However, as with heterotrophic plate
count techniques, determining the fraction of luminescent bacteria
is an extremely simple procedure and could therefore be routinely
accomplished in long-term monitoring studies. Simplicity and sensi-
tivity of detection and the ubiquity of luminescent bacteria in coastal
waters make this method an attractive candidate as an alternative
microbial indicator of marine ecosystem health.

In addition to taking advantage of naturally occurring biolumi-
nescent bacterial communities, a number of assays utilize specific
cultured bioluminescent species as an assay to assess the toxicity
of chemical contaminants in coastal environments. For example, the
Microtox™ assay utilizes the marine bacterium, Vibrio fisheri. In the
presence of chemical contaminants, the respiration rate of V. fisheri
is retarded and luminescence is inhibited. Long et al. (1998) used
this technique to assess the toxicity of sediment-bound contami-
nants from Winyah Bay, Charleston Harbor, and Leadenway Creek
in South Carolina, and the Savannah River and Brunswick Harbor
estuaries in Georgia. Results from these studies suggested that each
of these environments was impacted relative to appropriate pristine
reference sites. A variant on this approach is the Mutatox™ assay,
in which a dark variant of V. fisheri is used to assay mutagenesis
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Fig. 11.2. Effect of contaminant exposure on the Bioluminescent Ratio (BLR) of
indigenous bacteria from the Skidaway River estuary. (A) The impact of diesel
fuel. BLR decreased exponentially in response to increased amount of diesel fuel
in experimental incubations. (B) Impact of exposure to pristine and contaminated
salt marsh sediments. Exposure to mercury (Hg) and polychlorinated biphenyl
(PCB) contaminated salt marsh sediments typically resulted in a decrease in the
BLR of indigenous bacterial populations from the Skidaway River estuary. (Inset)
The BLR was higher in water samples collected after passage through uncontami-
nated vs. contaminated sediments in 22 of 27 (82 percent) weekly samples collected
from October 1999 through August 2000. Comparisons were facilitated using a salt
marsh mesocosm facility. Modified from Frischer et al. (2005), with permission
from ASA-CSSA-SSSA.
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(Johnson and Long 1998). Mutagenic chemicals cause this dark
variant to mutate to a bioluminescent form and increased light out-
put is related to mutagenicity.

11.6 Other Indicator Bacteria

Indigenous microbial communities are composed of diverse assem-
blages of microorganisms. Inputs of specific contaminants associated
with human activities may result in changes in the taxonomic com-
position of coastal microbial communities (bacteria and phytoplank-
ton). If such changes were consistently associated with particular
contaminants associated with human activity, then these organisms
or measures of community composition might be used as indicators
of these inputs. As new techniques are developed to rapidly identify
specific bacteria or to fingerprint the composition and structure of
microbial communities (e.g., molecular probes, genetic fingerprint-
ing, DNA microarrays, etc.), it is becoming increasingly possible to
monitor a larger number of specific organisms in complex micro-
bial consortia. A full description of these emerging techniques and
approaches is beyond the scope of this chapter. However, researchers
have begun to investigate the effect of various types of contamina-
tion on the abundance of specific microorganisms and communities
as indicators of coastal ecosystem health. Using such techniques, a
number of bacterial species can now be relatively simply monitored
and are currently undergoing evaluation as indicators of human
impact on coastal systems. Such bacteria include a number of Pseu-
domonas and Acinetobacter species and other taxa including Burkhold-
eria cepacia, Bacillus, Myxococcus, and Chromobacterium species (see
Table 11.2). Unfortunately, the results of these studies are not always
unambiguous, and thus it remains unknown whether these species
can be applied generally as indicator species or if they will be limited
to specific sites under carefully defined and constrained conditions.
Nonetheless, as the practical ability to rapidly identify bacteria at
finer taxonomic levels (eventually to specific genes and molecules)
improves, it may be that useful indicator species of ecosystem func-
tion will be discovered. Alternatively, since ecosystem function is
ultimately an emergent property of complex interactions between
diverse populations and environmental variables, it is also possible
that a single universal indicator species does not exist and therefore
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monitoring the effects of human activity on ecosystem health will
require more complex indicator criteria than individual species.

11.7 Microbial Community Composition as an
Indicator of Coastal Ecosystem Health

The functioning of microbial systems depends on complex interac-
tions among bacteria and phytoplankton; abiotic and biotic condi-
tions of the environment; mechanisms of metabolic regulation and
adaptation; and mutual relationships between the microorganisms
and macroorganisms. Because of the theoretically large number of
variables that can influence microbial communities, these variables
likely lead to the establishment of unique communities that reflect
all of these interactions. Therefore, changes in environmental condi-
tions as a result of human activities are expected to influence not only
the functioning of microbial communities, but also their composi-
tion and structure. A major question that remains unanswered is the
extent to which these changes in composition are reproducible and
predictable, and can therefore be used to assess and monitor land use
effects.

The development of molecular tools and approaches for identi-
fication and localization of microorganisms has resulted in a pro-
found shift in our understanding of microbial communities. Even
when microbiologists were exclusively dependent upon culturing
techniques and microscopy to investigate the distribution of micro-
organisms, it was recognized that most microorganisms in natural
habitats were not being analyzed. This was because the microorgan-
isms that could be observed and counted directly by microscopy
exceeded by 10- to 100-fold those that could be cultured in the labora-
tory. Thus, much of our understanding of the physiology, taxonomy,
and ecology of aquatic organisms was based on a small proportion
of the total populations. The advent of molecular approaches in the
last two decades has opened the door to the detection and identifica-
tion of microorganisms and microbial communities that could not be
cultured, and more recently, methods are being developed to study
their physiology and ecology in situ. Despite this progress, we are
only just beginning to develop methods for characterizing total com-
munity structure and to relate that structure to marine environmen-
tal determinants; recent reviews summarize molecular approaches
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that are under development to investigate microbial communities
(Theron and Cloete 2000; Stevens et al. 2001; Zhou 2003).

11.8 Conclusion

Coliform bacteria (total and fecal) have been used for nearly a century
as primary bacterial indicators of water quality. However, these organ-
isms are not necessarily appropriate for use in coastal systems or as
a general gauge of “ecosystem health.” Recently, enterococci bacteria
have gained general acceptance over coliform bacteria as appropriate
indicators of sewage contamination in estuarine systems, particularly
in coastal bathing waters. A number of other bacterial species or groups
of bacteria, other than coliform or enterococci bacteria, have also been
examined as water quality indicators in coastal areas. As methodologi-
cal advances facilitating the simple and unambiguous detection of these
species in coastal waters occur, it is becoming increasingly feasible to
utilize these alternative organisms as water quality criteria in coastal
and estuarine environments. Additionally, new direct methods, inde-
pendent of cultivation procedures, are also leading to the possibility
of routine direct detection of pathogens and may eventually obviate
the need for indicators altogether. However, although these organisms
and techniques show great promise, none have been widely adopted
by the regulatory or management communities.

In addition to reliable indicators of human pathogens, there is also
a considerable interest in the identification of indicators of ecosystem
health. Microorganisms, which serve as the primary regenerators of
nutrients and play important role in marine food webs, are logical
choices as ecosystem indicators. Eutrophication of coastal systems
has been recognized as a primary consequence of human activities,
and a large number of studies have convincingly demonstrated that
both bacterial and phytoplankton biomass and activity respond to
increased nutrient loading. Thus, long-term time series measurements
of bacterial and phytoplankton can be used as reliable indicators of
eutrophication in both marine and freshwater systems. Furthermore,
the type of organisms present in waters undergoing eutrophication
can be used as an indicator of the eutrophication process. For example,
the dominance of smaller flagellated phytoplankton and cyanobacte-
ria species is typically associated with eutrophic waters. The presence
of bioluminescent bacteria, specifically the ratio of bioluminescent to
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nonbioluminescent bacteria in marine systems, also appears to be a
good candidate as a general indicator of estuarine water quality. How-
ever, effects of normal variability associated with seasonal patterns
and other site-specific mitigating influences need to be well defined
before these approaches can be routinely utilized.

Because the functioning of all natural ecosystems depends on
healthy microbial communities, the structures of these communities
themselves are likely to be the ultimate indicators of ecosystem health
and water quality in the future. Considerable research and technique
developmentisunderway to develop approaches for defining microbial
community structure and relating these measures to ecosystem func-
tion. Progress, specifically the development of gene-based approaches,
will likely facilitate the direct measurement of microbial community
structure in the relatively near future.
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Afterword

Managing Coastal Urbanization and
Development in the Twenty-First Century:
The Need for a New Paradigm

Geoffrey 1. Scott, A. Frederick Holland, and Paul A. Sandifer

The marine environment consists of three major zones: the coastal zone,
continental shelf, and open ocean. The effects of most anthropogenic
contamination occur in the near-coastal zone which consists of estuaries,
bays, sounds, and wetlands. More than 76 percent of all commercially
and recreationally important fish and shellfish species are estuarine
dependant, usually spending their earliest and most sensitive life his-
tory stages in near-coastal zone nursery grounds (Fulton et al. 1996;
NOAA 1999). It has only been recognized recently that these areas are
not only a resource base of national significance but are also among
the nation’s most highly stressed natural systems (U.S. EPA 1999). For
example, approximately, 44 percent of estuaries assessed in 1998 were
impaired (U.S. EPA 2000). The leading sources of pollution in these
coastal areas are urban runoff, municipal sewage, agricultural runoff,
and industrial wastewater. Additional causes of degradation include
shoreline modification, overfishing, and high-density recreational use.
Beach closings, fish and shellfish consumption advisories, increasing
incidences of red tides, and evidence of toxic substances in sediments
and biota are indicative of pollution-related declines in coastal environ-
mental quality.

The Coastal Zone Population Dilemma
The most important factor in the decline of environmental conditions

within the coastal zone has been the unprecedented increase in human
population growth, particularly in the southeastern United States.
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Presently more than half of the United States’ population (153 mil-
lion people) lives in coastal communities adjacent to the more than
66,645 miles of estuarine and coastal shoreline (Crossett et al. 2004).
The U.S. population has increased by 33 million (28 percent) since
1980 and is expected to increase by anther 12 million by 2015 (U.S. EPA
1999; Crossett et al. 2004). The greatest rate of population change has
been in the southeastern United States (58 percent increase) followed
by the Pacific (46 percent) and Gulf of Mexico (45 percent) coastal
regions (Crossett et al. 2004). Increased coastal population is not only
a problem in the United States, it is also a problem globally, as more
than 55 percent of the world’s population lives within 50 miles of the
coast, 33 of the 50 largest cities in the world are located in coastal areas,
and more than 80 percent of world commerce is transported by ships
(Dean 1997). The compression of more than 50 percent of the popu-
lation into the coastal zone, which represents only 8 percent of the
planet’s surface, creates a dilemma for environmental managers, who
are faced with the daunting task of trying to maintain environmental
quality in the wake of unbridled urbanization and population growth
(Dean 1997). Society places enormous value on coastal areas for living,
working, and recreating; coastal waters support 28.3 million jobs and
generate $54 billion in goods and services annually (U.S. EPA 2000).
Direct ocean employment in the U.S. economy was 2.3 million people in
2000, with $117 billion in economic output (NOAA 2005). For example,
there are more than 3,800 private marinas and more than 4,500 private
charter boats along the coast of the United States (NOAA 1990). Direct
ocean and coastal related employment (e.g., employment directly
dependent on the oceans) grew by 18.5 percent from 1.9 million jobs
in 1990 to 2.3 million jobs in 2000 (Colgan 2004). Direct ocean- and
coastal-related employment wages increased by 46.3 percent, from
$38.1 billion in 1990 to greater than $55.7 billion in 2000. The coastal
region wage increase of 46.3 percent from 1990-2000 lagged behind
overall U.S. wage increases of 76.2 percent, reflecting the creation of
low-wage paying service industry jobs associated with tourism and
recreation sectors within the coastal zone. There are about 44,000 miles
of outdoor public recreation areas along the Atlantic, Pacific, and Gulf
of Mexico coasts. The importance of these areas for ecotourism and
similar leisure activities is increasing, as reflected by an increase of
41.4 percent in the number of tourism and recreational jobs created
in the coastal zone between 1990-2000 (Colgan 2004). Nontourism
employment declined by 136,000 jobs between 1990-2000, reflecting
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reduced military facilities for ship building and navigation, increased
worker productivity in maritime transportation and oil/gas explora-
tion, and declines in the commercial U.S. fisheries industry (Colgan
2004). This rapid growth in tourism in the coastal zone is placing
increased demands on coastal ecosystems as a result.

Coastal Zone Management: Where Political
Realities Shape Public Policy

Coastal communities are faced with enormous constraints and critical
choices as they deal with rampant population growth. The lure of
increased tax revenue for coastal municipalities is balanced with the
stark reality of increased infrastructure costs, as communities strain
to deal with the increased demands for roads, schools, sewer systems,
and water. These urban services and resources generate property tax
growth borne largely by citizens. Politicians face the daunting task of
attempting to control growth and alienating the powerful real estate
and development lobbies, or promoting unregulated development,
which inevitably will cause taxes to rise and likely create discontent
among the voting public. The doubling of tax bills in less than 7-10 years
that has occurred in certain coastal counties can be particularly hard
on people with fixed incomes, such as retirees, who compose a sig-
nificant portion of the in-migrant population of coastal communities.
Elected officials who take a stand against uncontrolled growth may
find themselves in conflict with real estate or community interests, or
both. For example, in Mount Pleasant, South Carolina, Mayor Harry
Hallman introduced legislation passed by the town council that has
placed a 3 percent cap on new construction, this being the estimated
sustainable rate of population growth in the town (based on projected
school, road, water, and sewer demands) (Walker 2005). The cap was
opposed by real estate interests but supported by environmental and
citizen groups. Similar “battle lines” have been drawn in nearly every
coastal community in the United States. Elected officials everywhere
must seek to achieve (or restore) the delicate balance between the eco-
nomic rewards perceived to accrue from growth and development on
the one hand, and managing growth and development so as to sustain
cultural and environmental values and public services, i.e., perceived
as quality of life, on the other. Potential tax increases to support pub-
lic services necessitated by new development is also often an issue.
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Extreme views are reflected in numerous politically divisive issues
that may galvanize public opinion one way or the other, and lead to
demands for political action that usually satisfy particular interests
within the community. Issues of equity balance individual property
rights against the common good (Raymond 2003), leaving politicians
searching for answers that are based on facts rather than conjectures,
and objective analysis rather than bias and special interests. Many
believe that science can provide the objective information needed to
inform and create fair resolution of many coastal land use contro-
versies. In turn, science can help shape perceived human values and
opinions in defining human dimensions in land use decisions. Human
dimensions are thus the integration and balance of our social, political,
economic, and environmental systems at work every day in coastal
communities (Kennedy and Thomas 1995).

The Need for Sound Environmental Science

At the heart of most coastal land use issues lies a critical divide between
environmental science and policy. The public may debate land use
issues, but ultimately society looks to science to provide a rational basis
for decision-making and for determining the impacts—both positive
and negative—of those decisions. In the end, all parties understand
that land use decisions should protect the natural resources and frag-
ile coastal ecosystems that have attracted so many people to the coast
in the first place. The common ethic is that the coastal environment is
important and worth protecting. “Sound science” must arise from the
sea of diverse and often divisive public opinions, as a means of answer-
ing the question that ultimately will determine the environmental and
cultural integrity of our nation’s coast: How much development is
enough? Science may not always directly answer this specific question
but it certainly provides the context for the public to make an informed
choice in setting limits on growth and development. Science can also
play a role in identifying the likely outcomes of land use decisions
and resulting consequences of society’s decisions. In effect, science
can influence policy growth limits but not define it per se (Sandifer
and Rosenberg 2005).

Sound science must be manifest within monitoring and assess-
ment programs throughout the United States. Recent assessments
of coastal conditions suggest that human health risks from sewage,
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eutrophication, and toxic effects of persistent organic compounds and
emerging “contaminants-of-concern,” such as pharmaceuticals, personal
care products, and new generation pesticides, are also increasing and
should be cause for alarm (Eilperin 2005). Recognitions of such threats
has helped lead to efforts to develop guidance for implementation of
large-scale monitoring programs (Bricker et al. 1999; U.S. EPA 1991;
1997; 1999) that would provide the critical information for integrated
assessments and evaluation of coastal ecosystem health at different
scales (e.g., locally, regionally, and nationally) such as the National
Coastal Condition Report (U.S. EPA, 2004). Most national and regional
monitoring programs can determine the status of the coastal water,
sediment and resource conditions, including identification of contami-
nants or stressors of concern such as nutrients, microbes, and chemi-
cal contaminants, but lack specificity in quantitative linkage to land
use sources of these different types of pollution. Watershed-based
studies that utilize Total Maximum Daily Loading (TMDL) modeling
approaches such as source tracking tools and hydrological and hydro-
dynamic modeling can establish quantitative linkages back to land
based pollution sources (Kelsey et al. 2004; Nelson et al. 2006). In turn,
results from these bioassessment and TMDL programs can be used
to redirect zoning efforts to minimize the impacts of nonpoint source
(NPS) runoff from urban areas into fragile coastal ecosystems. This has
led to development of best management practices (e.g., vegetative buf-
fer zones, swales, and retention ponds) and zoning practices (e.g., lot
size, building setbacks and storm water utilities) that are designed to
be one-size-fits-all models for containing and managing NPS pollution
emanating from urbanization of coastal habitats. This can result in bet-
ter coordinated multi-agency monitoring efforts to effectively address
future coastal development.

“Paving paradise and putting up a parking lot,” i.e., dramatically
increasing the amount of impervious surface on the landscape, is
characteristic of coastal development and has caused enormous, often
poorly controlled alterations to local hydrology. This, in turn, has been
the principal factor forcing increased loading of nutrients, microbes,
and chemical contaminants from the land to coastal receiving waters
and associated ecosystems (Holland et al. 2004; Kelsey et al. 2004).

More than simply an aesthetic resource to drive coastal develop-
ment, coastal aquatic ecosystems are among the earth’s most impor-
tant sources of energy, biological activity, water, diversity, and biomass
production. They supply food, oxygen, and other natural products
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critical for human existence, and interactions between the oceans and
atmosphere shape the climate and weather, as well as commerce.
Today, we recognize the coastal zone not only for these attributes, but
also for its almost infinite diversity of life forms and processes—and
the extraordinary potential for these natural resources to be harnessed
for human welfare (Sandifer et al. 2004).

We are just beginning to understand the numerous and complex
ways in which humans can affect the oceans, and the oceans, in turn,
can affect human and environmental health in coastal ecosystems.
The United States and its coastal resources annually contribute over
a hundred billion dollars to the economy. A myriad of ecological ser-
vices, worth billions of dollars, are provided free of charge by our
nation’s coastal ecosystems. Although the U.S. coastal zone encom-
passes only 25 percent of the nation’s land area, more than 50 per-
cent of the population lives and works here. In addition, ocean-based
tourism is among the fastest-growing components of the U.S. coastal
economy (Colgan 2004). Not surprisingly, coastal population densi-
ties are several times higher than in the rest of the nation, and coastal
urban sprawl is consuming land at three or more times the rate of
population growth. These trends are projected to continue and may
accelerate, permanently altering large portions of the coastal land-
scape and potentially impacting marine ecosystems and public
health in irreparable ways. In addition, coastal heritage and culture
are rapidly being replaced by homogenous suburbs, golf courses,
and resorts, devoid of any sort of regional context. Museums can-
not replicate the traditional cultures and communities being lost to
development. Nor can they adequately depict the lives of the people
who lived in them. These and other aspects of human dimensions
can be readily lost in a multi-faceted debate about coastal develop-
ment. Human dimensions are shaped by education and knowledge of
the value of coastal ecosystems and the related cultural heritage that
evolves as a result (Bright and Tarrant 2002). For human dimensions
to have merit, we as a society must understand, value, and preserve
those facets of greatest value to society.

Estuaries: Where Urban Land Use Meets the Sea

Estuaries —those places where freshwater rivers meet and mix with the
salt water of the ocean—are dynamic environments renowned for their
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ecological complexity, biological productivity, and seafood harvests, as
well as the critical nursery habitat they provide to numerous ecologi-
cally and economically important species. Linking the land to the sea,
the shallow tidal creeks and embayments along the shores of larger
estuaries are the first zone impacted by chemical and microbial pollut-
ants washed or released into estuaries (Fulton et al. 1996; Sanders et al.
2002; Holland et al. 2004).

Estuarine and coastal processes increasingly are being affected by
urban development, with subsequent impacts on coastal ecosystems
and the humans who live, work, and recreate there. Principal sources of
pollution are urban runoff, municipal sewage discharges, agricultural
runoff, atmospheric deposition of airborne pollutants, and industrial
wastewater. Other causes of degradation include shoreline modifica-
tion, dredging, overfishing, ballast water discharges, introduction of
invasive species, high-density recreational use, and deposition of wind-
carried, atmospheric pollutants. Increasing incidences of beach closures,
fish and shellfish consumption advisories, harmful algal blooms, and
occurrence of toxic chemicals and pathogenic microorganisms in
coastal waters, sediments, and biota are indicative of the extent of the
problem. Stress-induced changes in marine ecosystems allow microbial
pathogens transmitted via water, food, or other vectors to be harbored
in animal reservoirs and to threaten human health.

Throughout the coastal United States, estuarine organisms are
being exposed to multiple stressors, including increased loading of
chemical contaminants, nutrients, and bacteria and viruses. In addi-
tion, the rapid pace of landscape modification in coastal areas results
in developed coastal watersheds with increased impervious surfaces,
which can alter hydrography, hydrological budgets, and water deliv-
ery. Parking lots, roads, and rooftops are the major types of impervious
surface in coastal watersheds (Arnold and Gibbons 1996; Sanger et al.
1999a, b; Holland et al. 2004). Changes in the amount of impervious
surface in a watershed may increase the volumes of runoff (McCall
etal. 1987), alter dissolved and particulate contaminant concentra-
tions (McCall et al. 1987), and increase the delivery rate of runoff into
coastal receiving waters. When the amount of impervious surface in a
watershed reaches 20-35 percent of total watershed area, the loading
of chemical and other contaminants is usually sufficient to alter water
quality and to impact indigenous fauna and flora (Schuler et al. 1994;
Sanger et al. 1999a, b; Holland et al. 2004). Ultimately, the frequency
of land-based discharges from upland areas into coastal watersheds
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increases, which may, in turn, increase the diversion of water inflow
to groundwater supplies. Recent studies have demonstrated that
groundwater discharges (greater than 40 percent) may account for a
significant portion of the freshwater flow into coastal watersheds of
the south Atlantic (Moore 1996). Alterations in hydrological budgets
may result not only in dwindling subsurface water supplies for drink-
ing water, but also in increased drought or flood potential for coastal
areas (USGS 2004).

Paradise Lost

Throughout the United States, there are reminders of the impor-
tance of what happens when we fail to control coastal development
and growth. Poorly planned, massive coastal development ultimately
results in a coastal zone where marine organisms are faced not only
with the normal rigors of a constantly fluctuating, physicochemical
water-quality environment (e.g., salinity, dissolved oxygen, pH, and
temperature), but also more pronounced fluctuations combined with
cumulative anthropogenic stressors (e.g., contaminants, nutrients, and
microbiological agents). In many instances the level of any single con-
taminant or stressor may not by itself pose significant effects, but when
taken together, direct adverse impacts as well as a general decrease in
ecological fitness may result (De Lorenzo et al. 1999; Pennington and
Scott: 2001; Christyl et. al. 2004). Ultimately, coastal habitats must cope
with an increase in the number and types of harmful algal blooms,
increases in the area of water and sediment quality impairment, and
increased incidence of fish disease leading to declines in the stocks of
fish and shellfish (e.g., lobster, crabs and corals). The National Marine
Fisheries Service estimates that many U.S. fish stocks are overused or
below levels needed to sustain long-term potential yields (NMFS 1992;
Sissenwine and Rosenberg 1993). A review of seven coastal regional
reports in the United States showed that only 45 percent of the 73 fed-
erally managed fisheries were at sustainable capacities (Ward et al.
2001).

Areas such as the Chesapeake Bay have been overdeveloped to
the point that the oyster industry is on the verge of collapse, and the
filtering capacity of the bay provided by oysters has declined dra-
matically. As a result, turbidity has increased, reducing the submerged
aquatic vegetation growth that is vital for the health of the living
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marine resources of the bay. Eutrophication from overdevelopment of
adjoining uplands has been the most important factor in the decline of
the Chesapeake Bay ecosystem; the price tag for restoration has been
placed at more than $18 billion, with the cost for the state of Maryland
exceeding $7 billion (MD NRD 2001). Similarly, in South Florida, inten-
sive agricultural and suburban development in the coastal zone has
resulted in eutrophication and chemical runoff. South Florida pro-
vides a model of impacts from rapid coastal urbanization. More than
3,000 people/square mile reside in the region, and more than 14,000
tons of pesticides are applied to the South Florida landscape annu-
ally (Miles and Pfeuffer 1997). Insecticide use (38 percent of the total)
in South Florida is nearly double the national average. Management of
dwindling water supplies has become the responsibility of the Water
Management Districts (which were originally created for flood con-
trol). Because of the massive redistribution of water flows, coupled
with attendant nutrient and chemical contaminant issues within the
region (LaPoint et al. 1998; Scott et al. 2002; Fulton et al. 2004), costly
long-term restoration efforts are now necessary for the Everglades and
Florida Bay. These examples underscore the need for “sound science”
that will help us maintain coastal environmental integrity and sustain-
able coastal development. Sound science has been used to guide res-
toration efforts in South Florida and the Chesapeake Bay. The price tag
for coastal restoration far excedes the cost of preventive management
of coastal environmental health. The lesson learned in both South Flor-
ida and the Chesapeake Bay is that sound science should also be used
in a predictive or forecast fashion as development occurs to develop
land use planning and zoning decisions that protect the environment
and prevent coastal ecosystem degradation.

Paradise Gained: The Need for Action

In human health care, the cost of restoring health may sometimes exceed
the cost of preventive care and health maintenance by a factor of more
than 1000:1. Let us as a society take measure of the value of a preventive
health care approach in managing coastal environments in the future
(Schaeffer 1996, Rapport et al. 1998). Ecosystems are fragile, and once
impacted, they may be slow to recover (Schaeffer 1996). Hence, we ought
to apply the “precautionary principle” when dealing with the uncertain-
ties of the science needed to make effective land use decisions, because
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the volume of information needed to make science-based decisions may
exceed our capacity to deliver the “sound science” within the time frame
required for the decision to be effective as a policy or action. Sandifer
and Rosenberg (2005) note that the differing degrees of uncertainties
associated with scientific findings and the strict application of the “pre-
cautionary principle” may lead to gridlock in resource use and manage-
ment and conservation issues, and they rather prefer a more common
sense “precautionary approach” that focuses on (1) application of the
best available information and management practices from the incep-
tion of an issue, (2) weighing and balancing the scientific uncertainty
versus the likelihood of risk of harm to resources or ecosystems, and
(3) using an adaptive environmental management approach to continu-
ally gather scientific data for periodic reassessments and modifications
of management practices. This “precautionary approach” can lead to
the development of generic land use management models for a num-
ber of common land use activities such as residential and urban uses,
golf courses, and agricultural NPS runoff controls. It is important that
science-based land use models have a certain generic quality, allowing
them to be translatable from one region to another and from one estuary
to the next. It is also critical that these science-based approaches incor-
porate human dimensions in consideration of identified environmental
impacts from development, because it is what society wants and expects
out of the natural resource utilization within the coastal zone that ulti-
mately defines land use policies and decisions.

Several studies, such as the Urbanization in Southeast Estuarine
Systems (USES) (Vernberg et al. 1999, 2001), the Tidal Creek Project
(Holland et al. 2004) and the Land Use-Coastal Ecosystems Study
(LU-CES) have focused on the mission of providing sound science to
guide coastal land use decision-making. All of these studies have uti-
lized ecosystem level spatial and temporal scale analysis to produce
data that leads to understanding and models of ecosystem structure
and function to elucidate cause and effect relationships between land
use and coastal condition. All of these studies have focused on defining
clear linkages between land use and environmental health within estu-
arine systems, beginning at the tidal creek scale (e.g., the Tidal Creek
Project) and broadening to include both the high-salinity (USES) and
riverine (LU-CES) estuaries with tidal ranges from 2 to 3 meters during
spring tide. The chapters in this book have chronicled the state of our
knowledge on the impacts of development on our fragile coastal eco-
systems. They have, in several cases, directly or implicitly, suggested
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how best to manage coastal ecosystems under developmental pressure
and how to address, through sound science, some of the present and
future environmental issues associated with urbanization in the coastal
zone. What is clear is that we must apply this knowledge soon, even in
the face of uncertainty. The current pace of coastal development does
not permit us the luxury of delaying (Brown 1996).
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Planning, 56, 60, 63, 64

POC, 119, 124

Point sources, 183, 190

Pollution

organic, 182, 183

Polycyclic aromatic hydrocarbons,
207

Primary production, 184, 187

Property rights, 29

Respiration

anaerobic, 187
Respiratory rates, 182, 188, 193
Resuspension, 96, 96, 104
Riparian buffers, 72
River flow, 188
Runoff, 207, 208, 213, 214, 219

Salinity, 188-189
Salt marsh, 93, 94
Sea level, 96
Seaside, Florida, 31
Sediment supply, 94, 96, 104
Shovel ready, 36
Silicon, 183
Silviculture, 207, 208, 209, 210, 220
Species
density, 76-79, 80, 83, 84
richness, 76
Species-Area relationship (SAR),
70, 76
computation, 80, 85
Sprawl: see Urban sprawl
South Carolina Beach Management
Act (BMA), 29
Stratification, 188-189
thermal, 188
St. Simons Island, 27
Subdivision, 23, 31
Subtidal, 115, 118
benthos, 115
habitat, 110, 118
Suburb, 73
Suburban, 206, 214, 219
Surface water quality, 141-142, 146
Suspended sediments, 96

Taking, 29

Temperature, 187

Thematic Mapper, 76

Town, 38

Toxic (substance), 207, 208, 220
Tidal circulation, 95, 96

Tidal creek, 74, 93, 95

Tidal prism, 94

Tidal wetlands, 186, 187, 191
TRANUS, 50

Typology, 69; see also Urban typology

Upwelling, 103, 104
Urban, 207, 214, 219
sprawl, 48, 58-59



suburban, 72
traditional urban, 72
Urban growth boundary (UGB), 35
Urban growth trajectories
historical trends in South Carolina,
27-28
models, 47-63
integrated GIS model, 48, 55, 57
logistic regression model, 47, 48, 55,
57, 63
neural network, 47, 48, 49, 59-63
rule-based model, 47, 55-57
Urbanization, 72
Urban Land Use Ratio (ULUR), 25,
33,78, 84
Urban service boundary (USB), 35

Index 305

Urban transition probabilities, 55

Urban typology, 32-34, 72; see also
New urbanism; Development,
neotraditional, suburban, tradi-
tional

Village, 38

Water quality, 140-142, 146, 161
Wetlands, 187

Wetland vegetation, 187
Winkler method, 182, 191, 196

Zoning
Enabling Act, Standard, 23, 32
single purpose, 23, 32
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