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Abstract

Ecosystem-based management requires integration of multiple system components and uses, identifying and striving for sus-
tainable outcomes, precaution in avoiding deleterious actions, and adaptation based on experience to achieve effective solutions.
Efforts underway or in planning to restore and manage two major coastal ecosystems, the Chesapeake Bay (Chesapeake Bay
Program) and coastal Louisiana (Louisiana Coastal Area Plan and Gulf Hypoxia Action Plan), are examined with respect to
these four principles. These multifaceted restoration programs represent among the foremost challenges for science and coastal
management in the United States and, thereby, have important implications for addressing the coastal environmental crises
being experienced throughout the world. Although frameworks exist for integration of management objectives in both regions,
the technical ability for the quantitatively integrated assessment of multiple stressors and strategies is still in an early stage of
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development. Science is also being challenged to identify sustainable futures, but emerging concepts of ecosystem
offer some promising approaches. Precautionary management is best conceived with regard to fisheries, but shoul
a more explicit consideration for managing risks and avoiding unanticipated consequences of restoration activities.
management is embraced as a central process in coastal Louisiana ecosystem restoration, but has not formally been im
in the more mature Chesapeake Bay restoration. Based on these experiences, ecosystem-based management could
by: (1) orienting more scientific activity to providing the solutions needed for ecosystem restoration; (2) building bridges
ing scientific and management barriers to more effectively integrate science and management; (3) directing more att
understanding and predicting achievable restoration outcomes that consider possible state changes and ecosystem re
improving the capacity of science to characterize and effectively communicate uncertainty; and (5) fully integrating mo
observations, and research to facilitate more adaptive management.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Ecosystem-based management; Integration; Sustainability; Resilience; Precautionary approach; Adaptive management; C
bay; Coastal louisiana

∗ Tel.: +1 410 228 9250.
E-mail address: boesch@umces.edu.

0925-8574/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecoleng.2005.09.004



D.F. Boesch / Ecological Engineering 26 (2006) 6–26 7

1. Introduction

Progressive concepts of “ecosystem-based man-
agement” (EBM) emphasize four common principles,
namely that effective management must: (1) be
integrated among components of the ecosystem
and resource uses and users; (2) lead to sustainable
outcomes; (3) take precaution in avoiding deleterious
actions; and (4) be adaptive in seeking more effective
approaches based on experience. For example, the
two recent commissions charged with recommending
new ocean policies for the United States stressed these
elements.

ThePew Oceans Commission (2003)placed partic-
ular emphasis on the need for EBM of fishery resources
and included “practice sustainability” and “apply pre-
caution” among the guiding principles for a new ocean
ethic. It further indicated that: “scientific programs
should utilize adaptive management to assess results,
learn from experience, and adjust incentives, regula-
tion, and management accordingly”.

The report of the presidentially appointedU.S.
Commission on Ocean Policy (2004)also stressed
EBM as the cornerstone of the path forward for
the nation’s ocean policy, meaning that management
should reflect the relationships among all ecosystem
components, including humans and nonhuman species
and the environments in which they live. The U.S. Com-
mission stressed that this management should balance
[integrate] competing uses while preserving and pro-
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entific information and the effective application of
knowledge. While environmental scientists are gener-
ally familiar with the four principles, relatively few of
us are actively engaged in directly filling their require-
ments. The objective of this paper is to point to ways
scientific contributions can be improved in response to
the emerging consensus on ecosystem-based manage-
ment, not only in the U.S. but also around the world.

To advance beyond the abstract and general plati-
tudes, I will examine a particularly pressing manage-
ment challenge, namely the restoration of degraded
coastal ecosystems, using as case studies the ecosys-
tems of the Chesapeake Bay and coastal Louisiana.
These examples are particularly appropriate because
of their national and even international prominence,
their extremely large size and complexity, and the exis-
tence of substantial organized efforts to restore them.
Although physiographically different, the two ecosys-
tems share many similar issues, including eutrophi-
cation and other consequences of landscape changes
within their catchments, habitat losses, fishery declines,
toxic contamination, invasive species, and navigation
access. The paper builds on an earlier contribution
(Boesch, 2001) with expanded and updated evalua-
tion. My objective is to identify paths forward, through
which science may more effectively address the needs
of management for integration, sustainability, precau-
tion and adaptation.
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esources and achieve sustainability by meeting
eeds of the present generation without comprom

he ability of future generations to meet those ne
o put these principles into practice, the U.S. C
ission reported, requires aligning decision-mak
ithin ecosystem boundaries, precautionary and a

ive management, and the use of the best avai
cience and information.

Although there may be disagreements among
efinitions of and approaches to integrated, sustain
recautionary, and adaptive management of eco

ems, few would object to the basic concepts invol
he problem is that these characteristics are more
cult to achieve in practice than to articulate in
bstract. Yet it is clear, as the U.S. Commission em
ized, that all four of these dimensions of ecosys
ased management require robust and relevan
. Four key management principles

.1. Integration

Integration as used by the management and
cy community, as in Integrated Coastal Managem
ICM), generally implies collective consideration
he uses of products and services provided by
oastal environment to determine an “optimal mix”.
necht and Archer (1993)pointed out the integratio

equired is itself multidimensional: intergovernmen
ntermedium (air, land and water), intersectoral (am
sers), and interdisciplinary. Integration, from this IC
iew, is centered on balancing competing human u
s reflected in the U.S. Commission on Ocean Pol
2004) principle of “multiple use management”,
he Commission adds that managing multiple hu
ses should be done “while preserving and protec
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the overall integrity of the ocean and coastal environ-
ments”.

The U.S. Commission uses the term “ecosystem-
based management” rather than “ecosystem manage-
ment” (Christensen et al., 1996) to accommodate
human uses while preserving ecosystem integrity, or
the similar concept of ecosystem health as used by
thePew Oceans Commission (2003). A recent consen-
sus statement by marine scientists (COMPASS, 2005)
takes a somewhat reversed perspective, defining the
goal of EBM as maintaining an ecosystem in a healthy,
productive, and resilient condition so that it can provide
the services humans want and need. From these scien-
tists’ point of view, EBM should explicitly account for
the interconnectedness within the ecosystem, recogniz-

ing the importance of interactions between many target
species or key services and other non-target species;
acknowledge interconnectedness among ecosystems,
such as between air, land and sea; and integrate ecolog-
ical, social, economic, and institutional perspectives,
recognizing their strong interdependences.

Human uses obviously have consequences to
ecosystems in addition to the direct conflicts among
these uses. Furthermore, changes in ecosystems result-
ing from some human uses affect other human uses and
behaviors. And application of EBM can have profound
social and governance implications (Hennessey and
Soden, 1999). For these reasons, analysts are increas-
ingly envisioning humans and the natural world as inex-
tricably linked in “socioecological systems” (Carpenter
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ig. 1. The coastal ecosystems of Louisiana and the Chesapeake Ba
765 map by English cartographer Thomas Kitchens. The map show
ulf of Mexico, which interdigitate to the east with the upper reaches o

ounds on the Atlantic coast.
y are heavily influenced by what happens on the land, as illustrated by this
s the vast extent of the rivers of the Mississippi River basin draining to the
f the great tidal rivers of the Chesapeake Bay and Ablemarle and Pamlico
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et al., 2001) in which changes in ecosystems and human
institutions are linked in their dynamic, and even cyclic,
behavior (Holling et al., 2002).

Managing coastal ecosystem restoration almost
always involves addressing multiple stressors that have
changed the ecosystem to an undesirable state. These
typically include habitat changes, excessive inputs of
toxic or biostimulatory materials, alterations in the
delivery of fresh water and sediments from land to
the coastal ecosystem, and the consequences of liv-
ing or non-living resource extraction. The effects of
non-indigenous species, human-induced hydrological
changes and land subsidence, and climate change may
also be important challenges to ecosystem restoration
in some regions. However, management as well as sci-
ence traditionally addresses one stressor at time. Even
in ecosystems where one is paramount, the others are
can seldom be ignored.

Furthermore, many coastal ecosystems, and particu-
larly the two addressed in this paper (Fig. 1), are heavily
influenced by human activities well inland, far removed
from their shores. Restoration of coastal ecosystems
at the terminus of such large drainage basins requires
scientific assessment and management scope that tran-
scends many boundaries: ecological, social, and polit-
ical (Jickells et al., 2001). How, then, can we make
progress for science and management in integrating
stressors and the human behaviors that cause them over
such large regions?
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society and nations, and does not foreclose options of
future generations (Cicin-Sain, 1993). ThePew Oceans
Commission (2003)simply stated that “the essence of
sustainable development is using our planet’s resources
as if we plan to stay”.

Achieving sustainability is interdependent with the
other management characteristics considered here.
Costanza et al. (1998)espoused six principles for
sustainable governance of the oceans: responsibility,
scale-matching, precaution, adaptive management, full
cost allocation, and participation. Matching the scales
of governance to those of ecological problems and
full-cost allocation necessarily depends on effective
scientific integration as discussed above. The principles
of precaution and adaptive management are discussed
later.

Given the rapidly expanding human population,
increasing per capita consumption of many resources,
and the already substantial and growing human domi-
nation of Earth’s ecosystems (Vitousek et al., 1997), it
is difficult to be sanguine about the prospects of achiev-
ing sustainable development. However, theNational
Research Council (1999)concluded, based on anal-
ysis of persistent trends and plausible futures, that a
successful transition toward sustainability is possible
over the next two generations, even without miraculous
technologies or drastic transformations of human soci-
eties. This transition will require “significant advances
in basic knowledge, in social capacity and technolog-
ical capabilities to use it, and the political will to turn
t
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.2. Sustainability

“Sustainable” is a word frequently used w
mplied, but not carefully defined, meaning. T
rundtland Commission stressed the important in
enerational aspect of the concept by defining sus
ble development as “satisfying present needs wit
ompromising the ability of future generations to m
heir own needs” and this intergenerational requirem
s, as related earlier, encompassed in the perspect
he U.S. Commission on Ocean Policy. In its Age
1, the United Nations Conference on Environment
evelopment (UNCED) promoted even more dema

ng social requirements for sustainable developm
alling for economic development needed to sus
nd improve the quality of life of human populatio
i.e. sustainable economically and socially) that is e
onmentally sustainable and equitable among grou
his knowledge and know-how into action”.
Toward that end,Kates et al. (2001)offered core

uestions for sustainability science, including kno
dge of lags and inertia in natural and social syst

ong-term trends reshaping these systems, their
erability or resilience, meaningful limits or boun
ries beyond which there is increased risk of ser
egradation, and effective incentive structures. T
lso stressed the importance of operational sys

or monitoring and reporting on conditions in ord
o navigate a transition toward sustainability and be
ntegration of research planning, monitoring, ass

ent, and decision support for adaptive manage
nd societal learning.

Restoration of coastal ecosystems in the devel
orld, where populations are relatively stable, kno
dge is advanced, and social capacity and technolo
apabilities are substantial, offers a compelling op
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tunity for the journey to sustainability. In the case of
the coastal ecosystems we are trying to restore, it is cer-
tainly the case that their deterioration has been due to
unsustainable human activities. The intergenerational
consequences of these activities—dredging of oyster
reefs in Chesapeake Bay and Atchafalaya Bay or com-
pletely constraining the lower Mississippi River, for
example—were either not realized or were disregarded
because of more immediate socioeconomic require-
ments. How then can we, at least on regional scales,
reverse this previous track record, avoid such unsus-
tainable practices in the future within an already greatly
altered landscape, and repair the damages in a lasting
way?

After decades of overexploitation of marine fish-
eries, we now try to restrict fishing pressure so as not
to exceed optimum sustainable yields. By estimating
Total Maximum Daily Loads, we are working to reduce
inputs of pollutants so that water quality standards
needed to support designated uses are not exceeded.
For some estuaries, allocations of freshwater inflows
are being made in order to sustain reproductive success
of fishes. Such approaches do not specifically integrate
among ecosystem functions and services, however,
and a more comprehensive dimension of sustainabil-
ity is emerging with growing attention to ecosystem
resilience as a management objective.

Resilience is commonly defined as the capacity of
a system to undergo disturbance and maintain its func-
tions and controls. It can be measured by the magnitude

of disturbance the system can tolerate and still persist
(Gunderson, 2000; Gunderson et al., 2002). In addi-
tion to serving as a metaphor related to sustainability,
resilience is both a property of dynamic models and a
quantity that can be measured based on three prop-
erties: (a) the magnitude of disturbance that can be
absorbed before the system is restructured with differ-
ent controlling variables and processes; (b) the degree
to which the system is self-organizing; and (c) the
degree to which the system can build capacity to learn
and adapt (Carpenter et al., 2001). In this sense “sys-
tem” refers to the socio-ecological system and implic-
itly includes society and its institutions.

A paradigm is emerging that restoration strategies
should have as an important, if not central, objective the
recovery and maintenance of a desired level of ecosys-
tem resilience in its performance and delivery of goods
and services. However, asGunderson et al. (2002)point
out, the stability domains of ecosystems are dynamic
and variable. As ecosystems degrade and lose previous
resilience characteristics, the new state may become
quite resilient (e.g. a eutotrophic lake) and can only be
restored by altering the forces that shape the stability
domains (Fig. 2).

2.3. Precaution

The precautionary principle states that if the con-
sequences of an action are potentially adverse, the
action should not be allowed to proceed, even if cause

F in of ec ble domain.
R ase ec
ig. 2. Ecosystem degradation can change the stability doma
estoration involves reshaping the stability domains that incre
osystems with multiple stable states to one with only one sta
osystem resilience (modified fromGunderson et al., 2002).
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and effect relationships have not been fully established
scientifically. This principle had its origins in multina-
tional conferences in the 1980s that addressed the dis-
charge of chemicals into the North Sea. It has since been
applied or debated relative to a broad array of issues
where there is risk and uncertainty, including persistent
pollutants, fisheries management, species extinction,
genetically modified organisms, disease transmission,
food safety, and climate change (Tickner, 2002). A
precautionary approach has been embraced in vari-
ety of policy instruments from the UNCED Agenda
21 to the Magnuson-Stevens Sustainable Fisheries
Act.

The precautionary principle has been criticized as
impractical, requiring too high a requirement for cer-
tainty and as focusing excessively on new technologies
or activities and less on those that have caused the
problems we already have. To the degree to which a
precautionary approach is interpreted to mean “do not
take chances”, it could be an impediment to under-
taking restoration actions for which the outcomes are
uncertain and to pursuing experimental, adaptive man-
agement approaches (Boesch, 1999).

The U.S. Commission on Ocean Policy (2004)
calls for a more balanced precautionary approach “that
weighs the level of scientific uncertainty and potential
risk of damage as part of every management action”.
Such an approach would apply judicious and responsi-
ble management practices, based on the best available
science and on proactive, rather than reactive, policies.
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actions. New understanding, experience, and changing
societal expectations inevitably mean that priorities,
goals and approaches must change. Europeans refer to
the iterative cycle of environmental policy adjustment
the DPSIR framework, meaning the interconnection of
driving forces, pressures, states, impacts, and responses
(Turner et al., 2001).

In the U.S. the concept of adaptive management has
developed as a more structured approach to allow man-
agers to take action in the face of uncertainties, enhance
scientific knowledge to reduce the uncertainties, and
respond to unanticipated events (NRC, 2004b). Adap-
tive management involves implicitly learning by doing
and treating management programs as experiments,
with a great emphasis on accounting for outcomes,
but it is not simply a “trial and error” process (Lee,
1999). Adaptive management requires: (a) manage-
ment objectives that are regularly revisited and accord-
ingly revised; (b) models of the system being man-
aged; (c) a range of management choices; (d) mon-
itoring and evaluation of outcomes; (e) mechanisms
for incorporating learning into future decisions; and (f)
a collaborative structure for stakeholder participation
and learning (NRC, 2004b). Applications can range
from “passive” adaptive management, which focuses
on monitoring and evaluating outcomes from a partic-
ular policy option, to “active” adaptive management,
which includes experiments to test competing models
of system behavior or alternative solutions.
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r irreversible damage exist, lack of full scientific c

ainty shall not be used as a justification for postpon
ction to prevent environmental degradation”. A c

enge for science, then, is to collect information
reate knowledge that conveys the range and prob
ties of outcomes and expresses the associated u
ainties with those predictions. An interesting exam
f combining expert judgment, including the mag

ude of uncertainty, and stakeholder values is prov
y Failing et al. (2004).

.4. Adaptation

Adaptation is a dimension of ecosystem-based m
gement necessitated by the inherent uncertain
ur predictions about the natural world, socioe
omic developments, and the outcomes of manage
r applied to coastal ecosystem restoration invol
ydrological readjustments, such as in the San Joa
acramento delta, coastal Louisiana, and Evergl

t may be particularly suited to large, complex ecos
em restoration efforts that entail considerable risk
ncertainty, multiple objectives and phased implem

ation. Adaptive management has been embrace
he Corps of Engineers for ecosystem restoration
ecommended by both ocean commissions. How
ppealing, though adaptive management is still
uch a work in progress often beset with lack

lear understanding of its processes, reservations
ts risks, and failures to meet requirements for m
oring and assessment (Walters, 1997). This present
any challenges to science in terms of developme
ppropriate models, effective design and timely in
retation of monitoring, and active engagement w
ecision-makers and stakeholders.
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3. Background on the ecosystems

3.1. Chesapeake Bay

The Chesapeake Bay is the largest estuary in the
United States and one of the largest in the world. Its
main stem is 332 km long, with tidal waters extending
over 11,400 km2 and 12,870 km of shoreline. The
Chesapeake drainage basin covers 166,000 km2

in six states. The bay is relatively shallow (mean
depth 6.5 m); therefore the area of its catchment is
unusually large in comparison to the estuarine volume.
This, coupled with its modest tidal exchange, makes
the bay very susceptible to inputs of fresh water,
sediments and dissolved materials from the land
(Horton, 2003).

Approximately 16 million people live in the Chesa-
peake basin, with the largest concentrations at the
tidal headwaters of estuarine tributaries around the
Washington, DC, Baltimore, Richmond, and Norfolk
metropolitan areas. The bay includes important com-
mercial and military ports and is a valuable recreational
resource. Although a number of the historically impor-
tant fisheries (particularly oysters) have declined, the
bay still supports commercial fisheries worth approxi-
mately $1 billion per year. The estuary is also heavily
used for domestic and industrial waste disposal, with
about 5000 point-source discharges into the estuary or
drainage basin.

The Chesapeake ecosystem has undergone sub-
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Although there were cumulative, human-induced
changes in the Chesapeake Bay through the early 20th
century, during the later part of that century the estu-
ary experienced an even more dramatic state change
from a relatively clear-water ecosystem, characterized
by abundant plant growth in the shallows, to a turbid
ecosystem dominated by abundant microscopic plants
in the water column and stressful low-oxygen condi-
tions during the summer (Hagy et al., 2004; Kemp et
al., in press). This state shift was largely due to the
dramatic increase in nutrient inputs in the form of
wastes from the growing population, runoff of agri-
cultural fertilizers and animal wastes, and atmospheric
deposition of nitrogen oxides resulting from fossil fuel
combustion. By the mid-1980s the Chesapeake Bay
was receiving about seven times more nitrogen and 16
times more phosphorus than when English colonists
arrived (Boynton et al., 1995). In addition, the drastic
depletion of the once prodigious oyster populations and
loss of wetlands and riparian forests diminished impor-
tant sinks for nutrients and sediments within both the
watershed and the estuary.

In the 1970s the scientific community began to
understand and document the pervasive changes in the
ecosystem that had taken place and to identify their
causes. This led to growing awareness by the public
and political leaders, which in turn resulted in the evolu-
tion of regional management structures and restoration
objectives (Hennessey, 1994; Boesch et al., 2001a,b).
Starting with a simple agreement in 1983 “to assess
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tantial human-induced changes since colonizatio
uropeans almost 400 years ago, including incre
edimentation resulting from clearing of its pre
usly forested watershed. During the period of agra
xpansion extending into the early 19th century, m
lant nutrients—forms of nitrogen and phosphorus

he native forests efficiently retained—also bega
ash down into the Bay, subtly altering its natural p
uction and food web. Industrialization later in the 1
entury increased pollution, particularly by trace m
ls, and provided the mechanical means to exploi
bundant oysters, effectively strip-mining the exten
eefs that gave the bay its Algonquin name,Chesepi-
ok or “great shellfish bay”. The mid-1900s brought
he petrochemical period of the Bay’s history, bring
anufactured organic chemicals, such as pestic
etroleum by-products, and industrially produced

ilizers.
nd oversee the implementation of coordinated p
o improve and protect the water quality and liv
esources of the Chesapeake Bay estuarine syst
he three primary states in the region, the nati
apital district and the federal government formed
hesapeake Bay Program and have issued a ser
irectives and agreements related to reductions of n
nt and toxicant loadings, habitat restoration, liv
esource management, and landscape managem

Because eutrophication was seen as the mos
asive and consequential human impact, a landm
greement of the Chesapeake Bay Program wa
987 commitment to reduce controllable inputs
itrogen and phosphorus entering the bay by 40%

he year 2000. As that year approached it was c
hat this goal would not be reached and, furthermo
omplex array of interrelated issues related to env
ental quality, living resources, and human activi
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Table 1
Goals of the proposed Chesapeake 2000 Agreement (Chesapeake Bay Program, 1999b)

1. Restore, enhance and protect the finfish, shellfish, and otherliving resources, their habitats and ecological relationships to sustain all fisheries
and provide for a balanced ecosystem.
Oysters: tenfold increase
Exotic species: identify and reduce introduction
Fish passage: restore passage in blocked rivers
Multi-species management: develop and revise management plans
Crabs: restore health of spawning population

2. Preserve, protect and restore thosehabitats and natural areas vital to the survival and diversity of the living resources of the Bay and its rivers.
Submerged aquatic vegetation: recommit and raise previous restoration goal
Wetlands: achieve net gain through regulatory protection and restoration
Forests: protect and restore riparian forests
Stream corridors: encourage local governments to improve stream health

3. Achieve and maintain thewater quality necessary to support the aquatic living resources of the Bay and its tributaries and to protect human
health.
Nutrients: achieve and maintain 40% goal and reduce further to protect living resources
Sediments: reduce loading to protect living resources
Chemical contaminants: no toxic or bioaccumulative impacts on living resources
Priority urban waters: restore urban harbors
Air pollution: strengthen air emission pollution prevention programs
Boat discharges: establish “no discharge zones”

4. Develop, promote and achievesound land use practices which protect and restore watershed resources and water quality, maintain reduced
pollutant loadings for the Bay and its tributaries, and restore and preserve aquatic living resources.
Land conservation: protect and preserve forests and agricultural lands
Public access: expand public access points
Development, redevelopment and revitalization: reduce rate of land development
Transportation: coordinate with land use planning to reduce dependence on automobiles

5. Promoteindividual stewardship and assist individuals, community based organizations, local governments and schools to undertake initiatives
to achieve the goals and commitments of this agreement.
Public outreach and education: provide information about Bay to schools and public
Community engagement: enhance small watershed and community-based actions
Government by example: develop and use government properties consistent with goals

Specific objectives and actions under each goal are briefly summarized.

needed to be addressed in a more comprehensive man-
ner. The Chesapeake 2000 Agreement was reached,
which includes over one hundred goals and commit-
ments that together comprise one of the most ambitious
ecosystem management programs for a large coastal
area (Table 1).

Progress in restoring the Chesapeake Bay ecosys-
tem has been mixed. Although eutrophication is no
longer growing, there is a very public debate con-
cerning the amount of nutrient load reductions that
have been achieved (Whoriskey, 2004) and few clear
signs that the symptoms have been alleviated, except
locally. The concentrations of a number of potentially
toxic substances (some trace metals and chlorinated

hydrocarbons) in sediments and organisms declined
as a result of source controls and waste treatment.
Yet, the industrialized harbors in the bay remain heav-
ily contaminated and other subregions show elevated
concentrations of toxicants or evidence of biological
effects. Seagrasses have returned in some regions but
cover only a small portion of the habitat occupied in
the 1950s. Oyster (Crassostrea virginica) populations
have not recovered because of the degraded reef habitat
and ravages of two microbial pathogens. Populations
of several anadromous fishes have increased modestly
as a result of removal of barriers to upstream migration.
Perhaps the most dramatic recovery has been for popu-
lations of striped bass (Morone saxatilis), which greatly
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increased as a result of a multi-year moratorium on
harvest and subsequent, more precautionary manage-
ment of stocks. On the other hand, the very productive
blue crab (Callinectes sapidus) fishery has shown some
decline and signs of recruitment over-fishing.

3.2. Coastal Louisiana

The coastal ecosystems considered here are at
least as extensive as the Chesapeake Bay, but less
well-defined. They include the two provinces of the
Louisiana Coastal Area (LCA), the Mississippi Deltaic
Plain and the Chenier Plain to the west (Boesch et
al., 1994), and the adjacent inner continental shelf.
The Deltaic Plain consists of the mostly inactive dis-
tributaries of the river and extensive tidal wetlands,
swamps, and lagoons lying between the distributaries
or enclosed by fringing barrier islands. The Chenier
Plain developed as a result of the interplay of three
coastal plain rivers and the longshore transport of sedi-
ments escaping the Mississippi-Atchafalaya delta sys-
tem. The inner continental shelf, which has estuary-like
salinity gradients, stratified water masses, and signifi-
cant physical and biological interactions with the LCA,
should appropriately be included as an effective part of
this large coastal ecosystem. This expansive wetland-
estuarine-shelf ecosystem supports one of the richest
fisheries in the U.S., large populations of migratory
birds, and the substantial majority of the coastal and
offshore oil and gas production in the United States.
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only other significant distributary presently active, the
Atchafalaya River, which enters the Gulf of Mexico
230 km to the west.

The average annual discharge of water through
the Mississippi and Atchafalaya rivers to the coastal
ecosystem is approximately 20,000 m3 s−1, essentially
an order of magnitude higher than freshwater dis-
charge into the Chesapeake Bay. The hydrology of this
vast river system has been greatly altered by locks,
dams, reservoirs, earthwork levees, channel straight-
ening, and spillways for purposes of flood protection,
navigation and water supply. These alterations have sig-
nificantly affected the transport of water, sediments and
dissolved materials (including nutrients and toxic con-
taminants) in ways that have major consequences to the
coastal ecosystem (Turner and Rabalais, 2003).

Disruption of overbank flooding in the delta, wide-
spread hydrological modifications caused by myriad
canals, and high rates of subsidence (because of the
huge thickness of alluvial deposits), locally acceler-
ated by fluid withdrawals associated with oil and gas
production have conspired to result in rapid loss of
tidal wetlands, particularly during the last half of the
20th century. Over 4850 km2 of coastal land, mainly
tidal wetlands, have been lost since the 1930s (Barras
et al., 2003). Although the annual rate of loss has
slowed somewhat from a peak in the 1970s, it is esti-
mated to have been approximately 62 km2 between
1990 and 2000, with a projection of 26 km2 y−1 over
the next 50 years. Various efforts have been mounted
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irdsfoot delta, projecting into the Gulf of Mexic
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o stem the loss of coastal wetlands, including m
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estoration projects undertaken under the auspic
he federal Coastal Wetlands, Planning, Protection
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he development of the report “Coast 2050: Tow
Sustainable Coastal Louisiana” (Louisiana Coasta
etlands Conservation and Restoration Task Fo

998). This has been refined in a Louisiana Coa
rea ecosystem restoration study that recommen
lan of action (the LCA Plan) to Congress (U.S. Army
orps of Engineers, 2004).
A more recently recognized problem is the ext

ive seasonal hypoxia in bottom waters on the co
ental shelf (Rabalais et al., 1996, 2002b). Hypoxic
<2 mg L−1) bottom waters have extended over 10,
o 20,000 km2 in the summer during most years sin
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1990. This phenomenon and other manifestations
of eutrophication have been related to the increases
in nutrient loading by the Mississippi-Atchafalaya
river system. In particular, flux of nitrate-N from the
Mississippi Basin to the Gulf of Mexico has aver-
aged nearly 1 million metric tons per year since
1980, about three times larger than it was 30 years
ago (Goolsby et al., 1999). The majority of the
increased nitrate emanates from agricultural sources
in the upper Mississippi and Ohio river basins, over
1500 km upstream of the discharge into the Gulf of
Mexico.

In response, the U.S. Congress directed the gov-
ernment to conduct an assessment of the causes and
consequences of hypoxia in the Gulf of Mexico,
including analyses of the potential for reduction of
nutrient sources and associated economic costs. The
resulting integrated assessment (CENR, 2000) presents
much more comprehensive evidence concerning nutri-
ent sources, trends and effects on oxygen depletion for
the Mississippi-Atchafalaya delta system than existed
at the initiation of the Chesapeake Bay Program and
its commitments for nutrient reduction, approximately
15 years earlier. Subsequently, a task force represent-
ing eight federal agencies, nine states, and two tribal
governments adopted an Action Plan (Table 2) for

reducing the area experiencing hypoxia by two-thirds
(Mississippi River/Gulf of Mexico Watershed Nutrient
Task Force, 2001; Rabalais et al., 2002a); however,
measures to implement this agreement have not pro-
gressed much at this point.

In addition to wetland loss and eutrophication,
ecosystem-based management of the Mississippi delta
region must also address significant issues in fishery
management (including overfishing of some stocks,
bycatch mortalities due to shrimp trawling, commer-
cial and recreational fishery conflicts, and endangered
species concerns); flood protection; navigation; oil and
gas exploration, production and transportation; and
migratory waterfowl management.

4. Current state of practice

I now provide brief perspectives on the extent to
which these two ambitious coastal restoration efforts
have used science in applying the four principles
of ecosystem-based management: integration, sustain-
ability, precaution, and adaptation. Using these exam-
ples I will then consider how science can make more
effective contributions for advancing these four critical
dimensions of informed management.

Table 2
Goals and principles of the Action Plan for Reducing, Mitigating and Controlling Hypoxia in the Northern Gulf of Mexico (Mississippi River/Gulf
o
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4.1. Integration

The U.S. Commission on Ocean Policy (2004)
pointed to the Chesapeake Bay Program as a model
for regional ecosystem-based management. Indeed, the
Chesapeake 2000 Agreement goes far beyond the orig-
inal focus of the program on water quality with actions
to address habitat, living resources, sound land use
within the watershed, and even individual stewardship.
A hallmark of this program is the setting of ambi-
tious quantitative goals and timelines. For example,
the 2000 Agreement calls for conserving and restoring
forests along 70% of streams in the watershed, restor-
ing 10,000 ha of wetlands, preserving 20% of the land
area from development, and increasing the stretches of
rivers open to migratory fish by 2184 km by specific
dates, mostly by 2010.

Quantitative understanding and models support
some of the relationships among these elements of the
ecosystem. For example, the Chesapeake Bay water-
shed model predicts the effects of changes in land
use and management practices on delivery of nutri-
ents and sediments to the estuary and from this a
three-dimensional eco-hydrodynamic model forecasts
changes in water quality, including clarity, chlorophyll
and light levels, in the estuary. Using these tools one
can forecast with some level of confidence how, for
example, the restoration of forested riparian buffers at
specified places in the watershed should affect nutri-
ent loading and environmental conditions in the bay.
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from throughout the basin and statistical models to
estimate fluxes by river segment; and box models of
nutrient and carbon budgets in the Gulf of Mexico.
The fact that different modeling approaches are used
to predict the extent of Gulf hypoxia yielded gener-
ally similar results boosts confidence in the assessments
(Scavia et al., 2004), just as does the convergence of
climate model predictions of global warming sensi-
tivities (Kerr, 2004). Complex, deterministic models
similar to those for the Chesapeake Bay and watershed
are lacking for the Mississippi basin and continental
shelf, however simpler and more empirical models may
be sufficient to guide the integration of management
of the vast watershed with the management of coastal
ecosystems. While many improvements can be made
in models and their uses, both the Mississippi River
assessment and the Chesapeake Bay models are lead-
ing examples of the power of systemic science for large
system management. Such integrated assessment and
modeling have helped managers and scientists alike to
think across environmental media, disciplines, and sec-
tors (e.g. agriculture, environmental quality and living
resources).

To support the LCA Plan development, a team of sci-
entists and engineers undertook extensive hydrological
and ecological modeling to predict the consequences of
various restoration measures and ensembles on salinity,
wetland nourishment and land building, habitat suit-
ability for various resource species and water quality
(U.S. Army Corps of Engineers, 2004, Appendix C).
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Fig. 3. Sub-food webs for the striped bass (Morone saxatilis) and blue crab (Callinectes sapidus) in Chesapeake Bay (McBride and Houde,
2004).

is the failure of fishery management based solely
on species-by-species considerations. For any given
species the interactions among predators (including
humans) and prey, incidental mortality (bycatch), and
habitat requirements are highly complex (Fig. 3). For
multiple fishery species the task of integration is daunt-
ing. This has led to the development of theory and
tools for multi-species and, ultimately, ecosystem-
based management of fisheries resources (Browman
and Stergiou, 2004). These approaches have empha-
sized dynamics of populations and the interactions
among predators and prey (top-down) rather than the
biogeochemical drivers (bottom up) stressed in the
models previously discussed.

The Chesapeake 2000 Agreement includes a com-
mitment to move toward multi-species management of
fisheries and there has been ongoing development of
scientific approaches (Miller et al., 1996; Latour et al.,
2003) that would lead to a Chesapeake Bay fisheries
ecosystem plan (McBride and Houde, 2004). Ana-
lytic approaches include expansion of single species
models to multispecies virtual population analysis and
models of trophic interactions such as Ecopath with
Ecosim (Pauly et al., 2000). Similar network analytical
approaches that consider a broader array of interactions
within the ecosystem have provided insights into the
critical functions that have to be addressed in ecosys-
tem restoration (Baird and Ulanowicz, 1989; Baird
et al., 2004). Efforts are underway to link the eco-
hydrodynamic model developed to predict Chesapeake

Bay water quality with Ecopath models to estimate
the consequences of nutrient load reductions on fish-
ery species. As the complexity of linked models grows,
however, it becomes more important to avoid putting all
the eggs in one basket. Multiple, less complex models
may be more nimble, advance learning more quickly,
and result in more practical and routine applications.

Comprehensive ecosystem-based management
must eventually integrate the consequences of multi-
ple stressors that confront these ecosystems, including
eutrophication, toxic contamination, habitat modi-
fication, fishing, invasive species, climate change,
alterations of freshwater inflow, coastal land use
changes, and natural disturbances such as storms and
freshets. These stressors interact in important ways.
For example, trace metals and organic contaminants
have been shown to affect the quantity and quality of
algal production in enriched waters (Breitburg et al.,
1999). Conversely, eutrophication-induced oxygen
stresses influence the immunological responses of
marine animals to toxicants and pathogens (Lenihan et
al., 1999). Unfortunately, our scientific and manage-
ment institutions are not well aligned to facilitate the
integration of multiple stressors in ecosystem-based
management. Scientific subcultures, as maintained
by journals, societies, and conferences, tend to
focus on one issue (e.g. toxins, wetlands, nutrients,
fisheries, hydrology) or on one biotope (estuaries,
rivers and streams, forests, agriculture, and urban
environments). At best, management is generally
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Fig. 4. Organizational chart of the Chesapeake Bay Program.

integrated only at higher levels and not very effectively
at the technical levels. For example, in the Chesapeake
Bay Program technical subcommittees of the Imple-
mentation Committee (Fig. 4) operate more-or-less
independently.

A major challenge in both regions is the integration
of environmental and fisheries management, especially
because an important goal in both of these environ-
mental restoration programs is the improvement and
protection of living resources. Recently, the effects of
fishing have received much attention as a major cause of
coastal ecosystem degradation (Jackson et al., 2001).
Cascading, top-down effects of selective removal of
predators, heavy mortality of species included in inci-
dental bycatch, and physical effects of resource extrac-
tion (e.g. bottom trawling in Louisiana and oyster
dredging in the Chesapeake Bay) all may have signifi-
cant consequences. However, it is not particularly help-
ful to stress the primacy of fishing effects in comparison
to other stressors (Boesch et al., 2001a,b), particularly
in the two ecosystems in question.

Although it is generally thought that environmental
degradation (hypoxia and other effects of eutrophica-
tion and wetland and other habitat modification) has
diminished the capacity of these ecosystems to sustain
healthy fisheries, this relationship is in fact very poorly
quantified or understood in both cases. Yet, unravel-
ing the interrelations is essential for ecosystem-based
management and effective restoration. Comparisons of

recent and historic composition of fish caught in trawls
on the Louisiana inner continental shelf (Chesney and
Baltz, 2001) and Lake Pontchartrain (O’Connell et al.,
2004) illustrate the point. Shrimp trawling, eutrophica-
tion and hypoxia increased between the earlier period
of the record to the present. In both cases the catch-
per-unit-effort (CPUE) of several species of bottom
dwelling fish has declined, while the CPUE of certain
pelagic, plankton feeders has increased (Table 3). To
what degree is this a result of bycatch mortalities or
the effects of trawling on bottom sediments, nutrient
enrichment or hypoxic stress? As a step in the direc-
tion of integrated management of the environment and
fisheries,Haas et al. (2004), after examining the rela-
tionship between marsh edge and growth and survival
of juvenile brown shrimp (Farfantepenaeus aztecus),
argued that management should be extended from the
traditional protection of the spawning stock through
catch regulations to protection of estuarine life stages
through habitat conservation and restoration.

In these two regions and throughout the world, envi-
ronmental management cannot be conducted detached
from the pressures of socioeconomic development.
The economic importance of agricultural production
in the upper Mississippi Basin and the role of the
region in the global food supply are potent forces that
constrain the options for controlling nutrient inputs
into the Gulf (Turner and Rabalais, 2003). Similarly,
accommodating population growth and land develop-
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Table 3
Changes in the relative abundance (catch per unit effort) in trawl fishery bycatch species off the Louisiana Coastal Area between 1933 and 1989
studies (Chesney and Baltz, 2001)

Species Water-column distribution Relative CPUE

1933 1989

Anchoa mitchelli (bay anchovy) Pelagic 29.9 55.7
Brevoortia patronus (Gulf menhanden) Pelagic 14.1 26.9
Cynoscion arenarius (sand seatrout) Demersal 25.1 17.7
Micropogonias undulatus (Atlantic croaker) Demersal 207.4 16.0
Arius felis (sea catfish) Demersal 15.1 10.6
Leisostomus zanthurus (spot) Demersal 8.3 4.4
Polydactylus octonemus (Atlantic threadfin) Nektonic 8.7 1.8
Etropus crossotus (fringed flounder) Demersal 3.8 1.7
Bairdiella chysura (silver perch) Demersal 4.1 1.6
Trichiurus lepturus (cutlassfish) Epi-demersal 11.6 1.5
Trinectes maculatus (hogchoker) Demersal 7.2 0.7
Selene setapinnis (Atlantic moonfish) Epi-demersal 8.3 0.6
Menticirrhus americanus (Southern kingfish) Demersal 4.1 0.6
Stellifer lanceolatus (star drum) Demersal 30.6 0.3
Peprilus burti (Gulf butterfish) Nektonic 4.3 0.1

ment in the expanding information economy of the
Mid-Atlantic region present challenges for Chesapeake
Bay restoration (Boesch and Greer, 2003). Moreover,
restoration of delta wetlands has to contend with the
realities of providing flood protection, navigational
access and oil and gas extraction. A variety of scien-
tific approaches help illuminate these relationships, e.g.
the agricultural economic modeling conducted in the
Gulf of Mexico integrated assessment (CENR, 2000) or
the economic-land use-watershed models that project
water quality changes in the Patuxent subestuary of the
Chesapeake (Costanza et al., 2002). However, robust
ecological-socioeconomic models capable of guiding
coastal ecosystem management and social develop-
ment toward a harmonious future remain a distant
objective.

4.2. Sustainability

The state of Louisiana’s grand vision for address-
ing wetland loss was entitled “Coast 2050: Toward
a Sustainable Coastal Louisiana” (Louisiana Coastal
Wetlands Conservation and Restoration Task Force,
1998) and the LCA Ecosystem Restoration Study (U.S.
Army Corps of Engineers, 2004) mentions “sustain-
ability” or “sustainable” no fewer than 63 times. Sus-
tainability is used to refer to the coastal ecosystem,
habitats, wetlands, resources, geomorphic features,
landscapes, deltaic functions, restoration approaches,

and even the regional economy. Interestingly, the
Chesapeake 2000 Agreement, although admittedly a
much shorter document, mentions sustainability only
three times, all in the context of land uses (Chesapeake
Bay Program, 1999).

It is no surprise, with the rapid and seemingly irre-
versible changes to the coastal landscape of Louisiana,
that the public, policy makers, and managers would
seek sustainability. However, there are limits to achiev-
ing a permanent, static solution in such a clearly
dynamic ecosystem. Indeed, if anything dramatic
change has been the secret to success for the Missis-
sippi Deltaic Plain. The LCA plan seems to recognize
this in its critical needs assessment criteria, which
include restoring fundamentally impaired deltaic func-
tions through river reintroductions and preserving geo-
morphically important landforms, in addition to pre-
venting future land loss and protecting vital socioe-
conomic resources. Furthermore, the plan specifically
targets restoration activities that could be sustained in
the face of relative sea-level rise by introducing sedi-
ments from the Mississippi River.

Even though the Chesapeake Bay Program has not
as explicitly addressed sustainability, the concept is
implicit in many of its commitments. Objectives for
water quality improvements through reduction in nutri-
ent and sediment loadings have long included the
notion that once these goals are achieved they will be
maintained (targeted loadings would be capped) even in
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the face of population growth and development. Many
of the Program’s commitments to sound land use and
stewardship and community engagement were devel-
oped to address sustainability. Achieving sustainable
yields has long been a stated, but seldom achieved, goal
of fisheries management and managing harvest levels to
maintain the “stability” of living resources is an explicit
expectation of the Chesapeake 2000 Agreement. One
outcome of the Agreement’s call to “manage the blue
crab fishery to restore a healthy spawning biomass,
size and age structure” has been bi-state agreement on
fishing pressure reductions necessary to ensure more
sustainable exploitation (Bi-state Blue Crab Advisory
Committee, 2001).

Resilience is not at all mentioned in either in the
LCA Study or in the Chesapeake 2000 agreement, but
could provide a very powerful restoration objective for
both cases. The journalist TomHorton (2003)devotes
a whole chapter of his semi-popular book “Turning the
Tide: Saving the Chesapeake Bay” to resilience. Horton
makes the point that the Chesapeake Bay has lost much
of its resilience in maintaining its function and recover-
ing quickly from disturbances, such as floods and other
climatic extremes because of human-induced changes
not only in the bay but through out the watershed. He
identifies as primary culprits the reduced coverage and
increased fragmentation of forests; the loss of wetlands;
the development and hardening of shoreline; the degra-
dation of benthic communities including submersed
grasses, oysters, and sediment dwelling organisms; and
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restoration of this ecosystem not as a linear process,
but as one that involves reshaping the stability domain
of the present system to achieve another system state
that has the desirable properties that Horton writes
about. One would expect this restored ecosystem to
be “healthier” in terms of its vigor, organization and
resilience (Mageau et al., 1995; Boesch, 2000).

Resilience could also be an important management
objective for coastal Louisiana ecosystem restoration.
How might restoration of wetlands and riparian forests
in the river basins improve the resilience of the coupled
basin-shelf to seasonal hypoxia? What approaches to
coastal wetland and barrier island restoration are most
resilient to hurricanes and other extreme events? How
might river reintroductions be designed and managed
to promote the “self-design” of wetlands, which are
resilient in the face of subsidence and sea-level rise?

Defining the requirements for sustainability
involves making predictions about the future that go
beyond an understanding of present conditions or even
reconstructing the changes that led to the degradation
of an ecosystem. However, developing predictions
based on thorough knowledge of past changes in the
ecosystem, present functions and trends, and models
that incorporate effects of alternate management
actions can provide powerful perspectives on what
Carpenter (2002)called “the long now” and, thereby,
on the requirements for sustainable solutions. To a
certain degree, the strategic models developed for
determining required reductions in nutrient loadings
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.3. Precaution

The Chesapeake 2000 Agreement incorporate
otion of precaution explicitly with regard to livin
esources management, indicating: “we will man
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harvest levels with precaution to maintain their health
and stability and protect the ecosystem as a whole”.
Precaution or precautionary are mentioned over 50 time
in the fisheries ecosystem plan (McBride and Houde,
2004) in which the “precautionary approach” is defined
as “a type of fishery management that exercises pru-
dent forethought to avoid undesirable outcomes with
respect to stock status, yield potential, or profitability.
This approach accounts for changes in fisheries systems
that are only slowly reversible, difficult to control, not
well understood, and subject to changing environment
and human values”.

Precaution is also implicit in other Chesapeake
2000 management commitments. For example, regard-
ing potentially toxic chemical contaminants it states:
“Through continual improvement of pollution preven-
tion measures and other voluntary means, strive for zero
release of chemical contaminants from point sources”.
Much like the original development of the precaution-
ary principle for North Sea chemical discharges, this
commitment is based on strong risk aversion.

Precaution has been less explicitly been considered
as an integral element of management for the Louisiana
coastal ecosystem. Given the massive legacy of the
unintended consequences of agricultural development,
river management, flood protection, navigation, oil and
gas extraction, and fisheries exploitation in this ecosys-
tem, it should be more specifically addressed. While
many of the restoration measures considered in the
LCA Plan are designed to correct for or reverse the
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ecosystem rather than consideration of a new addi-
tion or human activity, the precautionary approach is
usually being applied in the inverse of how it was origi-
nally proposed for North Sea dumping, i.e., what are the
consequences of not correcting a problem. However, a
conventional challenge for precautionary management
currently exists regarding the possible introduction
of a nonnative oyster species,Crassostrea ariakensis,
into the Chesapeake Bay (National Research Council,
2004a). Such an introduction is being proposed by the
states of Maryland and Virginia because this species
seems to be able to grow well under the environmental
conditions found in the bay and resist lethal diseases
that currently limit recovery of the nativeC. virginica.
Interestingly, the introduction is proposed not only for
revitalization of the fishery, but also for restoration
of the role that oysters played in filtering eutrophic
waters, thereby helping to recover the resilience in the
ecosystem. Extensive research is underway to address
critical questions in a risk assessment framework, but
in the end the decision will be highly dependent on
the level of precaution applied. What is the burden
of proof concerning potentially deleterious effects that
may be largely irreversible? How will the uncertainties
be weighed in the decision? And how do contempo-
rary socioeconomic factors affect the determination of
appropriate precaution?

4.4. Adaptation
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Because many of the management challenge
hese two regions involve undoing changes to
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Adaptive management has been embraced

xplicitly in the Gulf hypoxia Integrated Asse
ent (CENR, 2000) and Action Plan (Rabalais et al
002a,b) and in the LCA Plan for coastal wetla
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rogram itself. While its emphasis on explicit exp
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tations, monitoring, and learning provides an overall
philosophical model and framework for integrating
modeling, monitoring and research, adaptive manage-
ment does have its practical limits for such a large
ecosystem as coastal Louisiana, where many poten-
tial interventions are costly and relatively irreversible.
For example, although one can certainly learn valuable
lessons from monitoring the small-scale river diver-
sions currently in place in the delta, the expense and
social dislocations involved in massive river diversions
require that they be considered as more than just “exper-
iments”.

In contrast to coastal Louisiana and other major
ecosystem restoration programs heavily dependent on
water management, such as for the Everglades, San
Francisco Bay and Sacramento-San Joaquin Delta, and
Upper Mississippi River (NRC, 2004b), adaptive man-
agement is not an explicit framework or formal process
in the Chesapeake Bay Program. However, earlier in its
history,Hennessey (1994)viewed the Chesapeake Bay
Program as a good example of adaptive management
of a large ecosystem in that it has adjusted goals based
on experience and information. On the other hand, I
(Boesch, 1996, 2001) noted the Program’s shortcom-
ings in emphasis on structured learning, pursuit of
multiple options in the face of uncertainty, and close
interaction between models and monitoring that are the
hallmarks of adaptive, as opposed to “trial and error”
or reactive, management (NRC, 2004b). The applica-
tion of adaptive management approaches is discussed
i
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asserts: “Throughout the 1980s and 1990s, we made
real progress toward our goals of improving the Bay’s
water quality and reducing pollution. A recent analysis
revealed that between 1985 and 2000, phosphorus loads
delivered to the Bay from all of its tributaries declined
by 8 million pounds per year. Nitrogen loads declined
by 53 million pounds per year”. First, the monitoring
results summarized elsewhere in the report provides
scant evidence of actual water quality improvements
in the bay. In addition, the analysis referred to is
based on monitoring of direct point source discharges
together with unverified model estimates of the more
significant nonpoint discharges, which assumes of the
complete and immediate effectiveness of management
practices applied. Not only is this reliance on models
designed for strategic forecasts in progress assessment
misleading, as suggested in a front-pageWashington
Post article (Whoriskey, 2004), but failure to rigor-
ously compare loadings via streams and rivers to model
projections misses adaptive learning opportunities that
could help refine models, improve monitoring, and,
most importantly, reassess the effectiveness of man-
agement strategies.

Both models and monitoring are critical to adap-
tive management, but, in evaluating 25 adaptive man-
agement planning exercises for riparian and coastal
ecosystems,Walters (1997)found that ongoing mod-
eling that strives for ever-increasing detail and com-
plexity tended to supplant monitoring, field experimen-
tation and the alternate models needed for adaptive
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n the Chesapeake fisheries ecosystem plan (McBride
nd Houde, 2004), but most Chesapeake Bay regio
anagers and scientists, alike, remain largely unfa

ar with adaptive management and its requiremen
Under adaptive management, practitioners mu

xplicit about what they expect and they must col
nd analyze information so that expectations ca
ompared with actuality. They must periodically c
ect errors, improve their imperfect understanding,
hange actions and plans. The coupling among ex
xpectations (from modeling), comparisons with a
lity (through monitoring), and changed actions
lans is the essence of adaptive management.
hesapeake Bay Program has extensive and adv
nvironmental and monitoring programs, but they
elatively weakly linked in either periodic or ong
ng assessments of progress. For example, a
f the Bay report (Chesapeake Bay Program, 20)
anagement. Walters also noted that it is “depr
ngly easy” for scientists to convince themselves,
unding agencies, that “fundamental understand
f the process or mechanism that they study is so
ow important for refining models to make predictio
bout impacts of ecosystem management policies
hesapeake Bay Program has stressed the big m
ulture. In coastal Louisiana multiple, simpler mod
ave been used both for wetland restoration (U.S. Army
orps of Engineers, 2004, Appendix C) and hypoxi
ssessments (Scavia et al., 2004) because these we

he only approaches feasible at the time. Calls
eing made there for “more sophisticated”, comp
ydrodynamic models should be greeted with cau

The implementation of an adaptive approach
cosystem restoration faces many practical challe

ncluding convincing the stakeholders to participat
xperiments; sustaining effective monitoring progra
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in the face of waning interests and other priorities;
interpreting the ambiguous outcomes likely in com-
plex and uncontrolled ecosystems; and resistance to
changes in management approaches. Nonetheless, it is
it is clear that our understanding, goals and priorities
do evolve over time. It stands to reason that embracing
some form of formally adaptive structure would assist
in the orderly and effective evolution of ecosystem-
based management.

5. Paths forward

Although I admit bias from my experience, which
has predominantly been in the two ecosystems in ques-
tion, I believe that the efforts to restore the Chesa-
peake Bay and coastal Louisiana ecosystems present
among the foremost challenges for science and coastal
management in the United States and, thereby, have
important implications for addressing the coastal envi-
ronmental crises being experienced around the nation
and throughout the world. The imposing scales of these
two coastal systems and associated watersheds are
obviously one reason for my thinking this. The two
ecosystems also are confronting a plethora of envi-
ronmental challenges—virtually every problem being
experienced elsewhere and then some—that require
integrated solutions through ecosystem-based manage-
ment. These two systems have been the archetypical
models for scientific understanding of estuaries and
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scientists, organizations that support science, and deci-
sion makers.

• Greater scientific attention should be directed to pro-
viding the solutions needed for ecosystem restora-
tion. While scientists have been remarkably suc-
cessful in documenting the historical changes in
these two coastal ecosystems and in diagnosing
the causes of ecosystem degradation, we are less
well adept at prescribing solutions. Solution science
confronts a scientific culture that offers incentives
for detachment and disincentives for engagement.
Given the urgency of the world’s problems, scientists
must become more engaged interacting with deci-
sion makers and informing the public (Lubchenco,
1998; Palmer et al., 2004). Environmental scien-
tists should become well versed in the concepts
of integration, sustainability, precaution and adap-
tation and seek ways to contribute to their prac-
tical application in ecosystem-based management.
While it is important that vibrant programs of basic,
curiosity-driven research are sustained, sponsorship
of solution science should be greatly expanded.
Peer review should be modified to allow innova-
tion, but terminate support for superficially appeal-
ing research on ineffective solutions. Better integra-
tion of research planning, monitoring, assessment
and reporting on conditions is required (Kates et
al., 2001). Human health-related research has suc-
cessfully fostered excellent science and solution sci-
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or comprehensive management over large waters
ith multiple jurisdictions of governance.
From this review of current status of the restora

f these two coastal ecosystems, I offer the foll
ng suggestions to improve the contributions of scie
n advancing integration, sustainability, precaution
daptation as practical dimensions of ecosystem-b
anagement. Acting on these suggestions will req
ajor changes in the way business is done by a
ence for many years and can serve as a mode
new management-oriented, ecosystem researc
grams.
Bridges should be built that cross scientific
management barriers to the integration required
ecosystem-based management. While the com
merger of scientific disciplines and managem
responsibilities is both unlikely and unwise, c
certed efforts are required to bridge the formida
barriers to effective integration. Providing fina
cial incentives, e.g. targeted funding for integra
research and assessments, is likely to be most e
tive. Broadening interdisciplinary graduate and p
fessional training, coalescing technical committ
and focusing conferences, workshops and as
ment teams on key integration problems could
help. Boundary organizations that are effectiv
communication, translation, and mediation beca
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of their credibility, salience and legitimacy (Cash et
al., 2003) should be built and sustained. These could
include special centers, committees and coalitions.

• More attention should be given to understand-
ing and predicting achievable restoration outcomes
that consider possible state changes and ecosystem
resilience. Research and assessment should evaluate
degradation tipping points and restoration thresh-
olds. Greater support should be provided and insti-
tutional arrangements revised to foster predictive
approaches and provide a solid scientific basis for the
selection and maintenance of achievable and desir-
able outcomes, which effectively provide desired
services in the combination of conserved, restored
and invented ecosystems that will characterize our
human-dominated coasts of the future (Palmer et al.,
2004).

• Science should improve its capacity to characterize,
if not quantify, uncertainty in assessments and pre-
dictions and to effectively communicate this uncer-
tainty to managers and the public. Improvements in
this area are critical if the precautionary approach is
to move beyond rhetoric and opinion into practical
application.

• Modeling, observations, and research should be
fully integrated to facilitate adaptive management.
Development and comparisons of multiple models
should be encouraged; exclusive reliance on com-
plex, monolithic models should be avoided. Progress

an
nd
ter-
ey
nd

R

B the
4.

B on-
ergy
22.

B ton,
D.,
ted
ica

Bi-State Blue Crab Advisory Committee, 2001. Taking Action for the
Blue Crab: Managing and Protecting the Stock and its Fisheries.
Chesapeake Bay Commission, Annapolis, MD. Available online:
http://www.chesbay.state.va.us/BBCACReport-final.pdf.

Boesch, D.F., 1996. Science and management in four U.S. coastal
ecosystems dominated by land-ocean interactions. J. Coastal
Conserv. 2, 103–114.

Boesch, D.F., 1999. The role of science in ocean governance. Ecol.
Econ. 31, 189–198.

Boesch, D.F., 2000. Measuring the health of the Chesapeake Bay:
toward integration and prediction. Environ. Res. 82, 134–142.

Boesch, D.F., 2001. Science and integrated drainage basin-coastal
management: the Chesapeake Bay and the Mississippi Delta.
In: von Bodungen, B., Turner, K. (Eds.), Science and Inte-
grated Coastal Management. Dahlem University Press, Berlin,
pp. 37–50.

Boesch, D.F., Josselyn, M.N., Metha, A.J., Morris, J.T., Nuttle, W.K.,
Simenstad, C.A., Swift, D.J.P., 1994. Scientific assessement of
coastal wetland loss, restoration and management in Louisiana.
J. Coastal Res. 20, 1–103 (special issue).

Boesch, D.F., Brinsfield, R.B., Magnien, R.E., 2001a. Chesapeake
Bay eutrophication: scientific understanding, ecosystem restora-
tion, and challenges for agriculture. J. Environ. Qual. 30,
303–320.

Boesch, D., Burreson, E., Dennison, W., Houde, E., Kemp, M.,
Kennedy, V., Newell, R., Paynter, K., Orth, R., Ulanowicz, R.,
2001b. Factors in the decline of coastal ecosystems. Science 293,
1589–1590.

Boesch, D.F., Greer, J., 2003. Chesapeake Futures: Choices for
the 21st Century. Chesapeake Research Consortium, Edgewater,
MD.

Boynton, W.R., Garber, J.H., Summers, R., Kemp, W.M., 1995.
Inputs, transformations, and transport of nitrogen and phospho-
rus in Chesapeake Bay and selected tributaries. Estuaries 18,
285–314.

an,
ility
ion of
nog-

on
arine

the

om
sys-

s-
for
091.
rshed
po-
t/

to the
ion
should be assessed or verified by observations
the relationships between model projections a
observations should be used to assist in the in
pretation of observations (whether and why th
deviate from projections), refinements of models a
improvements of the observing systems.

eferences

aird, D., Ulanowicz, R.E., 1989. The seasonal dynamics of
Chesapeake Bay ecosystem. Ecol. Monographs 59, 329–36

aird, D., Christian, R.R., Peterson, C.H., Johnson, G.A., 2004. C
sequences of hypoxia on estuarine ecosystem function: en
diversion from consumers to microbes. Ecol. Appl. 14, 805–8

arras, J., Beville, S., Britsch, D., Hartley, S., Hawes, S., Johns
J., Kemp, P., Kinler, Q., Martucci, A., Porthouse, J., Reed,
Roy, K., Sapkota, S., Suhayda, J., 2003. Historical and Projec
Coastal Louisiana Land Changes: 1978–2050. U. S. Geolog
Survey Open File Report 03–334.
d

l

Breitburg, D.L., Sanders, J.G., Gilmour, C.C., Hatfield, C.A., Osm
R.W., Riedel, G.F., Seitzinger, S.P., Sellner, K., 1999. Variab
in responses to nutrients and trace elements, and transmiss
stressor effects through an estuarine food web. Limnol. Ocea
raphy 44, 837–863.

Browman, H.I., Stergiou, K.I. (Eds.), 2004. Perspectives
ecosystem-based approaches to the management of m
resources. Marine Ecol. Prog. Ser. 274, 269–303.

Carpenter, S.R., 2002. Ecological future: building an ecology of
long now. Ecology 83, 2069–2083.

Carpenter, S.R., Walker, B.H., Anderies, J.M., Abel, N., 2001. Fr
metaphor to measurement: resilience of what to what? Eco
tems 4, 765–781.

Cash, D.W., Clark, W.C., Alcock, F., Dickson, N.M., Eckley, N., Gu
ton, D.H., J̈ager, J., Mitchell, R.B., 2003. Knowledge systems
sustainable development. Proc. Nat. Acad. Sci. 100, 8086–8

Chesapeake Bay Program, 1999. Chesapeake 2000: A Wate
Partnership. U.S. Environmental Protection Agency, Anna
lis, MD. Available online: http://www.chesapeakebay.ne
agreement.htm.

Chesapeake Bay Program, 2002. The State of the Bay: Report
Citizens of the Bay Region. U.S. Environmental Protect

http://www.chesbay.state.va.us/bbcacreport-final.pdf
http://www.chesapeakebay.net/agreement.htm


D.F. Boesch / Ecological Engineering 26 (2006) 6–26 25

Agency, Annapolis, MD. Available online:http://www.
chesapeakebay.net/pubs/sob/sob02/sotb2002final.pdf.

Chesney, E.J., Baltz, D.M., 2001. The effects of hypoxia on the
northern Gulf of Mexico coastal ecosystem: a fisheries perspec-
tive. In: Rabalais, N.N., Turner, R.E. (Eds.), Coastal Hypoxia:
Consequences for Living Resources and Ecosystems. American
Geophysical Union, Washington, DC, pp. 321–354.

Christensen, N.L., Bartuska, A.M., Brown, J.H., Carpenter, S.,
D’Antonio, C., Francis, R., Franklin, J.F., MacMahon, J.A., Noss,
R.F., Parsons, D.J., Peterson, C.H., Turner, M.G., Wodmansee,
R.G., 1996. The Report of the Ecological Society of America
Committee on the Scientific Basis for Ecosystem Management.
Ecol. Appl. 6, 665–692.

Cicin-Sain, B., 1993. Sustainable development and integrated coastal
management. Ocean Coastal Manage. 21, 11–43.

Committte on Environment and Natural Resources, 2000. Integrated
Assessment of Hypoxia in the Northern Gulf of Mexico. National
Science and Technology Council, Washington, DC.

Communication Partnership for Science and the Sea (COMPASS),
2005. Scientific Consensus on Marine Ecosystem Based Man-
agement. Available online:http://compassonline.org/?q=EBM.

Costanza, R., Andrade, R., Atunes, P., van den Belt, M., Boersma,
D., Boesch, D.F., Catarino, R., Hanna, S., Limburg, K., Low,
B., Molitor, M., Pereira, J.G., Rayner, S., Santos, R., Wilson,
J., Young, M., 1998. Principles of sustainable governance of the
oceans. Science 281, 198–199.

Costanza, R., Voinov, A., Boumans, R., Maxwell, T., Villa, F.,
Wainger, L., Voinov, H., 2002. Integrated ecological economic
modeling of the Patuxent River watershed, Maryland. Ecol.
Monographs 72, 203–231.

Failing, L., Horn, G., Higgins, P., 2004. Using expert judg-
ment and stakeholder values to evaluate adaptive man-
agement outcomes. Ecol. Soc. 9 (1), 13 [online] URL:
www.ecologyandsociety.org/vol9/iss1/art13/.

Goolsby, D.A., Battaglin, W.A., Lawrence, G.B., Artz, R.S., Aulen-
1999.
laya
eries
Sil-

G nual

G , G.,
: Gun-
viour

, pp.

H 04.
ing
32–

H xia
ion to

H ent for
l Man-

Hennessey, T.M., Soden, D.L., 1999. Ecosystem management: the
governance approach. In: Soden, D.L., Steele, B. (Eds.), Ecosys-
tem Management: A Social Science Perspective. Brooks-Cole,
New York, pp. 29–48.

Holling, C.S., Gunderson, L.H., Ludwig, D., 2002. In quest of a
theory of adaptive change. In: Gunderson, L.H., Holling, C.S.
(Eds.), Panarchy: Understanding Transformations in Systems of
Humans and Nature. Island Press, Washington, DC, pp. 3–20.

Horton, T., 2003. Turning the Tide: Saving the Chesapeake Bay.
Island Press, Washington, DC.

Jackson, J.B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Bots-
ford, L.W., Bourque, B.J., Bradbury, R.H., Cooke, R., Erlandson,
J., Estes, J.A., Hughes, T.P., Kidwell, S., Lange, C.B., Lenihan,
H.S., Pandolfi, J.M., Peterson, C.H., Steneck, R.S., Tegner, M.J.,
Warner, R.R., 2001. Historical overfishing and the recent collapse
of coastal ecosystems. Science 293, 629–638.

Jickells, T.D., Boesch, D.F., Colijn, F., Elmgren, R., Frykblom, P.,
Mee, L.D., Pacyna, J.M., Voss, M., Wulff, F., 2001. Transbound-
ary issues. In: von Bodungen, B., Turner, K. (Eds.), Science
and Integrated Coastal Management. Dahlem University Press,
Berlin, pp. 93–112.

Kates, R.W., Clark, W.C., Corell, R., Hall, J.M., Jaeger, C.C., Lowe,
I., McCarthy, J.J., Schellnhuber, H.J., Bolin, B., Dickson, N.M.,
Faucheux, S., Gallopin, G.C., Grüber, A., Huntley, B., J̈ager,
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