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Preface 
 

 The Everglades of south Florida is truly a unique ecosystem.  Nowhere else on Earth is 
there the same combination of a warm and alternately wet-dry climate, relatively flat topography, 
and predominantly limestone geology that came together in south Florida to create a vast wetland 
unlike any other.  The animals and plants that live there have evolved in a unique environment 
and thus the biological community is unique as well. The ecological value of this ecosystem is 
reflected in the approval by Congress in 2000 of nearly $8 billion for its restoration.  And resto-
ration is needed:  the changes that have occurred in south Florida over the past century have been 
dramatic.  They include the development of large cities along Florida’s coasts; the development 
of agriculture in the region, especially to the south of Lake Okeechobee; and the construction of 
canals, levees, dikes, roads, and other structures in and around the Everglades designed to move 
water and people and to protect people and their structures from floods. 
 Restoring the ecosystem—or even successfully preventing further degradation—is an 
enormous and exciting challenge.  There is no successful model to follow anywhere.  Many 
components of the restoration plan depend on relatively new technologies, untried at the scale 
envisioned for the Everglades.  A host of financial, political, social, environmental, ecological, 
administrative, and legal challenges make the effort even more complex.  The stakes are high.  
 This is the seventh and final report1 of the National Research Council’s (NRC) Commit-
tee on Restoration of the Greater Everglades Ecosystem (CROGEE),2which provides consensus 
advice to the South Florida Ecosystem Restoration Task Force (“Task Force”).  The Task Force 
was established in 1993 and was codified in the 1996 Water Resources Development Act 
(WRDA); its responsibilities include facilitating the coordination of the development of a com-
prehensive plan for restoring, preserving, and protecting the south Florida ecosystem, and the 
coordination of related research.  The CROGEE, established in 1999, works under the auspices 

                                                 
1 The six previous reports are:  Aquifer Storage and Recovery in the Comprehensive Everglades Restoration Plan:  A Critique of the 
Pilot Projects and Related Plans for ASR in the Lake Okeechobee and Western Hillsboro Areas (2001); Regional Issues in Aquifer 
Storage and Recovery for Everglades Restoration (2002); Florida Bay Research Programs and their Relation to the Comprehensive 
Everglades Restoration Plan (2002); Adaptive Monitoring and Assessment for the Comprehensive Everglades Restoration Plan 
(2003); Science and the Greater Everglades Ecosystem Restoration:  An Assessment of the Critical Ecosystem Initiative (2003); 
and Does Water Flow Influence Everglades Landscape Patterns?  (2003).  
 
2 As of 12/31/04 the CROGEE was disbanded and effectively replaced by a new, congressionally mandated NRC committee, which 
was organized in August 2004 to provide regular reviews and biennial reporting on progress toward Everglades restoration.  The 
first report of the new Committee on Independent Scientific Review of Everglades Restoration Progress is scheduled to be com-
pleted in the summer of 2006. 

 

http://www.nap.edu/11215


Re-Engineering Water Storage in the Everglades: Risks and Opportunities

Copyright National Academy of Sciences. All rights reserved.

viii  Preface 

 

of the National Research Council’s Water Science and Technology Board and Board on Envi-
ronmental Studies and Toxicology. 
 The CROGEE’s mandate includes providing the Task Force with scientific overview and 
technical assessment of the restoration activities and plans, while also providing focused advice 
on technical topics of importance to the restoration effort.  The main topic of this report is the 
storage options in the restoration program.  Replacing the natural storage and flow-damping 
functions within the Greater Everglades that have been lost through more than a century of 
drainage and development in south Florida is at the heart of the Restoration Plan’s goal of “get-
ting the water right.”  Thus, the success of this multidecadal, multibillion dollar restoration pro-
ject hinges on the many project components related to storage, some conventional and some 
novel. 

Over the past five years, the CROGEE has devoted several meetings to reviews of hydro-
logic and ecological analyses and other considerations with respect to water storage components 
proposed in the restoration effort. Those meetings included workshops, field trips, and public 
sessions. This final report of the CROGEE is based on information obtained during these meet-
ings as well as additional review of literature and project documents by committee members.  
The Restoration Plan continues to evolve, and some recent changes that occurred after this report 
entered review were not evaluated by the committee.  Whereas this report focuses on storage, 
because of the critical role played by storage components in the Restoration Plan, it also touches 
on and has implications for broader issues related to the scientific basis of the plan, some of 
which have not been fully explored in previous committee reports.  

The entire committee, with valuable assistance from NRC staff David Policansky, Wil-
liam Logan, and Patricia Jones Kershaw, was involved in the development and writing of this 
report. The director of the Water Science and Technology Board, Stephen Parker, guided the 
overall effort and contributed substantively to the committee’s deliberations. Working with them 
has been educational and productive, and I am grateful to them all.  The CROGEE is grateful for 
the numerous meeting presentations, assistance in data gathering, clarification of project docu-
ments, and fact checking provided by many individuals from the Army Corps of Engineers, the 
South Florida Water Management District, Everglades National Park, and other partners in the 
Restoration Plan.  The committee has been impressed with the quality of service the staff of 
those agencies and others are providing to the public. They are dedicated, thoughtful, and able. 
We suspect that they, like the committee, are motivated at least in part by the wonders of the 
ecosystem we all have been focusing on. It is difficult to single any of them out for the help they 
gave to this committee, but I would be remiss not to give special thanks to Stuart Appelbaum, 
Nick Aumen, Ronnie Best, Michael Chimney, Steve Davis, Bob Johnson, Jayantha Obeysekera, 
John Ogden, Peter Ortner, and Kenneth Tarboten for their clear briefings, willingness to provide 
information, and their patient answering of the committee’s questions.    
 This report has been reviewed in draft form by individuals chosen for their diverse per-
spectives and technical expertise in accordance with procedures approved by the NRC’s Report 
Review Committee.  The purpose of this independent review is to provide candid and critical 
comments that will assist the institution in making its published report as sound as possible and 
to ensure that the report meets institutional standards for objectivity, evidence, and responsive-
ness to the study charge.  The review comments and draft manuscript remain confidential to pro-
tect the integrity of the deliberative process.   
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 We wish to thank the following individuals for their review of this report:  
 
David L. Freyberg, Stanford University 
Steven P. Gloss, U.S. Geological Survey and University of Arizona 
Louis J. Gross, University of Tennessee 
Frances C. James, Florida State University 
Stuart L. Pimm, Duke University 
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 Committee on Restoration of the Greater Everglades Ecosystem 
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Executive Summary 
 

 
The Everglades of south Florida once encompassed about 4,600 mi2 (three million acres) 

of slow-moving water and associated biota that stretched from the Lake Okeechobee drainage 
basin in the north to Florida Bay in the south (Figure ES-1).1  Today, human settlements and as-
sociated flood-control structures have reduced the Everglades to about half its original size. 

To remedy the degradation of the Everglades, the Comprehensive Everglades Restoration 
Plan (“Restoration Plan”), was unveiled in 1999 with the goal of restoring the original hydro-
logic conditions to what remains of the natural ecosystem.  Also in 1999, the National Acad-
emies established the Committee on Restoration of the Greater Everglades Ecosystem in re-
sponse to a request from the Department of the Interior on behalf of the South Florida Ecosystem 
Restoration Task Force.  The committee’s task (see Box ES-1) was to provide the Task Force 
with scientific advice in respect to the restoration activities and plans.  This report evaluates the 
many storage options considered by Everglades restoration planners, including some options that 
are not in the Restoration Plan.  Storage is a critical aspect of the Everglades ecosystem and of 
the Restoration Plan, but other critical factors, such as timing of land acquisition, intermediate 
states of restoration, and evaluating tradeoffs among competing goals or ecosystem components, 
provide the context for choosing and implementing storage options.  Therefore, this report con-
siders them as well. 

 
 

WHY IS STORAGE IMPORTANT? 
 
A basic premise of the Restoration Plan is that if the water is “right,” then the ecosystem 

will become “right” as well.  The amount of water in the Greater Everglades Ecosystem today, 
and its spatial and temporal distributions, are very different from conditions in the natural sys-
tem, which included the Kissimmee River drainage north of Lake Okeechobee, the lake, and the 
Everglades system south of the lake.  Before drainage and other human modifications to the 
landscape that began in the late 1800s, seasonal variations in the amount and distribution of wa-
ter in the system were strongly damped and the system was not as prone as it is today to rapid 
water-level changes that cause flooding and drying.  In addition, the human demand for water in 
south Florida is much greater than it was 100 years ago, and there often are competing goals for 
the use of stored water.   

                                                 
1 The Greater Everglades Ecosystem includes uplands, wetlands, and other landscape types and extends from the headwaters of 
the Kissimmee River near Orlando through Lake Okeechobee and Everglades National Park into Florida Bay and ultimately the 
Florida Keys.  In this report we refer to the areas of sawgrass and marl prairie and other wetlands south of Lake Okeechobee as 
“The Everglades” or “the Everglades ecosystem.”  We always use “Greater Everglades Ecosystem” for the larger area, and only for 
that area. 
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FIGURE ES-1.  The Greater Everglades Ecosystem.  SOURCE: Data from USACE and SFWMD. 
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Early modifications to the landscape drained many areas and increased peak flows in oth-
ers.  Overall, they reduced the amount of water stored within the Everglades Ecosystem and thus 
increased the risk of desiccation of wetlands in the southern part of the system during droughts.  
However, at the same time, these modifications increased the risk of flooding in many areas.  For 
all those reasons, many control structures such as levees and canals were built, and the Water 
Conservation Areas (WCAs) were created.  The result is that parts of the Everglades are water-
starved at times, other parts are submerged, and the natural timing and amplitudes of high-water 
and drying events have been severely disrupted.  Large pulses of fresh water diverted to sea have 
also had detrimental effects on estuaries. As a result, the Restoration Plan includes large amounts 
of new, constructed storage to replace lost natural storage and supply the water that is needed for 
both people and the ecosystem when and where it is currently in shortest supply.   
 It is not clear exactly what ecological conditions will accompany hydrologic change, but 
there is merit in concluding that more natural hydrologic conditions will lead to improved eco-
system functioning.  Thus attempting to “get the water right” (or at least better) is a reasonable 
approach to restoration.  

 
 

MAJOR STORAGE AND WATER-CONSERVATION COMPONENTS  
IN THE RESTORATION PLAN 

 
The major aspects of the Restoration Plan involve currently available and planned storage 

facilities.  The largest existing storage components are Lake Okeechobee and the WCAs.  Addi-
tional components are in place or planned for the completed Restoration Plan.   
 
 

BOX ES-1 
Committee Statement of Task 

This NRC activity (CROGEE) provides scientific guidance to multiple agencies (the South 
Florida Ecosystem Restoration Task Force, or SFERTF) charged with restoration and preservation of 
the Central and South Florida aquatic ecosystem, i.e., the greater Everglades.  The activity provides a 
scientific overview and technical assessment of the many complicated, interrelated activities and plans 
that are occurring at the federal, state, and nongovernmental levels.  In addition to strategic assess-
ments and guidance, the NRC provides more focused advice on technical topics of importance to the 
restoration efforts when appropriate. 

A major feature of the restoration plan is providing enough water storage capacity to meet 
human needs while also providing the needs of the greater Everglades ecosystem.  One of the pri-
mary assumptions of the restoration effort has been that “getting the water right” is the most important 
single factor leading to sustainable ecologic restoration.  Given the importance of storage to the resto-
ration effort the CROGEE, with the SFERTF endorsement and cooperation, undertook a review of hy-
drologic and ecological analysis and other considerations with respect to analysis of size and location 
of water storage components proposed in the Restudy. 
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Lake Okeechobee 
 
 Lake Okeechobee historically was the key hydrologic link between the mainly upland 
ecosystems to the north and the wetlands ecosystems to the south.  The lake receives an annual 
average of 1.6 million acre-feet of water through the Kissimmee River and discharges 416,000 
acre-feet to the sea through the Caloosahatchee River and the St. Lucie Canal.  Additional water 
is discharged to the WCAs and to adjacent agricultural areas.  
 Despite many hydrologic changes to the system, the lake still provides substantial water 
storage.  While current operating rules are not designed primarily to maximize storage, they do 
permit up to 470,000 acre-feet of storage capacity for each foot of drawdown.  Planned modifica-
tions to the operating rules, which are intended to reduce fluctuations in lake level to protect the 
littoral zone, water supply, and levee integrity, will decrease available storage capacity in the 
lake. 
 Lake Okeechobee has higher nutrient concentrations, especially phosphorus, than would 
be ideal as a source of water for the Everglades, despite extensive efforts to limit nutrient inputs.  
These concentrations are substantially above stated goals for the lake.  It is a goal of the Restora-
tion Plan to reduce nutrient concentrations in the lake, largely by reducing nutrient inflows.  
 
 

Water Conservation Areas 
 
 The central Everglades was converted into surface reservoirs called WCAs when levees 
were completed in 1963.  They are currently used to detain excess surface water.  WCAs serve 
many competing uses, including controlling floods, storing water to augment supplies along the 
east coast and in Everglades National Park, recharging groundwater, reducing seepage of water 
to the coast, and providing habitat for wildlife.  Their combined storage capacity is 1,882,000 
acre-feet.  The WCAs still contain substantial remnants of original Everglades landscapes and 
thus offer a major opportunity for restoration. Restoration Plan projects are planned to “decom-
partmentalize” the WCAs and enhance sheetflow. 
 
 

Conventional Surface Reservoirs 
 

The Restoration Plan includes large conventional reservoirs in the Kissimmee basin north 
of Lake Okeechobee, the Everglades Agricultural Area, and the Upper East Coast plus additional 
smaller reservoirs and stormwater treatment areas (STAs) to remove nutrients, especially phos-
phorus.  Together these features will provide new storage capacity of about 1,120,000 acre-feet.   

Land acquisition costs for new reservoirs would be significant, especially for the Upper 
East Coast reservoirs.  The long-term effectiveness of STAs is still untested, but their lifespans 
are finite.  Some water-quality issues remain to be resolved.   
 
 

Aquifer Storage and Recovery (ASR) 
 

ASR involves pumping water into subsurface geologic formations, then recovering it as 
needed.  It has a planned annual average capacity of over 500,000 acre-feet of storage and a cu-
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mulative capacity of more than 4 million acre-feet.  Even with 30 percent loss of water during 
injection (as assumed in simulations by the SFWMD), the ASR systems account for about three-
quarters of the new storage capacity of the Restoration Plan.  ASR would not require large 
amounts of land; in addition, water stored underground would not experience evaporative losses.  
However, ASR—especially on as large a scale as envisioned in the Restoration Plan─is an un-
tested technology.  It also will require large amounts of energy for injecting and recovering wa-
ter, and the water might need treatment to meet quality standards.   
 
 

In-Ground Storage 
 

This component is planned to consist of reservoirs constructed in former quarries up to 80 
feet deep with a storage capacity of about 330,000 acre-feet.  Two of these west of Miami are 
anticipated to cover 9,700 acres; the area likely will be mined whether or not the quarries are 
converted to reservoirs.  The conversion will require seepage barriers.  As is true for ASR, the 
technology for creating such barriers at this scale has not been developed or tested, and so costs 
and feasibility of this option are uncertain.  Therefore, pilot studies are planned, but these are not 
yet under way.  Estimated construction costs are higher than for conventional surface reservoirs, 
and the seepage barriers will likely incur maintenance and repair costs over the long term.  Water 
quality issues also are unresolved at present. 

 
 

Seepage Management 
 

Seepage across levees that bound the WCAs and Everglades National Park can exceed 
one million acre-feet per year.  Seepage management reduces this loss or recovers it and returns 
it to the interior.  It is not a storage component, but as a water-conservation component it would 
have the same net effect as storage.   

 
 

Water Reuse and Conservation 
 

This component envisions two wastewater-reuse facilities in Miami-Dade County, ulti-
mately slated to produce 220 million gallons per day or about 250,000 acre-feet per year.  It re-
quires advanced waste treatment with high capital and maintenance costs.  This option involves 
conservation rather than storage, to be implemented in the likely event that more economical 
sources of water are not available. 
 
 

Costs and Effectiveness 
 
The storage options can be compared in terms of their costs and effectiveness in several 

ways.  Of the new storage components that will be created by the Restoration Plan, conventional 
storage reservoirs have the advantages of using proven technology and of needing less input of 
energy and money than water reuse or ASR.  ASR systems are the most expensive to site and 
build when compared on the basis of average annual outflow, but they are the least expensive 
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when compared on the basis of the maximum storage they can provide in a single year.  Other 
factors, such as reliability, environmental consequences, and social and political acceptability 
also are important.  

 
 

SEQUENCING 
 

The creation of new water-storage capacity through implementation of the Restoration 
Plan involves large-scale re-engineering of much of the Greater Everglades Ecosystem and it 
consists of many individual projects.  With so many components and constraints on this ambi-
tious project, how the components are ordered in space, and especially in time, can profoundly 
affect the outcomes of the project.   

The project’s overall plan does impose some constraints on sequencing of its compo-
nents, as is true for any construction project.  The committee judged two criteria to be most im-
portant in deciding how to sequence components of such a project.    
 
 

Protect Against Additional Habitat Loss 
 
The first criterion is that the sequencing should protect the system against any damaging 

changes in external or environmental conditions—especially for habitat that is or has the poten-
tial to be ecologically valuable—that would adversely affect the project’s success and that could 
not be reversed if such changes occurred.  In the case of the Restoration Plan, the most striking 
such environmental change would be the loss or irreversible2 alteration of land-surface required 
to implement the plan.  The most urgent and overriding sequencing criterion should be to protect 
from irreversible development all land that is or potentially could be included in the Restoration 
Plan.  This kind of protection can be achieved by acquisition of the land, by obtaining easements, 
by zoning restrictions, or other methods.  The Restoration Plan specifies that the method to be 
used is acquisition.  Despite annual expenditures for land acquisition of between $100 million 
and $200 million, the plan for acquisition of the needed lands that have not yet been acquired 
extends over more than two decades. Irreversible development of land not yet acquired and in-
creases in the price of land are almost certain.  Therefore, delays in acquiring or protecting criti-
cal lands risk compromising the outcome of the Restoration Plan. 
 
 

Provide Ecological Benefits as Early as Possible 
 
 The second criterion is that the sequencing should provide ecological benefits as early as 
possible.  As the restoration of the Everglades begins, there is continuing reduction in species’ 
distributions and loss of habitats distinctive of the Everglades.  There is high potential for these 
losses to be irreversible.  In addition, invasive species continue to increase in number and distri-
bution in the Everglades, despite efforts to eliminate some of them.  As the ridge-and-slough and 
tree-island landscapes continue to erode, there is increased homogeneity of Everglades land-
                                                 
2 The term “irreversible” here refers to changes that cannot be reversed at an acceptable cost or within the time frame of the Resto-
ration Plan (50 years), i.e., changes that are practically irreversible; or at all, i.e., absolutely irreversible changes.  Extinctions are 
absolutely irreversible; development of residential, commercial, or industrial infrastructure is practically irreversible. 
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scapes.  Communities of marl prairies and periphyton mats continue to diminish in areal cover-
age, and nutrient loading continues to be above historic levels.  These continuing losses and deg-
radation of habitat and ecological functioning and the great uncertainty associated with imple-
mentation of the Restoration Plan and ecological restoration goals all argue for increased empha-
sis on achieving near-term ecological results.  Those uncertainties are discussed below. 
 
 

SYSTEM UNCERTAINTIES 
 

The ability of the various storage technologies in the Restoration Plan to provide the 
quantity and quality of water required to achieve the Plan’s goals is surrounded by a variety of 
uncertainties.  Some uncertainties are inherent in measurement and interpretation of both hydro-
logic and ecological data.  In addition, there are uncertainties related to natural variability and 
unpredictability of ecological systems (process uncertainty) and model applications.  Natural sys-
tem uncertainties include processes such as climate change—certain to occur, but uncertain in 
magnitude, rate, and direction—and ecological system responses to such changes.  Model uncer-
tainty arises from the use of simplified, abstract representations of complex systems and from 
model error, i.e., misunderstanding of variables and the functional form of the model.  There also 
is uncertainty about historical information on the system, which is used for the Natural System 
Model to identify hydrologic goals for the Restoration Plan.  Further, model projections are 
based on a fully implemented Restoration Plan, but there is uncertainty about what hydrologic 
and ecological conditions will occur during the transition from current conditions to the final re-
stored conditions.  Finally, there is uncertainty about what the restored hydrologic and especially 
ecological conditions will be, when they will be attained, and how variable they will be.  These 
unavoidable uncertainties underscore the importance of procedures that can accommodate them.   

Large uncertainties surround the future population size and its distribution in the region, 
and human activities, both in and outside the region.  Population projections for south Florida 
have a history of being too low.  At some unknown future time, however, population growth will 
slow and stop, and the slowing likely will not be well predicted either.  Other uncertainties are 
associated with changes in societal values and restoration policy, including uncertainty about the 
location, size and timing of future stressors to the system.  Funding for the Restoration Plan will 
be influenced by changes in values and policies.  Events outside the region also are likely to af-
fect what happens in the region.   

Specific issues that introduce uncertainties include the Endangered Species Act (ESA) 
and its effect on implementation of water management, even though recovery of endangered spe-
cies is an explicit objective of the Restoration Plan.  For example, even management actions that 
could have beneficial effects on the Everglades in terms of Restoration Plan goals could be pre-
vented, by Fish and Wildlife Service regulation or litigation by others if those actions adversely 
affected an endangered species, even temporarily.  As discussed in Chapter 3, lawsuits based on 
the Clean Water Act also have introduced uncertainty to the implementation of the Restoration 
Plan. 

Another issue is the effect of invasive and irruptive species.  The Everglades has many 
nonnative invasive species, notably the Australian bottle brush tree, Brazilian pepper, and Aus-
tralian pine.  The native cattail seems to have dramatically increased its presence in the Ever-
glades as a result of higher phosphorus concentrations, deeper water, and longer periods of inun-
dation.  Several tropical fish species have become established in the Everglades as well. 
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SUSTAINABILITY OF THE RESTORATION PLAN 
 

The Restoration Plan relies very heavily on engineered solutions such as ASR and the 
Lake Belt storage system.  Although there is a clear need for additional storage to implement the 
Restoration Plan, experience suggests that natural restoration processes usually produce more 
satisfactory restoration outcomes than engineered ones.  However, opportunities to restore a sys-
tem in which flows are controlled only by natural processes in natural areas are severely con-
strained in south Florida.  This is the result of the restricted footprint of the remaining natural 
areas in the Everglades, the proximity of urban and agricultural lands that cannot be subjected to 
flooding without significant loss of property values, and the current and future demands for ur-
ban and agricultural water supply.  Many of the natural storage features of the system, which 
provided essential damping of seasonal and storm-driven flows, have been lost permanently as a 
result of agricultural and urban development.  Simply routing excess water from Lake Okeecho-
bee to the southern Everglades through pipes or other structures that bypass the agricultural area 
would reduce the detrimental pulses of freshwater discharged to estuaries, but it would generate 
unnatural timing and magnitudes of flows and water levels, as well as high nutrient concentra-
tions, in the terrestrial ecosystem and in Florida Bay. 

Some of the natural storage and damping could be restored if agricultural land south of 
Lake Okeechobee were converted into a restored corridor connecting the lake to the southern 
Everglades.  However, subsidence due to peat loss in the agricultural area south of Lake Okee-
chobee has caused the land surface to be lower than in areas to the south.  This means that even 
if the Herbert Hoover Dike were breached, slow sheet flow to the south would not be restored in 
the area that was historically a sawgrass plain.  Instead, the subsided region would become an 
extension of the lake itself.  An expanded lake of this type would provide significant storage and 
damping of southward flows, but it would also inundate established communities and agricul-
tural lands surrounding the current perimeter of the lake and increase the flooding hazard in other 
areas to the south and southeast.  This type of restoration, therefore, would require additional en-
gineering measures for flood control. 

Clearly, some degree of engineering control will be necessary in any plan to restore more 
natural water levels and flows in the southern Everglades.  The framework developed by an ear-
lier NRC committee to consider options for interventions to enhance wild salmon runs in the Pa-
cific Northwest is applicable to the Everglades restoration as well.  The earlier committee recog-
nized, as we do, that engineering techniques would be needed, at least in the short term, but rec-
ommended that they be used with the ultimate goal of rehabilitating ecosystems to the point 
where human inputs can be substantially reduced, if not eliminated.   

There is a considerable range in the degree to which various proposed storage compo-
nents involve complex design and construction measures, rely on active controls and frequent 
equipment maintenance, and require fossil fuels or other energy sources for operation.  Storage 
components that have fewer of those requirements are likely to be less vulnerable to failure and 
hence are likely to be more sustainable in the long term. 

 
 

A SECOND LOOK AT CONSTRAINTS, BOUNDARIES, AND ADAPTATION 
 
The planning framework that led to the Restoration Plan resulted from a process of adap-

tation and compromise among interests and concerns of myriad stakeholders in south Florida, 
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including governments.  As new information becomes available and as the effectiveness and fea-
sibility of various restoration components become clearer, some of the earlier adaptation and 
compromises probably will need to be revisited if the restoration is to meet its goals.  Unantici-
pated changes that occur will likely require rapid responses.  Therefore, it is even more important 
to deal with changes that can be anticipated in a timely and proactive way.  The progressive loss 
of soil in the Everglades Agricultural Area is an example of a change that can be anticipated in 
advance.  In addition, it is likely to become ever clearer that not all current interests and condi-
tions can be protected while preserving restoration options.  We discuss two examples here, the 
Everglades Agricultural Area and Lake Okeechobee. 

 
 

Everglades Agricultural Area 
 

The Everglades Agricultural Area (EAA) immediately south of Lake Okeechobee was an 
important conduit for sheetflow in the unaltered Everglades.  Today, this area of rich peat soils is 
devoted mainly to sugarcane production.  The total agricultural value of its produce is more than 
$640 million annually.  However, agricultural drainage has led to oxidation of the peat soils and 
subsequent subsidence.  It is certain that unchecked, subsidence will eliminate the topsoil, mak-
ing agriculture at best extremely expensive, although it is not certain just when that will occur.  
The EAA has a variety of potential fates.  The worst from the point of view of Everglades resto-
ration would be commercial, residential, and industrial development of the area.  It is not clear 
what continued agricultural production would require, but it is likely that eventually the required 
treatments would make the area less amenable to restoration.  Another possibility would be to 
consider uses of the EAA more aligned with restoration needs.  Those might include turning 
parts or all of it into a wetland with a cattail-sawgrass gradient.  Perhaps it could simply be 
flooded and the water used for storage and to enhance sheetflow.   

As discussed in Chapter 4, many factors unrelated to the Restoration Plan, such as import 
restrictions on sugar, the number and distribution of people living in south Florida, energy costs, 
and so on are likely to change, and those changes will affect calculations related to potential uses 
of the EAA.  For these reasons, this committee recommends a re-evaluation of the EAA’s future 
role in Everglades restoration.  This is a complex analysis, requiring estimates of the costs of 
land acquisition, the feasibility and likely costs of various options, and other matters.  Such 
analysis should begin as soon as possible. 

 
 

Lake Okeechobee 
 

Lake Okeechobee is a major component of the Everglades ecosystem.  It was a key natu-
ral hydrologic link between upland ecosystems to its north and the marshes and prairies of the 
Everglades to the south, and, especially before the hydrologic modifications made in the twenti-
eth century, it moderated the effects of variations in rainfall.  It also provides drinking water to 
nearby communities and recreational opportunities.  The lake has the capacity to provide much 
more storage than it does under its current operating rules.  Several issues, including water qual-
ity, flood control, and the extent and functioning of the littoral zone, need careful consideration if 
the lake is to serve the latter purpose.  
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Several options available for increasing the storage capacity of the lake have been con-
sidered in the development of the Restoration Plan; they would have extreme effects on lake lev-
els and would diminish the lake’s ecological value and its value for fishing.  Other more moder-
ate options or combinations might have a better array of costs and benefits.  Given the possibility 
that some of the components of the Restoration will be more costly or less effective than envi-
sioned, the committee judges that the use of Lake Okeechobee for storage should be revisited.  
Other storage options have their own environmental and financial costs, and the analysis could 
lead to a beneficial change in the overall plan. For both the EAA and Lake Okeechobee, any ac-
tions taken after the re-evaluations should be done using adaptive management.  An added incen-
tive for the re-evaluation is the potential to provide ecological benefits earlier in the restoration.   

 
 

ANALYZING TRADEOFFS 
 
 

A Conceptual Restoration System Performance Measure 
 

In previous reports of this committee, the importance of evaluating the restoration effort 
was discussed.  This has been a major focus of the Restoration Plan scientists as well.  Major dif-
ficulties are associated with such evaluations.  One is translating the general and societal goals of 
the Restoration Plan into realistic targets and performance measures.  Restoration of the ecosys-
tem to its pristine state, however that might be defined, is not possible, because so much has 
changed in south Florida.  Another difficulty is that restoration of one aspect of ecosystem func-
tioning or of biological diversity might have to come at the expense of another.  And not all as-
pects of ecosystem structure and functioning are equally valued by all sectors of the public or 
even by all agencies in the region.  Thus, any overall restoration goal will require tradeoffs 
among subsets of ecosystem goals and among desired endpoints.  For these reasons, the commit-
tee proposes a system performance measure based on multi-attribute decision making that could 
be used to help evaluate restoration progress and alternatives.  The measure is akin to a utility 
function in economics, is based on hydrologic performance measures, and can be expressed 
mathematically as the weighted sum of individual performance measures. 

The performance measure is intended to complement rather than replace other evaluation 
tools already in place.  Its main value would be in the context of an inclusive process involving 
stakeholders to evaluate policy and management tradeoffs and alternatives.  Its properties are de-
scribed in Chapter 5, and its use as an analytic tool is recommended.  In addition to the numerical 
performance measure, and based in part on it, there is a need to embed learning into the proc-
esses of project planning, evaluation, implementation, and operation (adaptive management).  

 
 

MAJOR FINDINGS AND RECOMMENDATIONS 
 

Finding 1.   The historic resilience of the ecosystem was a direct consequence of the con-
tinuity and the diverse mosaic of natural system communities found over a wide range of 
spatial scales.  As the spatial extent of the ecosystem is reduced, the resiliency of the sys-
tem is reduced and susceptibility to unexpected and irreversible change is increased.  Al-
though a considerable amount of money ($100-200 million annually) is allocated to land 
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acquisition, it seems certain that some land not soon acquired will be developed or be-
come significantly more expensive before the two-decade-long acquisition program can 
be completed.  Protecting the potential for restoration, i.e., protecting the land, is essential 
for successful restoration.   

Recommendation 1.  Preservation of the remaining areal extent of the potential natural 
system should be a priority.  Land should be purchased or conservation easements should 
be obtained now to prevent additional loss of land to development and to provide a buffer 
between the built and natural environments.  (Chapter 3.)   

Finding 2.   A restoration as ambitious and complex as the Everglades Restoration Plan 
has the potential to allow—and perhaps even cause—irreversible changes to the Ever-
glades ecosystem as it proceeds.  Some processes of deterioration might continue to an 
undesirable endpoint before the restoration is complete, and in some cases, it is possible 
that an intermediate stage between current conditions and the restoration goal could result 
in additional damage. 

Recommendation 2.  Efforts should be made to prevent irreparable damage to the eco-
system during the restoration.  The focus should be on interim changes in the system as 
well as the end point of the restoration to avoid losses in the short-term that will prevent 
ecosystem restoration in the long term.  (Chapter 3.) 

Finding 3.   Some aspects of the restoration are likely to benefit the target ecosystem 
components while adversely affecting others, at least until the restoration is completed.    
In other cases, finite resources and other factors are likely to lead to differing restoration 
goals for different parts of the ecosystem and among different stakeholders. 

Recommendation 3.  Methods should be developed to allow tradeoffs to be assessed 
over broad spatial and long temporal scales, especially for the entire ecosystem. Devel-
opment of methods now, such as the overall performance indicator described in Chapter 
5, will allow alternatives to be tested quickly and modifications to the restoration to be 
developed when surprises do occur.  (Chapters 3, 4, and 5.)  

Finding 4.  It is likely that some components of the Restoration Plan will be more costly 
or less effective than envisioned. The high degree of uncertainty associated with all 
phases (economic, social, political, engineering, and ecological) of the Restoration Plan 
necessitates the allocation of significant effort to establish alternative approaches to resto-
ration (contingency planning). Even if the Restoration Plan “gets the water right,” there 
are circumstances that might prevent restoration of the Everglades to the conditions envi-
sioned by the plan. The multi-species recovery plan, efforts to eradicate invasive species, 
changes in water-quality legislation, and many other factors may have major influences 
on the restoration effort. 

Recommendation 4.  In addition to the contingency planning that already is being under-
taken, more intensive and extensive planning should be pursued.  In particular, options 
such as those discussed in Chapter 4 should be considered for using the Everglades Agri-
cultural Area and Lake Okeechobee as elements of the Restoration Plan in ways that are 
not now part of the plan.  Any such change in the use of EAA and Lake Okeechobee 
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should be undertaken using adaptive management, and it has the potential to bring eco-
logical benefits earlier.  (Chapter 4.)  

Finding 5.  A variety of economic, political, financial, engineering, and other factors and 
constraints have resulted in a restoration plan that provides most of its ecological benefits 
towards the end of the process.  Some of the delay is unavoidable, because some engi-
neering structures must be in place before other elements of the plan can be implemented.  
However, the longer the provision of such benefits is delayed, the more likely that con-
tinued degradation will occur, that loss of species and habitats will continue, and that at 
least some political support will be lost as well.  These factors argue for increased em-
phasis on ecological results earlier in the plan. 

Recommendation 5.  Restoration projects should be implemented in a way that provides 
benefits to the natural system sooner rather than later by accelerating storage projects that 
are not as reliant on technology or use short-term storage solutions to achieve benefits to 
the natural system until more technologically advanced methods are proven.  An example 
of such a benefit to the natural system would be providing more natural flows (in terms of 
seasonal timing, volume, and flow velocity) to Everglades National Park.  Doing so 
might not require large-scale changes in sequencing; instead, incremental changes could 
add up to be significant.  (Chapter 3.) 

Finding 6.   Many projects that will contribute to or otherwise affect the restoration of 
the Everglades are not part of the Restoration Plan.  To the degree that there is coordina-
tion or at least communication among those projects, benefits of economy and of effec-
tiveness are likely. 

Recommendation 6.  Coordination and communication among the various restoration ef-
forts should continue to receive high priority.  (Chapter 3.) 

Finding 7.  Considering the 40-year time frame of the Restoration Plan and perhaps a 
century of system response, a regional information synthesis center would enable the sys-
tematic provision of evolving, reliable knowledge in support of the policy process and the 
interested public who affect and are affected by the program.  Such a center also would 
help implement adaptive management on a system-wide basis. 

Recommendation 7. Incorporation of integrated assessment models, long-range-
development scenarios, and a regional information-synthesis center into an adaptive-
management and assessment program in the Restoration Plan should be considered.  
Monitoring is an essential part of adaptive management, and models have the potential to 
help design, assess, and evaluate the results of monitoring programs.  (Chapter 3.) 
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1 

Introduction 
 

The Everglades of south Florida once encompassed about 4,600 mi2 (three million acres) 
of slow-moving water and associated biota that stretched from the Lake Okeechobee drainage 
basin in the north to Florida Bay in the south (Figure 1-1) (Davis et al., 1994).  The drainage ba-
sin for Lake Okeechobee extends north to a series of lakes near Orlando, and thus the Everglades 
drainage basin covers an area of approximately 10,890 mi2 (seven million acres) (Light and Di-
neen, 1994; Ogden et al., 2003).  Today, human settlements and associated flood-control struc-
tures have reduced the Everglades itself to about half its original size (Davis et al., 1994).  Ever-
glades National Park includes areas such as Florida Bay and coastal mangroves that are not usu-
ally considered part of the “true Everglades” (Davis et al., 1994). 

To remedy the degradation of the Everglades, the Comprehensive Everglades Restoration 
Plan (the CERP, referred to in this report as “the Restoration Plan”; USACE and SFWMD, 
1999), was unveiled in 1999 with the goal of restoring hydrologic characteristics as close as pos-
sible to their original conditions in what remains of the natural ecosystem.  Also in 1999 the Na-
tional Academies established the Committee on the Restoration of the Greater Everglades Eco-
system (CROGEE) in response to a request from the Department of the Interior on behalf of the 
South Florida Ecosystem Restoration Task Force (SFERTF1).  The committee’s task (see Box 
ES-1) was to provide the Task Force with scientific overview and technical assessment of the 
restoration activities and plans, while also providing focused advice on technical topics of impor-
tance to the restoration efforts.  This report does both.  It evaluates the many storage options con-
sidered by Everglades scientists, engineers, and planners, including some that are not in the Res-
toration Plan.  Storage is a critical aspect of the functioning of the Everglades ecosystem and of 
the Restoration Plan, but other critical factors, such as timing of land acquisition, intermediate 
states of restoration, and evaluating tradeoffs among competing goals or ecosystem components, 
provide the context for choosing and implementing storage options.  Therefore, this report con-
siders them as well. 

                                                 
1 The SFERTF was established by the Water Resources Development Act of 1996, which also specified its composition.  Its 14 
members include the secretaries of Interior (chair), Commerce, Army, Agriculture, and Transportation; the Attorney General, and the 
Administrator of the Environmental Protection Agency, or their designees.  One member each is appointed by the Secretary of the 
Interior from the Seminole Tribe of Florida and the Miccosukee Tribe of Indians of Florida.  The Secretary of the Interior also ap-
points, based on recommendations of the Governor of Florida, two representatives of the State of Florida, one representative of the 
South Florida Water Management District, and two representatives of local Florida governments.  Current membership and informa-
tion about the SFERTF are available at http://www.sfrestore.org/. 
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In its several previous reports, the NRC has provided scientific and technical advice 
about aquifer storage and recovery (NRC, 2001a), regional issues in aquifer storage and recovery 
(NRC, 2002a), research programs in Florida Bay (NRC, 2002b), the planning and organization 
of science (NRC, 2003a), adaptive monitoring and assessment (NRC, 2003b), and the impor-
tance of water flow in shaping the Everglades landscapes (NRC, 2003c).   

THE EVERGLADES ECOSYSTEM 

Florida’s Everglades, often referred to as the splendid River of Grass, is a rich and unique 
ecosystem.  Shaped by the flow of slow-moving water, its flourishing landscape of sawgrass 
plains, ridges, sloughs and tree islands is a home to alligators, many kinds of wading birds, and 
other plant and animal life, some of which is found in few or no other locations. By the mid-
twentieth century, a vast network of canals and levees, built to drain water for flood control, wa-
ter supply, agriculture, and urban development, had profoundly altered the region’s wetlands and 
reduced the Everglades to half its original size. Today, the wading bird population has sharply 
declined, and 70 plant and animal species in South Florida are threatened or endangered. 
Throughout the past century, the Everglades has epitomized the American conflict between eco-
nomic development and environmental conservation. In recent years, the governmental agencies 
and the people in the region have embraced the challenge of protecting and restoring native spe-
cies and ecosystems while still meeting human needs for space and natural resources. 

Restoration of the Everglades is a daunting task. It is extremely complicated for several 
reasons. First, the Greater Everglades ecosystem is huge, stretching from the Kissimmee River 
drainage basin to Florida Bay and adjoining coral reefs (see Figure 1-1).  Second, the Restoration 
Plan must attempt to balance the interests of many stakeholders.  Third, restoration goals must 
consider and resolve the complex and often competing needs of different plant and animal spe-
cies.  Fourth, the plan must be robust in the face of unknown factors such as future climate 
change and urban population growth.  Finally, and perhaps most important, there are competing 
visions of what will constitute successful restoration. 

Since 1993, a coalition of local, state, and federal agencies, as well as non-government 
organizations, local tribes, and citizens, has been working to reverse the damage to the Ever-
glades. The effort is led by two organizations that have considerable expertise regarding the wa-
ter resources of south Florida—the U.S. Army Corps of Engineers (USACE), which built most 
of the canals and levees in the Everglades, and the South Florida Water Management District, 
which has primary responsibility for operating and maintaining this complicated water collection 
and distribution system.  In 1999, the USACE issued its blueprint for the restoration effort, the 
Comprehensive Everglades Restoration Plan (the Restoration Plan). The plan, which was ap-
proved by Congress in the Water Resources Development Act of 2000, seeks to “get the water 
right” —that is, to deliver the right amount and quality of water to the right places at the right 
times. The plan proposes more than 50 major projects to be constructed over an estimated 36 
years at a cost of approximately $7.8 billion.2   

 

                                                 
2  All costs, including construction, real-state, and operations and maintenance costs, are in 1999 dollars.  See Appendix A for list 
and schedule of projects. 
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FIGURE 1-1. Much bigger than just Everglades National Park, the Greater Everglades Ecosystem (or 
south Florida ecosystem) extends south from the Kissimmee River watershed to Lake Okeechobee, 
through the remaining Everglades, and on to the waters of Florida Bay and the coral reefs.  SOURCE: 
Information on locations of existing and proposed storage components from USACE and SFWMD. 

 

Since the publication of the Restoration Plan in 1999, the USACE, after public comment, 
established programmatic regulations to set the procedural framework for implementing the plan.  
The key provisions include    
 

• a process for establishing interim goals to provide hydrologic, water-quality, and eco-
logical targets against which to measure restoration progress; 
• the establishment of an interagency group called “RECOVER” (Restoration, Coordi-
nation and Verification) that assesses the individual projects to ensure that the system-
wide goals and purposes of the Restoration Plan are achieved; 
• the establishment of an adaptive management program to assess whether the re-
sponses of the natural system to restoration plan activities match expectations, and to rec-
ommend modifications to the plan based on new information; and 
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• a process for establishing an independent scientific review [committee of the National 
Research Council] of the National Academy of Sciences to review progress in meeting 
the restoration goals. (http://www.evergladesplan.org/pm/pm_docs/prog_regulations/ 
110403_prog_regs_faq_final.pdf) 

  
The Restoration Plan continues to be modified.  For example, an aquifer storage and re-

covery (ASR) regional study has been added to address issues raised by this committee (2001a) 
and others, including potential effects of the ASR program on communities, industry, other 
groundwater users, and the environment (http://www.evergladesplan.org/pm/projects/proj_44_ 
asr_regional.cfm).  On a broader scale, the hydrologic models are in the process of being up-
dated and recalibrated with 1996-2000 data, improved topography, and other information 
through a process known as the “Initial CERP update” (http://www.evergladesplan.org/pm/    
recover/icu.cfm). Generally speaking, however, the simulations, analysis, and budgets done for 
the Restoration Plan still form the most consistent and internally comparable data set available, 
and accordingly this report makes broad use of those data. 

The Restoration Plan is divided into components—conceptual parts of the plan, like de-
compartmentalization—and individual projects.  The proposed schedule for construction of the 
projects of the Restoration Plan is called the Master Implementation Sequencing Plan (MISP) 
and it is described at the Everglades Restoration web site at http://www.evergladesplan.org/pm/ 
misp.cfm.  The MISP includes the sequencing and scheduling of all of the projects of the Resto-
ration Plan, including pilot projects and operational elements.  The latest version of the MISP no 
longer gives specific dates for completion of the projects; instead, the sequence is divided into 
seven 5-year bands during each of which a number of projects are scheduled for completion.  
Appendix A of this report is a table that compares the initial schedule of projects with the current 
MISP.  

MAJOR STORAGE AND WATER-CONSERVATION COMPONENTS  
IN THE RESTORATION PLAN 

Major components of the restoration include operational modifications, modifications to 
existing structures and canals, decompartmentalization of the Water Conservation Areas, storm-
water treatment areas, water reuse, expanded storage capacity and seepage management.  Water 
reuse, storage and seepage management are introduced in the following section and described in 
detail in Chapter 3. 

In the current water management system, the major storage components are Lake Okee-
chobee and the Water Conservation Areas. Together these provide over four million acre-feet of 
storage.  Several additional components either are included in the Restoration Plan or could con-
tribute to total storage.   

 
• Kissimmee surface reservoirs include an above-ground reservoir of approximately 
200,000 acre-feet of storage and a 2,500-acre stormwater treatment area (STA). 
• The Everglades Agricultural Area (EAA) and vicinity.  The area covered by the EAA 
stored considerable amounts of water in the natural Everglades system, and although its 
character has changed, it could provide for substantial surface storage capacity in the fu-
ture.  Two projects that are included in the Restoration Plan will create above-ground res-
ervoirs within the EAA (http://www.evergladesplan.org/pm/projects/proj_08_eaa_ 
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phase_1.cfm and http://www.evergladesplan.org/pm/projects/proj_09_eaa_phase_2.cfm).  
Together they will have a capacity of about 360,000 acre-feet. 
• Aquifer Storage and Recovery (ASR).  This is the largest planned storage component 
in the Restoration Plan, anticipated to accommodate an average of more than 500,000 ac-
ft of water added to storage each year, and a capacity for accumulated recoverable stor-
age of more than four million acre-feet (based on the cumulative volume in storage at the 
end of the D13R3 31-year simulation after the assumed 30 percent injection loss.   
• Lake Belt Storage.  This component is planned to consist of in-ground reservoirs de-
veloped from converted limestone quarries.  Two reservoirs are planned in Miami-Dade 
County, both up to 80 feet deep with a combined storage capacity of nearly 280,000 acre-
feet. 
• Seepage Management.  Although not a storage component, this water-conservation 
component aims to reduce water flow across levees, reservoir walls and other contain-
ment structures, and it would have the same net effect as a storage component.  It is es-
sential to the success of some storage components, particularly Lake Belt storage. 
• Water Reuse and Conservation.  Advanced wastewater treatment technology will be 
used to reclaim urban wastewater from Miami-Dade Counties to supplement water in 
natural areas such as the West Palm Beach’s Catchment Area, Biscayne National Park, 
and the Bird Drive basin.  
• A number of smaller, conventional reservoirs and stormwater treatment areas in the 
Upper East Coast. These are included in the Indian River Lagoon–South component of 
the Restoration Plan and will provide an addition of approximately 170,000 acre-feet of 
storage.  

WHY IS STORAGE IMPORTANT? 

A basic premise of the Restoration Plan is that if the water is “right,” then the ecosystem 
will become “right” as well.  That implies that the water is not “right” today, and indeed the 
amount of water in the Greater Everglades Ecosystem, and its spatial and temporal distributions, 
are very different from conditions in the natural system.  (The history of human efforts to control 
water in south Florida and the resulting changes in the system are well reviewed by Light and 
Dineen [1994], the Science Sub-Group [1993], and on the Restoration Plan’s web site.)  More 
than half of the original Everglades wetlands have been converted to human use, thus reducing 
water storage and flux that buffered extremes of flood and drought.  As things now stand in the 
Everglades and in the surrounding human settlements, there is more water at some times and 
places than occurred under pre-European settlement conditions, and at other times and other 
places water levels and/or flows are much lower than occurred naturally.  In particular, drought 
conditions are longer, more severe, and cover wider areas in the current system than under pre-
settlement conditions, and efforts to mitigate these droughts involve storage of water in “Conser-
vation Areas” northeast of Everglades National Park that previously had (on average) lower wa-
ter levels.   In addition, some restoration goals compete with the ecological goals for the use of 
stored water.  For example, the human demand for water in south Florida is much greater than it 

                                                 
3 Simulation D13R uses the same projected land use and water demands as in the 2050 Base simulation, but also assumes a com-
pleted Restoration Plan (and other) projects.  It is known as alternative D13R based on its sequence in a series of simulations. 
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was 100 years ago, and the need for flood control in developed areas does not necessarily en-
hance the availability of water for ecological restoration.   

As a result, the Restoration Plan includes large amounts of new storage as a mechanism 
for supplying the water that is needed for both people and the ecosystem and changes in the de-
livery system that enable water to be supplied at the times and in the places where it is currently 
in shortest supply.  Below we describe the general changes that have occurred to the hydrologic 
system of the Everglades and their effects on water supply and the need for storage.  The descrip-
tion is based on many papers in Davis and Ogden (1994) and on hydrologic principles. 

The natural system included the Kissimmee River drainage north of Lake Okeechobee, 
the lake, and the Everglades system south of the lake.  Before drainage and other human modifi-
cations to the landscape that began in the late 1800s, seasonal variations in the amount and dis-
tribution of water in the system must have been strongly damped by the combined effects of 
storage in wetlands and Lake Okeechobee in the northern part of the system, and by relatively 
slow flows through the meandering channels of the Kissimmee River.   Thus, despite strong 
daily and seasonal variations in rainfall and potential evapotranspiration, the system would not 
have been as prone as it is today to rapid water-level changes that cause flooding. Lake Okee-
chobee would have been free to contract or expand its large surface area into surrounding areas 
containing extensive wetlands and pond-apple forests. This would have provided additional buff-
ering against droughts as water eventually flowed from the sawgrass plain to the south of the 
lake. Topographic variations within the ridge-and-slough landscape beyond the sawgrass plain 
must have provided further damping.  Damping in the north must have provided a buffer to the 
southern portion of the system against the effects of seasonal and multiyear dry spells, which 
readily lead to desiccation under current conditions.  The natural system in the south would still 
have experienced seasonal and shorter-term variations in water flows and levels, which probably 
were important to the development and functioning of the ecosystem.  Those fluctuations would 
have resulted mainly from local rainfall patterns and would have been smaller and more gradual 
than would be expected without upstream damping.  

Initial modifications to the system were made between 1881 and 1894.  These included 
Hamilton Disston’s projects to make “channel improvements” (i.e., dredging and straightening) 
in the Kissimmee River, to construct new channels in the headwaters of the Kissimmee River 
basin, and to connect Lake Okeechobee to the Caloosahatchee River, providing an outlet from 
the lake to the Gulf of Mexico. These projects drained areas north of Lake Okeechobee and most 
likely increased peak flows in the Kissimmee River.  These increases in peak flow caused rapid 
expansion of the lake area.  The diversion of water from the lake to the Gulf through the Ca-
loosahatchee River reduced the amount of water stored within the Everglades ecosystem, reduc-
ing water available to maintain flows to the south during dry periods.  

A second major drainage effort, spanning the period 1905-1928, focused on the area 
south of Lake Okeechobee that is now the Everglades Agricultural Area. Drainage canals extend-
ing through this area to the Lower East Coast lowered water levels to allow for farming. Con-
struction of the St. Lucie Canal, connecting Lake Okeechobee to the Atlantic, and further dredg-
ing of the Caloosahatchee River increased the efficiency of rainfall runoff diversion to further 
reduce the potential for flooding south of the lake. The result of these diversions was further re-
duction in the amount of water stored within the Everglades Ecosystem and the potential for en-
hanced desiccation of wetlands in the southern part of the system during droughts.  

Despite the flood control provided by diversions from Lake Okeechobee to the St. Lucie 
Canal and the Caloosahatchee River, flooding of the Everglades Agricultural Area (EAA) was 
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still a problem, particularly during severe hurricanes in 1926 and 1928 when winds and torrential 
rains caused overflow from Lake Okeechobee. Construction of the Herbert Hoover Dike between 
1932 and 1938 was undertaken to provide additional flood control. On its completion, the dike 
dramatically altered the functioning of Lake Okeechobee. It was no longer free to expand or con-
tract its boundaries within the historical littoral zone and water levels were now managed by a 
number of control structures.  

While flooding potential was reduced with completion of the dike, another problem be-
came apparent during successive dry years between 1931 and 1945.  During this drought, the 
lowered water levels created by agricultural drains, coupled with the reduced storage resulting 
from diversion of runoff to the Gulf and Atlantic, led to regional lowering of the water table, re-
sulting in desiccation of many of the remaining wetland areas and a threat of saltwater intrusion 
into the coastal aquifer.  This highlighted the need to develop additional storage capacity to pro-
vide water to wetlands and the canals during dry seasons and extended droughts.  This capacity 
eventually was developed in the Water Conservation Areas (WCAs), south of the EAA, in a re-
gion that was historically dominated by ridges, sloughs, and tree islands.  Storage of water in the 
WCAs, which increased water levels in parts of them, altered the vegetation community and 
landscape patterns.   

The drought broke in 1947, during which year 100 inches of rain fell and severe flooding 
covered 90 percent of southeastern Florida.  At this point it was clear that a water management 
strategy was required to address flooding and drought hazards, as well as water supply and envi-
ronmental issues.  The Central and Southern Florida (C&SF) project, designed by the USACE 
and authorized in the federal Flood Control Act of June 30, 1948, was intended to meet these 
needs by providing flood control, water level control, water conservation, prevention of saltwater 
intrusion, and preservation of fish and wildlife.  While some new storage was created in the 
WCAs, additional flood control measures have continued to shunt the majority of runoff water 
out of the terrestrial system and into the Gulf and the Atlantic via the Caloosahatchee River and 
St. Lucie Canal.  To avoid flooding private lands that lie west of the Miami ridge in the southern 
Everglades, much of the water in this portion of the Everglades is diverted from east to west.   

The result of the many changes in the Everglades hydrologic system made in the twenti-
eth century is that parts of the Everglades are water-starved at times, other parts are submerged, 
and the natural timing and amplitudes of high-water and drying events have been severely dis-
rupted.  Large pulses of fresh water diverted to the coasts also have had detrimental effects on 
estuaries. This, then, describes how the water is “wrong” and why a major goal of the Restora-
tion Plan is “to get the water right.” 

All the options for “getting the water right” envisioned by the Restoration Plan—indeed, 
any option envisioned by anyone—will require additional, and at least short-term, storage, as 
well as alterations in how water is directed through the system.  Decompartmentalization—the 
dismantling of some water control structures, such as dams and levees, to convert the Everglades 
from the hydrologically-compartmentalized system that exists today—is critical to restoring 
sheet flow that characterized the natural system; other components will enable the timing and 
direction of sheet flow to be restored.  Simply diverting the runoff pulses that currently are dis-
charged to the Gulf and Atlantic and routing them into the southern Everglades might restore the 
historical volumes of flow on an annual basis. However, because the damping that once was pro-
vided by upstream features—in the Kissimmee River basin, Lake Okeechobee, the sawgrass 
plain, and northern ridge-and-slough landscapes—has been removed from the system, the timing 
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and magnitudes of water level fluctuations would be very different from those in the historical 
system and these could have detrimental effects on the ecosystem.  

Furthermore, the additional demand for water in south Florida by the growing human 
population almost surely will require additional and possibly longer-term storage.  Water de-
mand in south Florida is projected to grow from 3.5 billion gallons per day (BGD) in 1995 to 
nearly 4.5 BGD in 2020 due to an expected 43 percent increase in human population during the 
period (Kranzer, 2003).  Because there is less water in the system and greater demand for water 
than before, and because of the degree to which the system has been engineered, moving any part 
of the water to a place where it is needed or removing any structure that impedes its flow implies 
the likelihood of water shortages elsewhere, increased risk of flooding, or both, unless additional 
storage is available.  For example, if the levees and canals in the WCAs were breached to de-
compartmentalize that portion of the system, with no other change, the adjacent areas would 
once again be short of water in the dry season, as they had been before construction of the 
WCAs, and the lack of buffering resulting from the channelization of the system would make the 
same areas prone to flooding during wet periods.  This is why the Restoration Plan has such a 
large component devoted to providing additional storage.   

It is not clear exactly what ecological conditions will accompany hydrologic change, but 
there is merit in concluding that more natural hydrologic conditions will lead to improved eco-
system functioning.  Thus attempting to “get the water right” (or at least better) is a reasonable 
approach to restoration. 

 
 

STORAGE, FLOW, AND RESTORATION OF THE  
EVERGLADES ECOSYSTEM 

 
In executing its task of providing advice about the technical and scientific aspects of res-

toration and planning (Box ES-1), the committee was mindful of previously published ap-
proaches for restoring aquatic ecosystems (e.g., NRC, 1992, 2001b; Science Sub-Group, 1993).  
The committee judges that the Restoration Plan is proceeding in accordance with many such 
principles, but not in all aspects.  In particular, the committee has concern that too little weight 
has been given to the following principles of sustainable restoration. 

 
• Prevent additional habitat loss.  The first priority in a restoration project is to secure it 
against the risk of additional damage.  For most projects this means protecting from addi-
tional damage the remaining habitat and areas that potentially could provide usable habi-
tat.  In particular, protecting against irreversible habitat loss should be the first priority of 
a restoration program.  This principle implies that heavy emphasis should be placed on 
purchasing land intended to be part of the restored system or obtaining conservation 
easements on such lands as soon as possible.   
• Provide ecological benefits as early as possible.  Restoration projects often have other 
goals in addition to ecological restoration, and compromises often must be made with 
other goals (e.g., flood control) or constraints (e.g., budget or the need to compensate for 
previously degraded aspects of the environment).  To the extent that the project can 
achieve ecological goals early, the outcome is likely to be improved. 
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These principles are discussed in detail in Chapter 3 in the context of sequencing compo-
nents of the Restoration Plan.     

Two other issues are important in addition to those mentioned above. The first—a diffi-
culty acknowledged by the Restoration Plan—is that ecological outcomes are quite uncertain, 
and some outcomes could be seen as unacceptable.  The committee has taken seriously the ad-
vice of the 1990s Science Sub-Group of the South Florida Management and Coordination Work-
ing Group (Science Sub-Group, 1993) to consider the whole system and to take a regional ap-
proach in this regard, and consequently this report examines problems of diminished areal extent 
of the restored ecosystem, endangered species, invasive exotic plants, and water quality to assess 
the likelihood that  uncertainty can be reduced and its consequences managed, and that unaccept-
able outcomes can be avoided.   

Finally, the report addresses the expectation that adaptive management will provide an 
early opportunity to repair possible shortfalls in the Restoration Plan.  An example of such a 
shortfall might be the occurrence of a real estate market boom that prevents the planned footprint 
from being acquired.  Because the restored system will be highly engineered, it also will be vul-
nerable to failure of the engineered systems to function as intended or to unexpected changes in 
conditions considered external to system design and operation.  Examples of the latter are cli-
mate change, sea level rise, extraordinary population growth, large-scale land-use change, ele-
vated energy costs, and reduction or elimination of crop subsidies.  Adaptive management can 
lead to the improvement of design details and operating practices within the overall design con-
cept, but it cannot easily address violations of the contextual and efficacy assumptions made in 
the engineering design.  The possibility of unexpected shifts in external drivers should be ad-
dressed through concerted attention to contingency planning, including reconsideration of alter-
natives already discarded such as those related to Lake Okeechobee and the EAA.  This planning 
should be directed at major decision points that have already been passed or that will arrive soon, 
rather than at fine adjustments of the extant Restoration Plan.  Contingency planning should be 
allowed to lead to re-design of the conceptual plan if that becomes necessary, possibly more than 
once. The opportunity provided by adaptive management may also yield an early warning of un-
expected outcomes and hence the need for implementation of contingency plans. 

REPORT ORGANIZATION 

Chapter 2 describes each of the major storage components of the plan, emphasizing se-
quencing and water-quality issues and the potential to rely on natural as opposed to engineered 
processes.  Chapter 3 discusses cross-cutting issues that the committee considered in evaluating 
the science underlying the implementation of the plan, especially with respect to storage.  They 
include the ordering of the Restoration Plan’s components in space and time, including criteria 
and uncertainties associated with that sequencing; ecological uncertainties; contingency plan-
ning; adaptive management; and the relative merits of using natural versus highly engineered 
processes in the restoration.  Chapter 4 discusses the potential need to reconsider the full range of 
available storage options as an adaptive management strategy during the course of implementa-
tion of the Restoration Plan. Chapter 5 suggests a quantitative framework that could be used to 
evaluate restoration progress and alternatives, including re-evaluation and refinement of restora-
tion goals. Chapter 6 summarizes the committee’s major findings and recommendations.  
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2 

Major Storage Components 
 
 Storage is at the heart of any attempt to restore the Everglades.  A brief examination of 
the Restoration Plan components (Figure 2-1) shows that many of them either directly or indi-
rectly involve storage.  This chapter contains a summary and comparison of the major existing 
storage components (Lake Okeechobee and the Water Conservation Areas), conventional above-
ground surface reservoirs (Kissimmee Basin, Everglades Agricultural Area and vicinity, and the 
Upper East Coast region), below-ground storage using aquifer storage and recovery (ASR; mul-
tiple projects), and in-ground storage in the Lake Belt region.  Water-quality considerations are 
also discussed for each component in this chapter. 

While seepage management and water reuse and conservation, strictly speaking, are not 
storage projects, they also are discussed because they affect the overall water budget and ulti-
mately the amount of storage required in the system. Water-quality considerations are also dis-
cussed for each component.  Conversely, while stormwater treatment areas provide some stor-
age, they are addressed only with respect to their primary function of improving water quality 
and where they are closely associated with major storage components.  Other Restoration Plan 
features that are not discussed in detail in this chapter include features that are small or were de-
signed primarily as “flow-through” structures in conjunction with ASR projects.  
 To understand the storage components and the fluxes between them, it is helpful to be 
familiar with how the Everglades planners have conceptualized and modeled the hydrologic sys-
tem.  The primary tool used to physically model the system in the past, present, and future is the 
South Florida Water Management Model (SFWMM).  The SFWMM simulates the hydrologic 
regime and the management of the system from Lake Okeechobee to Florida Bay using both 
lumped and distributed modeling techniques. Most of the domain is covered with a finite-
difference mesh of 2 mile × 2 mile cells. However, Lake Okeechobee is modeled (or “lumped”) 
as a single point in space, and a simple flow balance procedure is used for other areas.  The 
model simulates rainfall, evapotranspiration, infiltration, overland and groundwater flow, canal 
flow, canal-groundwater seepage, levee seepage and groundwater pumping. It incorporates cur-
rent or proposed water management control structures and current or proposed operational rules 
(SFWMD, 1997a).  
 The model has been used to simulate numerous scenarios, of which three are applicable 
to this chapter.  The first (Figure 2-2) is of the system infrastructure and operations as they were 
around 1995 (the “1995 Base,” often referred to as the “current condition” or “existing condi-
tion”).  The input data include a 31-year climatic record (1965-1991), recently extended in the 
Initial Comprehensive Everglades Restoration Plan (CERP) Update to 36 years.  Both very wet  
and very dry years are included.  The update, which is ongoing, will soon be reflected in new 
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FIGURE 2-1.  Restoration Plan components.   
SOURCE: Available online at http://www.evergladesplan.org/images/cerpmap_200.jpg. 
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FIGURE 2-2. Primary water budget components for a 31-year simulation of the SFWMD model using the 
structures in place in 1995 (the “1995 Base” case of the Restoration Plan).  It is considered by restoration 
managers to reflect the typical “current condition” of the system.   
SOURCE: Available online at http://www.sfwmd.gov/org/pld/restudy/hpm/frame1/maps/mapdir/95BSR/ 
WBUD/95BSR.pdf.
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base scenarios and model runs, but until then, the 1999 CERP still is the reference.  Information 
on the update is at http://www.evergladesplan.org/pm/recover/icu.cfm. 

The second scenario uses the same climatic record as the 1995 Base, but reflects the 
likely system infrastructure and operations as they would be around 2050 without any of the Res-
toration Plan projects in place (the “2050 Base,” also referred to as the “future without project” 
condition or the “no-action alternative”).  Despite increased water-use demands and other differ-
ences, this has many similarities with the 1995 Base and is not shown here.  The third (Figure   
2-3) is a simulation using the same projected land use and water demands as in the 2050 Base, 
but also assuming completed Restoration Plan (and other) projects.  It is known as alternative 
D13R after its SFWMM run number.  Note the additional components in Figure 2-3 relative to 
Figure 2-2, including aquifer storage and recovery, surface storage, and wastewater reuse. Com-
paring the storage and flows estimated by alternative D13R and similar runs with those of the 
1995 Base and 2050 Base is a major approach used to evaluate potential achievement of hydro-
logic goals for the restoration effort.  We use the simulation results for the 1995 Base and the 
alternative D13R to provide estimates of storage capacity for various current and planned storage 
components.  This committee has not conducted a critique of the SFWMM, and recognizes—as 
do the USACE and the SFWMD—that it probably is not a perfect representation of current or 
future conditions.  Nonetheless, the simulation results are useful for comparing the relative mag-
nitudes of storage capacity associated with current and planned elements of the Restoration Plan.  
Figure 2-4 illustrates, qualitatively, an estimate of flow patterns before any of the human modifi-
cations to the system that began in the 1880s. 

CURRENT STORAGE COMPONENTS 

In the current system, the major available storage components are Lake Okeechobee and 
the Water Conservation Areas (Table 2-1; Figures 2-1 and 2-2). When fully implemented, the 
Restoration Plan anticipates capturing a large amount of the water currently discharged to the sea 
and storing it using a variety of structures and operational strategies that are major components 
of the plan. The major storage components of the plan discussed in this chapter are described in 
subsequent sections in terms of land requirements; costs for construction, operation and mainte-
nance; constraints on sequencing of construction or implementation; design and operational 
complexity and flexibility; potential environmental risks and benefits; water quality issues; and 
advantages and disadvantages relative to other storage options. A map of existing facilities and 
structures managed by the South Florida Water Management District can be found at 
http://www.sfwmd.gov/images/pdfs/facility_map_overview.pdf. 

Lake Okeechobee 

Historically, the lake (Figures 1-1 and 2-5) served as the key hydrologic link between the 
mostly upland ecosystems in its large drainage basin to the north—the Kissimmee River Basin—
and the sawgrass marshes and prairies of the Everglades proper to the south. Water storage pro-
vided by the large lake moderated the effects of low rainfall periods on the Everglades. Over the 
past century, the lake and its drainage basin have been greatly modified for flood control and 
other water management purposes, and it has become a highly engineered reservoir with numer-
ous options for managing inflows, outflows, and water levels.  
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FIGURE 2-3. Primary water budget components for the June 1998 model run D13R of the Restoration 
Plan.  This is a simulation using the same 31-year climatic record (1965–1991) as the 1995 (and 2050) 
Base simulations, but using projected 2050 land use and water demands and assuming the Restoration 
Plan and other related projects have been implemented.  There are very slight differences in the flows in 
this figure and the flows in Table 2-1, which is based on a slightly updated (November 1998) version of 
D13R.  
SOURCE: http://www.sfwmd.gov/org/pld/restudy/hpm/frame1/maps/mapdir/ALTD13R/WBUD/D13R.pdf. 
 
 

 

http://www.nap.edu/11215


Re-Engineering Water Storage in the Everglades: Risks and Opportunities

Copyright National Academy of Sciences. All rights reserved.

Major Storage Components 27 

 

 

 
FIGURE 2-4.  A qualitative depiction of the original flow patterns in the Everglades.  
SOURCE:  Available online at http://www.evergladesplan.org/maps/historic_flow.jpeg. 

 

On an annual basis under current operating conditions, Lake Okeechobee receives ap-
proximately 1.6 million acre-feet of inflow from the Kissimmee River and discharges approxi-
mately 416,000 acre-feet of coastal waters through the Caloosahatchee River and St. Lucie Ca-
nal. An additional 227,000 acre-feet of water are discharged to the Water Conservation Areas 
from Lake Okeechobee in a combination of regulatory releases to control stage in Lake Okee-
chobee and environmental releases to replace reductions of flow due to implementation of best 
management practices (BMPs).  A total of 471,000 acre-feet from Lake Okeechobee is sent to 
agricultural areas in the Caloosahatchee and St. Lucie Basins to the west and east, and to the Ev-
erglades Agricultural Area to the south. The Water Conservation Areas (WCAs) receive addi-
tional inflow from drainage canals in the Everglades Agricultural Area (EAA; 917,000 acre-feet) 
and other adjacent areas (Figure 2-2).   
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Data sources and other notes for Table 2-1 
 
Many values in the table are based on simulation output, which are reported to more significant figures 
than can be verified.  These values provide only general comparisons of the magnitudes of flows and 
storage capacity, as no quantitative estimates of uncertainty are available.  While every attempt has been 
made to verify the information in this table, the Restoration Plan is continually being modified, so storage, 
flux, acreage, and cost information are evolving with it.  Likewise, quantitative information for closely re-
lated projects, such as reservoirs and stormwater treatment facilities, is sometimes lumped.  Up-to-date 
information on these projects can be obtained at any time from the USACE and SFWMD.  There are very 
slight differences in the flows given in this table and those shown in Figure 2-3.  Both are based primarily 
on output from alternative D13R of the South Florida Water Management Model; however, this table is 
based on a slightly updated (November 1998) version of D13R relative to Figure 2-3, which is based on a 
June 1998 version of D13R.   
 
Fluxes 
 
Most fluxes are from water budget for D13R (11/98 version) 
(http://www.sfwmd.gov/org/pld/restudy/hpm/frame1/maps/mapdir/D13R1198/WBUD/annbud).  
South and West Miami-Dade water reuse fluxes from Appendix B, section B.3.5.8.1, p. B-192 of USACE 
and SFWMD (1999), except for Average Annual West Miami-Dade Reuse, which is from M. Irizarry, 
SFWMD, personal communication, November 2004.    
See Fig. B.3-88 for bar graph of volumetric savings from water use reductions. 
Inputs to reservoirs do not include local precipitation or seepage. 
Outputs from reservoirs do not include evapotranspiration or ASR injection losses. 
Water fluxes to and from Water Conservation Areas (WCAs) include overland flow and groundwater 
seepage. 
Seepage management “annual acre-ft out” for WCA3A/3B and L31-N from J. Obeysekera, SFWMD, writ-
ten commun., May 2004, and computed as “seepage prevented” between D13R and 2050base. 
 
Capacities      
       
Most capacities are from individual project descriptions at http://www.evergladesplan.org/pm/projects/ 
project_list.cfm.    
Reservoir capacities for C-44 and Upper East Coast Reservoirs taken from the Indian River Lagoon Pro-
ject Implementation Report  
Lake Okeechobee capacity approximated from data summarized in table 3-2 of this report, and is the vol-
ume at max allowable stage (18.5 NGVD) minus the volume at min allowable stage (13.5 NGVD).  
    
WCA capacity from Light and Dineen (1994); also based on current regulation schedule.   
   
ASR “capacities” refer to injected water remaining in the aquifer after the 31 year simulation and are cal-
culated as (avg. annual acre-feet in - avg. annual acre-feet out) x 31 years    
  
ASR “capacities” for 30% injection loss refer to usable (non-saline) water remaining in the aquifer after 
the 31 year simulation and are calculated as (0.7 x avg. annual acre-feet in - 1 x avg. annual acre-feet 
out) x 31 years.      
      
Construction, O&M, and Land Costs; Acreage      
        
Acreages from Table 9-1 of  USACE and SFWMD (1999).      
Construction and Real Estate Costs in 1999 dollars from Table 9-2 of USACE and SFWMD (1999). 
O&M Costs in 1999 dollars from Table 9-3 of USACE and SFWMD (1999).  Construction and land costs 
for C-44 and Upper East Coast Reservoirs taken from the Indian River Lagoon Project Implementation 
Report.  These costs are in 2003 dollars. 
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FIGURE 2-5. Drainage basin of Lake Okeechobee.   
SOURCE:  SFWMD et al.  (2004). 
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Although Lake Okeechobee no longer provides the hydrologic services to the Everglades 
that it provided in its natural state, it still provides substantial water storage under current operat-
ing conditions.  The lake’s surface elevation and associated area and volume vary considerably 
both intra-annually and inter-annually in response to wet and dry climatic conditions, but at a 
normal high-water stage of 15 feet (4.6 m) above mean sea level, the lake has a surface area of 
700 mi2 (1814 km2), an average depth of 9 ft (~2.7 m), a maximum depth of 15.5 ft (4.6 m), and 
a volume of 4.0 × 106 ac-ft (4.9 × 109 m3). The lake has a maximum north-south (open-water) 
length of 35 miles (56.5 km) and maximum east-west length of 29.6 miles (48 km). 

The natural drainage basin for Lake Okeechobee is primarily north of the lake (Figure    
2-5), and the Kissimmee River is by far the largest tributary.  The Kissimmee River Basin       
extends north almost 100 miles to near Orlando, Florida and accounts for about 60 percent of the 
lake’s 5,022 mi2 (13,000 km2) drainage basin (including the area of the lake itself) 
(http://www.esg.montana.edu/gl/huc/03090101.html). As noted above, annual water inputs to the 
lake vary substantially, but typical values are in the range 1,500,000 to 3,300,000 ac-ft (2.0-4.7 × 
109 m3), resulting in a range of water residence times in the lake of about 1-3 years.  

A lake-stage regulation schedule has been used to manage lake levels for several decades. 
The schedule is modified periodically to reflect changes in management goals. The most recent 
of these is the “Water Supply/Environmental” (WSE) regulation schedule that was approved in 
July 2000 (http://www.sfwmd.gov/org/pld/hsm/reg_app/lok_reg/). In general, the schedule pro-
vides for maximum lake stage in winter and spring and lower stage during summer and fall to 
provide storage capacity for inflows associated with the summer rainy period and hurricane sea-
son. The storage volume available in Lake Okeechobee is a function of the regulation schedule 
(Figure 2-6). The maximum available storage under current operating conditions may be consid-
ered simply as the difference between the maximum allowed stage, 18.5 ft NVGD (National Ver-
tical Geodetic Datum, essentially equivalent to mean sea level) and the minimum stage under 
which regulatory discharge is allowed (13.5 ft NVGD), if we assume that over a wet-dry climatic 
cycle there is no net loss of this storage to the sea.  This volume (interpolated from Table 2-2) is 
2,250,000 acre-feet (3.2 × 109 m3). This maximum storage volume is insufficient to accommo-
date the average annual inflows of approximately 2.5 million acre-feet from sources excluding 
local precipitation during the 31-year record used to evaluate the Restoration Plan and is much 
smaller than the maximum annual inflow of over 4 million acre-feet in that record. The Restora-
tion Plan will modify the current operating rules, but the objective of these modifications is not 
to provide additional water storage.  Based on the maximum change in lake storage simulated in 
the D13R run, 2,231,800 acre-feet (Table 3-1), the potential storage capacity of the lake will be 
virtually unchanged by implementation of the Restoration Plan. 

Use of Lake Okeechobee as a storage option was explored in a screening phase of the Re-
study (i.e., the formal evaluation process that culminated in the Restoration Plan) but was not 
included in any of the project alternatives. The goals used in the screening evaluation of Lake 
Okeechobee were to prevent discharge to the Caloosahatchee and St. Lucie estuaries, provide 
water supply, and maintain water levels in the lake that were consistent with levee stability and 
healthy lake conditions. In the initial modeling runs the latter objectives were ignored, in that no 
restrictions were placed on water levels. These runs demonstrated that maximal use of storage in 
Lake Okeechobee would be “cost effective and hydrologically efficient” (USACE and SFWMD, 
1999). They also demonstrated that such use would cause extreme fluctuations in lake levels, 
fluctuations that would be expected to adversely affect the littoral zone of the lake.  The planned  
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FIGURE 2-6.  “Water Supply/Environmental” (WSE) regulation schedule for Lake Okeechobee.  
SOURCE: Redrafted from http://sfwmd.gov/org/pld/hsm/reg_app/lok_reg/wse_support/ wse_sched.pdf. 
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TABLE 2-2  Stage-Volume and Stage-Area Relations for Lake Okeechobee 

Stage (ft.) Volume  
(acre-feet) 

Surface area  
(acres) 

  0        0   

  8     1,442,000 284,000 

  9     1,729,000 299,000 

10    2,039,000 316,000 

11    2,366,000 339,000 

12    2,722,000 371,000 

13    3,108,000 395,000 

14    3,527,000 436,000 

15    3,980,000 448,200 

16    4,425,000 452,200 

17    4,875,000 466,000 

18 5,335,000 459,000 

19    5,790,000 462,400 

20    6,260,000 466,000 

21 6,730,000 470,200 

22    7,195,000 475,000 
SOURCE:  Available online at http://www.sfwmd.gov/org/pld/hsm/reg_app/opln/orm/input_new.orm.  
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modifications that were ultimately incorporated in the Restoration Plan are intended to further 
reduce stage fluctuations that may have detrimental effects on the littoral zone habitat, water 
supply for surrounding communities and agriculture, and levee integrity.  Thus, these modified 
rules will likely reduce the available storage in the lake in any year compared to the current op-
erating rules. 
 
 
Water-Quality Considerations 
 

Much of the water that eventually makes its way to the southern Everglades, both under 
current conditions and those anticipated in the plan, passes through Lake Okeechobee. Thus, wa-
ter quality in the lake can affect water quality elsewhere in the system, with effects greater in the 
northern parts of the system (Weaver and Payne, 2004).  It also can affect the lake’s ecological 
status.  

In terms of basic water chemistry and limnology, Lake Okeechobee is a hard-water, alka-
line lake with moderately high dissolved solids, high pH, elevated concentrations of nutrients 
and dissolved organic matter, and (usually) low water clarity (Table 2-3). The lake is considered 
eutrophic; it has high nutrient and chlorophyll concentrations. Water quality conditions are not 
constant across the lake but vary in response to local inputs and conditions. For example, humic 
color tends to be highest in western and northwestern areas of the lake because of high loadings 
from tributaries (e.g., Fisheating Creek) draining extensive wetland areas. Water clarity varies 
considerably over time as well as in a spatial context. Low water clarity conditions generally re-
flect high concentrations of suspended solids from resuspension of fine-grained, organic-rich 
bottom sediments and/or from algal blooms, but low clarity (in terms of light penetration) also 
occurs in areas with high levels of humic color. 

The main issues of concern regarding water quality in the lake and its effects on use of 
the lake as a water source for the Everglades all are related to nutrient overenrichment, which has 
been the primary concern of lake managers and limnologists throughout the period of modern 
studies on the lake. These studies began around 1970 and are described in more detail and in a 
historical context in chapter 4. Phosphorus is the primary nutrient of concern, although high ex-
ternal loadings of nitrogen contribute to the problem, and very high concentrations of nitrogen in 
surface runoff from the EAA led to the limitations on backpumping EAA water into the lake in 
the 1980s.  

The effects of high nutrient loadings on the lake are essentially the standard ones leading 
to lake eutrophication: high concentrations of algae and increased frequency of algal “blooms” 
(visible growths of algae); increased dominance of blue green algae (cyanobacteria), which are a 
nuisance form of algae; and increased suspended solids concentration in the water column, with 
attendant loss of water clarity.  Eutrophication typically results in changes in the higher trophic 
levels of a lake’s food web, and these likely have occurred in Lake Okeechobee in the form of 
changes in the zooplankton and fish communities. Despite those changes (e.g., an increased 
population of planktivorous threadfin shad, Dorosoma petenense), it remains a prized resource 
for largemouth bass (Micropterus salmoides).  Changes in the littoral-zone macrophyte commu-
nity also have occurred over the past 30-40 years, including increased occurrence of nonnative 
invasive species, but other factors (including changes in lake levels) also affect the distribution 
and abundance of macrophyte species, and it is difficult to attribute these directly to the lake’s 
high nutrient loadings.  
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TABLE 2-3  Summary of Lake Okeechobee Water Quality Characteristics, 1994-2003* 

Characteristic Units† n‡ Mean Median Range Std. Deviation 
Specific conductivity µS cm-1 

1305 
469 460 132-863 89  

Color PCU 1309 42 33 2-600 35 
Dissolved oxygen mg L-1 1287 8.2 8.1 4.4-13.5 1.1 
pH  1297 8.2 8.2 4.5-9.2 0.4 
Total alkalinity meq L-1 1250 2.04 2.04 0.52-4.02 0.36 
Chloride mg L-1 1232 59 57 0.5-95 15 
Total suspended solids mg L-1 3610 19 13 1-234 19 
Turbidity NTU 1335 28 20 2-173 23 
Secchi depth cm 3349 50 49 5-220 27 
Soluble reactive phos-
phorus 

mg m-3 3516 25 16 4-1123 29 

Total phosphorus mg m-3 3572 94 83 4-1060 53 
Ammonium-N mg m-3 3533 13 10 9-445 13 
Nitrate-N + Nitrite-N mg m-3 3468 118 25 4-1022 155 
Total organic N¶ mg m-3 3521 1370 1320 440-4080 330 
Total chlorophyll a  mg m-3 3429 27 23 1-146 17 
Corrected chlorophyll a± mg m-3 3420 23 18 0-122 15 
Notes: 
*Values for South Florida Water Management District sampling stations L001-L008; From T. James, SFWMD, written communica-
tion, July 2004.  Some units were changed and the numbers converted from the SFWMD data. 
†Explanation of units: µS cm-1 = microSiemens per centimeter; PCU = platinum-cobalt units; mg L-1 = milligrams per liter; 
meq L-1 = milliequivalents per liter; NTU = nephelometric turbidity units; cm = centimeters; mg m-3 = milligrams per cubic meter. 
‡n = number of measurements over all stations and years. 
¶Calculated from measured total Kjeldahl N minus ammonium-N. 
±Total chlorophyll a minus phaeophytin a; an estimate of chlorophyll a in living cells. 
 
 

The high levels of suspended solids and algae in the lake water also lead to secondary 
impacts on treatability of the water for drinking purposes (e.g., taste and odor problems, in-
creased chlorine demand, difficulties in clarifying the water, and increased formation of toxic 
disinfection by-products such as trihalomethanes).  

Efforts to manage nutrient loadings (especially phosphorus) to the lake have been under-
way since the mid-1970s (see Chapter 4 for details), but these have been only partially successful 
and have not resulted in reducing phosphorus concentrations in the lake itself. In fact, phospho-
rus concentrations are substantially higher in the lake today than they were when these efforts 
began. These trends may be explained at least in part by an increasing role of internal phospho-
rus loading (from the bottom sediments) in maintaining high phosphorus concentrations in the 
water. Over a period of decades, excessive external loadings of phosphorus to the lake resulted in 
a build-up of phosphorus concentrations in the near-surface sediments and also probably led to 
the build-up of more flocculent and less cohesive organic sediments at the sediment surface. 
Such flocculent sediments are more easily resuspended by wind-induced turbulence than more 
cohesive mineral sediments would be. The net effect is that Lake Okeechobee may have been 
transformed effectively into a self-sustaining eutrophic system by the decades of high external 
nutrient loading such that it no longer relies primarily on external nutrient sources to support its 
high algal productivity. If this is the case, further management of external phosphorus loads to 
the level in a proposed TMDL (Havens and Walker, 2002) will not quickly produce predicted 
benefits in water quality. However, on a longer time-scale (probably measured in decades), the 
lake should become a net exporter of phosphorus as it readjusts to the new (smaller) external 

http://www.nap.edu/11215


Re-Engineering Water Storage in the Everglades: Risks and Opportunities

Copyright National Academy of Sciences. All rights reserved.

36 Re-Engineering Water Storage in the Everglades:  Risks and Opportunities 

 

loads—that is, some of the phosphorus recycled from the sediments will be lost from the lake in 
surface outflows each year, and over time the sediments will become a less important contributor 
to maintenance of high algal abundance in the lake. 

Implications of the above discussion on use of Lake Okeechobee for additional water 
storage are fairly clear, at least in the short term. Nutrient concentrations in the lake are high 
relative to the very low concentrations in the Everglades, and some treatment of the water by 
passage through wetland marshes in the northern part of the Everglades (EAA, northern Water 
Conservation Areas) should be done (Odum and Odum, 2003) before the lake water reaches 
those oligotrophic areas. However, phosphorus concentrations in the lake still are low compared 
with those currently in EAA water and other contaminated stormwater in the system. Over time 
(decades), as management of external loads to the lake is achieved and the lake is allowed to 
purge itself of its contaminated sediments, phosphorus concentrations will decline in the lake. It 
is unlikely that they ever will be as low as those in the southern Everglades, but this also was 
probably true even in the pristine system.  Current water discharges from the lake to the Ever-
glades already receive treatment by STAs, although STAs might not remove enough phosphorus 
to help achieve the phosphorus criterion for the Everglades Protection Area, discussed in more 
detail in the Kissimmee Basin Section. 

Water Conservation Areas 

The central Everglades were converted into surface-water reservoirs called the Water 
Conservation Areas (WCAs) (Figure 2-7) when levees were completed in 1961-63.  This state-
owned region contains the southern portion of the sawgrass plain and the northern portion of the 
ridge-and-slough landscape.  Currently the WCAs are managed to detain excess surface water 
from the EAA and parts of the east coast region.  Water in the WCAs serves many competing 
uses:  providing flood control, augmenting water supply along the east coast and in Everglades 
National Park, recharging groundwater in the Biscayne Aquifer, reducing seepage, and providing 
habitat for Everglades wildlife (USACE and SFWMD, 1999).   

The WCAs have a combined storage capacity of 1,882,000 acre-ft (Light and Dineen, 
1994). Under the current water-regulation schedule, the WCAs receive average inflows of almost 
1,800,000 acre-ft per year through a combination of flood control and environmental discharges 
from Lake Okeechobee and the EAA, plus drainage from surrounding areas. The WCAs dis-
charge 862,000 acre-ft per year to Everglades National Park through a combination of groundwa-
ter seepage and releases for flood control and environmental water supply. Water supply deliver-
ies plus groundwater flow and seepage discharge an additional 849,000 acre-ft per year to the 
Lower East Coast (Figure 2-2).  The WCA water regulation schedules are driven by two objec-
tives inconsistent with natural system requirements:  minimizing flood risk during hurricane sea-
son and maximizing storage during the dry season.  The ecological values of the WCAs thus are 
compromised by pulsed rather than attenuated water flow, altered hydroperiods,  
localized pooling and over-drainage associated with canals and levees, and reduced flow of water 
southward (Light and Dineen, 1994).   
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FIGURE 2-7.  Location of water conservation areas.  SOURCE: Information on locations of existing and 
proposed storage components from USACE and SFWMD. 

 
 

Because the WCAs still contain significant remnants of the original sawgrass plain, 
ridge-and-slough wet prairies, and tree islands, they offer a major opportunity for Everglades res-
toration.  Current additions and removals of water from the WCAs reflect their use as reservoirs 
of the water variously desired or unneeded by surrounding managed areas.  The levees that form 
the WCA impoundments also create pooled waters that are too shallow at the upstream end and 
too deep downstream.  Ecologically appropriate water depths occur only in some portions of the 
WCAs.  If a more natural sheetflow and hydroperiod can be established, a single, physically free-
flowing freshwater landscape will exist in the combined state and federal properties, improving 
prospects for recovery of the ecological systems and dynamics in about half of the original Ever-
glades.  The central location and function of the WCAs causes them to affect or be affected by 
other restoration projects. 
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To restore more natural water levels and flows within the WCAs, a set of Restoration 
Plan projects is planned to decompartmentalize the WCAs by removing a number of barriers to 
sheetflow such as portions of the Miami Canal, which would be backfilled for several miles, and 
the Tamiami Trail, which will be elevated by installing a set of bridges; and removal of the levee 
L-29.  These activities are described in the Project Management Plan for the WCA-3 Decom-
partmentalization and Sheetflow Enhancement Project Part 1 (http://www.evergladesplan. 
org/pm/program/program_docs/pmp_12_wca/decomp_main_apr_2002.pdf).     

Currently, paths of uninterrupted water flow through the ridge-and-slough landscape are 
only 30 miles long, less than one-third of their original length.  If decompartmentalization is 
completely successful, 70 miles of continuous flow paths will be restored, from the terminus of 
the Everglades Agricultural Area to Whitewater Bay. Water depths in the restored area are pro-
jected to slope continuously, without discontinuities, from the southern border of the Everglades 
Agricultural Area to Whitewater Bay.  Water levels will rise and fall seasonally under the com-
bined influence of rainfall and rainfall-driven additions of water along the upstream boundary of 
the restored area.  Flows will approximate pre-drainage flows through the landscape, and they 
will protect tree islands from excessive water depths at the end of the wet season and damaging 
soil oxidation during the dry season.   Water will not flow exactly as it did before drainage, how-
ever, because of the canals and levees to the east and north of the present-day Everglades. 

These “decompartmentalization” components will alter the water sources to the WCAs, 
with a larger portion of the annual inflow coming in the form of overland flow.  However, the 
total average inflow will increase only slightly, from approximately 1,800,000 to nearly 
1,900,000 ac-ft/yr.  Outflows to Everglades National Park will increase.  (A careful examination 
of the simulation results summarized in Table 2-1 shows that the maximum difference between 
inflows and outflows over a year of the D13R simulation, 2,879,000 ac-ft, significantly exceeds 
the storage capacity for current operations.  That might suggest that the Restoration Plan will 
lead to large increases in water storage in the WCAs.  But the large volume of water lost to 
evapotranspiration from the WCAs will result in an average annual change in WCA storage of 
only 19,900 ac-ft as simulated by D13R.  The maximum change in storage in any year is 
1,523,100 ac-ft, somewhat lower than the storage capacity for current conditions.)   

However, as impressive as the engineering will be, this is not the end in itself:  the end is 
maintenance and restoration of the original landscape pattern.  Simultaneous restoration of un-
impeded flows and correct water depth variations is, along with restoration of water quality, the 
critical driving force that will maintain and restore the pattern of peat landscape originally pre-
sent in this portion of the Everglades.  The patterning of ridges, sloughs, and tree islands, each 
originally of different elevation, is a key to supporting the wildlife of the pre-drainage Ever-
glades.  The multitudes of otters and alligators once present and the populations of multi-year, 
larger fish all depended on persistence of the ridge and slough pattern to provide year-round 
aquatic habitat.  Persistence of peat-based tree islands themselves may have been closely tied to 
the pattern of flows and water depths (NRC, 2003c). 

Water-Quality Considerations 

Given the physical location of the WCAs between the EAA and Lake Okeechobee to the 
north and west and Everglades National Park to the south, it is no surprise that water quality is-
sues related to restoration of the WCAs are closely related to those in these adjoining areas.  The 
primary concern is the potential for detrimental effects of excessive inputs of nutrients, espe-
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cially phosphorus, from the EAA (and to a smaller extent from eutrophic Lake Okeechobee), on 
plant communities (both emergent macrophytes and periphyton) in the WCAs.  As mentioned in 
the EAA discussion, phosphorus concentrations are highest in the north and lowest in the south 
(Payne and Weaver, 2004).  Insofar as decompartmentalization of the WCAs should allow water 
to move more rapidly through the Everglades area now occupied by the WCAs, this restoration 
component might enhance the movement of relatively high nutrient water from the northern por-
tions of the WCAs to more southerly areas. Stormwater Treatment Areas (STAs), which are en-
gineered wetlands designed to remove nutrients from water by growing plants such as cattail, are 
supposed to mitigate the detrimental effects of excessive nutrients on plant communities in the 
Everglades, and are indeed reducing phosphorus concentrations.  However, as noted elsewhere in 
this report, no STA yet constructed has produced effluent water with a phosphorus concentration 
as low as 10 micrograms per liter (µg L-1). (See “Water Quality Considerations” sub-section of 
“Kissimmee Basin” section later in this chapter for additional discussion of issues associated 
with STAs and phosphorus concentrations.) 

High sulfate loadings from the EAA (see discussion below) also are a concern as a possi-
ble cause for sawgrass replacement by cattails. High sulfate levels in water lead to high sulfide 
levels in anoxic, organic-rich sediments, and sulfide toxicity may contribute to the loss of native 
plant communities in parts of the WCAs that receive high-sulfate and nutrient-rich water from 
the EAA. In addition, high sulfate levels may exacerbate the mercury pollution problem by 
stimulating the growth of sulfate-reducing bacteria (SRBs) in sediments and periphyton; SRBs 
are thought to be the principal agents of mercury methylation in the environment. Mercury issues 
are described further in the section “Mercury Deposition, Mobilization, and Bioaccumulation” 
(Chapter 3) and in the section “EAA and Vicinity,” subsection “Water Quality Considerations” 
later in this chapter. Of particular relevance for restoration of the WCAs is the likelihood that 
decompartmentalization will lead to more frequent and larger changes in water levels and more 
wet-dry cycles in the sediments, which are thought to stimulate pulses of mercury methylation 
(Krabbenhoft et al., 2000). 

Conventional Surface Reservoirs 

Surface-water reservoirs are a well established technology for water management. The 
Restoration Plan includes construction of a number of large conventional reservoirs in three main 
regions: the Kissimmee Basin (north of Lake Okeechobee), the Everglades Agricultural Area, 
and the Upper East Coast (Figure 2-8).  Together, these reservoirs will provide new storage ca-
pacity of about 690,000 acre-feet. The following discussion focuses on these major reservoirs. 
The Restoration Plan also calls for construction of a number of other reservoirs for use in con-
junction with planned ASR systems and for more local management of stormwater. Storage ca-
pacities and flux estimates (if available from the D13R water budget output) for these reservoirs 
are also listed in Table 2-1.  These other reservoirs will provide an additional storage capacity of 
about 270,000 acre-feet. Additional new storage of approximately 160,000 acre-feet will be pro-
vided by numerous stormwater treatment areas (not listed in Table 2-1), designed primarily for 
water-quality improvement rather than storage per se.   

Advantages of conventional reservoirs are the solid base of engineering design and opera-
tional principles for these structures. Disadvantages include the need for relatively large amounts 
of land and losses of water to evaporation during long periods of storage.  Construction sched-
ules for these features are constrained by land-acquisition schedules as well as by the availability 
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FIGURE 2-8.  Location of conventional storage reservoirs.  SOURCE: Information on locations of existing 
and proposed storage components from USACE and SFWMD. 
 
 
of funds. Overall, however, these storage features are among the earliest for which construction 
will be completed, with planned completion dates according to the original implementation 
schedule ranging from 2010 for the Upper East Coast Reservoirs to 2014 for the second phase of 
the Everglades Agricultural Area reservoirs. The following sections provide additional informa-
tion on each of the major conventional reservoir components. 

Kissimmee Basin 

 The Restoration Plan includes a construction feature called the North of Lake Okeecho-
bee Storage Reservoir, to be located in the Kissimmee River Region. This component includes 
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an above-ground reservoir and a 2,500-acre stormwater treatment area (STA) for a total storage 
capacity of approximately 200,000 acre-feet. The specific location of this facility has not been 
identified; however, it is anticipated that the facility will be located in Glades, Highlands, or 
Okeechobee Counties. The initial design of this component assumed a 20,000-acre facility 
(17,500-acre reservoir and 2,500-acre treatment area) with water levels in the reservoir fluctuat-
ing up to 11.5 feet above grade. The final size, depth, and configuration of this facility will be 
determined through more detailed planning, land suitability analyses, and design. Future detailed 
planning and design activities also will include an evaluation of degraded water bodies within the 
watersheds of the storage/treatment facility to determine appropriate pollution load reduction 
targets, and other water quality restoration targets for the watershed. 
 The Restoration Plan estimated real estate costs of almost $190 million.  Construction is 
planned to be completed by 2013 according to the most recent version (December 2003) of the 
project management plan for the Lake Okeechobee Watershed component.  This deadline could 
be optimistic if difficulties are encountered during land acquisition, which cannot begin until a 
final site for the reservoir is selected. 

Water-Quality Considerations 

 The primary water-quality issue related to this storage element is likely to be elevated 
nutrient concentrations, particularly phosphorus, in runoff water that will feed the reservoir. The 
inclusion of an STA in the plan recognizes this fact. Results from existing STAs indicate that 
these engineered wetlands can provide substantial removal of nutrients (especially phosphorus).  
However, thus far no STA has produced effluent water with as little as 10 µg L-1.  That concen-
tration of total phosphorus was established as an overall criterion for the Everglades Protection 
Area (the Water Conservation Areas and Everglades National Park) by the Environmental Regu-
lation Commission (ERC) in 2003 (Piccone et al., 2004).  Details of the rule and methods for 
achieving it are contained in Florida Administrative Code 62-302.540.  However, from an eco-
logical perspective, it may not be critical that outflows from a reservoir this far north in the sys-
tem precisely meet the criterion. The Everglades plant communities that require such low phos-
phorus levels occur further south. If the outflow from the Kissimmee reservoir were to be used, 
for example, to recharge Lake Okeechobee, outflow phosphorus concentrations somewhat higher 
than 10 µg L-1 might be reasonable.  

The long-term effectiveness of STAs (over many decades) in providing a high degree of 
phosphorus removal remains to be tested. Clearly, the longevity of a treatment facility depends 
on its size relative to the loadings it must assimilate. In theory, STAs can be constructed to pro-
vide adequate capacity for many decades of inputs if sufficient acreage is provided. At some 
point, however, water quality and the composition of the plant communities (which is related to 
chemical water quality) within STAs themselves will become issues of concern. If STAs are 
relatively small in size, the public likely will view them as a “necessary evil,” but as they grow in 
number and size and occupy a larger fraction of the landscape in south Florida, the public  might 
begin to view them as semi-natural systems that also should provide ecological amenities (be-
yond serving as nutrient removal basins). This is more likely to become an issue in the Conserva-
tion Areas south and east of Lake Okeechobee than in upland areas north of the lake because the 
former in fact represent lands that were part of the original Everglades.  
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EAA and Vicinity 

 An above-ground reservoir system is planned for construction in the Talisman Land ac-
quisition of the Everglades Agricultural Area (EAA), on land that is currently under sugar cane 
cultivation. The total storage capacity of the system will be approximately 360,000 acre-feet, di-
vided into three equal-sized compartments that each can accommodate water-level fluctuations 
of up to 6 feet above grade. Compartment 1 will store excess runoff from the EAA to meet future 
irrigation demands. The other two compartments will be operated as dry storage reservoirs with 
discharges down to 18 inches below ground level to accommodate Lake Okeechobee regulatory 
releases and overflow from Compartment 1. Discharges from these compartments will be man-
aged to improve timing of environmental releases to the Water Conservation Areas. 
 Land acquisition costs for these reservoirs are expected to be relatively low compared to 
those for the other two major reservoir systems because of the leverage provided by the Farm 
Bill.  The total real estate costs estimated in the Restoration Plan are approximately $87 million. 
The first phase of the reservoir construction is scheduled to be completed in 2009, and the final 
phase in 2014.    

Water-Quality Considerations 

 Use of land within the EAA and vicinity for surface water storage would entail at least 
two potentially important water-quality issues: (a) high nutrient levels in the soils, a legacy of 
many decades of intensive agriculture, and (b) exacerbation of the mercury pollution problem in 
the Everglades. EAA nutrient issues may involve both nitrogen and phosphorus. Within the Ev-
erglades Protection Area, both total phosphorus and total nitrogen concentrations are highest in 
the north; this primarily reflects agricultural runoff from the EAA (Payne and Weaver, 2004). 
Because the Everglades ecosystem is strongly limited by phosphorus and because plant commu-
nities in the Everglades are adapted to these low levels, phosphorus is the primary nutrient of 
concern in the Everglades itself. Nonetheless, elevated nitrogen concentrations would be a con-
cern if water from EAA storage facilities reached nitrogen-limited parts of Florida Bay (NRC, 
2002b). The Restoration Plan assumes that STAs would be required to treat water from EAA 
storage reservoirs before it was released to the Everglades, and the considerations discussed pre-
viously with regard to the effectiveness and sustainability of STAs apply here. STAs rely primar-
ily on plant assimilation for nutrient removal. Thus, they should be reasonably effective for ni-
trogen as well as phosphorus—provided that the incoming waters have reasonably well-balanced 
ratios of nitrogen to phosphorus relative to plant growth requirements. Because of the proximity 
of EAA lands to Everglades lands that are adapted to low levels of phosphorus, attainment of the 
10 µg L-1 effluent criterion is likely to be critical to avoid alteration of the oligotrophic plant and 
periphyton communities associated with the Everglades. 
 EAA storage reservoirs pose a risk of mercury pollution to the Everglades by at least two 
mechanisms. First, recent work (Krabbenhoft et al., 2000) has demonstrated that conversion of 
mercury to the toxic methylmercury form, which bioaccumulates in food webs, is enhanced un-
der conditions where soils and sediments undergo cycles of wetting and drying. Exposure of wet 
soils to air under drying conditions promotes oxidation of reduced sulfur species in soil to form 
sulfate, the electron acceptor required by sulfate-reducing bacteria to grow when the soils again 
are inundated and anoxic conditions develop.  Sulfate-reducing bacteria are thought to be the 
primary agents of mercury methylation in soil and sediment environments. Krabbenhoft et al. 
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(2000) showed that enhanced mercury methylation occurs in mesocosms containing Everglades 
soils subjected to repeated wet-dry cycles. EAA surface reservoirs for Everglades restoration will 
involve cycles of storage and draw-down that will expose the soils to repeated wet-dry cycles, 
and thus they may promote the formation of methylmercury that can be transported into the Ev-
erglades when water is released from the storage reservoirs. 

Second, EAA soils have elevated levels of sulfur from past agricultural management 
practices; elemental sulfur is added to sugarcane grown on organic soils (300-500 lb S/acre) as 
an acidifying agent to mobilize micronutrients.  (Oxidation of elemental sulfur to sulfate pro-
duces hydrogen ions and lowers the soil pH, thus enhancing trace metal availability for plant 
growth.) This practice explains the relatively high sulfate levels of EAA runoff that flows into 
WCA-1 and WCA-2 (59 ± 19 mg L-1 and 52 ± 19 mg L-1, respectively in 2003; Weaver and 
Payne, 2004). In contrast, sulfate levels in surface waters of the southern parts of the Everglades 
tend to be very low (~1-3 mg L-1 for waters within Everglades National Park; Table 2A-7, 
SFWMD and Florida DEP, 2004), reflecting atmospheric deposition as the primary source, and 
possibly representing sub-optimal conditions for mercury methylation by sulfate-reducing bacte-
ria. 

Upper East Coast 

Four reservoirs are to be constructed in the Upper East Coast as part of the Indian River 
Lagoon–South component of the Restoration Plan. Together, the new C-44 Reservoir (replacing 
an older reservoir in the basin), the C-23/24 North and South Reservoirs, and the C-25 Reservoir 
and associated stormwater treatment areas will provide a total of 135,000 acre-feet of storage 
capacity.  Additional storage of approximately 30,000 acre-feet will be provided by restoration 
of approximately 90,000 acres of uplands and wetlands in Martin, St. Lucie, and Okeechobee 
Counties.  

Real-estate costs for these reservoirs are anticipated to be the highest among the three 
reservoir systems, at over $500 million, presumably because these reservoirs will displace or 
preclude commercial and residential uses in an urbanized area. Construction of these reservoirs is 
scheduled for completion by 2010. 

The Indian River Lagoon–South projects are fairly independent from most of the other 
Restoration Plan projects.  Indeed, it is estimated that 100 percent of the watershed benefits and 
88 percent of the total estuary benefits of the project will be achieved even if other Restoration 
Plan projects are never constructed (USACE and SFWMD, 2004). 

Water-Quality Considerations 

 According to the Final Project Implementation Report, or PIR (USACE and SFWMD, 
2004), the combination of reservoirs, constructed stormwater treatment areas, and restored wet-
lands are expected to reduce nutrient and sediment loading to the estuary. The report also notes 
that surface water stored in reservoirs will be lower in alkalinity and chloride than water pumped 
from the Floridan Aquifer, which will make it a preferred source of irrigation water in this re-
gion. 
 An independent scientific review panel (Bartell et al., 2004) was generally supportive of 
the project, saying that the plans as presented in the report “have a high likelihood of meeting the 
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restoration objectives.”  The panel did express concerns that the PIR did not present evidence as 
to what “thresholds of restoration measures” will support a more natural regime of algal blooms.  
That is, what specific changes in freshwater residence time, and what levels of reduction of nu-
trient loading, will significantly influence patterns of phytoplankton production in the estuary? 
While adaptive management can resolve this issue to some extent, given the importance of these 
factors to the estuary, a better understanding is needed of the relationships of the freshwater tim-
ing and quality to improvements in the algal bloom regime.  That panel was also concerned that 
the PIR does not include as a performance measure dissolved oxygen, and does not discuss how 
system responses may change dissolved oxygen concentrations in time and space. 

OTHER TECHNOLOGIES AND STRATEGIES 

In addition to existing storage areas (such as Lake Okeechobee and the Water Conserva-
tion Areas), and conventional surface reservoirs, the Restoration Plan envisions the use of other 
technologies.  These include storing water underground, known as “aquifer storage and recov-
ery,” use of completed quarries for storage (such as the so-called “Lake Belt reservoirs”), seep-
age management, and water reuse.  While worth exploring as alternative methods of storing and 
conserving water, each of these technologies brings concomitant risks and uncertainties with 
them. 

Aquifer Storage and Recovery 

Aquifer Storage and Recovery (ASR) (Figure 2-9a) involves pumping water into the sub-
surface through deep wells for storage and then recovering the water when it is needed by ex-
tracting water from the same wells.  Plans include a large-scale ASR system in the Lake Okee-
chobee region (Figure 2-10) and smaller systems in several other locations in south Florida that 
will involve over 330 wells, assuming a capacity of 5 million gallons per day (MGD) per well, 
corresponding to a maximum annual capacity of 1.85 million acre-feet for all wells pumping si-
multaneously and continuously.  On an annual basis, these wells are anticipated to accommodate 
an average of over 500,000 acre-feet of injected water, well below the maximum annual capac-
ity.  However, the maximum estimated annual injection rates (totaling 1.66 million acre-feet ac-
cording to the SFWMD model simulation results; see Table 2-1) indicate that during very wet 
years the ASR systems will operate near 90 percent of the total annual capacity. 

Determining a total storage capacity of an ASR system for comparison with capacities of 
other storage components is complicated because, at least in theory, the total capacity is limited 
only by the available pore volume of the aquifer. However, estimates of potential capacity can be 
obtained by examining the water budget outputs of the 31 year simulations used to evaluate the 
Restoration Plan.  Based on these model simulations, almost 4,000,000 acre-feet of injected wa-
ter would remain in storage within the Lake Okeechobee ASR system at the end of 31 years. Of 
this injected water, approximately 1,500,000 acre-feet would be recoverable assuming the 30 
percent injection losses that were used for the water management model computations.  The 
simulations include a three-year period during which 1,233,600 acre-feet are recovered from the 
Lake Okeechobee ASR system while no water is added to ASR storage. Even assuming 30 per-
cent injection losses, the ASR systems together make up about three-quarters of the new stor-
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FIGURE 2-10.  Approximate location of ASR wells.  SOURCE: Information on locations of existing and 
proposed storage components from USACE and SFWMD. 

 

age capacity of the Restoration Plan.  A more extensive discussion of this technology is included 
in previous committee reports (NRC 2001a, 2002a). 
 ASR was initially explored as a storage option because it appeared to offer several advan-
tages relative to surface storage and because initial cost estimates indicated that it would be less 
expensive than constructing additional surface reservoirs (Appendix A of USACE and SFWMD, 
1999).  Because ASR does not require large amounts of land, it would not displace other activi-
ties, such as agriculture, nor would it occupy large areas of land that could become part of the 
restored footprint.  Because the water is stored underground, losses to evaporation will not de-
crease the volume of stored water, as would be the case for surface reservoirs.  In principle, be-
cause of the lack of evaporation and because the available subsurface storage zone is effectively 
unlimited in size, ASR can allow for continuous storage with opportunities to add more water 
over a number of years. 
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A disadvantage of ASR, relative to surface storage, is that it is a highly engineered stor-
age technology, with significant long-term energy requirements for injecting and recovering wa-
ter from the subsurface.  In addition, well and pump maintenance for a distributed system of 
hundreds of wells is necessary.  The water may require pre-injection or post-recovery treatment 
to meet regulatory standards or environmental requirements.  Perhaps the greatest potential dis-
advantage stems from uncertainties associated with feasibility of the technology.  In the current 
plan, the regional ASR systems have been planned using an anticipated injection rate of 5 MGD 
per well; whether this injection rate can be achieved consistently remains to be tested during pi-
lot studies.  During the initial phases of the Restudy, when cost comparisons to surface storage 
were used to select ASR, the wells were assumed to have a 10 MGD injection capacity.  If, in the 
end, the average capacity of ASR wells is 5 MGD (or less), cost comparisons to surface storage 
would likely be less favorable. 

Although ASR will not be subject to evaporative losses, it probably will not be possible 
to recover a volume equal to that injected.  Mixing of injected water with more saline ambient 
aquifer water during storage (Figure 2-9b, d) or replacement of injected water by advective 
transport of aquifer water (Figure 2-9c) could render some of the injected water inaccessible to 
recovery.  Even in the absence of significant aquifer flow, water-quality changes, induced by 
mixing with ambient brackish water or as a result of subsurface geochemical and biogeochemical 
reactions (Figure 2-9d), could limit the amount of stored water that is suitable for recovery and 
release to the ecosystem.  The Restoration Plan design assumes a recovery efficiency of 70 per-
cent (30 percent loss during injection), which may be an overestimate or underestimate. 

Land-acquisition costs for the ASR systems, estimated in the Restoration Plan at ap-
proximately $231 million, are considerably lower than the $800 million estimated for the surface 
reservoirs described previously. In contrast, estimated annual operation and maintenance costs 
for the ASR systems exceed $36 million, while those for surface reservoirs total approximately 
$25 million. Furthermore, ASR operation and maintenance costs are highly uncertain due to un-
certainties in future energy prices.  

Several pilot studies are under way (ASR Regional Study, Hillsboro and Lake Okeecho-
bee ASR Pilot projects) to address the uncertainties associated with ASR feasibility, recovery 
efficiency, and water quality changes.  The time required to conduct these pilot studies (5-10 
years) is a major constraint on sequencing of ASR within the Restoration Plan construction 
schedule.  In the original implementation schedule, completion of the Lake Okeechobee Re-
gional ASR system is not expected before 2026. The other, smaller ASR systems have scheduled 
completion dates ranging from 2017 to 2020. 

The pilot studies might confirm that ASR has the potential to provide (or exceed) the 
storage capacity assumed for this technology in the design of the Restoration Plan.  However, if 
the pilot studies indicate that ASR cannot provide the anticipated storage capacity, other sources 
of storage will likely need to be identified.  Given the uncertainties associated with this technol-
ogy, contingency planning prior to completion of the pilot studies is essential to limit further de-
lays should the pilot studies yield unfavorable results.  Recognizing this need, the USACE and 
SFWMD are working on an ASR contingency study.  

Water-Quality Considerations 

As is the case for all storage components, capture of water that currently flows to the sea 
and storing it in an ASR system would reduce damaging pulses of freshwater entering estuaries.  
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If the water can be recovered efficiently and if it is of suitable quality, the release of the stored 
water to the ecosystem during dry years would help to maintain critical water levels and flows in 
the southern Everglades.  Use of ASR as an alternative to storage in Lake Okeechobee or the 
Water Conservation Areas would reduce environmental damages associated with extreme water 
level fluctuations in the existing storage features.  

As for negative effects of ASR, a primary concern is potential damage to the ecosystem 
associated with the quality of the water recovered from ASR wells.  As noted above, the injected 
water may experience changes in chemical composition as a result of mixing or subsurface geo-
chemical and biogeochemical reactions.  Although moderate changes in such characteristics as 
pH, hardness, or salinity might have no consequence for the suitability of the recovered water for 
human water supply, ecosystems might be quite sensitive to these changes.  For example, an ex-
panding coverage of calcareous periphyton in the Everglades has been attributed to introduction 
of CaCO3-rich water via canals that are in contact with mineralized groundwater (Browder et al., 
1994).  In addition, changes in concentrations of dissolved constituents such as sulfate may in-
fluence the speciation and bioavailability of contaminants such as mercury.  

Another water-quality concern is the chemical and microbial contamination of the aquifer 
by low-quality surface water. This issue could be resolved by requiring pre-treatment of surface 
water, including disinfection, before it is pumped into the aquifer, and legal requirements regard-
ing the microbiological quality of water recharged to ground-water aquifers may necessitate this 
strategy. However, pre-treatment likely would increase the costs of ASR dramatically, and it also 
could cause other problems, including the formation of potentially toxic disinfection by-products 
from reaction of chlorine (a likely disinfectant) with natural organic matter occurring in the re-
charge water (Krasner et al., 1989). Surface waters in the areas where ASR is proposed tend to 
be high in natural organic matter, promoting the formation of disinfection by-products and also 
tending to make pre-treatment a more costly and difficult proposition.  

Degradation of water quality during storage in the aquifer as a result of reactions between 
the water and mineral solid-phases could lead to elevated concentrations of radionuclides, which 
are naturally abundant in the aquifer minerals, and possible increases in certain trace heavy met-
als. Other water-quality issues associated with ASR were discussed in greater detail in a previous 
report by this committee (NRC, 2001a).  

An additional concern is the potential that the increased pressure in the storage zone of 
the Floridan Aquifer resulting from injection could induce fracturing of the overlying Hawthorn 
confining unit, providing a pathway for brackish ambient water or the stored water to migrate 
upwards into the overlying freshwater aquifer.  Finally, the cumulative effect of a large-scale in-
jection and recovery operations could alter ambient flow in the Floridan Aquifer over a larger 
region than that covered by the ASR wells.  Changes to regional flow patterns could have conse-
quences in locations where the Floridan Aquifer contains fresh water and is used for water sup-
ply. 

The ASR Regional Study is intended to address questions related to each of these poten-
tial impacts of ASR implementation. Depending on the outcomes of this pilot study, as well as 
on issues related to regulatory compliance, pre-injection or post-injection treatment of the water 
may be required. 
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In-Ground Reservoirs 

Two in-ground reservoirs constructed in former quarries are planned for the Lake Belt 
area of Miami-Dade County. A third smaller, shallower in-ground reservoir also is planned for 
western Palm Beach County near the L-8 canal.  The following discussion focuses on the pro-
posed reservoirs in the Lake Belt, but similar construction concerns may apply to the L-8 reser-
voir as well. 

After mining companies have quarried 1.7 billion tons of limerock over a 30+ year pe-
riod, surface reservoirs extending to depths of approximately 80 feet are planned in the Lake Belt 
rock mining area of Miami-Dade County, west of the City of Miami (Figures 2-1, 2-11, 2-12).  
Two quarries with a total surface area of 9,700 acres and a total storage capacity of 280,000 acre-
feet are anticipated to accommodate inflows averaging approximately 250,000 acre-feet annu-
ally.  
 The reservoirs will occupy 9,700 acres of land in a region that is currently undeveloped 
and could, in theory, be part of the land acquired for restoration.  However, these areas are within 
a footprint for which mining companies already have requested permits to excavate, and they are 
likely to be mined whether or not the quarries are eventually converted into storage reservoirs.  
To convert the quarries at the end of active mining into reservoirs that can store water for use as 
a supply to the Everglades during dry weather periods, seepage barriers must be created to limit 
the infiltration of groundwater from the surrounding aquifer and to hold the stored water within 
the reservoirs.  (Indeed, the quarries are currently filled with water from groundwater infiltration 
during the mining period.) The technology required to create these seepage barriers at the re-
quired scale in permeable limestone has not yet been developed or tested, and hence both costs 
and feasibility associated with this storage component are uncertain.  As in the case of any sur-
face reservoir, water will be lost to evaporation from the free surface.  However, the net evapora-
tive losses will not exceed evaporative losses that would occur from standing water in a quarry 
lake of equivalent size that was filled with water that had infiltrated from the surrounding aqui-
fer.  In other words, replacing a quarry lake with a quarry reservoir will have no net effect on 
evaporative losses from the system as a whole. 
 Timing of construction of the Lake Belt reservoirs is constrained by a number of factors.  
First, the pilot studies to assess costs and feasibility of technologies for creating seepage barriers 
must be completed, and in turn, these require completion of excavation at the quarries to be used 
in the pilot studies.  The pilot-project management plan indicates that the pilot project will not be 
completed until after 2010 (USACE and SFWMD, 2002b).  Following selection of final sites and 
sizes of the reservoirs, mining activities may take a decade or more before the quarries will be 
available for water storage, resulting in an estimated date of 2036 for completion of the final 
phases of construction. There also are questions about whether the selected seepage technology 
will be able to withstand blasting occurring in nearby, active quarries (USACE and SFWMD, 
2002b).  If the technology is sensitive to blasting effects, construction could be further delayed 
until mining is completed at other quarries in the vicinity.  
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FIGURE 2-11.  Approximate location of Lake Belt storage.  SOURCE: Information on locations of existing 
and proposed storage components from USACE and SFWMD. 

 

 Although development of the Lake Belt reservoirs involves loss of wetland or other habi-
tat in an area adjacent to the restoration footprint, this land likely would be lost to the restoration 
in any case (based on current land-use plans for the Lake Belt region).  While the reservoirs will 
not displace agricultural activities or urban development, the estimated land costs totaling over 
$255 million provided in the plan suggest that land costs per acre for these reservoirs will exceed 
those for the conventional reservoirs in the Kissimmee Basin and the EAA. In addition, construc-
tion costs associated with creating the seepage barriers will be high. The estimated construction 
costs of $783 million far exceed the total construction costs for the conventional surface-water 
reservoirs.  Depending on the long-term integrity of the seepage barriers, there may be additional 
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maintenance and repair costs to consider as well.  Operational costs in terms of pumping and dis-
tribution should be similar to those of other surface reservoirs. 

Water-Quality Considerations 

 Water quality of the stormwater runoff used to supply Lake Belt reservoirs will depend 
on land uses in the drainage areas from which the runoff is derived. The Northern Lake Belt res-
ervoir will receive local basin runoff and, ultimately, some water recovered from WCA 3A/3B 
seepage-management efforts.  The Central Lake Belt reservoirs are intended to store excess wa-
ter from WCAs 2 and 3, routed to the reservoirs via improved L-37 and L-33 borrow canals.  
Most local basins likely will be in urban/suburban land use, but some lands used for intensive 
agriculture also may contribute runoff.  Consequently, some water supplying these reservoirs is 
likely to be contaminated with constituents usually associated with these land uses: elevated nu-
trients (nitrogen and phosphorus) and oxygen-demanding biodegradable natural organic matter; 
suspended solids; potentially pathogenic microorganisms of animal and possibly human origin; a 
variety of heavy metals, including zinc, cadmium, and lead; and low levels of a wide variety of 
synthetic organic contaminants (e.g., herbicides, pesticides, and polycyclic aromatic hydrocar-
bons) used on urban landscapes or formed in urban environments. 

Certain characteristics of the reservoirs may lead to improvements in the quality of the 
water stored there for extended periods. The morphometry of the reservoirs—steeply sloping 
sides, small littoral zones, and large mean and maximum depths—should promote settling of 
suspended material and minimize resuspension of bottom sediments by wind-induced mixing. If 
annual nutrient loading rates are not too high and water residence times are fairly long, nutrients 
will be assimilated by algae and conveyed to the bottom by natural settling processes, such that 
the reservoirs may have moderately high water clarity and relatively low chlorophyll levels, 
making them suitable for certain kinds of aquatic-based recreational activities.  

On the other hand, reservoir morphometry also is likely to promote strong thermal strati-
fication in the water column that may persist for long periods (possibly several years). This will 
lead to highly anoxic conditions in the stagnant hypolimnion (cooler bottom layer of water), 
which is likely to comprise a large fraction of the total volume of Lake Belt reservoirs, and to the 
build-up of undesirable constituents, including sulfide, ammonia, methane, dissolved iron, and 
manganese. This will cause a large fraction of the stored water to be unsuitable for municipal 
water supply—or at least render it much more difficult and expensive to treat. In addition, such 
water would violate state water-quality standards for direct release into surface drainage canals 
in the Everglades drainage network, although it could be made to meet state standards by treat-
ment involving aeration before release. Alternatively, it may be desirable to maintain oxygenated 
conditions throughout the water column of Lake Belt reservoirs by installing aeration devices in 
the reservoirs. Although such devices are technically feasible, they would be costly to operate 
and maintain, given the size and depths of the reservoirs (and the volumes of water that would 
need to be aerated).  
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FIGURE 2-12. Map showing the location of the proposed Central and North Lake Belt Storage Areas, L-
31N Seepage Management, and the West Miami-Dade Wastewater Reuse Facility. Water Conservation 
Areas 3A and 3B Levee Seepage Management would be located just north of this map and the proposed 
reuse facility associated with the Miami-Dade South Wastewater Treatment Plant about 15 miles to the 
south.   
SOURCE: Available online at http://sflwww.er.usgs.gov/publications/ofr/02-325/introduction.html. 

North Lake Belt Storage Area 
 
A 4,500 acre in-ground reservoir with 
subterranean seepage barrier around the 
perimeter within an area proposed for 
rockmining.  It would supply water to the 
canal system in northern Miami-Dade 
County to maintain the water levels in the 
canals, reduce water deliveries from the 
Water Conservation Areas and Lake Okee-
chobee, and provide additional flood protec-
tion.  Additional stormwater treatment areas 
are also being considered.  
 

Central Lake Belt Storage 
Area 
 
A 5,200 acre reservoir with a subter-
ranean seepage barrier around the 
perimeter in an area proposed for 
rockmining.  A combined above 
ground and in ground reservoir is 
proposed.  It would store excess 
water from WCA 2 and 3 to provide 
environmental water supply deliver-
ies to Northeast Shark River Slough, 
WCA 3B, and Biscayne Bay.  Addi-
tional stormwater treatment areas 
are also being considered.   

Dade-Broward Levee-
Pennusco Wetlands 
 
Enhancement of the existing levee to 
reduce seepage to the east from 
Pennusco wetlands and WCA 3B, 
enhance hydroperiods within the 
Pennusco wetlands, and enhance 
recharge to the Northwest Wellfield.  
 

Bird Drive Recharge Area 
 
A 2,877 acre above ground recharge 
facility that would provide peak flood 
attenuation for the western Tamiami 
Canal Basin, enhance groundwater 
recharge and reduce seepage from 
Everglades National Park buffer areas 
by increasing water levels east of 
Krome Ave. 

L-31N Seepage  
Management 
 
This would provide the ability to 
seasonally manage groundwater 
seepage from Everglades National 
Park, protect water levels in Ever-
glades National Park, and maintain 
necessary groundwater flows to 
coastal Miami-Dade County. 

West Miami-Dade 
Reuse 
 
A proposed  waste water reuse 
facility to provide additional 
groundwater recharge to the 
Bird Drive Recharge Area for 
the west wellfield, reduce water 
deliveries from the Water 
Conservation Areas and Lake 
Okeechobee and provide flow 
to the South Dade conveyance 
systems and Northeast Shark 
River Slough. 

Tamiami Trail 
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The major ion composition of the lakes also could be an issue. Constructed in a limestone 
stratum, the lakes will have hard water (high in calcium, magnesium and bicarbonate alkalinity). 
Although these constituents are desirable from many perspectives, they have the potential to sub-
stantially increase the hardness and ionic strength of water flowing through the southern Ever-
glades, a system driven primarily by rainfall chemistry and thus historically a soft-water envi-
ronment. The flora and possibly associated fauna of this part of the Everglades are adapted to 
soft water, and major shifts in plant community composition could result from use of the Lake 
Belt to supplement water flows to the Everglades during periods of low rainfall. 

Finally, water-quality concerns regarding the Lake Belt reservoirs include the potential 
for contamination of the shallow Biscayne Aquifer, which is used for drinking-water supply.  
This potential depends on the source and level of pre-storage treatment applied to water that will 
be added to the reservoirs, as well as on the hydraulic connection that remains between the reser-
voirs and the aquifer once seepage barriers have been constructed.  The Lake Belt Pilot Project 
includes a water-quality evaluation to address these concerns. 
 Changes in the groundwater flow field associated with reservoir construction and opera-
tion could also affect operations at municipal well-fields near the Lake Belt. The pilot project 
includes a regional hydrologic evaluation to evaluate these potential impacts. 

 

Seepage Management 

Differences in hydraulic head across levees that bound the Water Conservation Areas and 
Everglades National Park result in significant seepage losses to the east, toward the coast through 
adjacent canals.  For the overall Everglades system, the Governor’s Commission for a Sustain-
able South Florida (1997) estimated seepage losses at over one million acre-feet per year, a sig-
nificant amount in relation to other components of the Restoration Plan.  Seepage management 
reduces the losses or recovers this water and returns it to the Everglades as a water conservation 
measure.  Two locations are planned for this Restoration Plan component: 

 
• Everglades National Park Seepage Management.  The purpose of this project (Figure 
2-12) is to improve water deliveries to Northeast Shark River Slough and restore wetland 
hydropatterns in Everglades National Park by reducing levee and groundwater seepage 
and increasing sheet flow. This will be accomplished by a levee cutoff wall along levee 
L-31N, south of the Tamiami Trail, which reduces groundwater flows during the wet sea-
son and by capturing the groundwater with a series of wells adjacent to L-31N, then 
back-pumping those flows to Everglades National Park. This project is expected to con-
serve about 162,000 acre feet annually (J. Obeysekera, SFWMD, written communication, 
May 2004).  This conserved volume, and the value for WCA 3A/3B below, is estimated 
from modeling the difference between seepage at these sites without the Restoration Plan 
(2050 Base) and with it (D13R).  
• Water Conservation Areas 3A and 3B Levee Seepage Management.  The goal of this 
project is to reduce seepage loss from these WCAs in order to improve hydroperiods 
within the Conservation Areas by allowing higher water levels in the borrow canals and 
longer inundation within the marsh areas that are located east of the WCAs and west of 
US Highway 27. New levees will be constructed west of US Highway 27 from the North 
New River Canal to the Miami (C-6) Canal to separate seepage water from the urban 
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runoff in the C-11 diversion canal. Higher-quality seepage from the WCAs and marshes 
will be collected and returned to the Water Conservation Areas via features associated 
with the C-11 Impoundment project or stored in either the C-9 or C-11 Impoundment.  
Collected seepage water will further be transported by canal to the Central Lake Belt, for 
distribution to Everglades National Park (S. Applebaum, personal communication, Janu-
ary 2005). The Western C-11 Diversion Impoundment and Canal will capture lower-
quality water from urban runoff and agricultural areas that is presently back-pumped into 
WCA 3A through the S-9 pump station and discharge it either into the North Lake Belt 
Storage Area (once it is on line), C-9 Impoundment, or WCA 3A after treatment (USACE 
and SFWMD, 1999, p. 9-19).  This project is expected to conserve about 129,000 ac-ft 
annually (J. Obeysekera, SFWMD, written communication, May 2004).  The S-9 pump 
station will also be used to divert excess water above WCA 3A/3B target depths to the 
Central Lake Belt Storage Area or Shark River Slough via the improved L-37 or L-33 
borrow canals, respectively.   
 
At the L-31N site, a pilot project will evaluate technologies to reduce levee seepage flow 

across L-31N adjacent to ENP via a levee cutoff wall (vertical subsurface barrier with a confin-
ing layer at its base) and to reduce groundwater flows during the wet season by capturing the 
groundwater with a series of wells adjacent to L-31N, then back-pumping those flows to ENP 
through the S-356 pump station (to be replaced by two new stations: S-356A and S-356B).  
Other technologies may also be explored, such as those reviewed and described in the Technical 
Advisory Report on Seepage Management (Governor’s Commission for a Sustainable South 
Florida, 1997).   

Uncertainties about these techniques are similar to those for creation of barriers to flow 
for the Lake Belt quarries.  The L-31N pilot project is expected to contribute to a refined design 
and better understanding of construction technologies upon its completion.  This activity is espe-
cially important given the 100 percent effectiveness (recovery of seepage) assumed for this Res-
toration Plan component (USACE and SFWMD, 1999). The final seepage-management strate-
gies developed must not only reduce the loss of water from the Everglades but also prevent sig-
nificant downstream impacts to water supplies, flood control, and wetland and estuarine systems.   
 There is some urgency to initiate these projects because both are on the boundaries of the 
natural system, and adjacent land is threatened by urbanization.  Using  the November 2004 
Draft Master Implementation Sequencing Plan (MISP, http://www.evergladesplan.org/ 
pm/misp.cfm#docs) for estimates of “streamlined” completion dates and Figure M-1 from 
SFWMD and USACE (1999) for estimates of construction duration, the WCA 3A/3B project is 
scheduled to be completed in 2008 after about four years of construction, the Everglades Na-
tional Park seepage-management project is scheduled to be completed in 2009 after about  four 
years of construction, and the L-31N pilot project is scheduled to be completed in 2008 after 
about one year of construction (to which will be added an additional year of monitoring).  Set-
backs could occur if the cutoff wall technologies are unable to stem the loss of water through the 
levees.   
 The anticipated cost for the L-31N pilot project is about $10 million (USACE and 
SFWMD, 2002a).  The overall Everglades National Park seepage-management project will be 
constructed in conjunction with modifications to structure S-356, for an overall construction cost 
of about $90 million.  Similarly, the WCA 3A/3B seepage-management project will be con-
structed in conjunction with the canal C-11 diversion impoundment, for an overall projected con-
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struction cost of about $58 million. Even though the SFWMD owns the levees themselves, total 
land requirements for the Everglades National Park and WCA 3A/3B projects are 3,900 acres 
and 5,887 acres, respectively, corresponding to estimated real-estate costs of $95 million and 
$168 million (Tables 9-1 and 9-2, USACE and SFWMD, 1999). (The current web site, 8/27/04, 
for the WCA 3A/3B project lowers the land requirement to 4,323 acres, with 2,970 acres cur-
rently acquired.)  The L-31N Pilot Project will be constructed entirely on public land and not re-
quire any land acquisition. 
 The Everglades National Park seepage-management project involves back-pumping of 
recovered water into the park itself.  Hence, there will be continuing operation and maintenance 
costs associated with this option compared to installation of the seepage barrier itself, which will 
be a one-time capital cost.  The selection of seepage-management technology will include an 
evaluation of the trade-offs between higher capital costs (e.g., slurry walls, grout curtains) and 
higher operation and maintenance costs (e.g., back-pumping). Annual operation and maintenance 
costs estimated in the plan for this component approach $5 million. 

Environmental Considerations 

The proposed technologies to control seepage may have unintended consequences that 
must be investigated before full-scale implementation of the proposed project features; hence, 
the Everglades National Park project includes the L-31N pilot project intended to investigate 
seepage-management technologies.  Possible unintended consequences to be investigated as part 
of this pilot project include negative impacts on the Miami-Dade West Well Field located just 
east of the project site; reduction of freshwater flows toward Biscayne Bay; and the potential to 
attract contaminated agricultural runoff due to the pumping component.    

Furthermore, this project includes relocation of the Modified Water Deliveries structure 
S-357 to provide more effective water deliveries to Everglades National Park. New discharges to 
Everglades National Park must be designed to meet applicable water-quality criteria.  The Ever-
glades National Park project is also dependent upon modification to S-356 structures to provide 
more effective water deliveries to the Park. 

Water Reuse and Conservation 

Treated wastewater from the Miami-Dade South Wastewater Treatment Plant currently is 
pumped over 2,000 ft deep into the “boulder zone” of the Floridan Aquifer. The Wastewater Re-
use Technology Pilot Project for West and South Miami-Dade envisions two wastewater reuse 
facilities to increase the quantity of water available for ecological restoration.  One facility would 
be associated with the existing Miami-Dade South treatment facility at the southern end of Bis-
cayne Bay, and the other would be associated with a proposed wastewater treatment plant in the 
west Miami-Dade area near Bird Drive (Figure 2-12).  Ultimately, reclaimed wastewater from 
the two plants is anticipated to provide an average of 230 MGD (258,000 ac-ft/yr) and maximum 
of 231 MGD (259,000 ac-ft/yr) (USACE and SFWMD, 1999, pp. 9-23 and 9-24; M. Irizarry, 
SFWMD, personal communication, November 2004) for restoration.  The 131 MGD (147,000 
ac-ft/yr) South Miami-Dade reclaimed wastewaters will be used primarily to augment freshwater 
flows to south Biscayne Bay that might otherwise be lost through restoration efforts closer to and 
within the Everglades.  South Miami-Dade reclaimed flows are estimated to be 74,000 ac-ft/yr 
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directed south toward C-102 and 73,000 ac-ft/yr directed north to C-100 (USACE and SFWMD, 
1999, p. A4-43).  The 100 MGD (112,000 ac-ft/yr) West Miami-Dade reclaimed wastewaters 
will be used to elevate water levels in the Bird Drive Basin and thus reduce seepage losses from 
Everglades National Park buffer areas and enhance water supply for groundwater recharge, 
South Dade conveyance system demands, and northeast Shark River Slough demands.   

Other conservation efforts applied to water use (e.g., reduction of per capita potable water 
requirements) have not been factored into the plan explicitly.  Rather, different future potable 
water-use requirements in 2050 range from 1,200 to 1,450 MGD (1.344 million to 1.769 million 
ac-ft/yr) reflecting greater or lesser conservation practices.  These estimates are reflected in the 
background planning for the Restoration Plan (USACE and SFWMD, 1999). Overall, water con-
servation is expected to yield about 63 MGD or about 71,000 ac-ft/yr (J. Obeysekera, SFWMD, 
personal communication, May 2004).  

Although the Restoration Plan anticipated that the reused water would be treated to a 
level needed to sustain estuarine and wetland biological communities in the Bay area, the tech-
nology that will be required to effect this treatment and the associated costs are not well estab-
lished.  The Technology Pilot Project at the existing South Miami-Dade treatment plant is de-
signed to address these issues.  The plan anticipates adding a pretreatment and membrane treat-
ment system to the existing secondary treatment facility (CDM, 2004).  The plant will have a ca-
pacity of 131 MGD. It is anticipated that phosphorus will be the primary constituent of concern 
in the reclaimed water. Therefore, the treatment will be designed to remove total phosphorus to 
acceptable levels.  Evaluating whether this system will perform as anticipated is another reason 
for the Pilot Project.  The dual-membrane technology to be used is relatively new (NRC, 1998), 
and although it has been applied at several locations (del Pino and Durham, 1999), performance 
and costs are uncertain.   

The West Miami-Dade Wastewater Treatment Plant has not yet been constructed.  Dis-
charge of reclaimed water from this plant is planned for the Bird Drive Basin in western Miami-
Dade County, east of Krome Avenue.  In addition to the Miami-Dade facilities, the City of West 
Palm Beach is constructing a pilot facility to treat wastewater from the East Central Regional 
Wastewater Treatment Facility using advanced wastewater-treatment processes to remove nitro-
gen and phosphorus. After treatment, the wastewater will be used to restore 1500 acres of wet-
lands and to recharge wetlands surrounding West Palm Beach’s well field, as well as to recharge 
a nearby residential lake system. Results of this study will be used to evaluate the similar plan for 
distribution of reclaimed waters from the planned West Miami-Dade Plant.  The assumption is 
that conditions will be similar at the two locations.  

Advanced waste treatment is expensive both in capital costs and in operation and mainte-
nance costs.  Depending on the treatment technology used, anticipated capital and annual opera-
tion and maintenance costs are about $800 million and $84 million/year, respectively (Table 2-1; 
USACE and SFWMD [1999] Tables 9-2 and 9-3), making this one of the costlier components of 
the Restoration Plan.  Indeed, costs for the 1 MGD South Miami-Dade pilot plant are estimated 
at about $8.9 million capital costs and $645,000/year O&M costs for the membrane technology 
that meets the low required effluent levels (described below) (CDM, 2004).  Costs could increase 
or decrease by the 2013 target for completion of the pilot project, including four years of assess-
ment (USACE and SFWMD, 2003).  Decreasing costs are possible as a result of improvements 
in membrane and related technologies that may occur in the intervening decades before imple-
mentation of this Restoration Plan component (NRC, 2004c).  However, large cost reductions 
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(i.e., >50 percent by 2020) will not likely be achieved through incremental improvements in ex-
isting technologies, but will require novel technologies.  

The South Miami-Dade reclamation plan must wait on the outcome of its pilot project in 
2013, and the West Miami-Dade plan must wait on the outcome of the West Palm Beach Pilot 
Project.  In essence, the wastewater reclamation scheme already is a contingency plan, inasmuch 
as it will be implemented only in the likely event that more economical sources of water are not 
discovered during the courses of the pilot projects. 

Water-Quality Considerations 

Biscayne Bay was designated a priority water body by the Florida Legislature pursuant to 
the Surface Water Management and Improvement Act of 1987.  The area south of Biscayne Na-
tional Park is included in the Florida Keys National Marine Sanctuary. Waters of Biscayne Bay 
Aquatic Preserve and Biscayne National Park are classified as Outstanding Florida Waters 
(OFWs), and as such are subject to the most stringent regulations, including Florida anti-
degradation standards, which prohibit permitted discharges that will degrade ambient water qual-
ity.  Because reclaimed water from the South Miami-Dade Waste Water Treatment Plant is con-
sidered “new” water (as opposed to surface runoff that might be diverted toward the bay), the 
plant discharge must meet the most stringent OFW criteria for the bay, even though plant dis-
charge will reach the bay via discharge to the adjacent brackish wetlands, which are classified as 
State of Florida Class III waters.  Because of these stringent regulations, the quality of reclaimed 
wastewater from the South Miami-Dade Plant is likely to substantially exceed the quality of am-
bient waters in the coastal marshes.  The standards are compared in Table 2-4 (CDM, 2004) from 
which it is clear that the total nitrogen and total phosphorus standards for the Biscayne Bay OFW 
necessitate a very high level of treatment for the South Miami-Dade Waste Water Treatment 
Plant.   

This highly conservative approach regarding effluent quality will result in correspond-
ingly high treatment costs.  In the recent study by Camp Dresser & McKee (2004), reverse-
osmosis membrane technology was the only one sufficient to meet the rigorous total nitrogen and 
total phosphorus OFW criteria.  Capital costs for this scheme—for the 1 MGD pilot plant project 
—are estimated by CDM at $8.9/gallon; in contrast, 1993 capital costs for most wastewater rec-
lamation were much less, in the range of $200-1,500 per acre-foot or about $0.00061-0.0046/gal 
(NRC, 1993), because of the much-less stringent water-quality requirements.  High costs are rec-
ognized in the Restoration Plan, with the caveat that costly reclamation will be used only if 
“…other, more appropriate sources are not available…” (USACE and SFWMD, 1999).  “Other 
sources” might consist of surface drainage that could be diverted toward Biscayne Bay that 
would not have to meet the OFW criteria, only the Class III criteria for the coastal wetlands.  But 
if the reclaimed wastewater from the South Miami-Dade Waste Water Treatment Plant is not 
used to supply fresh water to Biscayne Bay, the (lower) cost of reclamation will not be funded by 
the Restoration Plan, creating other financial issues.    

It is difficult to foresee a south Florida future in which the non-saline wastewater from a 
population of millions will not be required for at least a part of the water-supply needs of the re-
gion.  Consideration should be given to revisiting or possibly appealing the decision to require 
the stringent total nitrogen and total phosphorus effluent standards for reclaimed wastewater that 
will first pass through brackish coastal wetlands before entering Biscayne Bay, in order to ensure 
the most responsible expenditure of Restoration Plan funds for wastewater reuse.  
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TABLE 2-4  Comparison of Water Quality Criteria for South Miami-Dade WWTP 

Variable 
Raw 

Wastewater 

1999-2004 
SMDWWTPa 

Effluent Reuseb Class IIIc Biscayne Bay OFW 
Total Suspended Solids, mg/L 110 9.06  5 3.5 
Biological Oxygen Demand 5, 
mg/L 

110  5 5 12 

Total Nitrogen, mg/L 40 18.4  3 0.27 
Total Phosphorus, mg/L  1.09  1 0.005 
Fecal Coliform, no./100 mL  55,385 2.2 2.2 2.2 
a South Miami-Dade Waste Water Treatment Plant 
b State of Florida standards for reuse of reclaimed water and land application (Chapter 62-610, FAC): meet at a minimum secondary 
treatment and the requirements for public access irrigation with a TSS concentration of 5.0 mg/L or less, and high level of disinfec-
tion.  
c Chapter 62-611 FAC.  
All values taken from CDM (2004). 

 

SUMMARY AND COMPARISON 

 The conventional reservoirs, ASR systems, in-ground reservoirs, and stormwater treat-
ment areas included in the Restoration Plan will provide a total of approximately 5.5 billion acre-
feet of new storage, of which approximately 4 billion acre-feet can be attributed to ASR systems 
(assuming 30% injection loss).  Values listed in Table 2-1 can be used to compare major storage 
features in terms of storage capacity, costs, and land requirements. The main storage components 
can also be compared on the basis of sequencing, potential water quality impacts, and the degree 
to which the technology is proven and requires active operation (Table 2-5).  Of the new storage 
that will be created by the Restoration Plan, conventional storage reservoirs have clear advan-
tages of using proven technology and of requiring less active operation than water reuse or ASR.   

Overall, the sequencing of storage components makes sense considering questions related 
to engineering feasibility.  The storage components that rely on proven technology, namely the 
surface reservoirs, are slated to be completed considerably earlier than those that require pilot 
projects, i.e., the ASR systems, the in-ground reservoirs, and seepage management using subsur-
face permeability barriers.  In addition, most of the novel technologies are associated with poten-
tial water-quality impacts, which must be carefully evaluated prior to construction.  However, 
because these latter components make up approximately 80 percent of the new storage provided 
by the Restoration Plan, the long lead time required for their evaluation and  
construction is a major constraint on the availability of water that could provide earlier environ-
mental benefits.   

Although Table 2-1 provides information on costs for each component, more informative 
cost comparisons might be those that include consideration of the water-storage benefits pro-
vided by the components.  Several such comparisons are shown in Figure 2-13, 2-14, and 2-15.  
These figures are only illustrative of the kinds of comparisons that can be made; not all projects 
in each storage category were used due to incomplete information on costs, and results would 
vary somewhat with a more complete data set.  In Figure 2-13, construction and land acquisition 
costs are normalized by average annual outflows during the 31-year simulation period for each 
type of component.  This comparison indicates that ASR systems are the most costly to site and  
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TABLE 2-5 Comparison of Selected Storage Components in Terms of Sequencing, Water Quality and 
Technology Characteristics 

STORAGE COMPONENT 
Construction 

Complete 

Water 
Quality 
Impacts 

Proven 
Technology? 

Passive/Active 
Operation 

Lake Okeechobee   YES Intermediate 
Water Conservation Areas   YES Relatively      

passive 
     
Conventional Surface Reservoirs   YES Intermediate 
North Storage Reservoir (Kissimmee) 2013 +   
EAA Reservoirs 2014 -   
Upper East Coast Reservoirs+STAs+natural storage 2010 +   

     
ASRs  - NO Very Active 
Lake Okeechobee ASR 2026     
C43 Basin 2018     
C51 ASR (North Palm Beach II) 2020     
West Palm Beach ASR (N Palm Beach II, L-8 ASR) 2020    
Central Palm Beach Reservoir  ASR 2019     
Site 1 Impoundment  ASR (Hillsboro) 2017    

     
Lake Belt Reservoirs  0 NO Intermediate 
North Lake Belt 2036    
Central Lake Belt 2036    

     
Seepage Management   NO  
WCA3A/3B Levee Seepage Mgmt 2008 +  Intermediate 

(some back-
pumping) 

C11 Reservoir (part of 3A/3B seepage)    
L31-N Seepage Mgmt  2013         0  Passive 

     
Water Reuse  + YES Very Active 
West Miami-Dade Water Reuse      
South Miami-Dade Water Reuse     
Note:  Water quality impact key: + likely no negative impact, 0 unknown, - unresolved concern. 
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construct.  A similar normalization of operation and maintenance costs, illustrated in Figure 2-
14, indicates that waste-water reuse incurs the highest annual costs, followed by ASRs. 

While ASR systems are the most expensive to site and build when compared on the basis 
of average annual outflow, they are probably the least expensive when compared on the basis of 
the maximum storage they can provide in a year, based on dividing the land and construction 
costs by the maximum difference between inflows and outflows in any year of the D13R simula-
tions. This comparison is illustrated in Figure 2-15. 

The issue of providing ecological benefits as soon as possible has not been considered in 
the committee’s analyses in this chapter.  Some approaches to considering that important matter 
are discussed in the following chapters. 
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FIGURE 2-13. Construction plus land costs in 1999 dollars normalized by average annual acre-foot of 
outflow.  Data taken from Table 2-1.  The analyses represented in Figures 2-13, 2-14, and 2-15 are illus-
trative only.  A fuller economic analysis might discount expenditures based on timing of costs and bene-
fits, convert all costs (i.e., capital and O&M) to present value, and account for uncertainty.  Conventional 
surface reservoirs are North Storage (Kissimmee) and EAA reservoirs only.  ASRs represent C-51 (North 
Palm Beach II) and Lake Okeechobee ASR only.  The graphs shown in Figures 2-13, 2-14, and 2-15 
would change somewhat with more complete cost information. 
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FIGURE 2-14. Operation and maintenance costs in 1999 dollars normalized by average annual acre-foot 
of outflow.  Data taken from Table 2-1. 
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FIGURE 2-15. Construction plus land costs in 1999 dollars normalized by maximum annual change in 
storage.  Data taken from Table 2-1. 
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3 

Cross-Cutting Issues 
 

The previous chapter described the major storage components individually and offered 
some general comparisons among them. This chapter discusses cross-cutting issues related to 
implementation of storage components, considering lessons of other large restoration projects 
and principles of restoration ecology (e.g., NRC, 1992, 2001b; Science Sub-Group, 1993).  The 
general considerations used in the following evaluations included sequencing of projects and the 
factors that should influence sequencing, ecological uncertainties associated with the interven-
tions and with natural ecological processes, contingency planning, adaptive management, and the 
effectiveness of natural versus engineered processes.  These considerations, and their application 
to the Restoration Plan, are discussed below.   

 
 

SEQUENCING 
 
As described in Chapter 1, the Restoration Plan involves large-scale hydrologic re-

engineering for much of the Greater Everglades Ecosystem, and it consists of many individual 
projects, which are described in Chapter 2.  In addition, other crucial projects are related to the 
Restoration Plan, such as Modified Water Deliveries to Everglades National Park. With so many 
components and so many constraints on this ambitious project, the way that the components are 
ordered in space, and especially in time, can profoundly affect the outcomes of the project.   

The project’s overall plan imposes some constraints on sequencing of its components, as 
is true, of course, for any construction project.  The committee judged two criteria to be most 
important in deciding how to sequence components of a major construction or engineering pro-
ject (the Restoration Plan): 1) protect against habitat loss and 2) provide ecological benefits as 
early as possible.    

Protect Against Additional Habitat Loss 

The first criterion is that the sequencing should protect the project against any damaging 
changes in external or environmental conditions, especially of ecologically valuable habitat and 
habitat that is potentially of ecological value, which would adversely affect the project’s comple-
tion and that could not be reversed if they occurred.  In the case of the Everglades Restoration 
Plan, the most striking such environmental change would be the loss or irreversible alteration of 
land-surface required to implement the plan.  The population of south Florida’s lower East Coast 
is projected to swell from 4.8 million in 1998 to 6.6 million in 2020 (Kranzer, 2003).  If present 
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patterns of development continue, development will consume 311,000 acres in the five south-
eastern counties between 1995 and 2020 (Burchell et al., 1999).  The most urgent and overriding 
sequencing criterion should be to protect from irreversible development all land that is or poten-
tially could be included in the Restoration Plan.  This kind of protection can be achieved by ac-
quisition of the land, by obtaining easements, by zoning restrictions, or other methods.  In the 
Restoration Plan, the primary method to be used is acquisition.  A large amount has been spent 
on acquisition (Table 3-1), which reflects a recognition of the importance of protecting land for 
use in the restoration.   

The acquisitions listed in Table 3-1 began in 1991.  Before then, Florida had various 
land-acquisition programs that operated in the region, including the Central and South Florida 
Project, Environmentally Endangered Lands, Save Our Rivers, and Save Our Everglades.  Pre-
1991-acquisitions date as far back as 1948 (Water Conservation Areas 1, 2, and 3).  The 1991 
and subsequent acquisitions reflect the startup of the 10-year Preservation 2000 program ($300 
million per year statewide) and its successor Florida Forever program (another 10 years).  In ad-
dition to those projects, since 1996, Florida agencies have acquired lands using grants from $200 
million provided by the Federal Agriculture Improvement Act of 1996 (the Farm Bill) and $151 
million from the Land and Water Conservation Fund (GAO, 2000).  For the past several years, 
the governor and the legislature have pledged to budget $100 million per year for Everglades res-
toration land purchases.  The additional funds for land acquisition (in excess of $100 million) are 
significant; the average spent yearly from 1999 to 2004 is $128.9 million. 

As of June 30, 2004, the estimated amount of land needed for the proposed projects in the 
Everglades restoration is 405,322 acres, with 206,109 acres (51%) already in SFWMD, state, or 
local-government ownership (LATT 2004).  The figures in Table 3-1 reflect the slightly lower 
estimates of land needed in the 1999 Yellow Book, with land acquired as of March 2004.   

Despite the large amount of money devoted to land acquisition each year, and the large 
amount of land already acquired, the land remaining to be acquired is so extensive that the plan 
for land acquisition extends over more than two decades, during which time irreversible devel-
opment of some land not yet protected is likely and an increase in the price of land is almost cer-
tain.  To the degree that the land-acquisition part of the Restoration Plan departs from immediate 
acquisition or protection of all the land in the plan, the outcome of the Restoration Plan risks be-
ing compromised.  Indeed some land within the footprint of the Restoration Plan already has 
been lost to uses incompatible with the plan, and further losses are occurring.  Land adjacent to 
or in the CERP footprint and that has a pending application for an environmental resource permit 
currently is high on the acquisition priority list.  Environmental resource permits are required by 
the SFWMD for activities that could affect wetlands, alter surface flows, or contribute to water 
pollution.  The owners of that land include religious institutions; small businesses; large corpora-
tions, including real-estate development; federal and state agencies, and individuals.  Land use 
and application information for those permits is available at http://www.sfwmd.gov/org/reg/rim/ 
cerp/sheet1_1.html.   
 
 

Provide Ecological Benefits as Early as Possible 
 
 As the restoration of the Everglades begins, reductions in distributions of some native 
species and loss of habitats distinctive of the Everglades continue.  There is high potential for 
these losses to be irreversible.  In addition, invasive species continue to increase in number and 

http://www.nap.edu/11215


Re-Engineering Water Storage in the Everglades: Risks and Opportunities

Copyright National Academy of Sciences. All rights reserved.

64 Re-Engineering Water Storage in the Everglades:  Risks and Opportunities 

 

 

distribution in the Everglades, despite efforts to eliminate some of them.  As the ridge-and-
slough and tree-island landscapes continue to deteriorate, Everglades landscapes become increas-
ingly homogeneous. Communities of marl prairies and periphyton mats continue to diminish in 
areal coverage, and nutrient loading continues to be above historic levels.  These factors and the 
great uncertainty associated with implementation of the Restoration Plan and ecological restora-
tion goals all argue for increased emphasis on achieving near-term ecological results in the proc-
ess.  One example of this would be providing more natural flows (in terms of seasonal timing, 
volume, and flow velocity) to Everglades National Park.  Doing so might not require large-scale  
 
 

TABLE 3-1  South Florida Water Management District Land Acquisition* for CERP 

SFWMD Fiscal Year 
Acres Purchased  
for CERP Lands 

Dollars Spent for 
CERP Lands 

Average Price Per Acre 
for CERP Lands 

SFWMD FY04  - Projected 12,411 $123,280,005 $9,933 
SFWMD FY03 11,116 $215,090,573 $19,350 
SFWMD FY02 15,851 $147,303,278 $9,293 
SFWMD FY01 13,922 $82,992,095 $5,961 
SFWMD FY00 4,475 $48,379,665 $10,811 
SFWMD FY99 57,145 $156,262,777 $2,734 
SFWMD FY98 2,627 $5,762,600 $2,194 
SFWMD FY97 5,086 $31,201,884 $6,135 
SFWMD FY96 2,154 $19,766,055 $9,176 
SFWMD FY95 29 $318,650 $10,988 
SFWMD FY94 3,686 $5,740,026 $1,557 
SFWMD FY93 1,429 $20,111,079 $14,074 
SFWMD FY92 73 $1,315,800 $18,025 
SFWMD FY91 1,420 $19,571,730 $13,783 
SFWMD before 
10/01/1991§ 

23,639 $9,803,764 $415 

    
Miami-Dade Biscayne Bay 
Coastal Wetlands 

2,397 $2,253,265 $940 

DEP - Southern Golden 
Gates Estates 

50,807 $89,584,311 $1,763 

    
TOTALS 208,267 $978,737,557 $4,699 
    
    
Total CERP Project  
Boundary Acres 

402,479  Source CERPMaster 
31-Mar-04 

Total Estimated Cost  $2,304,097,501 Source CERPMaster 
31-Mar-04 

*Except for FY04, estimates as of 24-Feb-02, will change as individual project boundaries are modified during planning and 
implementation. 
SFWMD fiscal year is 1-Oct to 31-Sep. 

§Includes lands acquired by or deeded to SFWMD starting in 1948, e.g. from the Central and South Florida Project. 
 
SOURCE:  Data provided by South Florida Water Management District.  These totals do not include other land-acquisition 
programs described in the text. 
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changes in sequencing; instead, incremental changes could add up to be significant.  As noted in 
Chapter 2, novel storage techniques requiring long-term pilot studies make up approximately 80 
percent of the new storage provided by the Restoration Plan.  That degree of reliance on novel 
techniques places major constraints on the ability of the Restoration Plan to provide early eco-
logical benefits.  Interim measures, such as modified operating rules for flows into and out of 
Lake Okeechobee and the WCAs, or construction of additional conventional surface reservoirs, 
might be necessary in the near term to reduce or mitigate the loss of animal and plant populations 
and habitat.  The recent plan to accelerate the pace for completing some of the Restoration Plan’s 
scheduled projects (called “Acceler8”) was made public too late for this committee’s evaluation, 
but it is intended to “provide immediate environmental, social, and economic benefits” (Florida 
DEP, 2004).   

SYSTEM UNCERTAINTIES 

All restoration efforts involving complex systems confront a diversity of ecological un-
certainties, and the Everglades restoration is no exception.  As a result of the quantity and quality 
of available science, and the extensive, thorough planning effort in support of the Restoration 
Plan, uncertainty from some sources is less than in most restoration efforts.  These sources in-
clude observation uncertainty (i.e., inaccurate measurement of the state of the ecological system) 
and subjective uncertainty (i.e., uncertainty arising from the interpretation of incomplete data) 
(Regan et al., 2002; SEI, 2003).  Process uncertainty (i.e., natural variation and inherent stochas-
ticity of ecological systems) assuredly is a major concern in the Everglades.  Indeed, it is the 
variability and unpredictability of magnitudes and patterns of rainfall that have caused water 
management to be such a critical issue in south Florida, ultimately resulting in the creation of the 
Restoration Plan.  The process uncertainty within the Restoration Plan has been explored some-
what for the hydrologic processes that drive ecosystem change through use of simulation model-
ing based on a multi-decadal rainfall record that incorporates unusually wet and dry years.  The 
Restoration Plan is designed to provide a consistent source of water to the natural and human 
systems despite process uncertainty.  However, little has been published concerning process un-
certainty for the ecological models. 

A fundamental reason for uncertain restoration outcomes is that the Restoration Plan does 
not intend to restore the full natural range of physical processes that created and maintained the 
Greater Everglades Ecosystem.  In particular, extremes of naturally occurring wet and dry peri-
ods harmful to the coastal metropolis or adjacent agriculture will not be allowed in the engi-
neered, restored system.  It is an open question whether the lesser variation of physical processes 
will restore or maintain a reasonable facsimile of the original Everglades.  Indeed, it is not even 
certain as to what the final restored hydrologic and ecological conditions will be, when they will 
be attained, or how variable they will be.  For example, Trexler and his colleagues have shown 
that hydrologic variations alone are not sufficient to explain variations in fish populations in 
south Florida, at least in part because nonnative fishes now present in the ecosystem make fish 
communities respond differently than the original native communities did to changes in water 
levels and duration of high and low water (Trexler et al., 2002; Kobza et al., 2004; Gaff et al., 
2004). 

More problematic where the ecological response to the Restoration Plan is concerned are 
model uncertainties (i.e., use of oversimplified or over-parameterized models to predict the re-
sponse of managed systems to management actions) and model errors (i.e., fundamental misun-
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derstanding of variables and the functional form of the model) (Regan et al., 2002; SEI, 2003).  
Ecological models exist, including system-wide models such as the Across Trophic Level Sys-
tem Simulation (ATLSS), and the Everglades Landscape Model (ELM), conceptual models of 
ecological communities, and detailed models of the biology of individual species of interest (e.g., 
DeAngelis et al., 1998; Sklar et al., 2001).  However, because the appropriate spatial scale for the 
ecological models generally is not the 2 x 2 mile scale used in the major hydrologic models (i.e., 
Natural System Model and South Florida Water Management Model), simulating anticipated 
ecological conditions is problematic.  This is a source of considerable model uncertainty in pro-
jections of the ecological response to the Restoration Plan, beyond the usual uncertainty that 
comes with attempting to capture the dynamics of a complex system in a model.  Also, despite 
the availability of several good ecological models, some important conceptual linkages between 
hydrologic and ecological variables have not been fully explored.  The linkages include those 
between planned alterations in hydroperiod and spread of invasive species, patterns of mercury 
accumulation in biota, and expansion of the current area of eutrophication. The lack of linkage 
results in additional uncertainty about some ecological responses of the system. 

Model error will certainly exist in conceptualizations of the relationship between hydro-
logic variables and plant community composition and structure, and of the relationships of ani-
mals to plant communities.  In some cases, relationships between the plant community and hy-
drologic variables are well understood and provide solid evidence that restoration can be accom-
plished.  For example, evidence exists that areas of marl prairie that have been converted from 
muhly grass to sawgrass can be restored by altering hydroperiod (Nott et al., 1998).  In contrast, 
it is not entirely clear that tree islands and ridge-and-slough landscapes can be restored by restor-
ing historic water levels and altering flow patterns (NRC, 2003c).  Habitat degradation is not al-
ways reversible, because the path from degraded condition to restored condition is not identical 
to the path that produced the original condition.  Even if hydrologic conditions identical to his-
toric ones can be recreated, whether the same ecological communities will be recreated is uncer-
tain. 

Two other sources of uncertainty are related to conceptual and mathematical models spe-
cific to the structure of the Restoration Plan.  First, there is uncertainty with respect to the model 
used to identify hydrologic goals for the Restoration Plan, the Natural System Model.  A review 
of the NSM version 4.3 by Bales et al. (1997) estimated total uncertainty (i.e., uncertainty related 
to parameters, algorithms, and data) in water levels of about plus or minus one foot.  This esti-
mate is consistent with the more exhaustive uncertainty analysis done for the modern equivalent 
of the NSM, the South Florida Water Management Model (Trimble, 1995).  Trimble’s estimates 
for the half-width of the 95 percent confidence interval for total uncertainty ranged from about 
0.6 to 0.9 ft, depending on the region.  Relatively scant data on evapotranspiration, and to a 
lesser extent, on roughness coefficients and precipitation, are large contributors to the uncertainty 
(Trimble, 1995; Jayantha Obeysekera, SFWMD, personal communication February 28, 2000).  
Given that mean water depths in much of the system are of similar magnitude to the total uncer-
tainty of the model estimates, use of the model may result in inappropriate hydrologic targets for 
particular locations (Bales et al., 1997; Ingebritsen et al., 1999).   

Second, model simulations have focused on a fully implemented Restoration Plan.  
Hence, regardless of the accuracy of these projections, there is uncertainty about what the hydro-
logic conditions and resulting ecological response will be during the transition from current con-
ditions to a fully implemented Restoration Plan.  It is possible that irreversible changes could oc-
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cur during the transition that would preclude successful restoration when the Restoration Plan is 
fully implemented.   
 Thus, the potential is high for several unanticipated outcomes to occur as a function of 
various types of ecological uncertainties.  Because these outcomes include changes in the state of 
the Everglades system that could be irreversible in the time scale of the Restoration Plan, contin-
gency plans must be developed in the near term to avert them insofar as possible. To that end, the 
following sections discuss specific uncertainties that, if not resolved and addressed, could un-
dermine the fundamental goals of the restoration. 

Endangered Species 

The Endangered Species Act (ESA) has the potential to profoundly affect the implemen-
tation of the Restoration Plan by preventing or modifying implementation of water-management 
plans that are required for system restoration but that might have unanticipated detrimental ef-
fects on endangered species.  The threat or actuality of litigation or enforcement related to the 
ESA influence all large-scale environmental management activities in the United States (e.g., 
NRC, 1995, 2004a, b), and the Everglades restoration is no exception.  ESA decisions in general 
are characterized by law suits filed by diverse interest groups against each other and the agen-
cies, sometimes even when other more cooperative avenues seem to be available (Ruhl, 2004).  

Recovery of endangered species is an explicit objective of the Restoration Plan (USACE 
and SFWMD, 1999), and much attention has been paid to the needs of endangered species in the 
Everglades.  If the restoration is successful, the ecosystem will ultimately provide habitat for all 
the endangered species in it (e.g., SEI, 2003), and the U.S. Fish and Wildlife Service has legally 
supported this conclusion through the consultation process and development of recovery plans 
(USFWS, 1999). 

Yet despite the best planning, it is impossible to accurately predict how the ecosystem 
will move from the current state to a restored state, and in the transition endangered species may 
be adversely affected. An occurrence like this could mean that restoration of water to historic 
levels, timing, and distribution could fall victim to legal challenges.  

In recent years, management of the Everglades has been accompanied by constant litiga-
tion, much of it involving endangered species (see e.g., Rizzardi, 2001a).  This pattern of litiga-
tion likely will continue, and attempts at restoration will not be immune from it:  even temporary 
impacts on endangered species could provide fodder for those who wish to pose legal challenges 
to the restoration.    

In the Everglades, attention has focused mostly on endangered birds, and especially on 
one subspecies, the Cape Sable seaside sparrow (Ammodramus maritimus mirabilis).  The desir-
ability of a multi-species approach to endangered species management is recognized in the South 
Florida Multi-Species Recovery Plan for developed by the U.S. Fish and Wildlife Service 
(USFWS, 1999).  While the Restoration Plan can be viewed as a revision of that multi-species 
plan, protection of single species under the ESA still can determine management.  Indeed, after 
the numbers of Cape Sable seaside sparrows declined sharply in the mid-1990s, water deliveries 
to the southern Everglades have been designed to protect the sparrow, first in the form of modifi-
cations to the existing water-management plan, and later as a new interim management plan. 

Other endangered bird species in the Everglades are the wood stork (Mycteria ameri-
cana), roseate spoonbill (Ajaia ajaja), and snail kite (Rostrhamus sociabilis).  Because of their 
mobility and life histories, those species may be sufficiently resilient to persist through the 
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changes, anticipated and unanticipated, in the ecosystem caused  by the Restoration Plan (SEI, 
2003).  But no clear evidence of similar resiliency exists for the Cape Sable seaside sparrow, 
which instead appears to be a highly sedentary bird with a short lifespan and limited capacity to 
colonize new habitat (Walters et al., 2000; Lockwood et al., 2001; SEI, 2003).  Recent history 
indicates that increasing periods of high water in areas where sparrow populations currently re-
side can alter habitat and reduce nesting success and thereby significantly reduce or even elimi-
nate those populations in only a few years (Curnutt et al., 1998; Nott et al., 1998; Jenkins et al., 
2003).  However, because of the sparrows’ limited capacity for dispersal, areas that currently are 
too wet for sparrows may not be readily occupied by the birds when the high-water period is 
shortened and habitat thereby improved (Walters et al., 2000; Lockwood et al., 2001).  For this 
reason, a significant decline of Cape Sable seaside sparrows could occur at some point during the 
implementation of the Restoration Plan, and such declines could occur for other endangered 
birds.  In addition, other endangered species than birds could similarly affect the Restoration 
Plan. 

Designing the Restoration Plan to totally avoid the possibility of conflict with the ESA is 
unrealistic.  But it is possible to develop contingency plans for addressing such conflicts, and 
more could be done to anticipate them.  Endangered species should figure prominently in contin-
gency plans for addressing uncertainties in the relationship between ecology and hydrology.  In 
addition, more analysis of the range of conditions anticipated during the transition from current 
conditions to a fully implemented Restoration Plan would be useful.  Insufficiency of habitat for 
Cape Sable seaside sparrows and other endangered species  is  a much greater concern during the 
transition than when the Restoration Plan is fully implemented (SEI, 2003).  Simulation model-
ing in support of the Restoration Plan has focused almost exclusively on the fully implemented 
system, and the transition period has received virtually no attention.  Thus it is not clear whether, 
even without considering uncertainties, conflicts between the Restoration Plan and endangered 
species management are anticipated during the transition.  We endorse recent efforts to conduct 
simulations of transitional scenarios, and to more closely examine potential conflicts between the 
Restoration Plan and ESA requirements (e.g., SEI, 2003), as a means to reduce the potential for 
endangered species to derail ecosystem restoration.    

Invasive and Irruptive Species 

The Restoration Plan could get the water right, but an irreversible change could occur as 
a result of invasive species dominating the system.  Currently, a number of invasive species are 
problematic.  The Everglades is a center of human activity that facilitates invasion of exotic spe-
cies by creating disturbances in a region where the climatic conditions are favorable to a wide 
diversity of organisms from both the tropics and the sub-tropics.  Construction and removal of 
earthworks during the restoration projects may create many new disturbance sites and remove 
barriers to establishment and dispersal of invasive species.  

An invasive species is defined as “a species that is 1) non-native (or alien) to the ecosys-
tem under consideration and 2) whose introduction causes or is likely to cause economic or envi-
ronmental harm or harm to human health (Executive Order 13112 of the National Invasive Spe-
cies Council, 1999). Of the approximately 950 plant species (Avery and Loope 1983) in Ever-
glades National Park, 221 are nonnative (Whiteaker and Doren, 1989). Of these species, three 
have been particularly troublesome:  Australian bottle brush tree (Melaleuca quinquenervia), 
Brazilian pepper (Schinus terebinthifolius), and Australian pine (Casuarina equisetifolia).  In 
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each case, the plant was introduced with a desirable goal in mind, but the outcome on the Ever-
glades ecosystem has been severe and unanticipated. Another nonnative species, the Old World 
climbing fern (Lygodium microphyllum), has emerged more recently as an especially aggressive 
species in the Everglades system (Brandt et al., 2002; Langeland and Burks, 1998).  

Many wildlife species also have been introduced in the Everglades; often they were pets 
that the owner discarded.  In particular, invasive species of fish from home aquaria, aquacultural 
activities, and other sources have been found in the Everglades.  Examples include blue tilapia 
(Oreochromis aureus), spotted tilapia (Tilapia mariae), walking catfish (Clarias batrachus), and 
Asian swamp eel (Monopterus albus) (see examples of wildlife species introduced in the Ever-
glades at http://www.flmnh.ufl.edu/fish/southflorida/everglades/Marshes/Exotic.html). 

Invasive species are not restricted to species from outside North America but can include 
North American species that are not native to the ecosystem of concern.  In addition, species that 
are native to the ecosystem can irrupt, i.e., they can experience sudden increases in their numbers 
when ecological conditions change to favor them.  In the Everglades ecosystem, the cattail (Ty-
pha domingensis) seems to be such an irruptive species that has been stimulated in the Ever-
glades as a result of higher phosphorus concentrations, deeper water, and longer periods of high 
water in areas such as the WCAs and STAs that are created for storage (Davis, 1994). Under 
such conditions, cattail has replaced both sawgrass (Cladium jamaicense) and the diverse com-
munities of green and blue-green algae, desmids, and diatoms that comprise periphyton mats, 
signature species of the Everglades (McCormick and Scinto, 1999).    

Indeed, the expansion of cattail has been so extensive in WCA 2A and along canals 
throughout the Everglades system that it has been a focus of law suits concerning water quality 
(John, 1994; Rizzardi, 2001a,b; Fumero and Rizzardi, 2001) and is one of the primary trends the 
Restoration Plan intends to reverse.  Extensive research on cattail’s interactions with sawgrass, 
however, gives reason for concern that cattail will replace sawgrass over even greater areas be-
fore the Restoration is complete.  While well adapted to periodic drought, fire, and the extremely 
low phosphorus levels of the native Everglades system, sawgrass performs less well than cattail 
under even mildly elevated phosphorus concentrations and longer periods of high water (Urban 
et al., 1993; Davis et al., 1994; Newman et al., 1996).  Furthermore, cattail’s opportunistic pat-
tern of phosphorus uptake, allocation, and growth allows it to take advantage of temporal varia-
tions in phosphorus inputs (Davis, 1994).  Sawgrass is the superior competitor only under highly 
infertile conditions (Newman et al., 1996; Noe et al., 2001). Thus, cattail is likely to expand its 
distribution in the northern Everglades until phosphorus inputs and periods of high water are re-
duced.     

The number of invasive species already in the Everglades demonstrates the difficulty of 
controlling human activities that may intentionally or inadvertently lead to their introduction.  
The extent to which some of them have replaced native species and now dominate large areas of 
the system underscores the difficulty of predicting ecological outcomes.  Research associated 
with invasive species in the Everglades should focus on the pathways of introduction for nonna-
tive species and the prospect for an introduced species to become invasive in the Everglades.  
Limiting the spread of invasive species already established in the Everglades will reduce other 
costs and increase the probability of success of the restoration program. 
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Disappearance of Unique Everglades Communities 

Whether one considers the Everglades landscape from the level of the microscopic com-
munities of periphyton mats or the entire assemblage of different plant and animal communities 
that constitute it, the term “unique” can be applied correctly.  The Everglades is the only sub-
tropical wetland within the United States.  In fact, the particular combination of a warm and al-
ternately wet-dry climate, relatively flat topography, and predominantly limestone geology that 
come together in south Florida has created a wetland that is unlike any other in the world – a 
subtropical, oligotrophic, calcareous, peat-based wetland.  The organisms that inhabit this envi-
ronment have evolved specific adaptations that allow them to survive frequent shallow inunda-
tion, low nutrient availability, periodic but extended drought, and episodic severe fire.  Temporal 
and spatial variability in these factors over south Florida, as well as feedbacks between the biota 
and environment, produced a temporally dynamic landscape consisting of several distinctive 
vegetation types (Gunderson, 1994; Davis et al., 1994).  Davis (1943) identified and mapped 
thirteen different vegetation types in the Everglades. 

At present, half of Everglades wetlands have been lost to agriculture and urban develop-
ment, and diversity at both the community and landscape scales has been reduced in the remain-
ing Everglades (Davis et al., 1994).  Of the vegetation types mapped by Davis (1943), custard 
apple forest, peripheral wet prairie, and cypress forest have disappeared completely under human 
disturbance (Davis et al., 1994).  Other types have been reduced substantially in area, notably the 
sawgrass plains and, to a lesser extent, southern marl-forming marshes.  These two categories 
encompass five of Davis’s (1943) vegetation types, which Davis and others (1994) group into 
two pre-drainage landscapes─the sawgrass-dominated mosaic and the wet prairie-slough-
sawgrass-tree island mosaic.  In some of these latter areas, the former mosaic is losing its hetero-
geneity and becoming more uniform.  Of particular concern is the loss of marl prairies (home to 
the endangered Cape Sable seaside sparrow, see above), tree islands, and open sloughs of sub-
merged vegetation and periphyton mats.   

Many studies have attributed changes outside the areas where cattail now dominates to 
the past several decades of water and fire management in the water conservation areas, as well as 
to loss of flows throughout the system (Davis et al., 1994; SCT, 2003; NRC, 2003c).  Numerous 
studies now are under way to reduce uncertainties in these attributions (Sklar et al., 2004).  Inso-
far as the attributions have any validity, those involved in the restoration must recognize that the 
longer it takes to implement new water and fire management strategies, the more likely are fur-
ther losses in the unique communities that are the Everglades. 

Loss of Tree Islands and Ridge-and-Slough Topography 

Tree islands, ridges, and sloughs hold a central place in people’s images of the Ever-
glades system.  “Ridge and slough” is one of nine major physiographic regions recognized 
within the Greater Everglades Ecosystem for modeling the restoration (USACE and SFWMD, 
1999).  “Landscape pattern” is one of only five functional groups into which all ecological per-
formance measures have been aggregated for monitoring the restoration (AAT, 2001).  Recovery 
of the acreage and number of tree islands is one of the specific restoration targets identified by 
the Task Force and RECOVER (Ogden and McLean, 1999). Tree islands have been the focus of 
an entire book (Sklar and van der Valk, 2003), and the role of water flow in maintaining tree is-
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lands and ridge-and-slough topography has been the focus of reports by both the Science Coor-
dination Team (SCT, 2003) and the National Research Council (2003c).   

Degradation of the landscape pattern of teardrop-shaped tree islands and sawgrass ridges 
(typically covered by shallow water) alternating with those of open-water sloughs seems appar-
ent in aerial photographs and other imagery of the central Everglades (SCT, 2003).  In a number 
of areas in the central Everglades, a strongly patterned landscape is being replaced by one in 
which topography and vegetation are more uniform.  In the western part of Water Conservation 
Area 3, Sklar et al. (2003) found that differences in elevation between ridges and sloughs had 
decreased from between 30 and 90 cm to about 20 cm.  The mechanisms by which the degrada-
tion is occurring, however, remain uncertain, as do the mechanisms by which the patterns ini-
tially formed.  Several plausible mechanisms—e.g., underlying bedrock topography, differential 
rates of peat accumulation, transport of organic matter by flowing water, extreme hydrologic 
events, fire—have been proposed, but none has been examined in detail nor tested through proc-
ess-based research (SCT, 2003; NRC, 2003c). A notable exception is the study by Conner et al. 
(2003) on the differential tolerance of tree species to changes in water depth.  Furthermore, as 
noted by the SCT (2003), mechanisms that generated these features may differ from mechanisms 
that maintain them. 

Strong circumstantial evidence suggests that the direction and rate of water flow through 
the system play critical roles in maintaining the ridge and slough landscape (SCT, 2003).  Of par-
ticular relevance is that the orientation of tree islands and the parallel ridges and sloughs align 
with inferred pre-disturbance patterns of water flow (Ingebritsen et al., 1999).  Neither direction 
nor rate of water flow, however, enter explicitly into the Restoration Plan, which focuses instead 
on the timing and duration of water levels and water quality (NRC, 2003c).  Water levels un-
doubtedly have effects on landscape patterns but they are not sufficient to explain how they are 
maintained (SCT, 2003; NRC, 2003c). 

Thus, the uncertainty surrounding the effects of the Restoration Plan on tree islands and 
ridge-and-slough topography is high.  However, several specific approaches to reducing that un-
certainty are available and have been identified by the Science Coordination Team (2003) and 
the National Research Council (2003c).  Given that degradation already has occurred and is 
likely to continue under present conditions, placing a high priority on pursuing these approaches 
seems warranted. 

Expansion of Eutrophic Conditions 

One of the primary factors motivating restoration is the dramatic change in system state 
that has occurred in northern portions of the Everglades, where an oligotrophic ecosystem has 
been replaced by a eutrophic one (Davis, 1994).  The most obvious manifestation of this state 
change is the advancing front of cattail that now dominates large areas once characterized by 
sawgrass, spike rushes (Eleocharis spp.), submerged and floating aquatic plants, and the species-
rich assemblages of bacteria and algae associated with periphyton mats (Davis, 1994; Childers et 
al., 2003).  At a more fundamental level, however, eutrophication means that the functioning, as 
well as the structure, of the entire system has changed as the result of nutrient inputs higher than 
those under which the Everglades system developed over the past 5,000 years (Gleason and 
Stone, 1994; Davis, 1994; Daoust and Childers, 1999; Miao and Debusk, 1999).  Rates of nutri-
ent uptake, biomass production, and decomposition have increased, as have many microbially 
mediated processes that circulate nutrients within the systems (Reddy et al., 1999).  These 
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changes in system metabolism are reflected in higher concentrations of total and biologically 
available phosphorus in the detrital layer and shallow soils of phosphorus-enriched than of un-
enriched areas of the Everglades (Reddy et al., 1999; Childers et al., 2003).  

While the mechanisms by which cattail has replaced sawgrass and periphyton mats are 
well studied (Craft and Richardson, 1993; Newman et al., 1996; Newman et al., 1998; Miao and 
Debusk, 1999; McCormick and Scinto, 1999), and effects on overall system metabolism also 
have been much studied (Reddy et al., 1999), substantial uncertainty surrounds the question of 
whether or not the eutrophication process is reversible for the Everglades.  In phosphorus-
enriched areas of the Everglades, excess phosphorus has set up a positive feedback cycle in 
which increased microbial biomass results in higher rates of organic matter breakdown, greater 
release of inorganic forms of phosphorus and nitrogen from soils and litter layers, and conse-
quently increased nutrient availability to plants (Reddy et al., 1999).  With higher nutrient avail-
ability, the slow-growing, nutrient-conserving species of algae and vascular plants characteristic 
of the oligotrophic Everglades do less well than cattail, a fast-growing, nutrient-demanding spe-
cies of eutrophic conditions (Newman et al., 1996).  In turn, cattail produces more biomass, and 
its nutrient-rich litter supports higher microbial biomass, and decomposes more rapidly.  This 
fuels an internal cycle of uptake and release of the inorganic forms of phosphorus that favors cat-
tail growth.  Shading by cattail then decreases the abundance of periphyton mats, which further 
drives eutrophication by reducing oxygen production and the removal and storage of phosphorus 
by periphyton (McCormick and Scinto, 1999).  The development of oxygen limitation changes 
the composition of the microbial community and greatly increases the activity of anaerobes 
(Drake et al., 1996).  Limiting periphyton growth also affects formation of calcareous soils, the 
basis of the marl prairies. 

The process of eutrophication is exacerbated by interactions with sulfate, which enters 
the Everglades from anthropogenic atmospheric sources and especially from agriculture (elemen-
tal sulfur is added to muck soils in the EAA as an acidifying agent to promote trace metal avail-
ability to crops, and the elemental sulfur is readily oxidized in the soil to sulfate).  As limnolo-
gists have known for over fifty years, the release of phosphorus (as phosphate ion) from lake 
sediments can increase significantly when sulfate concentrations are increased (Hasler and Ein-
sele, 1948).  High sulfate concentrations in organic-rich, anoxic water and sediments promote the 
formation of sulfide. The anoxic conditions and high sulfide levels also promote the reduction of 
iron oxyhydroxides in sediments leading to the formation of ferrous sulfides.  The net effect is to 
decrease the abundance of iron forms that can bind with phosphate in sediment (e.g., Wetzel, 
1999).  High sulfide concentrations also can be toxic to animals and plants and might explain 
changes in species composition associated with eutrophic regions in the Everglades.  Considera-
tion of the supply and spatial distribution of sulfate within the Everglades must therefore be part 
of any effort to understand and limit expansion of areas already converted to eutrophic states. 
 Given that eutrophication effects a fundamental change in the system, and that once 
started it may become internally maintained, one must ask how long it might take to reverse the 
process after external phosphorus inputs are reduced.  High phosphorus concentrations in sedi-
ments, plants, litter, and microbial biomass will continue to result in release of inorganic phos-
phorus to overlying waters─possibly for many decades─until fresh inputs of sediments with 
lower nutrient concentrations cover the nutrient-rich deposits or until the slow export of phos-
phorus in flowing water gradually depletes the system’s phosphorus stores.  Given the number of 
processes involved and the complexity of their interactions, it is not clear when that might be.  
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Hence, preventing expansion of the areas where the system already has become eutrophic should 
be a high priority for the restoration.  

Mercury Deposition, Mobilization, and Bioaccumulation 

Processes occurring outside the system can change the Greater Everglades Ecosystem.  
One such process is atmospheric deposition of mercury (Hg). The factors controlling Hg deposi-
tion, transformation from unavailable to biologically available states, accumulation up the food 
chain (magnification), and implications to individual species are quite complicated.  Impacts on 
higher trophic-level organisms could alter the way in which the Greater Everglades Ecosystem 
functions. 

The identification of high mercury concentrations in sediments (Drexel et al., 2000); wa-
ter (Mauro et al., 2002); fish (Burger et al., 2004); birds (Frederick et al., 2002); alligators 
(Heaton Jones et al., 1997); and mammals (Facemire et al., 1995), including humans (Fleming et 
al., 1995) of the Everglades, is a reflection of the power of external forces to insert themselves 
unplanned into the restoration.  While processes occurring within Everglades wetlands determine 
the rates at which mercury is converted from the unavailable to bioavailable form, and bioaccu-
mulated within food webs, the sources of mercury lie largely outside these wetlands.  Sulfate, 
which facilitates mercury methylation at low and moderate concentrations (Gilmour et al., 1998), 
also arrives from elsewhere.  Insofar as the Greater Everglades Ecosystem is a precipitation-
driven system, and methylation rates in part are a function of alternating wet and dry cycles, cli-
mate is a major external force that will affect achievement of restoration goals.  Similarly, trans-
port of mercury to and within the Everglades system is affected by climatic effects on wet and 
dry deposition.  Restoration goals pertaining to animals, especially fish, higher trophic levels, 
and human health, and to providing recreational opportunities for human populations could be 
thwarted if insufficient attention is given to mitigating the mercury problem. 

As in most wetlands, the organic sediments in the Everglades accumulate inorganic mer-
cury forms from a variety of atmospheric sources (Dvonch et al., 1998, 1999; Atkeson et al., 
2003). However, under appropriate conditions, which occur in coastal and freshwater wetlands 
like the Everglades, these forms (primarily mercuric ion, Hg2+, in various complexes) are trans-
formed to methylmercury.  Methylmercury is a highly toxic form of mercury that is bioaccumu-
lated within food webs.  Effects on human health can be severe and include numerous forms of 
neurological damage to adults and neurodevelopmental deficits in children whose mothers are 
exposed to chronic low doses (NRC, 2000).  Similar detrimental effects are observed in other 
higher trophic-level organisms–e.g., alligators, birds, and panthers. 

Cleckner et al. (1999) found that methylation of mercury occurs within the periphyton 
communities that occur throughout the Everglades. As defined by Cleckner et al., these commu-
nities consist of algae and bacteria growing in filamentous mats on top of the peat substrate, at-
tached to macrophytes, or as free-floating mats.  Rapid rates of methylation were found in pe-
riphyton communities where sulfur oxidation by photosynthetic bacteria was coupled with bacte-
rial sulfate-reduction—specifically, a cycle in which bacterial sulfate-reduction is coupled to sul-
fide oxidation by photosynthetic sulfur bacteria.  This finding is significant because periphytic 
communities serve as a direct food source to higher trophic levels (zooplankton and fish) and 
thus provide a tighter link between methylation and bioaccumulation of mercury by fish than is 
the case for the usually cited location of methylation─the bottom sediments. 
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Several kinds of bacteria can methylate mercury.  In wetland sediments, sulfate-reducing 
bacteria such as Desulfovibrio spp. and Desulfobulbus proprionicus are responsible for the trans-
formation (Choi et al., 1994; Benoit et al., 1999, 2001).  The relationships among sulfate concen-
trations, activity of sulfate-reducing bacteria, geographic location within the Everglades, and 
other factors that affect the rate of methylation of mercury, including the concentration of me-
thylmercury itself, are complex and are not fully understood (Benoit et al., 1999; Krabbenhoft et 
al., 2000).  Whatever the precise relationships are, the concerns about mercury pollution in the 
Everglades make it critical to understand how sulfate affects the concentrations and species of 
mercury present in the Everglades.  

The State of Florida has taken some steps to control the Everglades mercury problem. 
Local atmospheric emissions of mercury in south Florida are estimated to have declined by over 
90 percent from their peak levels in the late 1980s to early 1990s (Atkeson et al., 2003). Mercury 
concentrations in wet deposition in south Florida have declined by only about 25 percent since 
late 1993 (Atkeson et al., 2003), and the difference in the two numbers was attributed by At-
keson et al. at least in part to the fact that much of the decline in local emissions in south Florida 
occurred before wet deposition monitoring for mercury began in late 1993. The decline was 
found to be statistically significant and not related to changes in the amount of precipitation.  
Nonetheless, considerable uncertainty remains about the importance of long-range (continental 
and hemispheric) scales of transport as a contributor to mercury deposition in south Florida. Ac-
cording to Atkeson et al., various studies estimate that long-range sources contribute from 25 to 
more than 60 percent of the mercury to south Florida. Estimates for other parts of the country 
tend to be at the high end of this range (Engstrom and Swain, 1997; Fitzgerald et al., 1998).  

It is encouraging that declines in concentrations of mercury in largemouth bass and great 
egret chicks of about 80 percent have been observed at several locations in the Everglades over 
the past decade (Atkeson et al., 2003). These trends suggest that local emission controls have 
been successful in decreasing the magnitude of the mercury problem in south Florida. The trends 
might be explained by the nature of the mercury emission sources in south Florida, which were 
dominated by municipal and medical waste incineration (~86 percent of total emissions for Dade 
and Broward Counties in 1995-96). The mercury in these emission sources had a high fraction 
(~75 percent) of reactive gaseous mercury (thought to be mercuric ion, Hg2+), which is scav-
enged rapidly from the atmosphere by rainfall and settling particles and thus tends to be depos-
ited locally. In contrast, most of the mercury in emissions from coal-fired power plants is thought 
to be elemental mercury, Hg0, which reacts very slowly in the atmosphere and has an atmos-
pheric residence time of about one year, allowing it to be transported across the hemisphere 
many times before being deposited. 

Nonetheless, the above positive trends do not guarantee that the mercury problem in the 
Everglades is solved or will be solved simply by controlling local emission sources.  Insufficient 
data are available to reliably define temporal trends in mercury levels in fish communities and 
other animals in the Everglades.  Moreover, changes in the wet-dry cycle of the system, which 
are likely to result from the restoration process, might exacerbate the problem by stimulating 
more active methylation of mercury than under current conditions (see Chapter 2, section on 
EAA Reservoirs).  Finally, methylmercury in water and its biota in the Everglades will be af-
fected by seawater intrusion and other factors that alter water chemistry, including perhaps aqui-
fer storage and recovery (ASR).   
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Regional Climate Change and Sea-Level Rise 

Climate change always has occurred and always will.  The most important regional cli-
matic factors subject to change are precipitation patterns (quantity, timing) and temperature.  
How those factors might change over the next several decades cannot be predicted with any ac-
curacy, and thus there is an important source of uncertainty in modeling of the system.  Though 
future climate is uncertain, the temperature is more likely to go up than down, and the variability 
in precipitation, including the frequency of extreme events, is more likely to increase than to de-
crease (IPCC, 2001).  The frequency and severity of fires also could be affected by climate 
change (Davis and Ogden, 1994).   

For the Everglades, the most important global factor related to climate and subject to 
change is sea level.  If significant global warming occurs, then for several reasons sea level is 
likely to rise.  Current predictions are for a rise of approximately 0.6 to 1.5 m over the next cen-
tury, but much uncertainty accompanies the predictions (IPCC, 1995).  Because much of the Ev-
erglades, and much of south Florida, is so low-lying, a one-meter rise in sea level would have 
profound consequences for both natural and built environments there.  According to Titus and 
Richman (2001), for example, 12,251 km2 of Florida’s 139,853 km2 of land (7.6 percent) is 
within 1.5 m of sea level.  Much of that low land is in the south.  

CONTINGENCY PLANNING 

Because significant hydrologic and ecological uncertainties are to be expected as the Res-
toration Plan is implemented, we have recommended that a method of evaluating tradeoffs be 
developed (Chapter 5) so that options are not excluded.  Consistent with this recommendation is 
the need for contingency planning, which is necessary to identify other options that should be 
available for consideration.  Finally, as an assessment and management framework within which 
the need for implementation of contingency plans can be determined rapidly, active adaptive 
management should be considered.  

The need for both flexibility and adaptive management arises because initial actions will 
not always result in desired outcomes; surprises will occur and modifications to management ac-
tions will be necessary.  In addition, as described in Chapter 2, approximately 80 percent of the 
new storage to be provided by the Restoration Plan involves novel technologies.  Therefore, for 
an adaptive management strategy to be effective and flexible, contingency plans should be de-
veloped so that revised management actions can be efficiently implemented. 

For example, the Restoration Plan may not get the water right to achieve the desired eco-
logical response. Active adaptive management is important to provide an early indicator of prob-
lems. Beyond that, flexibility in design and operations so that reasonable alternatives can be im-
plemented is crucial. For contingency planning, assessment and modeling of perhaps less likely, 
but still possible, scenarios would be prudent. The scenarios for which contingency planning is 
needed should include both external forcing functions, such as climate change, increased water 
demand due to population growth, or greatly increased energy costs, as well as previously elimi-
nated options, such as the EAA and Lake Okeechobee. 

Even if the water is made “right”, habitat modification that has already occurred is not 
always reversible. As noted above, populations of endangered species such as the Cape Sable 
seaside sparrow may not respond as predicted. What scenarios other than the predicted outcome 
might arise? What might happen during the transition period? Given the resources invested in the 
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Restoration Plan, and the consequences of unanticipated outcomes, it is important to think 
through questions of this nature and develop appropriate contingency plans. 

Clearly not all possible outcomes can be anticipated, which is underscored by using the 
word “surprise” to characterize some unanticipated outcomes. A strategy that includes contin-
gency planning for alternative scenarios, flexibility to implement the contingency plans if 
needed, and active adaptive management to rapidly ascertain if the contingency plans are needed 
is strongly recommended. 

As a framework for contingency planning, long-range scenarios for development in the 
urban and agricultural parts of the Greater Everglades Ecosystem, making explicit the external 
forcing functions of the restored Everglades, will be essential.  Such scenarios are essential tools 
to embed learning in the quest for sustainability (NRC, 1999).  Long-range development scenar-
ios sketch alternative long-range visions of how the system could change given what is known 
about trends, human desires, uncertainties and possible surprises, and pathways by which condi-
tions might change.  They make explicit the assumptions about values, lifestyles, and institu-
tions, and they reveal the range of possible futures that should be contemplated. 

ADAPTIVE MANAGEMENT 

Adaptive management—implementing management policies as experiments (Holling, 
1978; Walters, 1986)—has a large and rich scientific literature.  Although it is not universally 
adopted as management practice—it can be difficult, time-consuming, and perhaps risky—there 
is much experience with its use and especially guidance on how to apply it (e.g., Carpenter, 
1990; Walters and Holling, 1990; Gibbs et al., 1999; Gunderson and Holling, 2002; Meffe et al., 
2002; Oglethorpe, 2002; Anderson et al., 2003).  The Restoration Plan is committed to adaptive 
management, but it relies on passive, rather than active, adaptive management.  The relative mer-
its of the two approaches, and the consequences for the Restoration Plan of adopting a passive 
approach, were discussed in detail in an earlier NRC report (NRC, 2003b).  We briefly summa-
rize the critical points of that assessment here.  

Ideally, adaptive management allows resource managers to act despite acknowledged un-
certainty, designing management actions to reduce uncertainty over time while permitting 
changes in response to surprising outcomes.  Effective active adaptive management involves in-
tegration of model forecasts with post-implementation monitoring and large-scale management 
experiments; the combination of model forecasts and the new information (from monitoring and 
experimentation) should help to refine management actions and improve models over time.  In 
contrast, passive adaptive management as proposed in the Restoration Plan does not include 
large-scale management experiments, but instead relies on an approach in which learning is 
based on each incremental step in the implementation plan.  Adopting a passive-management 
approach represents a decision to limit power to obtain additional knowledge in order to avoid 
costs to the ecosystem (e.g., harm to endangered species) of obtaining knowledge.  We recom-
mend augmenting the passive approach with active adaptive management wherever possible to 
enhance conclusions about cause and effect and improve forecasting models.  This is particularly 
important for assessing ecological responses to restoration actions. 

Examples of Restoration Plan components suited to active adaptive management include 
the pilot projects on ASR and other technologies, which should be tested in an experimental 
framework.  Other possibilities might include experimental management to see whether (or to 
what degree and at what ecological cost) eutrophication is reversible; options for controlling in-
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vasive species; the nutrient concentrations required to promote the growth of sawgrass instead of 
cattails; and so on.  

We are concerned that the Restoration Plan may not be sufficiently flexible, because an-
ticipated outcomes are based on the fully implemented system, and the extent to which outcomes 
of individual projects can lead to changes in the design of later projects is unclear.  It would be 
useful to assess the design and operational flexibility of the 68 proposed major projects that 
comprise the Restoration Plan in order to prioritize monitoring, experimental, and modeling ac-
tivities, and to examine the relative ease with which projects could be modified in an adaptive- 
management process.  To be effective, the process requires an explicit feedback mechanism for 
learning from management actions.  This mechanism should begin with systematic, iterative 
monitoring followed by comparison of results with model predictions and project goals.  Estab-
lishing formal linkages between scientists and decision-makers would ensure that scientific in-
formation is available and accessible to the decision-making process.  Taken together, the moni-
toring by scientists and provision of conclusions to decision-makers would make possible the 
well-known engineering practice of feedback and control.  Considering the 40-year time frame of 
the Restoration Plan and perhaps a century of system response, a regional information synthesis 
center (NRC, 1999) would enable the systematic provision of evolving, reliable knowledge in 
support of the policy process and the interested public who affect and are affected by the pro-
gram.  The center’s activities should include restoration activities that are not officially part of 
the Restoration Plan.   

A similar recommendation was made by a recent NRC committee reviewing the Critical 
Ecosystems Studies Initiative (NRC, 2003a).  That committee recommended that south Florida 
restoration managers “should consider the benefits of a central and independent restoration sci-
ence entity that strives to inform the greater restoration effort (including the [Restoration Plan], 
current non-[Restoration Plan] initiatives, and future restoration projects) with the best science 
available.  Such a central science body could serve as a resource for scientific information, pro-
vide a mechanism for science coordination, and create a forum for visionary science synthesis.”  
We agree with the earlier committee that the entity should not influence or be responsible for res-
toration policy and decision making. 

Finally, while management objectives are an essential foundation for adaptive manage-
ment, they themselves should be subject to change through the adaptive-management process.  
Much effort has been expended on defining restoration goals, objectives, and targets, and many 
general and specific ones have been identified.  Yet it is still not clear exactly what a successful 
restoration will look like, and not all specific goals and targets are internally consistent. Adaptive 
management can be helpful here, since it need not be restricted to improving scientific knowl-
edge and assessment.  In fact, adaptive management is compatible with a dynamic decision proc-
ess in which the knowledge gained through large-scale experiments may suggest that manage-
ment objectives need to be re-examined and possibly reformulated. 

SUSTAINABILITY OF THE RESTORATION PLAN 

Large environmental restorations of ecosystems—especially aquatic ecosystems—usually 
face a tension between the need for human subsidies in the form of energy, time, and money, 
typically for the construction and maintenance of control structures, and the desirability of rely-
ing on natural processes to achieve the restoration program’s goals.  Designing engineered sys-
tems and specifying their parameters often is easier than relying on natural systems.  Engineered 
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systems allow for the provision of services unrelated to ecosystem functioning, such as drinking 
water, flood control, and recreation, and ecosystems can respond more quickly to  changes in en-
gineered systems than to many natural processes.  In addition, many aquatic ecosystems to be 
restored already have many control structures in place, such as dams, levees, and pumps.  How-
ever, experience with ecological restoration shows that goals are realized more often when natu-
ral processes are encouraged than when engineering solutions are substituted for natural proc-
esses (e.g., NRC, 1992; NRC, 1996a; NRC, 2001b).   

It is obvious even on superficial inspection that the Restoration Plan for the Everglades re-
lies very heavily on engineered solutions.  Aquifer storage and recovery (ASR) and the Lake Belt 
reservoirs are two components of the plan that will require large initial investments in engineered 
structures; ASR will require large continuing investments in its operation and maintenance as 
well.  The Everglades shares with many other large aquatic ecosystems the presence of many 
control structures and many competing demands on its water supply.  Therefore, opportunities to 
restore the system to one in which flows are controlled only by natural processes of rainfall, run-
off, and storage in natural areas are severely constrained.  This is the result of the restricted foot-
print (area) of the remaining natural areas in the Everglades, the proximity of urban and agricul-
tural lands that cannot be subjected to flooding without significant loss of property values, and 
the current and future demands for urban and agricultural water supply.  Many of the natural 
storage features of the system, which provided essential damping of seasonal and storm-driven 
flows, have been lost permanently as a result of agricultural and urban development.  As de-
scribed previously, simply routing excess water from Lake Okeechobee to the southern Ever-
glades through pipes or other structures that bypass the agricultural area is also not an acceptable 
option.  Although this would reduce the detrimental pulses of freshwater discharged to estuaries, 
it would generate unnaturally high flows and water levels in the terrestrial ecosystem. 

Although some of the natural storage and damping could be restored if agricultural land 
south of Lake Okeechobee were converted into a restored corridor connecting the lake to the 
southern Everglades, subsidence due to peat loss in the agricultural area south of Lake Okeecho-
bee has altered the topography to the extent that the land surface is now lower than in areas to the 
south.  Therefore, even if intensive agriculture were ended in the EAA (or large parts of it) and 
the area converted to wetlands, slow sheet flow to the south would not be restored in the area that 
was historically a sawgrass plain.  Instead, water would need to be pumped out of the subsided 
region into areas of the Everglades to the south.  A large wetland of this type would, of course, 
provide significant storage and damping of southward flows, and it would remove a substantial 
amount of nutrients from the water.  However, depending on the water levels maintained in the 
former agricultural lands, this land conversion also could result in the inundation of established 
urban and industrial areas and agricultural lands surrounding the current perimeter of the lake, 
and it would increase the flooding hazard of other developed areas to the south and southeast.  
This potential restoration component, therefore, would require additional engineering measures 
for flood control. 

The inevitable conclusion is that some degree of engineering control will be necessary in 
any attempt to restore more natural water levels and flows in the southern Everglades.  However, 
as is evident from the descriptions of storage components in Chapter 2, there is a considerable 
range in the degrees to which various proposed storage components involve complex design and 
construction measures, rely on active controls and frequent equipment maintenance, and require 
fossil fuels or other energy sources for operation.  We therefore discuss the approaches for deal-
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ing with this issue in some detail, and suggest considerations that enter into evaluating options on 
that basis. 

In discussing options for interventions to enhance the wild salmon runs of the Pacific 
Northwest, an earlier NRC committee (NRC, 1996) provided a framework that is largely appli-
cable to the Everglades restoration as well.  That committee considered four general approaches 
for dealing with the problem of declining salmon runs:  allowing continued degradation, restora-
tion, substitution, and rehabilitation.  Other than the first, the approaches are not mutually exclu-
sive.  As was true for that committee, allowing continued degradation is outside this committee’s 
charge and is not considered further.  We discuss the remaining three approaches below, based 
on the 1996 NRC report. 
 

• Restoration.  Restoration implies a return of the system to some former, specified 
condition (NRC, 1992).  Restoration of the Everglades is no longer possible in many 
parts of the former ecosystem.  Parts of the ecosystem have been so altered that it is im-
possible to know what the pristine condition was, and even intermediate historical condi-
tions cannot be accurately defined.  Other parts of the system have been irreversibly al-
tered by human development.  In addition, as the NRC’s 1996 report pointed out with re-
spect to the Pacific Northwest, “the process by which the environment reached its current 
condition is not totally reversible.  Genetic variability has been lost; evolution has oc-
curred; exotic species have been introduced; human populations in the region have in-
creased, and people have developed dependencies on a variety of modern technologies, 
cultures, and economic systems; and other natural and anthropogenic environmental 
changes have changed the range of biophysical and socioeconomic possibilities for future 
states of the system.  In brief, the past provides opportunities for the future, but also con-
strains it.” 

• Substitution.   By substitution, the 1996 NRC committee meant “investing substan-
tial energy, time, and money on a continuing basis to replace natural ecosystem processes 
that have been destroyed or degraded.”  Examples of proposed Restoration Plan compo-
nents that constitute substitution in the Everglades are obvious:  they include ASR; Lake 
Belt Storage; the system of canals, levees, and pumps used to transport water; and treat-
ment plants for reuse of wastewater for Miami.  As in the case of salmon in the Pacific 
Northwest, substitution for natural processes to maintain hydrologic regimes in the Ever-
glades is possible, at least in some respects.  However, it is expensive—the current, 
probably low estimate for restoring the Everglades is $7.8 billion for construction and 
land-acquisition alone, with annual operating and maintenance costs of at least $150 mil-
lion.  The cost in human and financial resources is likely to increase rather than decrease 
or stabilize in the future.  And as the earlier committee warned, “…as the ability of hu-
man actions to make up for natural processes lags behind expectations, the danger is that 
either more and more drastic interventions will be undertaken or the whole effort will be 
abandoned and the salmon will be lost” (NRC, 1996a).  That danger seems to apply to the 
Everglades restoration as well. 

• Rehabilitation.   By rehabilitation, the earlier NRC committee meant “a process of 
human intervention to modify degraded ecosystems and habitats to make it possible for 
natural processes of reproduction and production to take place.  Rehabilitation would pro-
tect what remains in an ecosystem context and regenerate natural processes where cost-
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effective opportunities exist.  It might be necessary to use the technologies and tech-
niques suggested in the preceding paragraph to maintain the essential ecosystem compo-
nents in the short term, but the ultimate goal is to modify (i.e., rehabilitate) the systems to 
the point where human input is substantially reduced or even stopped altogether.   Sub-
stantial local opportunities for local ecosystem rehabilitation exist throughout the region 
and they should be taken advantage of.  Although this framework implies reduced man-
agement costs over the long term, it requires a long-term commitment to achieve positive 
results.”    

 
Restoring the Everglades is not a perfect analogy with reversing the declines of Pacific 

salmon in the northwestern United States, but there are many parallels that are useful in this case.  
Before discussing those specifics, we briefly describe some examples of the use of a rehabilita-
tion approach to environmental restoration elsewhere.  In longleaf pine savannas, the historical 
habitat structure was characterized by open pine stands with little hardwood midstory and a rich 
groundcover.  Managers can return this structure to degraded habitats by using the natural distur-
bance that maintained it formerly—growing-season fire—or through less-natural techniques such 
as removal of hardwood midstory vegetation mechanically or use of herbicides.  All these tech-
niques restore the desired open habitat structure, but use of fire resulted in higher diversity of 
virtually all kinds of organisms in the community (Litt et al., 2001; Provencher et al., 2001, 
2002, 2003). 

More relevant to the Everglades are examples of restoration of rivers and riparian habi-
tats. The Greater Everglades Ecosystem is like a river in many ways, albeit a very wide and shal-
low one, whose flow is dominated by the effects of a water-control infrastructure. The dams of 
this infrastructure are lower than similar structures on other systems, but they nonetheless control 
the timing, magnitude, duration, and rates of change of flow through the system just as dams on 
other rivers do.  The restoration of aquatic and riparian habitats for the benefit of species and 
general ecosystem functioning is a process that begins with the physical components of the sys-
tem. The flows of water, in turn, control the movement of sediment, nutrients, and contaminants 
through the river system, often with temporary internal storage. The inorganic parts of the eco-
system form the foundation step toward a restored ecosystem.  Reconstruction of this foundation 
by controlling flows of water to mimic the natural hydrologic regime has proven much more ef-
fective than physical reconstruction of the inorganic parts of the ecosystem in the absence of re-
stored flows. Thus the general objective in physical restoration is to combine artificially designed 
features with a modified set of natural processes to effect a naturalization of the existing engi-
neered system (Rhoads and Herricks, 1996).  The result is a set of forms and processes that are as 
close to natural as possible, but that also accommodate some human-derived components. The 
restored river system is often a scaled-down version of the pre-human one, because water diver-
sions for purposes other than in-stream flows make it impossible to sustain an active channel and 
riparian system of the original size (Graf, 2001). The issue in the case of the Everglades is 
whether the Restoration Plan represents a system that is as close to natural as is achievable given 
existing constraints, especially with respect to storage. 

The effectiveness of natural process in restoration does not preclude an important role for 
management and engineering.  Indeed, restoration of riparian habitat illustrates that considerable 
progress toward more natural ecosystem conditions is possible through the use of existing water- 
control infrastructures.  Dams are sometimes thought of as major impediments to restoration, but 
because they represent control valves on flows in the watershed and its river, they also provide 
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an opportunity for modifications that could restore more natural flows and water levels in parts 
of the system. Glen Canyon Dam on the Colorado River, for example, caused substantial 
changes in water flows and sediment transport downstream of the dam in Grand Canyon (Ca-
rothers and Brown, 1991).  Continuing adjustments and fine-tuning of the releases is a part of an 
adaptive-management effort to improve the hydrologic regime for ecological purposes (Collier et 
al., 1997).  Controlled releases on other rivers have had similar restoration objectives, including 
on the Trinity River of California below Trinity and Lewiston dams (Pitlick, 1992), the Gunnison 
River in Colorado below Crystal Dam (Chase, 1992), and several rivers in the eastern United 
States, including small streams in New England and larger ones such as the Ocoee River of Ten-
nessee. The many water-control structures in the Everglades could be operated to support similar 
restoration objectives. 

The ultimate technique for using natural process in restoration of riparian ecosystems is 
dam removal, and this is more and more frequently the option of choice when other human de-
mands on the system do not preclude it (Heinz Center, 2002).  More than 400 documented cases 
of dam removal throughout the United States in recent decades provide ample experience in con-
sidering this option (American Rivers et al., 1999; Heinz Center, 2002; Pohl, 2003). In most 
cases, the structures that have been removed have been obsolete, low-head dams similar to many 
of those in central and south Florida.  Most of the structures stored small quantities of water and 
sediment, and their influence on the hydrologic regime was limited.  Their presence in the chan-
nel system inhibited movement of organisms up- and down-stream, however, and the dams 
therefore affected an important component of the ecosystem.  Removal of the structures resulted 
in an increase in populations for a variety of species ranging from micro-organisms to endan-
gered fish species (Hart et al., 2002).  A cautionary note based on experiences elsewhere is that 
decision-makers must take account of the fate of sediments stored upstream from structures to be 
removed, because such materials are likely to be re-mobilized along with any contaminants that 
might be attached to them.  The movement of invasive species into habitats formerly free of 
them also is likely to be one result of removing dams or other water-control structures, such as 
those in the Everglades, or other impediments to water flow, such as roads. 
 
 

Application of Rehabilitation Approach to Evaluation of  
Everglades Restoration Options 

 
In considering options for restoring the Everglades hydrologic regime to a more natural 

condition, many factors need to be considered.  As discussed elsewhere in this report, they in-
clude human demands for clean and stable water supplies, flood control, agriculture, and recrea-
tion, in addition to the ecological needs of the Everglades.  Those demands must be balanced 
against considerations of construction costs, operation and maintenance costs over decades if not 
centuries, water quality, the susceptibility of the components to mechanical or power failure, and 
the changing human and natural environments that will characterize south Florida for the fore-
seeable future.   

Some components of the Restoration Plan or associated activities already appear to have 
been motivated by an approach similar to what we call the rehabilitation approach.  For example, 
the Kissimmee River restoration project is of special interest to the Restoration Plan because it 
represents one of the relatively uncommon instances in which hydraulic structures and channels 
have been decommissioned in an effort to restore natural hydrologic and ecological functioning.  
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This is in contrast to the planned construction of wells, pumping stations, seepage barriers, and 
advanced wastewater treatment characteristic of many other aspects of the greater Everglades 
restoration effort.  That effort is described in some detail at http://www.saj.usace.army.mil/dp/ 
Kissimmee/Kissimmee2.html. 

The Kissimmee River restoration is only partial and represents a reversion of a “highly 
engineered” flood channel (C-38) to portions of its hydrologically simpler, historical, meander-
ing self.  Whether or not these efforts will provide the hoped-for hydrologic, ecological, and wa-
ter-quality benefits remains to be determined; an extensive Kissimmee River Restoration Evalua-
tion Program is designed to track initial and long-term responses to the reconstruction efforts.   

Similarly, efforts to “decompartmentalize” the Everglades ecosystem by removing vari-
ous canals and flood-control structures and by altering parts of the Tamiami Trail (U.S. Route 
41) where it crosses the Everglades so as to increase sheetflow also reflect a rehabilitation ap-
proach.  Finally, the use of stormwater treatment areas (STAs), which are engineered wetlands 
but which rely to some degree on natural processes, represents some degree of the rehabilitation 
approach, especially as compared with the water-treatment facilities planned for the Miami 
wastewater reuse.  On the other hand, ASR and Lake Belt Storage are firmly in the substitution 
category. 

The committee describes elsewhere in this report how pre-existing constraints; new de-
mands on the system; the possibility that one or more of the proposed components of the Resto-
ration Plan will be unable to function as proposed; the accumulating costs of building, operating, 
and maintaining the Restoration Plan; ecological uncertainties; and the  specifications of the Res-
toration Plan far into the future make it virtually certain that the plan will have to be re-evaluated 
periodically.  Options that had been previously ruled out or not considered at all might become 
the only options available to achieve even some of the Restoration Plan’s goals.   
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4 

Reconsidering Available                
Storage Options 

 

The planning framework, boundary conditions, and planning constraints that are found in 
the Restoration Plan are themselves the result of a process of adaptation to the interests and con-
cerns of the myriad stakeholders in south Florida. The constraints and conditions that emerged 
during the initial stages of planning were necessary to allow the project to move forward. The 
committee is concerned, nevertheless, that at some future time circumstances may evolve in 
ways that will require reconsideration of these initial boundaries and constraints if the project is 
ultimately to be effective and successful.  

A project the size of the Florida Everglades Restoration Project will be subjected to many 
surprises, some caused by exogenous forces and some the consequence of the project itself. As 
noted earlier, project planners will need to create adaptive plans that will allow considerable 
flexibility in responding to unanticipated change. There are two important lessons that should 
guide the efforts at adaptive planning. First, it seems obvious that there will be many changes 
that cannot be anticipated and that will have to be accommodated through adaptations with rela-
tively short lead times. This means that it will be vitally important to deal with changes that can 
be anticipated in a timely and proactive way so as to minimize surprises and retain maximum 
flexibility to respond to change that cannot be anticipated. The progressive loss of soil in the Ev-
erglades Agricultural Area is an example of a change that can be anticipated and should be 
planned for promptly as the project develops.  Second, in responding to change, it may be neces-
sary to rethink and reconsider some of the boundaries and constraints that were part of the early 
planning and now characterize the planning framework.  

Mayer (2001) provided a useful discussion of interactions among policies unrelated to the 
Everglades restoration, economics, and the choice of storage options in south Florida.  It simply 
may not be possible to protect all of the existing interests and conditions or to proceed with the 
project while preserving certain hydrologic and social features of the landscape in south Florida 
that were initially thought to be worth preserving. One example is Lake Okeechobee. The intent 
of existing plans is to continue to manage Lake Okeechobee in accordance with the prevailing 
hydrologic performance indices that govern the lake level and thereby tend to protect the existing 
littoral zone.  This will severely constrain the extent to which Lake Okeechobee might be used 
for storage.  With time and change, it could turn out that the only way to complete the project as 
envisioned would be to use Lake Okeechobee for additional storage and possibly sacrifice, to 
some extent, the continued preservation of the current littoral zone. 

This chapter focuses on these two lessons, illustrating the importance of anticipating 
change and reacting to it by using the full range of available options.  
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EVERGLADES AGRICULTURAL AREA 

The Everglades Agricultural Area (EAA) immediately south of Lake Okeechobee is 
characterized by rich peat soils (histosols). The area is devoted primarily to the production of 
sugarcane with small acreages devoted to vegetables, rice, beef cattle, and sodgrass. The annual 
value of production in this area in the early 1990s totaled $640 million (Alvarez et al., 1994). It 
is known that the peat soils oxidize on contact with the atmosphere, and this oxidation has 
caused the land surface to subside as progressive increments of the peat itself were lost though 
the twentieth century. The ultimate demise of Everglades agriculture was first predicted over 50 
years ago, but there has been a long controversy over the rates of oxidation and the exact time 
when there would be insufficient soil over the bedrock to permit agriculture to be practiced 
(Douglas, 1947; Stephens and Johnson, 1951).  Moreover, some have argued that agriculture 
could be practiced on the remaining mineral soils on a long-term sustainable basis.  Indeed, eco-
nomic rather than strictly agronomic factors may affect the near-term fate (next 5-20 years) of 
agriculture production in the EAA. Much of the EAA is devoted to sugarcane production, which 
effectively is subsidized by import duties on foreign-grown sugar and shielded from Cuban sugar 
production by import restrictions that have been in place since the 1960s (e.g., Mayer, 2001). 
Those restrictions may well change if there are changes in the government of Cuba, its policies, 
or those of the U.S. government.  

Another economic stimulus for removing EAA land from agricultural production is the 
continuing strong migration of people to south Florida, which shows no sign of abating. At some 
point in the perhaps not too distant future, agricultural interests may decide that some of their 
land is more valuable for development into retirement communities, golf courses, and related 
land uses than for agricultural production. If this were to happen, it would create additional prob-
lems for the Everglades restoration because it would impose continued demands for reliable wa-
ter supplies and at the same time decrease the amount of land that could be used for water stor-
age and also possibly make it more difficult to use adjoining lands for storage.  

Aside from its potential use for construction of surface reservoirs, an EAA that no longer was 
used (in whole or part) for agricultural production also could be flooded and allowed to revert to 
its natural wetland condition. It would take many centuries for the wetland to accrete the amount 
of peat soil present before drainage and agriculture production began, but a semblance of a natu-
ral marsh system probably could be established rather quickly. This system would tend to act as 
a giant stormwater treatment area, removing nutrients as the water slowly moved south. As 
Odum and Odum (2003) pointed out, such an approach could reestablish the original pattern of 
“longitudinal succession” within the Lake Okeechobee-Everglades system─that is, nutrient-rich 
water from the lake would pass through a eutrophic slough south of the lake and lose nutrients by 
plant growth and peat accretion before entering the oligotrophic Everglades to the south. 

CAN LAKE OKEECHOBEE PROVIDE MORE WATER STORAGE? 

Often called the liquid heart of the Everglades, Lake Okeechobee is near the geographic 
center of the series of ecosystems constituting the Greater Everglades.  Given the attention it has 
received and its actual and potential importance in the Everglades restoration, it is treated in 
some detail here. 

In terms of surface area, Lake Okeechobee is the second largest freshwater body located 
wholly within the United States (Lake Michigan is the largest), but its volume is very small 
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compared with any of the Great Lakes. It also has been the center of many controversies in re-
cent decades concerning its function in the larger system and the most appropriate strategies for 
its management (e.g., Steinman et al., 2001; Havens, 2002; Bachmann et al., 2003).  Historically, 
the lake served as the key hydrologic link between the mostly upland ecosystems in its large 
drainage basin mostly to the north and the sawgrass marshes and prairies of the Everglades 
proper to the south. Water storage provided by the large lake moderated the effects of variations 
in rainfall (wet-dry climatic cycles) on water levels in the Everglades. The lake also serves as a 
drinking water supply for several communities along the southern shore, and it is renowned as a 
sport fishery, especially for largemouth bass. The economic importance of the sport fishery is 
considerable. 

This section describes the physical setting of Lake Okeechobee, its historical develop-
ment, current uses, and limnology. We focus on the recent history of water-quality studies and 
management efforts to control the large lake’s nutrient problems. Preliminary analyses conducted 
in the Restudy regarding the lake’s potential to provide water storage are summarized, and issues 
are identified that should be considered in detail in a contingency-planning exercise to evaluate 
the advantages and disadvantages of relying more on Lake Okeechobee for water storage in the 
overall Everglades restoration program. 

Brief History and Site Description 

According to Brooks (1974), the earliest recorded name for the lake (by Solis de Mera in 
1567) was “Mayaimi,” a Caloosa Indian word meaning “big water.”  The present name, Okee-
chobee, is derived from a Seminole Indian composite of “oki” (water) and “chubi” (big) (Blood-
worth, 1959 cited in Brooks, 1974). 

Although Lake Okeechobee occupies a marine depression formed in the Pliocene by oce-
anic currents (Hutchinson, 1957), the modern lake itself is much younger, owing its existence to 
the accumulation of peat deposits along the southern rim of the depression. The peat deposits 
also underlie what is now the 310 mi2 (~800 km2) Everglades Agricultural Area south of Lake 
Okeechobee. The process of peat accumulation began about 6,300 years ago, probably as a re-
sponse to climatic changes (increased rainfall) in south Florida (Gleason et al., 1974). The early 
lake encompassed a larger area than the present lake and included parts of the current Water 
Conservation Areas. According to Brooks (1974), the modern lake, with “an ever increasing ele-
vation as the result of organic deposition along its southern rim began to develop just over 4,000 
years ago,” and the historic maximum level was reached only in the third century A.D.  

Under pre-drainage conditions, the lake’s boundaries were diffuse and spatially variable 
(depending on rainfall conditions). According to Parker (1974), at lake stages exceeding about 
14.6 ft NVGD (National Vertical Geodetic Datum, essentially equivalent to mean sea level) out-
flow from the lake occurred as diffuse overflow across the peat sill into the Everglades along two 
large segments of the southern shore, but Leach et al. (1971) described outflow as occurring 
along “a narrow reach.” Some diffuse outflow also occurred to the southwest to Lake Hicpochee, 
the headwaters of the Caloosahatchee River (Brooks, 1974). Overflow along the south shore be-
came more general at a stage of about 18 ft NVGD, and “sizeable volumes of water moved 
slowly in flat, broad sloughs toward tidewater” (Parker et al., 1955, as quoted in Leach et al., 
1971).  However, except during “extremely wet” years, there was no direct surficial hydrologic 
connection of the lake to the Everglades (Leach et al., 1971).  
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The hydrology and morphometry of Lake Okeechobee and its drainage basin have been 
modified greatly over the past 125 years, and the current system bears little resemblance to con-
ditions that existed when early explorers visited the region in the early and mid-nineteenth cen-
tury (Tebeau, 1971, 1974). Modifications began in 1881 when Hamilton Disston dredged canals 
connecting a series of large lakes in the upper part of the Kissimmee River basin and enlarged a 
shallow outlet to Lake Hicpochee and the Caloosahatchee River on the southwest side of the lake 
(Brooks, 1974). Disston actually was not the first to construct drainage canals around the lake. 
Apparently, even the Caloosa Indians and their predecessors did so (Will, 1964).  

A much more drastic modification of the Kissimmee drainage basin occurred in the 
1960s, when the Kissimmee River was channelized by the U.S. Army Corps of Engineers, con-
verting a 100-mile long, slow-moving, and highly meandering river with extensive riparian wet-
lands into a 50-mile long, nearly straight channel. Incorporation of five locks and dams in the 
waterway provided a constant depth for navigation. Channelization had dramatic effects on the 
drainage basin, river, and Lake Okeechobee. By accelerating the movement of runoff down-
stream, the new channel opened large areas of the watershed that previously were inaccessible to 
use for cattle grazing and other agricultural pursuits. The faster travel time of runoff through the 
system decreased its ability to retain nutrients, and the nearly straight, steep-sided channel pro-
vided much less habitat for wetland plants and animals than the original meandering river had.  

Concern about negative environmental impacts of the channelization began even before 
the project was completed in 1973, and efforts began to restore the river by removing the new 
channel. The State of Florida initiated an Everglades restoration project in the mid-1980s that 
included a demonstration project to restore the Kissimmee. In 1990, Congress appropriated funds 
to the Corps of Engineers to pursue Kissimmee River restoration, and it authorized the dechan-
nelization of the Kissimmee River in 1992. The restoration program is still under way. The origi-
nal channelization project cost an estimated $30 million, and although the dechannelization pro-
ject thus far has cost an estimated $300 million, it will not restore the entire river length. Because 
of encroachment of human settlements on the floodplain of the lower river (near its entrance into 
Lake Okeechobee), it was not considered feasible to restore the original channel below approxi-
mately 12 km upstream from the river mouth. 

Because the landscape of southern Florida, including the area surrounding Lake Okee-
chobee, is very flat, the shoreline of the lake expanded and contracted considerably, depending 
on rainfall conditions. Consequently, construction of levees to constrain expansion of the lake 
began fairly early in the history of European settlement, which began on the southern end of the 
lake in the late nineteenth century. By the early 1920s, a series of low, muck levees that were 
constructed around the southern and southwestern shore of the lake eliminated sheet flow from 
the lake to the Everglades and facilitated farming operations in the rich muck soils just south of 
the lake. The levees were not sufficient to hold back the lake waters during large flooding events, 
however. Major hurricanes that moved through south Florida in 1926 and 1928 breached the lev-
ees, resulting in disastrous flooding and the loss of more than 2,000 lives (Will, 1964). The 1928 
disaster was caused by a giant wind-induced, resonant tide, or seiche, that formed when the eye 
of a hurricane passed across the north end of Lake Okeechobee on September 16. The loss of life 
and extensive property damage prompted federal action that resulted in the construction of a 
large earthen dike around the southern side of the lake by the Corps of Engineers from 1930 to 
1937. In 1960-64, the levee (called the Hoover dike) was extended around the entire lake and 
raised to a height of 25 feet above normal lake stage, which is 15 ft above mean sea level. 
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By early 1883, the natural flood channel toward the Caloosahatchee River had been wid-
ened to a shallow canal (Leach et al., 1971).  Construction of major drainage canals began early 
in the twentieth century to allow more rapid release of water from the lake, and the period 1905-
1921 saw the connections of the lake to the coast via the Hillsborough Canal, the North New 
River Canal, the West Palm Beach Canal, and the Miami Canal (Leach et al., 1971; Light and 
Dineen, 1994). The St. Lucie Canal was completed in 1924 and was the main controlled outlet 
for regulation of the lake until about 1946 (Leach et al., 1971).  Most of these historical drainage 
features remain a part of the south Florida landscape. Following major flooding in south Florida 
in 1947, a series of drainage canals was constructed (1948-63) around the southeastern side of 
the lake. The Everglades Agricultural Area (EAA) was formed in 1948, and although it was not a 
part of Lake Okeechobee’s natural watershed, it became so as pumps were installed to “back-
pump” water draining from the EAA into the lake for storage purposes. A large low-head pump-
ing station (designated S-2 by the SFWMD) was constructed in 1957 to connect the lake to the 
Hillsboro and North New River canals near Belle Glade. Because of concerns about detrimental 
effects of the nutrient-rich and generally low-quality agricultural drainage water on Lake Okee-
chobee, the South Florida Water Management District agreed in 1979 to cease the back-pumping 
practice except under extreme circumstances. 

Completion of the levee, drainage canals, and water-control structures (including various 
pumping stations) changed Lake Okeechobee from a natural lake characterized by wide fluctua-
tions in water levels and areal extent between wet and dry periods to a highly regulated reservoir 
with only minor changes in area except during major droughts. A lake-stage regulation schedule 
(see Figure 3-4) has been used to manage lake levels for decades. In general, the schedule pro-
vides for maximum lake stage in winter and lower stage during summer and fall to provide stor-
age capacity for inflows associated with the summer rainy period and hurricane season. 

The modern lake still has extensive areas with sandy bottom sediments, but a “mud zone” 
with organic-rich fine sediments covers most of the northeastern portion of the open lake. These 
sediments have elevated levels of phosphorus, and wind-induced resuspension of these sediments 
is a major factor in the internal loading (recycling) of phosphorus to the water column, which 
maintains the lake’s eutrophic and somewhat degraded water quality. The mud-zone sediments 
generally are underlain by marl deposits (unconsolidated calcium carbonate formed within the 
lake). Localized areas of peat deposits are found on the southern edge of the lake, but they con-
stitute only a small fraction of the lake area. A ridge of exposed limestone limits water exchange 
between the main body of the lake and the southern bays and littoral areas, especially when wa-
ter levels are low. Extensive areas of emergent aquatic vegetation occur in a large littoral zone on 
the western side of the lake, and a large freshwater marsh occupies the southwest section. Litto-
ral areas on the southern end of the lake have mixed areas of submergent and emergent vegeta-
tion, but the eastern and northeastern sides of the lake have very limited areas with littoral vege-
tation.  

Water Quality of Lake Okeechobee 

 The first significant investigation on the chemical and biological characteristics of Lake 
Okeechobee was conducted by the U.S. Geological Survey in 1969 and 1970 (Joyner 1971, 
1974), and an extensive and nearly continuous monitoring and research program has been con-
ducted by the South Florida Water Management District on the lake and its tributaries since the 
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early 1970s. The primary focus of this work has been on nutrient-related water-quality issues. 
Sufficient tributary monitoring data are available for more than twenty years of annual nutrient 
(phosphorus and nitrogen) budgets (e.g., Janus et al., 1990; James et al., 1995), and extensive 
lake monitoring data are available to characterize both temporal trends and spatial variability in 
nutrient concentrations and related water-quality conditions such as chlorophyll levels and water 
clarity (Secchi disk transparency) (Aumen, 1995). Other studies have focused on the important 
role of the lake’s sediments as an internal source of phosphorus and suspended sediment to the 
water column (e.g., Maceina and Soballe, 1990; Reddy et al., 1993; Sheng, 1993; James et al., 
1997; Brezonik and Pollman, 1999).  

Nutrient-budget studies in the 1970s focused on contributions of specific source waters to 
the lake and showed that Taylor Creek and Nubbin Slough (Figure 2-5), which provide minor 
amounts of water to the lake, were substantial contributors of phosphorus. This was attributed to 
extensive dairy and cattle operations in these watersheds. Four sub-basins north of Lake Okee-
chobee, including the Taylor Creek-Nubbin Slough basin and three sub-basins in the lower Kis-
simmee River, still contribute about 35 percent of the current phosphorus loading to the lake al-
though they comprise only about 450 square miles (~12 percent of the total contributing land 
area in the lake’s watershed). The SFWMD recognizes them as priority basins for phosphorus 
management and has ongoing projects to develop and implement best management practices in 
the basins. 

Back-pumping of water from the EAA also was found in early studies to be a major nu-
trient source, especially for nitrogen, and EAA discharge water also was found to be generally 
poor in quality—high in dissolved solids and colored natural organic matter from the peat soils 
(e.g., Brezonik and Federico, 1975). These studies led to a decision by the SFWMD in 1979 to 
stop the practice of pumping EAA discharges into the lake, and except during periods of extreme 
drought, such as occurred in 2001 (SFWMD, 2001), back-pumping of drainage water from areas 
south of the lake has not been practiced. 

In spite of extensive efforts to limit or manage nutrient inputs to the lake from watershed 
sources over the past ~30 years, phosphorus concentrations in the lake actually appear to have 
increased since the early 1970s (Figure 5A in Havens and Walker, 2002). For example, annual 
average total phosphorus concentrations in the lake’s pelagic (open-water) zone were in the 
range 50-60 mg m-2 yr-1 in the period 1973-1977, increased to approximately 80-90 mg m-2 yr-1 in 
the period 1979-1983, and varied between ~90 and 120 mg m-2 yr-1 over the period 1987 to 1999. 
Water clarity (as measured by Secchi disk transparency) similarly declined over this period—
from an average of about 60 cm in the mid-1970s to about 40 cm in the late 1990s (Havens et al., 
2003). 

Nutrient loadings, especially phosphorus loadings, remain substantially higher than stated 
SFWMD goals. Annual phosphorus inputs have increased from about 230 mg m-2 yr-1  to 850 mg 
m-2 yr-1 from 1910 to the 1990s (Brezonik and Engstrom, 1998).  The total phosphorus input into 
the lake is about 498 t per year (Walker, 2000). In contrast the proposed target loading is 140 t 
per year. The target load is based on a model prediction of the phosphorus loading needed to at-
tain an average total phosphorus concentration in the lake’s pelagic (open-water) zone of 40 mg 
m-2 yr-1 (Havens and Walker, 2002).  The latter value is the proposed in-lake goal for phosphorus  
that was used in the total maximum daily load (TMDL) process for Lake Okeechobee (Havens 
and Walker, 2002).  
 Factors controlling primary production by algae and the composition of the phytoplank-
ton community in Lake Okeechobee have received considerable attention over the past 30 years. 
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The former issue is complicated by the spatial and temporal variability of nutrient levels in this 
large lake; at different times and locations, either phosphorus or nitrogen may be the potentially 
limiting nutrient for planktonic primary production (e.g., Brezonik et al., 1979), but light condi-
tions usually are the actual limiting factor (Phlips et al., 1997; Bachmann et al., 2003), especially 
in the open-water area, where wind-induced sediment resuspension is responsible for low water 
clarity (Maceina and Soballe, 1990).  Secchi disk transparency in the open lake typically is in the 
range of 30 to 60 cm; as a rough approximation, the euphotic zone, which is defined as the depth 
at which light penetration is sufficient for primary production to just exceed respiration, is about 
twice the Secchi depth; this is thought to occur at ~1-2 percent of incident light.  Low light avail-
ability also has been suggested as a regulator of cyanobacteria (blue-green algae) species in the 
lake (Havens et al., 1998) and low nitrogen:phosphorus ratios in the lake water also have been 
used to predict the recent dominance of cyanobacteria (Havens et al., 2003). 
 The complexity of factors influencing phytoplankton concentrations in the lake has led to 
substantial disputes about the merits of developing a TMDL for phosphorus to control algal 
blooms in the lake.  Havens and Walker (2002) concluded that the TMDL goal of 40 micrograms 
per liter for long-term average total phosphorus concentration in the pelagic zone of the lake 
would reduce the frequency of near-shore algal blooms to 2-9 percent compared with 5-33 per-
cent under present conditions.  In contrast, Bachman et al. (2003) contended that a stringent 
TMDL for phosphorus would not result in improved water quality; they argued that the lake has 
been eutrophic for over a century and had a high phosphorus loading rate (~377 metric tons per 
year) even in presettlement times.  Such a high rate seems unlikely, however, given pre-
settlement hydrology and the major agricultural and other anthropogenic phosphorus sources 
known to be important in the drainage basin at present.  The contention that the lake was eutro-
phic in pre-settlement times does not agree with the descriptions of some early explorers.  For 
example, in 1887 Heilprin, as quoted by Brooks (1974), described the lake in the following way:  
 

It is frequently conceived, and often reported, that Lake Okeechobee is a vast swampy la-
goon, or inundated mud-flat, the miasmatic emanations arising from which render access to 
it a matter of considerable risk or caution. This is very far from being its true character. The 
Lake [sic] proper is a clear expanse of water, apparently entirely free of mud shallows, and 
resting … on a firm bed of sand. All our soundings and drags indicate that this sand is al-
most wholly destitute of aluminous matter, and nowhere, except on the immediate borders, 
where there is a considerable outwash of decomposed and decomposing vegetable sub-
stances, is there a semblance to a muddy bottom. The water itself, when not disturbed, is 
fairly clear, and practically agreeable…More generally, however, it is tossed into majestic 
bellows, which rake up the bottom, and bring to the surface a considerable infusion of sand, 
rendering the surface murky. 

 
In addition, paleolimnological evidence based on lead-210 (210Pb) dated sediment cores 

from eleven sites in the mud zone of the lake indicates that annual phosphorus accumulation 
rates in the lake’s sediments have increased about fourfold since pre-settlement times, with most 
of the increase occurring in the past 50 years (Brezonik and Engstrom, 1998). Although difficul-
ties were encountered in interpreting 210Pb dating of cores from some locations (probably be-
cause of sediment resuspension problems), reliable dates were obtained from most sites. These 
studies also suggested that the lake had very low rates of accumulation of organic-rich muck 
sediments in pre-drainage, pre-settlement times.  

Bachmann et al. (2003) proposed that water-level controls would be more effective in 
managing phosphorus levels (and associated algal blooms) in the lake. This is roughly in agree-
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ment with the Restoration Plan’s proposed management plan for the lake (USACE and SFWMD, 
2001; Havens, 2002) and is based on the findings of several earlier studies (Maceina, 1993; Ha-
vens 1997) of an association between higher water levels and higher total phosphorus concentra-
tions in the lake. High water levels also facilitate the movement of suspended particles (and as-
sociated particle-bound phosphorus) from the mud zone in the central part of the lake to near-
shore areas, especially in the south end of the lake, where a submerged limestone ridge at ~8 ft 
(NVDG) inhibits movement of water from the center of the lake to the southern bays at low lake 
stage but is ineffective at blocking large-scale circulation patterns at higher stages. 

Restoration Alternatives for Lake Okeechobee 

 As the above description indicates, Lake Okeechobee is not just a potential water storage 
site for the Everglades; it is a key, albeit degraded, component of the Greater Everglades system, 
and it serves as an important drinking-water supply and recreational resource. It was identified as 
a system component to be restored by the Restoration Plan. Several parts of the comprehensive 
plan are focused on improving water quality in the lake. For example, the Kissimmee basin stor-
age reservoir described in Chapter 2 is intended both to store water and to reduce nutrient loads 
to the lower Kissimmee River and Lake Okeechobee. This component will consist of a 17,500-
acre above-ground storage reservoir and associated 2,500-acre stormwater treatment area (STA) 
in one of three counties north of Lake Okeechobee. A 5,000-acre reservoir and associated 5,000-
acre STA in the Taylor Creek-Nubbin Slough area northeast of Lake Okeechobee is intended to 
serve the same purposes. The storage capacity of these two reservoirs (in sum about 250,000 
acre-feet) essentially substitutes for storage that could be obtained by allowing a higher stage in 
Lake Okeechobee during wet periods. An increase in the maximum allowable lake stage of 0.5 
feet would provide 227,500 acre-feet of additional storage (Table 4-1), over 90 percent of the 
storage of the two proposed reservoirs.  

An increase in the maximum stage of Lake Okeechobee of 0.5 feet also would provide 
additional storage equivalent to about 82 percent of the total storage provided by the proposed 
Lake Belt.  The actual stage of Lake Okeechobee reached the maximum allowable stage only a 
few times over the period 1931-2003. 
 Several additional Restoration Plan components to improve water quality in Lake Okee-
chobee are described in the Lake Okeechobee Surface Water Improvement Management Plan 
(SFWMD, 1997b). They include: (i) additional STAs on the north side of the lake; (ii) a plan to 
plug selected local drainage ditches, the net effect of which will be to restore about 3,000 acres 
of wetlands in the Okeechobee watershed; (iii) diversion of some drainage canals into wetlands; 
and (iv) dredging of phosphorus-rich sediment from 10 miles of primary canals in the watershed 
of the lake. However, despite concerns expressed by limnologists about the increasing impor-
tance of internal phosphorus loading by wind-induced resuspension of flocculent, phosphorus-
rich, bottom sediments in maintaining high nutrient and algal conditions in the lake, no Restora-
tion Plan components are designed to address this problem directly, and the plan does not include 
any in-lake restoration activities. 
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   Table 4-1  Relationship of Storage in Lake Okeechobee to Maximum Stage* 

Additional Storage 
Increase in Maximum   
Allowable Stage (ft.) 

New Maximum 
State (ft) [NVGD] (acre feet) 108 m3 

0.5 19.0 227,500 3.23 

1.0 19.5 462,500 6.57 

1.5 20.0 697,500 9.90 
* A description of the regulation of Lake Okeechobee, including the provision of a maximum al-
lowable, are provided in Chapter 2.  A more detailed description can be found at http://www. 
sfwmd.gov/org/pld/hsm/reg_app/lok_reg/.  

  
The Lake Okeechobee Surface Water Improvement Management Plan eschews a more 

prominent role for the lake in storing water for export to the Everglades during droughts because 
SFWMD limnologists believe that maintaining high water levels in the lake for extended periods 
would be detrimental to littoral plant communities primarily on the lake’s west side and also 
would cause poorer water quality (higher levels of turbidity and algae concentrations) in the open 
waters of the lake. Field data on the lake for periods of widely varying water levels during the 
1990s (e.g., Maceina, 1993; Havens, 1997, 2002) support these conclusions.  Nonetheless, the 
general argument and cited field observations that lower water levels are better for Lake Okee-
chobee appear at first to be contrary to a long-held limnological belief that deeper lakes tend to 
have better water quality because wind-induced sediment resuspension becomes less important 
as the depth of the water column increases. Also, a lake with a deeper mixed layer may have the 
same biomass of algae as a shallower lake, but in the deeper lake, the algae are suspended in a 
larger volume of water such that the concentration of algae is lower.  However, when water lev-
els in Lake Okeechobee are low, a submerged ridge along the southern edge of its central basin 
tends to interrupt circulation from the center of the lake, where fine sediments can be resus-
pended in windy conditions.  It is possible that if the lake were regulated at levels several feet 
higher than it is at present, and if effective nutrient controls to the lake could be implemented, 
then poor water quality associated with higher lake levels would not be problematic.   

Although higher water levels may diminish the width of the littoral zone of emergent 
vegetation in the northwestern area of the lake, higher water levels actually may enhance the lit-
toral zone in the southwest part of the lake. Under current operating conditions, the large expanse 
of marsh south of the mouth of Fisheating Creek and northwest of the city of Moore Haven on 
the lake’s southwest shore is very shallow and much of it cannot be traversed by boats because 
of insufficient water depths and dense vegetation. If maximum water levels in the lake were al-
lowed to increase modestly (e.g., by 1-3 feet), it is likely that this large area would become more 
lake-like, but still littoral rather than pelagic, and less like a separate, nearly impenetrable marsh.  

A recent study (Smith et al., 2004) found that low water levels (< 13-14 ft, NGVD) pro-
mote the spread of a nonnative invasive terrestrial species of grass, torpedograss (Panicum re-
pens), in marshy areas of the lake where depths are less than 50 cm (1.6 ft). This exotic species 
has displaced more than 6,000 ha (15,000 acres) of native plants, including spikerush, and open-
water habitat since it was introduced to the lake in the 1970s. (Although the plant is considered a 
terrestrial species, once established, it can grow in water depths of 75 cm or less, and it can sur-
vive extended periods at water depths up to 1 m.) 
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Given the above comments and the possibility that other storage options (e.g., ASR) may 
not provide the amounts of water needed to fulfill the restoration plan, the committee judges that 
it would be prudent to revisit the question of whether Lake Okeechobee can provide some of the 
sought-for water storage. A wide range of options exist. Some of them, including options ex-
plored early in the Restudy, would have extreme effects on lake levels and would diminish the 
value of the lake as an ecological resource and probably as a sport fishery. These options likely 
would be opposed by a wide range of stakeholder groups, including the sport-fishing community 
and environmentalists. The lake is widely considered to be a valuable aquatic resource, even in 
its somewhat degraded condition, and proposals that would relegate the lake primarily to use as a 
water-storage device are likely to be controversial.  For this reason especially, any reconsidera-
tion of Lake Okeechobee’s role in storage would need to include careful consideration of socio-
economic and ecological factors, including short- and long-term financial costs.  

One of the more extreme options involved splitting the lake into two sections with a large 
dike. One section would include the littoral zones on the west side of the lake, in which water 
levels would be maintained within a range that would promote a healthy littoral plant commu-
nity. The other section would include most of the open water portions of the lake on the east side, 
and water levels would be allowed to fluctuate to rather extreme highs and lows. A second op-
tion considered in early Restudy modeling runs allowed the entire lake to be used for water stor-
age, and although the runs demonstrated that maximal use of storage in Lake Okeechobee would 
be “cost effective and hydrologically efficient” (USACE and SFWMD, 1999), they produced 
extreme fluctuations in lake levels, which likely would adversely affect the lake ecosystem. 
More modest fluctuations in water levels, including relatively small increases in maximum lake 
stage, apparently were not explored in these runs.  

Smaller fluctuations and smaller increases in maximum stage of Lake Okeechobee obvi-
ously would not provide the total amount of storage that the unaltered system of the nineteenth 
century had and that may be required to offset the loss of another major storage component, such 
as ASR, should it prove infeasible. Nonetheless, moderate changes in lake stage could contribute 
substantially to system storage. As noted previously, an increase in maximum lake stage of only 
0.5 ft would provide a water storage volume nearly equal to that of the two reservoirs (total of 
22,500 acres plus an additional 7,500 acres devoted to STAs) proposed to be constructed north of 
Lake Okeechobee (see Chapter 2). Such changes may have only small negative effects on lake 
quality in the long term, especially once the problem of excessive nutrient loading to the lake is 
finally solved, and it may even lead to positive changes, such as a larger open-water habitat and a 
more accessible littoral zone on the southwest side of the lake. Thus, there is the potential to pro-
vide ecological benefits earlier in the process. Other storage options, including the proposed 
storage reservoirs north of Lake Okeechobee, have their own environmental costs. Any such 
changes should be undertaken using adaptive management to maximize learning opportunities. 
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5 

Evaluating Ecological Tradeoffs 
 

INTRODUCTION 

 
The primary strategy for restoring the Everglades ecosystem is the restoration, to the ex-

tent possible, of the hydrologic regime.  However, the ultimate goal is restoration of the Greater 
Everglades Ecosystem while meeting society’s needs for flood control and water supply.  Earlier 
in this report and in previous reports of this committee (e.g., NRC, 2003b), we have discussed 
the importance of evaluating the restoration effort; the NRC (2003b) also recommended that con-
flicts among ecological restoration targets should be identified and that system-wide indicators 
be developed.  These issues have been a major focus of the Restoration Plan scientists as well.  
Major difficulties are associated with such evaluations.  One is translating the general ecological 
and societal goals espoused in the Central and South Florida Restudy into realistic targets and 
practical performance measures (NRC, 2003b).  Another difficulty is that restoration of one as-
pect of ecosystem functioning or of biological diversity might have to come at the expense of 
another.  Furthermore, not all aspects of ecosystem structure and functioning are equally valued 
by all sectors of the public or even by all agencies in the region.   

In addition, three major components of the Restoration Plan—aquifer storage and recov-
ery (ASR), Lake Belt storage, and water reuse—have major uncertainties that still need to be re-
solved through pilot studies.  For example, their efficiencies might be lower than assumed, their 
costs might be higher, or water-quality issues might be problematic.   

All the above factors make it imperative that there be a quantitative framework for evalu-
ating possible modifications to the plan as needed.  Even if the general goals remain unchanged 
(and they might not), the restoration strategies and targets will need to be revisited and alterna-
tive management scenarios judged in the light of new information.  Decision-makers and interest 
groups will probably prefer different alternatives based on how they view the tradeoffs among 
goals for subsets of the ecosystem and among desired endpoints.  Experience suggests that a 
structured decision process that synthesizes information, reflects these tradeoffs, and accounts 
for different stakeholder preferences can promote constructive analysis and negotiation (e.g., 
Clemen, 1991; Ridgely and Rijsberman, 1992; NRC, 1996b; Prato, 2003; Brown et al., 2001) 
and thus help to operationalize adaptive management.  To this end, the committee has considered 
multiattribute (or multicriterion) approaches to decision making.  It proposes the use of a system 
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performance measure that could be used together with specific indicators and performance 
measures already in place to help to evaluate restoration progress and alternatives, including re-
evaluation and refinement of restoration goals.   

The proposed system performance indicator does not in itself lead to decisions; instead, it 
allows alternative scenarios or outcomes to be evaluated.  To make decisions, it will be necessary 
to weight various outcomes and aspects of ecosystem structure and functioning.  A recent NRC 
committee described these considerations in identifying options for protecting Atlantic salmon in 
Maine (NRC, 2004a).  It described the need for “differences in perspectives [to be] taken into 
account so that the decision is informed by the views of all parties having legitimate interests in 
the outcome.”  Like that earlier NRC committee, this committee cannot perform such weighting, 
because value judgments are involved, as well as scientific estimates.  The best that can be at-
tained is a clear description of a weighting algorithm so that policy makers and stakeholders in 
the Everglades restoration can do the hard work of agreeing on the weights to be assigned.    

Characteristics of a System Performance Measure 

In an ideal world, a system performance measure for evaluating alternative Everglades 
restoration plans would be a single measure of the degree to which a given plan meets the Resto-
ration Plan objectives—water supply and flood control for the built environment, and ecosystem 
restoration.  Such a system measure would need to quantify performance in a way that is consis-
tent with societal preferences.  This would mean specifying relative societal preferences both 
within and across the main categories of water supply, flood control, and ecosystem restoration.  
How does society value water supply for agriculture versus water supply for municipalities?  
Restoration of the ridge and slough landscape versus restoration of the marl prairie?  Water sup-
ply versus flood control?  Flood control versus ecosystem restoration? 

Obviously, there are many conceptual and practical difficulties in developing an “ideal” 
system performance measure for Everglades restoration.  Some of these difficulties can be 
avoided by excluding consideration of the built environment and measuring only the degree to 
which a given restoration plan meets the  Restoration Plan ecosystem restoration objectives.  To 
a large extent, Restoration Plan objectives pertaining to the built environment are legally man-
dated and cannot be compromised without changing the law.  (Of course, laws can be changed; 
an overall ecological performance measure for the Restoration Plan could be used in an analysis 
to evaluate the degree to which current built environment mandates limit restoration success.)  

The Everglades ecosystem consists of several identified, distinct components, such as 
marl prairie and ridge and slough terrain.  Estimation of a system measure of the degree to which 
a particular restoration plan meets Restoration Plan objectives requires the ability to estimate 
how the value of a particular ecosystem component is affected by the restoration plan, as well as 
assignment of relative value to all identified ecosystem components.  This clearly means that a 
system restoration performance measure must be based on restoration outcomes that can be both 
modeled and valued.  Modeling of the Everglades is highly advanced, with respect to both hy-
drologic and ecosystem processes, although the latter are much more difficult to quantify.  In the 
next section we develop a conceptual system performance measure that focuses on restoration of 
individual components of the Everglades ecosystem.  
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A Conceptual System Performance Measure 

To help in its goal of restoring the hydrologic regime of the Everglades, the South Florida 
Water Management Model provides a quantitative tool for predicting how various restoration 
strategies would modify the hydrologic regime.  For these reasons we base our conceptual sys-
tem performance measure on hydrologic performance measures.  The current set of hydrologic 
performance measures could be used for this purpose, although it might be desirable to modify 
this set.  The restoration of each particular ecosystem component will depend on one or more 
hydrologic performance measures (i.e., system attributes).  This dependence can be expressed 
mathematically as (in the lexicon of economics) a utility function that relates the numerical value 
of a performance measure to society’s degree of satisfaction with the restoration.  A separate util-
ity function is developed for each performance measure and an overall degree of utility is then 
calculated by weighting and then combining utility scores. 

A review of the extensive literature on methods for deriving weights and combining util-
ity scores is beyond our scope here.  Multiattribute decision-making frameworks, however, are 
increasingly used in ecosystem management and are appealing for their simplicity, abiltity to en-
gage stakeholders, and their flexibility in handling nonmarket values that have challenged more 
traditional cost-benefit approaches (e.g., Prato, 1999).  One measure of overall restoration utility 
is  the weighted sum  of such individual utility functions, a widely used formulation (Keeney, 
1982; Poyhonen and Hamalainen, 2001).  The functions account for the degree to which each 
ecosystem component is restored as a result of a hydrologic regime corresponding to the hydro-
logic performance measures.  The weights account for the value given to each restoration com-
ponent relative to other components.  Hence the overall restoration hydrologic performance 
measure estimates the relative value of the restoration associated with alternative restoration 
plans.  This concept is presented more formally below.      

Measuring System Restoration Performance  

Assume there are “n” ecosystem components and a set of hydrologic performance meas-
ures.  Let X0 be the vector of all the hydrologic performance measures under pre-restoration con-
ditions. Let XT be the vector of the values of all the target hydrologic performance measures.  
For  the restoration alternative j, let Xj be the corresponding vector of values of all the hydrologic 
performance measures.  The vectors X0, XT, and Xj, can be obtained from simulations of the 
South Florida Water Management Model.  Let fi(Xj) be a multivariate function representing the 
expected fractional restoration of the ecosystem i under restoration alternative j.  (Note that fi 
will be insensitive to hydrologic performance measures that do not relate to ecosystem i.)  Also, 
for all i, fi(X0) = 0 and fi(XT) = 1.  In general, fi(Xj) would be expected to vary between zero and 
one, although it would be possible to evaluate restoration plans that would degrade one or more 
ecosystem components relative to pre-restoration conditions (in which case fi(Xj) would be less 
than one), or that would restore one or more components to conditions that exceed the target 
conditions (fi(Xj) > 1).  Also, the value represented by 1 might change with the advent of new 
knowledge. 

Let wi be a number between zero and one representing the imputed value of ecosystem i 
relative to the imputed value of the most-highly valued ecosystem, where the sum of all wi 
equals one.  Then the system performance measure (SPM) associated with a particular restora-
tion configuration on a set of independent hydrologic performance measures is given by  
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SPM j = wi

i=1

n
∑ fi x j( )

 
 
We recommend that in the initial uses of the proposed indicator, all of the weights be equal, in 
which case wi = 1/n for all i.  If all weights are chosen equal,  
 

SPM j =1 n fi x j( )
i=1

n
∑

 
 
 

Clearly, specification of the fi's would present the greatest challenge to the implementa-
tion of this measure.  The existing ecological models would provide a scientific basis defining 
these functions, but some degree of subjective judgment also would be required.  The Habitat 
Suitability Indices recently developed by the South Florida Water Management District would 
provide an excellent starting point.  Another concern is whether the different performance meas-
ures are fully substitutable for each other, as is implied by additive weighting. 

Application of Proposed System Performance Measure 

A system restoration performance measure like the one described above is intended to 
complement rather than substitute for other evaluation tools already in place (e.g., ecological as-
sessment models like ATLSS).  Its main value would be in the context of an inclusive and ex-
plicit group-process for evaluating policy and management tradeoffs and alternatives (e.g., Ridg-
ley and Rijsberman, 1992; Prato, 2003).  As such the system performance measure could be used 
as a tool for re-examining restoration targets, for comparing the relative contributions of different 
components of the Restoration Plan to overall restoration progress, and for examining the sensi-
tivity of measured restoration progress to differences in weights assigned by different stake-
holders.     

For example, during the screening studies preceding the Restoration Plan it was demon-
strated that manipulations of water level in a partitioned or whole Lake Okeechobee would pro-
vide a cost-effective alternative to ASR.  However, this strategy was not considered because it 
prevented restoration of the Lake Okeechobee littoral zone.  An overall restoration performance 
measure would allow for a more formal examination of the balance between restoration benefits 
in the Lake Okeechobee ecosystem against other restoration benefits.     

 
 

Simple Hypothetical Example of the  
Use of a System Performance Indicator 

 
Consider two ecosystems that must share water provided by a restoration project.  As-

sume that there is only one hydrologic performance measure for each ecosystem, the average an-
nual flow to that ecosystem.  Let x1 and x2 be the respective flows and let x1T and x2T be the re-
spective target flows required for full restoration.  Assume that x1T = x2T = Q*/2, where Q* is the 
total flow required for full restoration.  Assume that the two ecosystems are equally valued, and 
hence w1 =  w2 =  0.5. 
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FIGURE 5-1.   
 

 
Let f1(x1/x1T) and f2(x1/x1T) be functions quantifying fractional restoration as a function of 

the ratio of average annual flow to the target flow.  Assume that these functions are given in Fig-
ure 5-1 above.  

If the targets are met for each ecosystem, the value of the system performance measure is 
given by 
 
   SPM = w1 f1(x1/x1T) + w2 f2(x1/x1T) 
      
    = (0.5)(1) + (0.5)(1) 
 
    = 1 
 
 Consider the case for which the available water supply, Q, is less than Q*.  If water is 
allocated to optimize the SPM, the values of f1(x1/x1T) and f2(x1/x1T) must be equal, given that 
the ecosystems are assumed to have equal value (w1 = w2).  From Figure 5-1 it is clear that this 
will require that ecosystem 1 be allocated much less water, as it is much less sensitive to the sup-
ply of water.  Figure 5-2 illustrates the amount of water that must be allocated to each ecosystem 
to maximize the SPM, for various values of Q/Q*.  
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Figure 5-2
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Figure 5-2.  Illustration of the amount of water that must be allocated to each ecosystem to maximize the 
SPM, for various values of Q/Q*. 
 
 
As an example, consider Q/Q* = 0.8. 
 
 Based on Figure 5-2, the optimal SPM is attained for x1/x1T = 0.61 and x2/x2T = 0.99.  
From Figure 5-1 it can be seen that the fractional restorations at these ratios are each 0.96.  
Hence the optimal SPM is 0.96.  
 
 Assume that for the case of Q/Q* = 0.8, water is instead allocated equally to ecosystems 
1 and 2, that is, x1/x1T = x2/x2T = 0.8.  From Figure 5-1 we see that 
 

f1(x1/x1T) = 0.988 
 

f2(x1/x1T) = 0.364 
 
The resulting SPM is  
 
   SPM = w1 f1(x1/x1T) + w2 f2(x1/x1T) 
     
    = (0.5)(.988) + (0.5)(.364) 
 
    = 0.64 
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This SPM is much lower than the optimal value of 0.96, indicating a very inefficient allocation 
of water.  However, this allocation is optimal if w1 = 0.955 and w1 = 0.45, since for this set of 
weights 
 
   SPM = (0.955)(.988) + (0.045)(.364) 
 
    = .96 
 
 For every allocation of water there is a set of weights that makes that allocation optimal, 
and the weights are equal for only one of these allocations.   In general, a restoration involving 
more than one ecosystem will likely involve unequal preferences unless an attempt is made to 
equalize preferences.  
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6 

Findings and Recommendations 
 

 

 The restoration effort is associated with ecological and engineering uncertainties of sev-
eral kinds that make unanticipated outcomes highly likely.  Especially problematic is the poten-
tial for irreversible changes to the ecosystem to occur long before all phases of the Restoration 
Plan are implemented.  Such changes include further expansion of invasive and irruptive plant 
and animal species, further erosion of the distinctive ridge and slough topography that once char-
acterized large portions of the Everglades, continued loss of tree islands, disappearance of the 
communities of marl prairies and periphyton mats unique to the Everglades, loss of endangered 
species, expansion of areas with nutrient loading rates above historic levels, and expansion of 
areas with high mercury methylation rates.  The overall effect of these changes will be homog-
enization of the landscape in which the mosaic of different community types that constitute the 
Everglades will be compromised.  It is this mosaic that allowed the system to adjust to both 
short- and long-term changes in hydrology and periodic fires.   
 While it is clear that such irreversible changes could occur through processes already set 
in motion by previous alterations to the system, considerable uncertainty surrounds the relation-
ship between implementation of the Restoration Plan and the rates at which specific changes to 
the ecosystem will occur.  Of central concern are uncertainties in the relationships between hy-
drologic targets and ecological targets.  In addition, regional changes in temperature and in the 
amount and variability of precipitation—factors that drive hydrology and fire regimes in the Ev-
erglades—will occur within the time-frame of the restoration and introduce greater uncertainty 
into the models under which the Restoration Plan will be implemented.  The rise in mean sea 
level predicted to occur with climate change will have profound effects on the Everglades and 
much of south Florida.  There also are uncertainties associated with the efficacy and costs of the 
various storage options, especially ASR, lake-belt storage, and wastewater reuse.    
 All these uncertainties emphasize the need for contingency planning, analysis of trade-
offs, carefully designed pilot studies, and flexibility in implementing the program (adaptive man-
agement).  More specific major findings and recommendations follow.  Additional suggestions 
are in the individual chapters. 
 

 

• Finding 1.   The historic resilience of the ecosystem was a direct consequence of the 
continuity and the diverse mosaic of natural system communities found over a wide range 
of spatial scales.  As the spatial extent of the ecosystem is reduced, the resiliency of the 
system is reduced and susceptibility to unexpected and irreversible change is increased.  
Although a considerable amount of money ($100-200 million annually) is allocated to 
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land acquisition, it seems certain that some land not soon acquired will be developed or 
become significantly more expensive before the two-decade acquisition program can be 
completed.  Protecting the potential for restoration, i.e., protecting the land, is essential 
for successful restoration.   

• Recommendation 1.  Preservation of the remaining areal extent of the potential natu-
ral system should be a priority.  Land should be purchased or conservation easements 
should be obtained now to prevent additional loss of land to development and to provide 
a buffer between the built and natural environments. (Chapter 3.) 

• Finding 2.   A restoration as ambitious and complex as the Everglades Restoration 
Plan has the potential to allow─and perhaps even cause─irreversible changes to the Ev-
erglades ecosystem as it proceeds.  Some processes of deterioration might continue to an 
undesirable endpoint before the restoration is complete, and in some cases, it is possible 
that an intermediate stage between current conditions and the restoration goal could result 
in additional damage.   

• Recommendation 2.  Efforts should be made to prevent irreparable damage to the 
ecosystem during the restoration.  The focus should be on interim changes in the system 
as well as the end point of the restoration to avoid losses in the short-term that will pre-
vent ecosystem restoration in the long term.  (Chapter 3.) 

• Finding 3.   Some aspects of the restoration are likely to benefit the target ecosystem 
components while adversely affecting others, at least until the restoration is completed.    
In other cases, finite resources and other factors are likely to lead to differing restoration 
goals for different parts of the ecosystem and among different stakeholders. 

• Recommendation 3.  Methods should be developed to allow tradeoffs to be assessed 
over broad spatial and long temporal scales, especially for the entire ecosystem. Devel-
opment of methods now, such as the system performance indicator described in Chapter 
5, will allow alternatives to be tested quickly and modifications to the restoration to be 
developed when surprises do occur.  (Chapters 3, 4, and 5.)   

• Finding 4.  It is likely that some components of the Restoration Plan will be more 
costly or less effective than envisioned. The high degree of uncertainty associated with all 
phases (economic, social, political, engineering, and ecological) of the Restoration Plan 
necessitates the allocation of significant effort to establishment of alternative approaches 
to restoration (contingency planning). Even if the Restoration Plan “gets the water right,” 
there are circumstances that might prevent restoration of the Everglades to the conditions 
envisioned by the plan. The multi-species recovery plan, efforts to eradicate invasive spe-
cies, changes in water-quality legislation, and many other factors may have major influ-
ences on the restoration effort.  

• Recommendation 4.  In addition to the contingency planning that already is being 
undertaken, more intensive and extensive planning should be pursued.  In particular, op-
tions such as those discussed in Chapter 4 should be considered for using the Everglades 
Agricultural Area and Lake Okeechobee as elements of the Restoration Plan in ways that 
are not now part of the plan.  Any such change in the use of EAA and Lake Okeechobee 
should be undertaken using adaptive management, and it has the potential to bring eco-
logical benefits earlier.  (Chapter 4.)  
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• Finding 5.  A variety of economic, political, financial, engineering, and other factors 
and constraints have resulted in a restoration plan that provides most of its ecological 
benefits towards the end of the process.  Some of that delay is unavoidable, because some 
engineering structures must be in place before other elements of the plan can be imple-
mented.  However, the longer the provision of such benefits is delayed, the more likely 
that continued degradation will occur, that loss of species and habitats will continue, and 
that at least some political support will be lost as well.  These factors argue for increased 
emphasis on ecological results earlier in the plan. 

• Recommendation 5.  Restoration projects should be implemented in a way that pro-
vides benefits to the natural system sooner rather than later by accelerating storage pro-
jects that are not as reliant on technology or use short-term storage solutions to achieve 
benefits to the natural system until more technologically advanced methods are proven.  
An example of such a benefit to the natural system would be providing more natural 
flows (in terms of seasonal timing, volume, and flow velocity) to Everglades National 
Park.  Doing so might not require large-scale changes in sequencing; instead, incremental 
changes could add up to be significant.  Immediate action should be taken to identify in-
terim ecological goals for the restoration that can be achieved in the near-term. Interim 
ecological goals should include preventing changes to the system that may be irreversible 
in a 50-100 year time frame.  Of particular concern are losses of endangered species, ex-
pansion of the zones of increased nutrient loading that have shifted parts of the Ever-
glades from oligotrophic to eutrophic systems with associated reductions in species dis-
tributions and losses of habitats, and degradation of the underlying topography that has 
supported the development of the rich mosaic of communities and habitats that is the es-
sence of the Everglades system and maintains its overall resilience in the face of its natu-
ral hydrologic variability.  (Chapter 3.) 

• Finding 6.   Many projects that will contribute to or otherwise affect the restoration 
of the Everglades are not part of the Restoration Plan.  To the degree that there is coordi-
nation or at least communication among those projects, benefits of economy and of effec-
tiveness are likely. 

• Recommendation 6.   Coordination and communication among the various restora-
tion efforts should continue to receive high priority.  (Chapter 3.) 

• Finding 7.  Considering the 40-year time frame of the Restoration Plan and perhaps a 
century of system response, a regional information synthesis center would enable the sys-
tematic provision of evolving, reliable knowledge in support of the policy process and the 
interested public who affect and are affected by the program.  Such a center also would 
help implement adaptive management on a system wide basis.   

• Recommendation 7.   Incorporate integrated assessment models, long-range-
development scenarios, and a regional information-synthesis center into an adaptive-
management and assessment program in the Restoration Plan. Monitoring is an essential 
part of adaptive management, and models have the potential to help design, assess, and 
evaluate the results of monitoring programs.  (Chapter 3.) 
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Appendix A 

Master Implementation Sequencing Plan 
Compared to Initial Restudy Schedule 

 
 

Source: Everglades Restoration web site.  Available online at http://www.everglades 
plan.org/pm/misp.cfm 
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