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DEDICATION
Lawton Chiles worked aggressively in Washington as a United States Senator and in
Tallahassee as governor to protect and restore the national treasure that is the Florida Everglades.
When Governor Chiles died on December 12, 1998, the South Florida Water Management District
was well into implementing programs contained in the 1994 Everglades Forever Act, a
cornerstone piece of legislation from his first term. Chiles had signed the earlier Everglades
Protection Act at the Miami home of Marjory Stoneman Douglas, the renowned Everglades
advocate. These two pieces of legislation put the state and this agency on course to carry out the
enormous task of restoring the Everglades. This Everglades Interim Report is a requirement of the
1994 Everglades Forever Act and represents the unwavering commitment of the Chiles
administration to bring the best available information to environmental decision makers.
Governor Chiles made an important difference with his leadership in protecting the
state's most vulnerable ecosystem, the Everglades. He supported various state programs,
legislation, and land acquisition -- such as the Governor's Commission for a Sustainable South
Florida and Preservation 2000 -- throughout his nearly eight years as governor, and as a U.S.
Senator, he also promoted creation of the Big Cypress National Preserve.
Because of his devotion to the preservation of all of Florida's treasured natural systems,
the South Florida Water Management District dedicates this Everglades Interim Report to the memory of
Lawton Chiles -- this in hopes that his philosophy of protecting the public trust will continue to
guide and empower us as we proceed with this monumental restoration project.

Samuel E. Poole, III
Executive Director
South Florida Water Management District
West Palm Beach, Florida
December 17, 1998
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Major Findings and Preliminary Implications
of the Everglades Interim Report
Garth Redfield, Gary Goforth and Keith Rizzardi
In complying with the requirements of Section 373.4592(4)(d)5, F.S., this Everglades Interim
Report summarizes all data and findings available as of July 1, 1998 from Everglades research and
monitoring. The Report “shall be used by the Florida Department of Environmental Protection (DEP) and
the District in making any decisions regarding the implementation of the Everglades Construction Project
(ECP) subsequent to the completion of the interim report.” Also in accordance with the direction in the
Act, “the construction of STA-3/4 shall not be commenced until 90 days after the interim report has been
submitted to the Governor and the Legislature”.
The 1994 Everglades Forever Act establishes both interim and long-term water quality goals to
ultimately achieve restoration and protection of the Everglades Protection Area. While the Act does not
specifically designate two distinct implementation phases, it recognizes that additional measures may or
may not be required to achieve compliance with long-term water quality standards. For purposes of this
document the District has designated the program designed to achieve the interim goal as “Phase 1” and
has designated the long-term program as “Phase 2.” Phase 1 encompasses those activities currently
underway to reduce phosphorus concentrations to approximately 50 parts per billion (ppb), and includes
the Everglades Construction Project and Everglades Agricultural Area Best Management Practices. The
goal of Phase 2 is to combine point-source, basin-level and regional solutions in a system-wide approach to
ensure that all waters discharged to the Everglades Protection Area meet water quality standards by
December 31, 2006. With respect to nutrients, the Phase 2 goal is to reduce nutrient discharges to levels
that do not cause an imbalance in natural populations of aquatic flora or fauna.
Major findings derived from information provided in this Interim Report are summarized below.
Immediately following each set of findings are preliminary implications for subsequent implementation
decisions, including those affecting the ECP. Most of these major findings are supported by information in
more than one chapter of this Report. Chapter-specific findings are listed in the individual chapters under a
separate heading.

I. Major Findings on Water Quality in the Everglades Protection Area
A. Reducing phosphorus remains a critical restoration goal. Phosphorus levels entering the
Everglades Protection Area remain a critical concern. Peer-reviewed research indicates significant changes
in native Everglades flora and fauna within Water Conservation Area 2A begin to occur at average water
column phosphorus concentrations between 10 and 20 parts per billion (Chapter 3). The Environmental
Regulatory Commission is ultimately responsible for determining if these changes constitute an imbalance.
B. Current efforts are reducing phosphorus. Implementation of Best Management Practices, the
Everglades Nutrient Removal Project and the Everglades Construction Project have reduced phosphorus in
waters entering the Everglades Protection Area from the Everglades Agricultural Area, although not to the
levels anticipated for Phase 2 (Chapters 3, 4, 5 & 6).
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Preliminary Implication 1. Further phosphorus reductions are needed. By focusing on
phosphorus reduction strategies, the Everglades Construction Project is addressing the
most critical water quality parameter for restoring the Everglades ecosystem. In
accordance with the Everglades Forever Act and in conjunction with agricultural Best
Management Practices, the Stormwater Treatment Areas (STAs) are being designed and
constructed to achieve the interim target of 50 ppb. STAs and supplemental technologies
are also being evaluated for their potential application to inflows from other Everglades
Protection Area tributaries, such as the Western Basins and the lower East Coast.
Preliminary Implication 2. STA-3/4 is critical to achieve long-term phosphorus
reduction goals. As the largest treatment area of the Everglades Construction Project,
STA-3/4 is necessary to achieve both the interim phosphorus target of 50 ppb and the
long-term restoration goals of the Everglades Forever Act. The design of STA-3/4 is
scheduled to begin in January 1999, and the District intends to begin construction as soon
as possible upon completion of design in 2001.
Preliminary Implication 3. The phosphorus water quality standard will influence Phase
2 decisions. DEP’s numerical interpretation of the State’s narrative standard for
phosphorus will provide the basis for determining whether Phase 1 achieves compliance
with water quality standards. If Phase 1 is insufficient, the revised water quality standard
will influence the final design targets for Phase 2.
C. Everglades water quality generally meets standards. With a limited number of exceptions,
water quality in the Everglades Protection Area is in compliance with existing State water quality
standards and numeric criteria (Chapter 4).
D. Excursions from some water quality criteria do occur. For dissolved oxygen and specific
conductance, numerous excursions from State water quality criteria have occurred in the Everglades
Protection Area. Infrequent excursions have occurred for a limited number of other parameters (Chapter
4). Existing numeric water quality criteria for dissolved oxygen, pH and alkalinity are not always
appropriate for waters of the Everglades Protection Area (Chapter 4).
Preliminary Implication 4. Revised Water Quality Standards may be needed for
parameters in addition to phosphorus. The DEP should consider revising the State Class
III water quality criterion for dissolved oxygen to recognize cyclical fluctuations in
concentrations and naturally occurring lower concentrations in marshes, such as the
unimpacted Everglades. Other appropriate changes should be considered for the pH and
alkalinity water quality criteria.
E. Mercury is a critical Everglades water quality concern. Although the State Class III numeric
water quality criterion for mercury has not been exceeded, mercury levels in fish from the Everglades
Protection Area have impaired the use of the resource as a sport fishery and represent a potential threat to
fish-eating wildlife (Chapter 7).
Preliminary Implication 5. Revised Water Quality Criterion is needed for mercury. The
DEP should consider revising the State Class III numeric water quality criterion for
mercury. The current criterion has not ensured the protection of all present and future uses
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of the resource or the propagation of healthy, well-balanced populations of fish and
wildlife.
F. Stormwater is a relatively small source of mercury. Atmospheric deposition represents more
than 95% of new mercury delivered to the Everglades Protection Area each year. Stormwater runoff from
the Everglades Agricultural Area is not a significant source of new mercury to the Everglades as a whole,
but may make a significant contribution to areas immediately downstream of District structures (Chapter
7).
Preliminary Implication 6. More information on mercury is needed. Mercury
monitoring and research programs should continue among federal, State and local
agencies and other organizations to further identify atmospheric sources, better understand
processes influencing bioaccumulation in fish and track the response of the ecosystem to
any reductions in local air emissions. Resolving the mercury problem in the Everglades
will require an evaluation of local and background sources of mercury in atmospheric
deposition, and an examination of the potential to control factors affecting mercury
accumulation in the food web.
Preliminary Implication 7. The Everglades Construction Project is unlikely to increase
mercury risks. Based on three years of Everglades Nutrient Removal Project data, the
STAs are anticipated to reduce mercury loads in treated stormwater by 50 to 75%. This
reduction should benefit areas immediately downstream of District structures in the
northern Everglades. In addition, based upon an ecological risk analysis, the STA’s are
unlikely to cause or contribute to a new mercury problem by changing downstream water
quality or quantity.

II. Major Findings on the Ecological Needs of the Everglades Protection Area
A. Phosphorus has major impacts on Everglades flora and fauna. Excess phosphorus in
runoff, altered hydrology and reduction in the original size of Everglades marshes have adversely affected
the ecology of the Everglades Protection Area. Phosphorus has been shown to be the primary nutrient
limiting productivity in the Everglades and is a major determinant of the ecological structure and function
of the system (Chapter 3). Stormwater runoff has increased phosphorus availability in soil and water,
leading to altered habitats and associated changes in wildlife abundance. Effects of excess phosphorus
have been documented on a wide range of biological communities, including periphyton (attached algae)
and emergent aquatic plants (Chapters 2 & 3). Since plant communities form the basis of Everglades food
webs and habitat structure, phosphorus impacts to vegetation will have major consequences for ecosystem
functions and values (Chapters 2 & 3).
B. Phosphorus research provides a foundation for remaking. State, federal and other research
activities are underway to provide the information needed to establish a numeric criterion for phosphorus
in the waters of the Everglades Protection Area (Chapters 2 & 3). Phosphorus threshold studies in Water
Conservation Area 2A indicate that shifts in algal species begin to occur at about 10 ppb and other
ecological changes are evident between 10 and 20 ppb. Cattails can out-compete other natural vegetation
over time under enriched phosphorus conditions. Sufficient data to establish a numeric interpretation of the
phosphorus criterion for Water Conservation Areas 1 and 2A, and Everglades National Park should be
available by Act deadlines. Establishment of a numeric phosphorus standard for Water Conservation Area

3

Everglades Interim Report

Major Findings and Implications

3A may require using data from other areas of the Everglades Protection Area unless site-specific
information becomes available. Chapter 12 summarizes the sequence of steps needed to achieve
compliance with water quality standards by 2006, including the numeric interpretation of the phosphorus
criterion.
C. Models predict impacts of phosphorus discharges on the Everglades. At this time, numeric
relationships between the phosphorus in waters discharged to the Everglades Protection Area and the
resulting phosphorus levels in the Everglades Protection Area have not been established by the DEP, as
required by the Act. However, the Everglades Water Quality Model, which predicts the impact of
phosphorus discharges on Everglades water quality, has been developed by the District to assist DEP in
this effort (Chapter 3).
Preliminary Implication 1. Establishing discharge limits is vital to Phase 2 decisions.
The relationship between phosphorus discharges to the Everglades Protection Area and
resulting phosphorus levels in the Everglades needs to be defined prior to determining the
optimal mix of solutions for Phase 2. Final plans for implementing Phase 2 solutions must
be completed by December 31, 2003, and this relationship should be established as soon
as possible to allow sufficient time for planning, design and construction.
Preliminary Implication 2. Phosphorus compliance methodology will influence Phase 2
decisions. The method of measuring compliance with the numeric phosphorus criterion
remains to be determined. Evaluating compliance requires not only the establishment of a
numeric criterion, but also an understanding of relationships between water discharged to
the Everglades Protection Area and the resulting water quality. Concurrent with finalizing
the compliance methodology, basin-specific discharge limits for phosphorus can be
developed. Until this compliance methodology is developed, the District will continue to
use 10 ppb in the Phase 2 planning documents that will be developed no later than
December 31, 2003. If the final discharge limits are significantly different from 10 ppb,
the optimal Phase 2 solutions may be altered, which could result in significant cost and
other differences.
D. Everglades recovery will not be immediate. Modeling results suggest that cattail in Water
Conservation Area 2A may continue to expand for some time after implementation of the Everglades
Construction Project because of phosphorus stored in soils. However, phosphorus reductions through the
Everglades Construction Project will ultimately facilitate long-term restoration of impacted areas
(Chapters 2 & 3).
Preliminary Implication 3. Active management of cattail could accelerate recovery.
Research should be conducted to determine the time necessary for the Everglades
Protection Area to recover, and management options to accelerate that recovery should be
explored. Research is required to identify management practices that can reduce cattail
expansion by reducing vegetation (e.g., controlled burning, herbicides, etc.), by creating
hydrologic patterns that favor desirable vegetation and by reducing phosphorus
availability in contaminated sediments.
Preliminary Implication 4. Post-project tracking is needed. After implementing Phase 1
and 2 of the Everglades Program, long-term monitoring of water quality and ecosystem
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status in the Everglades Protection Area must be conducted to document the effects of
phosphorus reductions.

III. Major Findings on the Hydrological Needs of the Everglades Protection Area
A. Improving Everglades hydrology remains a critical restoration goal. The hydrology of the
Everglades Protection Area has been altered fundamentally in quantity, timing, depth and duration
(Chapter 2).
B. Increased water volumes and revised distribution of inflows are needed to reestablish
natural patterns. Performance measures for system hydrology have been established in the C&SF
Restudy using the Natural Systems Model (Chapters 2 & 10). The alternative presently recommended by
the Restudy shows a 19% increase in the volume of water directed to the Everglades compared to the 1979
to 1988 base period.
C. The present design of Everglades Construction Project will help to reestablish natural
patterns in the Everglades. The Everglades Construction Project has been designed to restore more
natural quantity, timing, depth and duration for water in the Everglades Protection Area (Chapters 2 &
10).
Preliminary Implication 1. The Everglades Forever Act hydropattern restoration
concept is appropriate. Based on current information, the present design for hydropattern
restoration in the Everglades Protection Area appears to be appropriate. Information from
the C&SF Restudy and Lower East Coast Water Supply Plan can be used to refine the
discharge locations and volumes from STA-3/4. In addition, adaptive management
(monitoring and refinement) should be used when re-wetting Everglades soils that have
been excessively dried out.
Preliminary Implication 2. The Act hydropattern goals will be re-evaluated. In concert
with the Restudy, Phase 2 of Everglades Construction Project implementation should be
designed to achieve the hydrologic performance targets of the Everglades Protection Area;
accordingly, the target of 28% increase in flows to the Everglades mentioned in the Act
may need to be refined.

IV. Major Findings on Everglades Agricultural Area, Best Management Practices
A. Best Management Practices have reduced phosphorus loads. Implementation of Best
Management Practices within the Everglades Agricultural Area has resulted in phosphorus load reductions
that have surpassed the load reduction targets in the Act. The cumulative load of total phosphorus
discharged from the Everglades Agricultural Area over the last three years was 55% lower than the load
that would have occurred without BMPs (based on calculations considering hydrologic variability)
(Chapter 5).
B. Existing BMPs may produce further phosphorus reductions. Through continuing research,
monitoring and refinement of Best Management Practices, further sustainable reductions in phosphorus
load and concentration from the Everglades Agricultural Area are probable (Chapter 5). Information
gained from the Best Management Practices Program in the Everglades Agricultural Area is being
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considered for application to other tributaries that discharge into the Everglades Protection Area
(Chapters 11 & 12).
Preliminary Implication 1. Refined BMPs may play a more important role in the final
mix of STAs, supplemental technologies and BMPs used to achieve compliance with
water quality standards than was apparent when the Act was developed in 1994. If
proven cost-effective, additional BMPs could be implemented to reduce the overall costs
and scale of Phase 2 of the Everglades Construction Project.

V. Major Findings on the Performance of Stormwater Treatment Areas
A. The Everglades Nutrient Removal Project has been highly effective at removing
phosphorus. The Everglades Nutrient Removal Project is exceeding its performance objectives in terms of
phosphorus concentration and load reduction. During the first four years of operation, the Project outflow
concentrations have averaged 22 ppb and load reductions have exceeded 82% (Chapters 4 & 6). Also, all
weekly phosphorus measurements (with one exception) at the outflow of STA-6 were below the required
50 ppb interim project goal during the first seven months of operation (Chapter 6). These reductions in
phosphorus loading have occurred during the early stages of Stormwater Treatment Area operation, and
they may not be representative of future long-term performance.
Preliminary Implication 1. The Everglades Nutrient Removal Project performance
supports Everglades Construction Project assumptions. Evidence to date supports the
basic assumptions and design parameters used in planning the STAs, and they are
expected to achieve the goals of the Act. The design and construction of STA-3/4 and STA
1 East should continue to utilize the basic assumptions and design parameters for
phosphorus removal as contemplated in the 1994 Act.

VI. Major Findings on Supplemental Technology Research
A. Supplemental technology research continues. Eight projects are underway to identify
supplemental technologies that can be used in combination with STAs and BMPs to reduce stormwater
phosphorus concentrations to comply with State water quality standards. Candidate technologies include
chemical and wetland treatment systems. The research projects on supplemental technologies will be
completed by June 2001, at a cost of approximately 10 million dollars (Chapter 8).
B. Supplemental technologies may have local and regional applications. Some of the
supplemental technologies that are being examined for use in conjunction with Stormwater Treatment
Areas may have potential for treatment of on-farm hot-spots, as well as other regional applications
(Chapter 8).
Preliminary Implication 1. Completion of supplemental technology research is needed
for Phase 2 decisions. The ultimate Phase 2 solution will be a combination of STAs
augmented by enhanced Best Management Practices, supplemental technologies as
needed and/or additional regulatory programs to achieve and maintain compliance with
long-term water quality standards. Completion of supplemental technology research is in
the critical path for determining and implementing Phase 2 solutions by December 31,
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2006. Completion of this research before the December 31, 2001, deadline may be
difficult because biological research inherently requires one or more growing seasons to
evaluate performance. The District may be required to make recommendations on Phase 2
based on incomplete science and engineering information, which carries associated
environmental and economic risks (see Chapter 12).
Preliminary Implication 2. Supplemental technology may not be available for
incorporation into STA-3/4. Since STA-3/4 must be completed by October 1, 2003, final
design is anticipated to begin in January 1999, and construction is scheduled to begin in
2001. Since the results from supplemental technologies, BMPs and STA research will
likely not be available until the end of 2001, and no funding has been appropriated, it
appears unlikely that Phase 2 technologies will be included in the initial design of STA-3/
4.
C. Initial estimates of supplemental technology costs may have been underestimated. The
preliminary cost estimates for supplemental technologies from a 1996 report appear to be unrealistically
low. These initial cost estimates were based on a literature search and not on tests with the actual waters to
be treated. Current research with chemical treatment of local agricultural stormwater suggests that actual
costs may be upwards of 150% higher than initial estimates. Revised costs for all of the supplemental
technologies under investigation will be available upon completion of each of the supplemental technology
demonstration projects (Chapter 8).

VII. Major Findings on the Lower East Coast Water Supply Plan
A. The interim LEC Water Supply Plan identifies critical projects. The Interim LEC Plan
(March, 1997 draft) identifies a program of improvements that can proceed in a short time frame and
without Federal cost-sharing. Most note-worthy for the Everglades Protection Area are establishment of
minimum flows and levels, and the development of rainfall-driven operation schedules for the Water
Conservation Areas (Chapter 9).
B. The final LEC Water Supply Plan will be influenced by the Restudy. The LEC Plan is
deemed an interim plan and will be coordinated with the C&SF Restudy’s recommended program as
approved at the State and federal level. A final LEC Plan will be completed by April 2000 (Chapter 9).
Preliminary Implication 1. The LEC Water Supply Plan could impact Phase 2 decisions.
Information available at this time supports continuation of the current design of the
Everglades Construction Project. District staff will continue to synchronize the LEC Water
Supply Plan with Phase 2 implementation, as appropriate.

VIII. Major Findings on the C&SF Restudy
A. The Restudy is a significantly larger project than the Everglades Construction Project.
The Restudy is an interagency effort with a significantly larger geographic scale than the Everglades
Construction Project (18,000 sq. mi.). The Restudy also uses a different planning timeframe (2050) than
the Everglades Construction Project (2006) (Chapters 10 & 12). The current planning level cost estimate
for implementing the Restudy is approximately $7.8 billion (Chapter 10).
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B. Continued implementation of the Restudy depends upon the federal government
authorization. A recommended plan for the Restudy which includes a component for a sustainable
Everglades ecosystem is scheduled to be delivered to Congress in July 1999 (Chapter 10).
Preliminary Implication 1. Restudy implementation will remain synchronized with the
LEC Water Supply Plan and the Everglades Construction Project. Information available
at this time supports continuation of the current design of the ECP. Restudy staff will
continue to synchronize the Restudy with the LEC Water Supply Plan and the Everglades
Construction Project.
Preliminary Implication 2. Restudy results are not available in time to be incorporated
into Phase 1 of the Everglades Construction Project. Interim and final results from the
Restudy may be integrated into STA-3/4 design and Phase 2 implementation activities
subject to funding and timing constraints. However, if STA-3/4 is to be completed in
accordance with existing schedules, design and construction cannot be delayed until after
the State and federal approval and appropriation process is completed for the Restudy.

IX. Major Findings on the Everglades Stormwater Program
A. The Everglades Stormwater Program identified schedules and strategies for complying
with water quality standards to the maximum extent practicable. In April 1998 DEP issued a permit
(called the Non-ECP permit) to the District authorizing continued operation of the structures that a) were
within the District’s control, b) discharged waters into, within or from the Everglades Protection Area, and
c) were not included in the Everglades Construction Project. This Non-ECP Permit requires the District to
adhere to schedules and strategies for achieving and maintaining water quality standards to the maximum
extent practicable (Chapter 11). The permit, which was upheld by Florida’s Third District Court of
Appeals, is being administered by the District’s Everglades Stormwater Program.
B. The Everglades Stormwater Program monitors and improves water quality in regions not
affected by the Everglades Construction Project. The District’s Everglades Stormwater Program
(Chapter 11) includes a comprehensive monitoring program that will measure the progress of the
programs contained in the permit towards achieving water quality standards. Monitoring results will be
included in the annual Regulatory Action Report as required in Specific Condition #8 of the Non-ECP
permit.
C. The Non-ECP permit also authorizes a Regulatory Action Strategy. This strategy will apply
to all basins discharging into the Everglades Protection Area that are not addressed by the Everglades
Construction Project. The Regulatory Action Strategy consists of a ten-step approach to: a) determine
areas of water quality concerns within each contributing drainage basin; b) identify potential sources of
those concerns; and c) propose corrective actions where needed. (Chapter 11).
Preliminary Implication 1. The success of the Everglades Stormwater Program is linked
to ongoing research efforts. The District’s ongoing research programs, including
supplemental technology and BMP research, may assist the Everglades Stormwater
Program efforts to achieve compliance with water quality standards by December 31,
2006 for all structures discharging into the Everglades.
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X. Major Findings on the Integrated Plan to Achieve Water Quality Goals by December
2006
A. The long-term water quality goal of the Everglades restoration is compliance with all
water quality standards by December 31, 2006. The long-term water quality goal of the Everglades
restoration program is to combine point-source, basin-level and regional solutions in a system-wide
approach to ensure that all waters discharged to the Everglades Protection Area meet water quality goals
by December 31, 2006 (Chapter 12). Concurrent with the implementation of Phase 1, the District and
other groups are conducting research related to water quality (Chapters 2 – 8), ecosystem-wide planning
(Chapters 9 & 10), and regulatory programs (Chapters 5 & 11) to ensure a sound foundation for sciencebased decision-making for Phase 2 (Chapter 12).
B. Long-term solutions require the synthesis of many activities. A tremendous amount of
research, data analyses, rulemaking, planning and basin-specific evaluations must be completed and
integrated in a relatively short time to enable the design, land acquisition, permitting and construction of
Phase 2 solutions by December 31, 2006. At least eighteen (18) activities, some in parallel, some in
sequence, must be completed in a timely manner in order to determine, fund and implement the optimal
combination of enhanced BMPs, STAs, supplemental technologies and/or additional regulatory programs
by December 31, 2006 (Chapters 11 & 12).
C. The Everglades Forever Act establishes interim steps to achieve long-term restoration
goals. The Act requires implementation of additional measures to achieve and maintain compliance with
water quality standards by December 31, 2006. The Act also requires submittal of a plan by December 31,
2003 of proposed changes to the Everglades Construction Project designed to achieve Phase 2 solutions
(Chapter 12). In contrast with the Act requirements, the Corps of Engineers construction permit for the
Everglades Construction Project requires submittal, by January 1, 1999, of a preliminary draft strategy for
achieving compliance with State water quality standards by December 31, 2006. A draft and final strategy
is due by January 1, 2000, and January 1, 2001, respectively. Finally, the Corps permit for the Everglades
Construction Project requires that best efforts be made in implementing additional water quality measures
for STA-2 within four years of first discharge. This date is more than 3 years before deadline in the Act
(Chapter 12).
Preliminary Implication 1. Restoration timelines are aggressive and ambitious.
Considering the number and complexities of research, regulatory and potential
construction activities required to achieve the long-term water quality goals, the
December 31, 2006 time frame established by the Everglades Forever Act is very
ambitious. Delays in the timely completion of these activities, many of which are outside
the control of the District, may result in unintended delays of the long-term water quality
objectives of the Everglades, despite the best efforts of the District. The District may be
required to make recommendations on Phase 2 based on incomplete science and
engineering information, which carries associated environmental and economic risks.
Preliminary Implication 2. The Long Term Compliance Permit(s) must provide more
detail on efforts needed to comply with water quality standards. The Non-ECP permit
and the Everglades Construction Project permits will be modified in 2003, when the
District must submit detailed plans to achieve compliance with all water quality standards
in the Everglades Protection Area by December 31, 2006.
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Preliminary Implication 3. No funding is available for Phase 2. To date, no funding for
Phase 2 design, acquisition, construction or operation has been identified. Funding must
be identified by December 31, 2003 as part of the long-term compliance permit
requirements.
Preliminary Implication 4. Corps’ 404 permit conditions are more ambitious than the
EFA. The District is making a concerted effort to comply with the Corps permit condition
that accelerates timeframes in the Everglades Forever Act. Potential obstacles include
insufficient information on: water quality criteria, STA optimization, BMP enhancements,
supplemental technologies, and hydrologic needs of the Everglades; lack of funding; and
insufficient time for design, acquisition, permitting, construction and operation of
additional measures.
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Summary of the Everglades Interim Report
Garth Redfield, edited in cooperation with authors
Introduction to the Everglades Interim Report, Chapter 1: This chapter provides the
background and context for the Everglades Interim Report. The Introduction conveys the context of the
Report with regard to the geographic setting, government responsibilities, Everglades Program and legal
reporting requirements. The chapter also describes how the Report was developed and peer reviewed, and
summarizes its content, organization and objectives.
The overall objective of this Report is to summarize available data and findings relating to the
Everglades Construction Project (ECP). The Report will be used by the South Florida Water
Management District (District) and Florida Department of Environmental Protection (DEP) for making
decisions affecting implementation of the ECP and related activities. In addition, information contained in
this Report will support multiple permits, including the U.S. Army Corps of Engineers Section 404 permit,
DEP permits for the ECP and for structures not included in the ECP; the latter requires the District to
update the schedules and strategies on topics specified in the Act through this Interim Report.
The contents of the Report are set forth in the Everglades Forever Act:
The interim report shall summarize all data and findings available as of July 1, 1998, on the
effectiveness of STAs and BMPs in improving water quality. The interim report shall also include a
summary of the then-available data and findings related to the following: the Lower East Coast
Water Supply Plan of the district, the United States Environmental Protection Agency Everglades
Mercury Study, the United States Army Corps of Engineers South Florida Ecosystem Restoration
Study, the results of research and monitoring of water quality and quantity in the Everglades region,
the degree of phosphorus discharge reductions achieved by BMPs and agricultural operations in the
region, the current information on the ecological and hydrological needs of the Everglades, and the
costs and benefits of phosphorus reduction alternatives.

The Report was developed through a four-step review and revision process. Drafts were
distributed to the public, the District’s Governing Board, and a scientific peer review panel for review in
early September 1998. This intensive peer review guided the authors as they revised the chapters into the
final draft, submitted to the District’s Governing Board for acceptance on November 13, 1998. In this
Interim Report, authors can only analyze information that is readily available as of July 1, 1998 and
interpretable by standard scientific norms. It must be recognized that the vast majority of informationgenerating projects are still in progress. Thus, to varying extents, all chapters are truly interim in nature.

Hydrologic Needs of the Everglades Protection Area, Chapter 2: This chapter
summaries historic hydrologic changes and effects on the Everglades, and describes tools needed to access
and predict the impacts of water management. The Everglades is affected greatly by the source, timing,
duration, and depth of water, along with nutrients, fire and exotic species. Drainage of the Everglades,
begun in 1880, reduced water tables, altered the direction of surface water flows, created abnormal fire
patterns, and induced high rates of soil subsidence even before the initiation of the “Central and Southern
Florida (C&SF) Project for Flood Control” in 1947. Four major canals (Miami, North New River,
Hillsboro, and West Palm Beach) constructed between 1910 and 1920 were, and continue to be, the most
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significant hydrologic alterations to the Everglades. Other hydrologic alterations of major significance
include the levee around Lake Okeechobee and the construction of Tamiami Trail. The C&SF system of
levees and borrow canals, essentially complete by 1963, continued to alter water tables and surface flows
by creating a highly compartmentalized landscape. This induced ponding in the southern regions of each
compartment, peat/muck fires in northern regions, and a reduction in typical wetland “sheet flow” by
creating a hydrologic environment dominated by flows along levee edges, in borrow canals, and through
water control structures. Modeling and field evidence suggests that there has been an overall loss of water
depth throughout much of the Everglades Protection Area. These changes in Everglades hydrology and the
construction of the Flagler Railroad are associated with altered salinity patterns in Florida Bay. These facts
document that the hydrology of the Everglades Protection Area has been altered fundamentally in quantity,
timing, depth and duration.
The ecological impacts associated with these alterations to hydrology are many and varied. Low
water tables, drainage, and droughts change peat soil to mineral soil, increase soil decomposition, and
enhance the probability of peat fires. This interferes with the balance between peat accretion and peat
subsidence for the maintenance of wetland elevation. Decreased elevation has made areas of the EPA more
vulnerable to ponding and salt water intrusion. Periphyton become dormant during prolonged dry periods,
although continuous flooding may cause a shift in community structure. Hydrologic factors influence
exotic plant invasions by affecting plant growth and the survival of seedlings. Cattail spread into areas of
ponding or prolonged hydroperiods, usually sloughs, if the nutrient conditions are relatively high. They
appear to spread into surrounding sawgrass areas by underground rhizomes, but generally do not penetrate
dense vegetation until something, like a peat fire or a sawgrass dieback, creates an opening. The invasive
torpedo grass, found mostly in Lake Okeechobee, can tolerate desiccation and survive in 2-4 feet of water.
Like cattail, it needs an environment with increased nutrient levels. Brazilian pepper has become
established in “disturbed” sites where water tables have been lowered and inundation is now less than 4-6
months a year. Unfortunately, these trees fruit during the dry season when germinating conditions in the
Everglades are optimum. The newest invader, Old World climbing fern, invades the same habitats as
Brazilian pepper (i.e., tree islands) forming a mat that smothers every plant. Raising the inundation
frequency and depth to eliminate Brazilian pepper and the climbing fern from tree islands has been
proposed; but more research is needed to determine the effectiveness of this strategy.
The effects of altered hydrology have been widely documented for Everglades wildlife. Many
aspects of wildlife biology are influenced by water depth and water recession rates. For wading birds, there
must be some water and prey in order for birds to feed during the dry-season (specifically February, March,
and April). However, depths greater than 28 cm can decrease foraging by most wading birds. Even when
fish densities are high, Tricolored Herons, White Ibis, Snowy Egrets, and Wood Storks are constrained by
high water. Apple snails, alligators, and the Cape Sable Seaside sparrow are of significant interest to water
managers because they are endangered or critical species. The endangered snail kites feed exclusively on
apple snails, and it appears that the reproduction of the snails is altered by the timing and duration of drydowns. Likewise, if water levels are not less than 10 cm by April, the Cape Sable Seaside Sparrow will not
initiate breeding. For the alligator, nests will fail if during the 60-65 day spring incubation period, water
levels get so low as to allow raccoons and other predators access to the nest, or so high (20-30 cm above
spring water levels) as to flood the nest. A sustainable diversity of biological resources requires a
patchwork of hydrological environments across the landscape. However, new information is needed to
reduce the uncertainty of ecological predictions for restoration based on hydrology.
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There are several planning and modeling tools available for hydrological assessments and
predictions in support of water management. Florida Statutes require minimum flows and levels for water
bodies, and the District has proposed a depth, duration and return frequency for the Everglades based on
the loss of wetland soils. Minimum water levels also have been proposed for the Biscayne aquifer and
Lake Okeechobee. The Everglades Construction Project will help restore more natural quantity, timing,
depth and duration for water in the Everglades Protection Area. Available information supports the
direction being taken by the Everglades Construction Project, the C & SF Restudy and the Everglades
Stormwater Program. Monitoring with adaptive management and research on hydrological effects are
needed to reduce the uncertainty of decisions.
Several complex mathematical models are being developed for use in predicting the subtle and
long-term consequences of changes in hydrology. For example, the Everglades Landscape Model has
found that drainage can increase soil decomposition and phosphorus availability by as much as 300%, and
that cattails may continue to expand in WCA-2A for some time. Also, the Natural Systems Model
provided evidence that historic hydroperiods were long, greater than 330 days, and flow rates were very
high in areas that are no longer part of the Everglades due to conversion to other land uses. These and other
modeling tools are essential for assessing alternative plans for the Restudy and other restoration efforts
(Chs. 9 & 10). However, monitoring for adaptive management is still needed to give a better predictive
understanding of hydrologic effects in the Everglades, water and nutrient linkages to Florida Bay, means to
control exotic species invasions, and ways to restore natural fire regimes.

Ecological Needs of the Everglades, Chapter 3: The Everglades is an oligotrophic (nutrient
poor) wetland that developed under conditions of severe phosphorus (P) limitation. In recent decades,
increased P loading from human sources has caused several ecological changes indicative of cultural
eutrophication. This chapter summarizes the extent and effects of nutrient enrichment in relation to
reference conditions of the Everglades ecosystem, and provides an introduction to models being developed
to aid in predicting the effects of phosphorus enrichment.
Reference Conditions of the Ecosystem. The Everglades ecosystem was naturally unenriched
(oligotrophic) and phosphorus primarily came from the atmosphere. The predrainage or reference
condition of the Everglades with regard to P is being reconstructed from written records, current conditions
at least-impacted sites in the marsh interior, and paleoecological assessments. Historically, P inputs came
largely from atmospheric deposition. The Everglades also received periodic inflows of P-rich water from
Lake Okeechobee, but these inputs likely were small relative to atmospheric inputs. Low historical P
inputs still are reflected in the low P conditions in the Everglades interior. Water-column P concentrations
in interior areas are extremely low, averaging between 4 and 10 ppb. Phosphorus concentrations in surface
soils are also indicative of P limitation in this system.
Most natural populations of Everglades flora and fauna are adapted to conditions of low P.
Periphyton (floating and attached algal mats) is abundant in oligotrophic areas and provides habitat and a
food source for invertebrates and fish. Periphyton also plays an important role in P storage, thereby
maintaining low P availability in the marsh. Sawgrass stands account for approximately 65 to 70% of the
total vegetation cover in the oligotrophic Everglades. In many areas, these stands are interspersed with wet
prairies and deeper-water sloughs to form a heterogeneous landscape that is shaped by fluctuations in
hydrology, fire, and other disturbances. Historically, cattail was a minor component of the Everglades
flora and is believed to have occurred primarily in naturally enriched or disturbed locations. There is no
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evidence for the existence of dense cattail stands covering large areas in the predrainage Everglades, as
now occurs in parts of the northern Everglades.
Aquatic invertebrates such as insects, snails, and crayfish play important roles in the Everglades
food web. Most invertebrates feed directly on periphyton and/or plant detritus and are, in turn, consumed
by larger predators. Invertebrates tend to be concentrated in periphyton-rich habitats such as sloughs,
where food availability and dissolved oxygen (DO) concentrations are high. Fish are a key link between
invertebrates and top predators such as wading birds, which historically were abundant in the Everglades.
Fish biomass in oligotrophic areas of the Everglades is low relative to other wetlands, but becomes
concentrated and available to predators, such as wading birds, when waters recede during the dry season.
Ecosystem function and biological diversity were based on low-nutrient conditions in the Everglades,
including those leading to higher levels of the food web, such as wading birds.
Patterns of P Enrichment in the Marsh. For several decades, canal inflows have contributed P from
agricultural runoff to many areas of the Everglades, with greatest inputs occurring in the northern
Everglades. Enrichment has been most extensive in Water Conservation Area (WCA) 2A, where elevated
water-column total phosphorus (TP) concentrations have been detected as far as 7 km downstream of canal
inflows. Intrusions of canal P into the Loxahatchee National Wildlife Refuge (Refuge) appear to be
restricted to the marsh perimeter under current regulation schedules. The extent of P enrichment in WCA3A has not been determined precisely, but water-column TP is elevated in areas adjacent to water-control
structures and interior canals. Canal P inputs to Everglades National Park (the Park) are considerably lower
than those entering the northern Everglades, but still tend to be elevated compared with interior marsh
locations.
Soil TP concentrations near canal inflows can be more than two-fold higher than those in the
marsh interior. In WCA-2A, TP concentrations in surface soils downstream of canal inflows have
increased over three-fold since the 1970s and may be continuing to increase as far as 7 km away from these
inflows. Increased soil P in other areas (Holey Land, Rotenberger, and northern WCA-3A) appears to be a
result of fire, soil compaction and oxidation caused by overdrainage.
Ecological Responses to P Enrichment. Microbes and periphyton respond rapidly to P enrichment and,
therefore, provide one of the earliest signs of eutrophication. Phosphorus enrichment is associated with
faster rates of decomposition and nutrient cycling downstream of canal discharges. Accumulation of P by
periphyton occurs quickly and results in a taxonomic shift towards species capable of faster growth under
P-enriched conditions. Controlled dosing studies, combined with sampling along marsh P gradients in
WCA-2A, indicate that many of these changes begin to occur at water-column TP concentrations in excess
of approximately 10 ppb, and that other nutrients such as nitrogen may become limiting to algal growth at
TP concentrations near 30 ppb. Increased macrophyte cover and density in enriched areas of the marsh
reduce light penetration to levels that inhibit periphyton and submerged macrophyte growth. This decline
in submerged productivity contributes to low water-column DO in P-enriched areas.
The growth of Everglades macrophytes generally is stimulated by increases in water and soil P
concentrations. Cattail has been shown to be a superior competitor to sawgrass and other Everglades
macrophytes under P-enriched conditions. Consequently, enrichment proceeds with a decline in the
coverage of sawgrass, sloughs, and wet prairies as these habitats gradually are replaced by cattail. This
transition occurs more slowly than for periphyton, and current models suggest multi-year time lags
between P enrichment and vegetation change.
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Whereas cattail was uncommon in the predrainage Everglades, dense stands of this species have
expanded rapidly in recent decades. In the northern Everglades, this species commonly is associated with
water and sediment enriched by canal inflows. Cattail expansion also has occurred in areas of the central
Everglades where existing soil P has been concentrated as a result of overdrainage. Cattail invasion rarely
has been documented in field enrichment experiments. However, such studies may not span a sufficient
timeframe given the potential time lags already mentioned. Although established cattail stands are
extremely tolerant of a wide range of environmental conditions, successful colonization of new locations
appears dependent upon favorable environmental conditions near the time of seed dispersal. Phosphorus
enrichment leads to a decline in the coverage of sawgrass, sloughs and wet prairies and these habitats are
gradually replaced by cattail.
Invertebrates and other aquatic fauna are affected by P-induced changes in the periphyton and
macrophyte food base and declines in water-column DO. Phosphorus enrichment of specific habitats (e.g.,
sloughs) may increase invertebrate densities and diversity. However, invertebrate abundance tends to be
low in emergent macrophyte stands, which cover much of the marsh in enriched areas. Invertebrate
assemblages in enriched areas are dominated by species that are tolerant of low DO. Available evidence
indicates that fish are more abundant in enriched areas of the marsh, although accurate measurements in
cattail habitats have been difficult to obtain. Nutrient enrichment can affect bird communities indirectly,
either through effects on their food, or through effects on vegetation structure, which provides foraging and
nesting substrate. An analysis of wading bird abundance in relation to vegetation in the northern
Everglades indicated that the abundance of several species is highest in areas with moderate cattail cover,
but is low in dense cattail habitats.
Modeling the Effects of Enrichment. Effects of P enrichment on the Everglades are being investigated
using models with varying levels of ecological and computational complexity. All of the models discussed
below were developed by the District, unless otherwise noted, and address the relationship between
nutrient loading and resulting water quality (Act, 373.4592(4)(e) 3) and biological responses.
The Everglades Water Quality Model (EWQM) evaluates the relationship between P loads and
concentrations in the Everglades Protection Area. Model results indicate that P loads from the Everglades
Agricultural Area have a significant effect on water-column P concentrations in areas downstream of
inflow structures and canals. The model also shows that decreasing P loads from the Everglades
Agricultural Area can directly reduce P inputs to the Park.
The Everglades Phosphorus and Hydrology (EPH) model was developed by Tetra Tech, Inc. for
the Sugar Cane Cooperative of Florida and, like the EWQM, evaluates the relationship between P loads
and concentrations in the Everglades Protection Area. The EPH model was used to evaluate three
scenarios: the base case (no P reductions), the Act case (includes operation of six Stormwater Treatment
Areas [STAs] and P reductions of 25% by on-farm Best Management Practices) and a modified Act case
where one of the STAs (number 3/4) is removed, and BMPs are assumed to reduce P loads by 50%. Under
the Act and the modified Act case, the EPH model predicts decreased P concentrations in areas near
discharges from the Everglades Agricultural Area, but, unlike EWQM results, predicts little impact on P
concentrations entering the Park.
The SAWCAT model, a probability model developed to understand the impact of soil P on cattail
invasion in WCA-2A, found that the probabilities of sawgrass changing to cattail between 1973 and 1991
were most dependent upon the proximity of existing cattail stands and the spatial pattern of soil TP. A
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logistic function, built from spatial correlations of soil TP and cattail distributions in WCA-2A, estimated
that the threshold for accelerated cattail invasion was ~650 mg/kg soil TP.
The Everglades Phosphorus Gradient Model (EPGM) was developed by outside consultants for
the U.S. Government to provide generalized predictions of the effects of P loads on receiving water and
soil P concentrations and resulting growth of cattail communities. The District used the EPGM to
determine if implementing the hydropattern restoration features of STAs would change soil P
concentrations to a degree that would affect cattail distributions in the WCAs.
The Everglades Landscape Vegetation Model (ELVM) predicts vegetation succession based on
macrophyte growth and responses to disturbances, hydrology, and nutrients. Preliminary results of this
model applied to WCA-2A predict that soil P concentrations in areas most affected by canal P have
increased sufficiently to support cattail expansion for as long as 20 years, even if existing inputs are
curtailed completely.
The Everglades Landscape Model (ELM) predicts long-term, regional effects of water and
nutrient management scenarios on vegetation. This model simulates interactions among hydrology,
nutrients, and macrophytes across the entire EPA and Big Cypress Preserve. As for the ELVM, the ELM
suggests phosphorus enriched areas of WCA-2A will remain so for several years following load reductions
and that recovery of native periphyton assemblages will be hindered by high macrophyte biomass in these
areas.
Conclusions. The Everglades ecosystem developed under conditions of extreme P limitation, and it is
clear that anthropogenic P loads have altered this unique resource. Available evidence indicates that the
ecological changes caused by enrichment manifest themselves over different time scales, but generally
occur within a fairly narrow range of water-column TP concentrations between roughly 10 and 20 ppb.
This response range is similar to those established previously for other types of freshwater ecosystems.
Current studies are focusing on spatial and temporal variation in ecosystem responses to P
enrichment and the rate of recovery following reductions in P inputs. Interactions between P enrichment
and other factors such as hydrology and fire must be understood in order to predict ecological responses to
management actions that involve both water quality and hydrologic restoration. Evidence from other
ecosystems suggests that the rate at which the Everglades ecosystem recovers from eutrophication will be
considerably slower than the initial enrichment process. Additional research will focus on determining
expected rates of marsh recovery following reduced P inputs.

Status of Compliance with Water Quality Criteria in the Everglades Protection Area
and Tributary Waters, Chapter 4: According to State of Florida Surface Water Quality Standards,
Section 62-302.200 (28) F.A.C., standards are composed of designated beneficial uses (classification of
waters), numerical and narrative criteria applied to uses or classifications, the Florida antidegradation
policy, and the moderating provisions contained in this Rule and in F.A.C. Rule 62-4. All waters of the
Everglades Protection Area are classified as Class III, which have the designated uses of recreation and
propagation and maintenance of a healthy, well-balanced population of fish and wildlife. Water quality
criteria are elements of State water quality standards, expressed as constituent concentrations, levels, or
narrative statements, representing a quality of water that supports the present and future most beneficial
uses (Section 62-302.200(27) F.A.C.). Based on the foregoing definitions, this chapter focuses on the
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extent to which waters discharged into the Everglades Protection Area (EPA), as well as interior waters,
currently meet or do not meet the water quality criteria specified in Section 62-302.530 F.A.C.
The data used in this Report were retrieved from the District’s water quality database and divided
into a baseline period (October 1, 1978 through September 30, 1988) and into individual recent water
years (1990 through 1998) to determine if any changes in water quality were evident during the 1990s
when compared to the baseline period. For this analysis, the EPA was divided into four regions:
Loxahatchee National Wildlife Refuge, Water Conservation Area 2, Water Conservation Area 3 and
Everglades National Park. In each region, water quality sampling stations were classified as sources of
stormwater inflow or interior sites. Data sets were created for each water quality constituent sampled at
inflow structures and interior sites during the baseline period and in recent water years. The overall status
of compliance with water quality criteria in the Everglades Protection Area as of April 1998 was
determined by: 1) performing an analysis of excursions of constituents with Class III numeric criteria and
also, for pesticides, excursions of aquatic invertebrate toxicity limits; 2) using notched box and whisker
plots to define changes in constituent levels in WY90-98 compared to the baseline period; and 3)
documenting changes in TP and TN loads and changes in other constituent concentrations between the
EPA regions compared to the baseline period.
Excursion analysis. The following definitions of excursion categories were developed to rank the severity
of water quality constituent excursions in the Everglades Protection Area:

Excursion Category

Class III Waters

Pesticides

TP

Category A

> 5% excursions

Class III criterion and/or toxicity
levels exceeded

> 50 ppb

Category B

up to 5% excursions

>Practical Quantitation Limit
cccccccc

≥ 10 ppb

Category C

> Method Detection Limit but
no excursions

≤Practical Quantitation Limit

< 10 ppb

Dissolved oxygen was placed in Category A because of the high excursion percent in all EPA
regions at both the inflow and interior sites. Specific conductance was assigned to Category A at all inflow
sources and in the Refuge rim canal, and to Category B at all interior sites. Alkalinity and pH were placed
in Category A in the interior marshes of the Refuge. Un-ionized ammonia, pH and turbidity were assigned
to Category B in the inflows to the Refuge, in the Refuge rim canal, and at the inflow and interior sites in
WCA-2, WCA-3 and the Park. TP was placed in Category A in all EPA regions except for the Park and
interior marshes of the Refuge, where it was placed in Category B. Four pesticides were assigned to
Category A. Endosulfan was detected above its numeric criterion on seven occasions, and the toxicity
limits for aquatic invertebrates were exceeded on one occasion each by chlorpyrifos ethyl, ethion and
parathion methyl.
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Significant trends. In the recent water years, the inflow flow-weighted mean TP concentrations to the
Refuge, WCA-2 and WCA-3 have generally been lower than the baseline period, but remain above 50 ppb
most of the time. The Refuge and WCA-3 sites also showed TP improvement trends. At the inflow
structures to the Refuge, significant improvement trends were also found for specific conductance and
alkalinity as compared to the baseline period. There were no significant trends in the rim canal. At the
interior sites, an improvement trend for iron existed, but there was a worsening trend for dissolved oxygen.
No pattern of change could be seen in TP for interior sites in WCA-2. At the WCA-2 inflow structures TN
and total iron had improvement trends, while only total iron showed an improvement trend at the interior
sites. At WCA-3 inflow sites there were no significant trends, but turbidity, TN and total iron all had
improvement trends at interior sites. The Park had improvement trends in TP and TN at the inflow
structures, but no significant trends at any interior sites.
Load and concentration changes in the EPA. The changes in: 1) TP and TN loads and in median
concentrations and 2) in median concentrations or values of the other constituents that had excursions were
analyzed following the direction of water flow from north to south through the EPA. When comparing the
TP loads between the baseline and recent water years, it appears that the Refuge is the only region to have
received a higher load in the recent water years even with the benefit of the Everglades Nutrient Removal
Project and recent declines in TP concentration. For inflows to WCA-2 and WCA-3, TP concentrations
and loads differ relatively little from the baseline period, while average TP loads into the Park since WY90
show a greater relative reduction spurred, in part, by decreases in TP concentration for WY95-98. In
contrast, TN loads have increased slightly in WCA-3 and the Park in recent water years. As expected, TP
and TN loads show that the Refuge and conservation areas have been removing TP and TN as the water
flows to the south. TP and TN median concentration data in WCA-2 and WCA-3 also indicate assimilation
by the marshes.
The calculated un-ionized ammonia concentration at the Refuge interior marsh sites is 100 times
lower than the calculated concentration of the inflow due to the large decrease in pH that exists between
the inflows and the rain-driven waters of the interior marsh. Specific conductance has shown some large
decreases in the Refuge, WCA-2 and inflows to WCA-3. The Park has had specific conductance increases
at both the inflows and interior sites. There are no trends in the EPA for dissolved oxygen or pH. The
Refuge pH is a natural condition that is significantly lower than the other marshes of the EPA. Alkalinity
has consistently decreased between the baseline period and recent water years in each region and also
between regions in both periods. Turbidities are higher in the recent water years in inflows to the Refuge
and WCA-2. The Refuge rim canal reflects the higher inflow turbidity, with some decrease due to
particulate settling in the canal. The marsh site turbidity range of 1 to 2 NTU most likely reflects a natural
condition.
Anticipated improvements. The positive changes in water quality within the Everglades Protection Area
are just beginning. There have been reductions in TP entering the EPA from the Everglades Agricultural
Area (EAA) through implementation of Best Management Practices. Additional improvements in export
from the EAA are possible as more is learned about the effective ways of using BMPs (Chapter 5). The
Everglades Nutrient Removal Project demonstrated the effectiveness of STA technology by retaining an
average of 81% of the inflow TP load from WY95 through WY98. This retention reduced the total TP load
discharged to the Refuge by an average of 15% over the same time period (see also Chapter 6). It is
anticipated, therefore, that the STAs will have the biggest impact on reducing TP and to a lesser extent TN.
There will also be water quality improvements in specific conductance, turbidity and un-ionized ammonia
in the EAA waters treated in the STAs. It is also expected that low dissolved oxygen concentrations in the
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waters from the EAA canals will be improved when passed through the STAs. The relationship between
excessive nutrients, alteration of natural aquatic plant, microbial and animal communities and dissolved
oxygen levels lower than natural background conditions is reasonably well understood and being further
documented by ongoing District research efforts. The continuous dissolved oxygen data from nutrient
gradient studies in the Refuge and WCA-2 presented in this chapter indicate how the marsh systems may
respond as nutrient levels continue to be lowered by BMPs, STAs and other actions under the Everglades
Program.
Completion of the Everglades Construction Project will provide significant additional reductions
in P loading to the northern Everglades. The District’s Everglades Stormwater Program, required by the
Act, will be further improving water quality in the drainage basins of all the remaining structures that
discharge into the EPA through monitoring and regulatory action programs.
Recommendations for modifying Class III criteria. While many of the water quality problems are
substantive and require the specific restoration programs discussed in other chapters of this Report, some
of the problems evidenced by excursions can be rectified by adopting more appropriate water quality
criteria. Specifically, dissolved oxygen in unimpacted waters of the EPA, and alkalinity and pH in Refuge
marshes have excursions in natural areas with no apparent disturbance. Evidence is presented indicating
that the criteria for these three water quality constituents are not representative of natural conditions, i.e.
inappropriate criteria are being used to define as excursions what are naturally occurring variations in
water quality (also see Chapter 7 on mercury criterion).

Effectiveness of Best Management Practices, Chapter 5: Best Management Practices (BMPs) are
on-site, operational or structural improvements to reduce the amount of P being discharged into the
Everglades Protection Area. BMPs are the cornerstone to improving water quality entering the EPA from
the Everglades Agricultural Area (EAA) Basin. Sixteen documented initiatives were identified between
1979 and 1997 addressing BMPs in the EAA Basin. The initiatives concern water, fertilizer, sediment, and
pasture management, as well as urban practices and chemical treatments. The sixteen initiatives can be
categorized into 12 BMP research projects, one regulatory initiative, and three educational programs.
Water, fertilizer, sediment, and pasture management, as well as urban BMPs have been implemented basinwide through the regulatory initiative (Rules 40E-61 and 40E-63 of the Florida Administrative Code).
Three additional initiatives were undertaken to educate agricultural and urban communities within the
EAA on BMP implementation and how to document effectiveness.
The reduction of phosphorus exports from the EAA following the implementation of the
Everglades BMP Regulatory Program is a collective measurement of BMP effectiveness. The TP load
from the EAA, adjusted for hydrological variation, has declined in recent years compared to loads
measured during a 10-year pre-BMP period (Water Years 1979 through 1988). The TP load discharged
from the EAA lands during the 3-year period ending in April 1998 was 55% of the cumulative load
calculated to have occurred (adjusted for hydrological variability) for the pre-BMP period. The pre-BMP
period load calculations are a result of a regression equation developed from actual measured loads and
regional rainfall. BMP implementation has resulted in loading reductions in full compliance with the 25%
mandated in the Act. The documented reduction in phosphorus conveyed to the Everglades Protection
Area from the Everglades Agricultural Area, compared to that recorded from Water Years 1979 to 1988, is
attributable to implementation of the Everglades BMP Regulatory Program, as well as research and
educational programs.
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The potential of selected BMPs to reduce total P discharge from agricultural areas has been
demonstrated for water, fertilizer, and sediment management practices from on-going farm-scale studies
initiated in 1992. BMPs implemented to date have been documented to be effective at the farm level.
Research data and the Everglades BMP Regulatory Program demonstrate appreciable reductions in the
load and concentration of total P conveyed to the EPA from the EAA. Experience and information is being
gained on the performance of existing BMPs, and may allow improvements in effectiveness. Recent
research initiatives on processes involved in P export, such as suspended particulate transport by water and
wind and crop variety experiments, may also facilitate additional reductions in TP load and concentration
leaving the Everglades Agricultural Area.

Effectiveness and Optimization of Stormwater Treatment Areas for Phosphorus
Removal, Chapter 6: The total phosphorus (TP) load being delivered to the Everglades in agricultural
runoff will be reduced by a system of large treatment wetlands referred to as Stormwater Treatment
Areas (STAs). The District has initiated an STA Optimization Research and Monitoring Program to assure
that information is available to manage STAs effectively and to comply with Act requirements. Data from
other Florida wetlands have provided the District with insight into the long-term treatment performance
that might be expected from subtropical wetlands and were used to help establish design criteria for the
Everglades Nutrient Removal (ENR) Project and the STAs. The Everglades Nutrient Removal Project is
achieving its performance objectives based on 48 months of operational data. All 12-month, average TP
concentrations at the ENR Project outflow were well below the 50 ppb interim goal (cumulative outflow
TP concentration = 22 ppb), and all TP load reduction estimates (inflow versus outflow) were greater than
the 75% goal (cumulative TP load reduction = 82%). Since the start of operations, the ENR Project has
removed 63 metric tons of phosphorus that would have entered the Loxahatchee National Wildlife Refuge.
In addition, the vegetation community in the ENR Project has proven to be more dynamic and diverse than
expected, and changes in the plant communities of the Project have not had an observable impact on
Project performance.
The ENR Project has a cumulative TP settling rate (an index of retention efficiency) of 18.5 m/yr,
substantially greater than the STA design settling rate of 10.2 m/yr. However promising, the ENR settling
rate is based on performance of the wetland early in its operational life and may not reflect long-term
settling efficiency. Data showing enrichment of Project sediments confirms that the primary P removal
mechanism for STAs is the deposition and burial of organic material in the sediments. In addition, STA-6
Section 1 is the first component of the District’s ECP to be completed, and began operation in December
1997. All weekly TP measurements at the outflow from this STA during the first seven months of
operation were below the 50 ppb interim goal established for the project, except for a single weekly
measurement. Research to be conducted in the ENR Project test cells will examine how hydrologic
conditions (hydraulic residence time and depth) may influence STA performance. Evidence to date
supports the basic assumptions and design parameters used in planning the Stormwater Treatment Areas in
the Act.

The Everglades Mercury Problem, Chapter 7: Since 1992, mercury monitoring, research,
modeling, and assessment in the Everglades have been conducted by a consortium of federal, State, and
local agencies. These studies are organized under the South Florida Mercury Science Program and are
intended to meet the mercury-related requirements of the Act and to provide answers to key questions
required for informed decision-making. Methylmercury is a highly toxic form of mercury that is produced
primarily in the sediments of natural waters by bacteria. The surface sediments of the Everglades with their
blanket of algae are ideal sites for the production of methylmercury, which (bio)accumulates to many times
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the concentration in the water. For example, a top-predator fish like a largemouth bass can bioaccumulate
methylmercury in its edible flesh about 10 million times the concentration in water. Toxicity problems
arise when humans or other predators eat animals that have bioaccumulated high levels of methylmercury
from natural waters.
The State has issued public health advisories for no, or limited, fish consumption for all of the
Everglades, Big Cypress, and eastern Florida Bay, which limits the recreational uses of these waters.
Mercury may also be jeopardizing the propagation of Everglades wildlife. Extremely high mercury
residues have been detected in wading birds, and this degree of contamination can affect behavior,
appetite, and hunting ability. However, overall success in reproduction is no different in highly and
moderately exposed wading bird populations in the Everglades. A decade ago, Florida panthers feeding
primarily on raccoons showed high mercury levels and reduced litters, but more recent data suggest that
the reestablishment of deer populations in the Shark Slough and Fakahatchee Strand areas has reduced
mercury levels in Florida panthers substantially. Overall, there is a significant mercury problem in the
Everglades Protection Area.
Since the turn of the century, mercury deposition rates from the atmosphere have increased about
5-fold, bringing increasing amounts of ‘new’ mercury into the ecosystem. Mercury is also being recycled
by the Everglades ecosystem. However, a mercury cycling model developed by USEPA indicates that this
historical mercury can be buried by accumulating peat if new sources are shut off, and that this process
occurs in a timeframe of about a decade. Available evidence indicates that atmospheric deposition
contributes more than 95% of the new mercury load to the Everglades annually; runoff from the EAA is
not a significant source of new mercury. Further study is required to quantify the relative contributions of
local and global sources to the new mercury entering the Everglades from the atmosphere.
Much has been learned about the role of Everglades water quality in mercury transformation
(methylation) and bioaccumulation. Sulfur can govern the rate of methylmercury production; too little
sulfate starves the production process, while too much sulfide poisons it. In the Everglades, sulfide
concentration in sediment pore water is probably the strongest predictor of methylation rates and
metylmercury concentrations. P enrichment has indirect effects on mercury by increasing areas devoid of
dissolved oxygen which promotes methylation, and by enhancing the production of plant matter that tends
to dilute mercury. Phosphorus also influences plant species composition and food web structure, which, in
turn, affect methylmercury bioaccumulation. Water flow governs dilution and water depth affects sunlight
penetration; both influence elemental mercury production and methylmercury decomposition. Under
extreme droughts, peat oxidation may release soluble mercury ions for subsequent methylation. In short,
water quality and quantity can affect mercury bioaccumulation; the relative effects must be better
understood through continued monitoring, research and modeling.
By analogy to Florida lakes and other ecosystems, some have raised concerns that the reduction in
TP concentrations in Everglades waters will aggravate the mercury problem. District staff have conducted
a thorough ecological risk assessment and found that restoring Everglades marshes to a less enriched
condition will not result in a significant mercury risk to wading birds. Further, data from the ENR Project
suggests that STAs will remove between 50 and 75% of inflowing mercury. However, because most new
mercury is arriving by air, such removal will have only localized effects in the P-enriched areas in the
northern Everglades. The Everglades Construction Project will have a very minor affect on mercury
bioaccumulation for the EPA and will pose no significant increased risk to wading birds.
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Based on data from the U.S. Environmental Protection Agency and the District, it is concluded
that the Class III standard of 12 ng/L is not being routinely exceeded anywhere in the Everglades
Protection Area. Nevertheless, the sport fishery has been closed by public health advisories and wading
birds are exposed to potentially problematic levels of methylmercury in their diet. The Florida Department
of Environmental Protection has determined that the standard is not adequate to protect fish and wildlife in
impacted waters. To address the mercury problem, the Department has taken the lead in providing support
for mercury analyses, limiting mercury emissions from incinerators, and developing new mercury
standards to protect human health and wildlife. The Everglades Mercury Cycling Model is being
developed by the cooperative efforts of the District, DEP and USEPA and will help integrate complex
information on responses to mercury management options. District studies of the ENR Project have
demonstrated its ability to retain mercury and methylmercury ions without adverse effects. The benefit of
reducing the application of sulfur to sugar cane fields is also under active investigation. Research and
monitoring in the EPA should continue under the multi-agency South Florida Mercury Science Program
to fill information gaps on management options.

Supplemental Technologies for Treating Stormwater Discharges into the Everglades
Protection Area, Chapter 8: Phase 2 of the Everglades Program may require advanced water treatment
technologies to achieve water quality standards. Because the TP discharge concentration into the EPA may
be lower than the Stormwater Treatment Areas can achieve alone, the District is developing and evaluating
alternative treatment strategies for reducing phosphorus levels to meet a planning goal for TP of 10 ppb.
Supplemental technologies, as they were originally described in the Act, are envisioned to work with or
in place of STAs to meet the final TP target. However, the best combination of treatment technologies to
meet the TP concentration goal may include enhanced BMPs, as well as STAs and supplemental
technologies.
Nine technologies have been identified as having potential applicability to the Everglades
Construction Project and are currently under investigation. These include: managed wetlands; chemical
treatment/direct filtration; chemical treatment/dissolved air-flotation; chemical treatment/high-rate
settling; microfiltration; submerged vegetation/limerock; low-intensity chemical dosing of STAs;
periphyton-based STAs, and wetlands (STAs). Preliminary cost estimates and benefits for some of these
technologies were developed in a desktop evaluation conducted in 1996. All candidate treatment
technologies must be evaluated by the same criteria: P load reduction; discharge concentration reduction;
water quantity, distribution, and timing for the EPA; compliance with water quality standards;
compatibility of treated water with the balance in natural populations of aquatic flora or fauna in the EPA;
cost-effectiveness; and schedule for implementation. Other evaluation criteria may include technical
feasibility and local acceptability. All supplemental technologies must be applicable at the basin scale, i.e.,
they must be able to treat the runoff generated within the Everglades Agricultural Area (EAA) basin during
storm events. Although research was initiated in 1997, information on the most promising technologies
will not be available for the design of STA-3/4. Earlier cost estimates appear to be too low for two
technologies (microfiltration and chemical treatment) based on experience with EAA stormwater
treatment. Revised information on costs for Phase 2 technologies will be available from Phase 2
demonstration projects.
District staff will be evaluating the performance results from BMPs and STAs, as well as the
results of the research and demonstration projects for supplemental technologies and STA optimization, as
the information becomes available. This information will be used to begin the selection of the most
promising combination of technologies to meet the final TP standard, and will be included in the water
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quality plan required in the Act by December 31, 2003. The ultimate combination of approaches will also
need to consider site-specific conditions that will potentially affect the successful implementation and
performance of the combined treatment technologies.

Lower East Coast Regional Water Supply Plan, Chapter 9: The Lower East Coast
Regional Water Supply Plan (LEC Plan) was initiated by the District with the goal of meeting the water
supply needs of the environment, as well as urban areas and agriculture. A parallel multi-jurisdictional
effort led by the federal government, known as the Comprehensive Review Study (Restudy), is providing
the opportunity to meet environmental restoration objectives through modification of the existing network
of regional canals and levees. The Restudy will result in a report to Congress in 1999 containing a
recommended program of improvements to be funded cooperatively by state and federal governments.
In 1997, the Florida Legislature established criteria for water supply plans. Efforts are currently
underway to comply with these requirements in the long-term regional water supply plan. The LEC Plan is
deemed an Interim Plan and its further development will be coordinated with the Restudy’s recommended
program as approved at the state and federal levels. The long-term Plan will outline approaches to regional
water allocation and consumptive use permitting; the Plan will be completed in the year 2000. The Interim
Plan identifies a program of small-scale improvements that can proceed on a short timeframe and without
federal cost sharing. Seven projects in the Interim Plan have been identified with direct and significant
benefits to the Everglades Protection Area. Most noteworthy of these are the establishment of minimum
flows and levels, a statutory requirement intended to minimize significant harm to water resources, and the
development of rainfall-driven operation schedules for the Water Conservation Areas and Water
Management Areas.

The C & SF Restudy, Chapter 10: Drainage works in south Florida to provide for flood
control have resulted in the loss of roughly 6 million acre-feet of water storage, half of which came from
Lake Okeechobee. In the urbanized lower east coast, approximately 2 million acre-feet of freshwater is
now discharged directly to tide on an annual basis from canals and urban drainage systems, causing
adverse impacts to coastal estuaries. The decrease in storage capacity of the Everglades ecosystem has
resulted in insufficient and improper timing of water deliveries to meet the needs of Everglades and Florida
Bay.
The Comprehensive Review Study (Restudy) is reexamining the Central and Southern Florida
(C&SF) Project to determine the feasibility of Project modifications to improve the sustainability of south
Florida. The District acts as local sponsor of the project. The Restudy is an interagency effort with a large
geographic scale (18,000 sq.mi.) and a 2050 planning timeframe. This level of effort is essential to
restoration of the regional hydrologic system of south Florida. An Integrated Feasibility Report and
Programmatic Environmental Impact Statement (PEIS), detailing recommendations to achieve Project
objectives, is to be submitted to Congress July 1, 1999. To meet this schedule, the multi-agency Restudy
Team began reviewing a number of alternative plans and scenarios for modifying the C&SF Project in
September 1997.
One of the main objectives of the Restudy is to create additional regional water storage to increase
the volume and optimize the timing of water delivered to the EPA. This objective is consistent with the
increase of 28% for inflows to the EPA required in Section 373.4592(4)(b)2 of the Act. The 19% increase
predicted for the initial draft plan is to be achieved concurrent with other measures to be undertaken to
achieve optimal hydrologic conditions in the Everglades. Restudy analyses have indicated significantly
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improved hydroperiods in the EPA, with less than the 28% increase in inflow from the Everglades
Construction Project.
The Restudy should provide for regional storage and movement of water to restore and sustain the
Everglades Protection Area. To select a plan, the Restudy Team formulated, evaluated, and compared
alternative plans for the Project to existing (1995) and future without Project (2050) Base conditions. The
2050 Base is a projection of future hydrologic conditions in the study area without any of the Restudy
components implemented. The Everglades Construction Project and any supplemental treatment
technologies are assumed to have been implemented in the 2050 Base condition. An initial draft plan was
selected by the Restudy Team in June 1998. However, given the Restudy’s schedule for public and agency
review, the recommended plan for modifying the C&SF Project will not be known at the time that this
Interim Report is submitted. The initial draft plan selected by the Restudy Team contains 50 components,
or project features, formulated to meet study objectives. A summary description of plan components can be
found in Appendix 10-1. The current planning level cost estimate for implementation of the Restudy is
$7.8 billion.

The Everglades Stormwater Program, Chapter 11: The purpose of the Everglades
Stormwater Program (ESP) is to ensure that state water quality standards are met to the maximum extent
practicable at all structures (within the control of the District) that discharge water into, within or from the
Everglades Protection Area, and that are not included in the permit(s) to be issued pursuant to section 9(e)
of the Act for the Everglades Construction Project (ECP). This will be achieved through a combination of
water quality monitoring and assessment, regulatory activities, water quality improvement strategies,
BMPs, or construction projects. Other components of the program include an education campaign, and
development of a method for re-imbursement of expenditures through a special assessment. Elements of
the Restudy, Water Preserve Areas and a Regulatory Action Strategy are among an integrated suite of
activities in the Everglades Stormwater Program.
An Integrated Plan to Achieve Water Quality Goals By 2006, Chapter 12: The District,
in partnership with other agencies and private landowners, is successfully achieving interim milestones
towards restoration of the Everglades ecosystem. Concurrent with the construction of over 47,000 acres of
treatment wetlands, the District and other groups are conducting water quality research, ecosystem-wide
planning and regulatory programs to ensure a sound foundation for science-based decision-making. The
1994 Everglades Forever Act (Act) establishes both interim and long-term water quality goals to ultimately
achieve restoration and protection of the Everglades Protection Area. While the Act does not specifically
designate two distinct implementation phases, it recognizes that additional measures may be required to
achieve compliance with long-term water quality standards. For purposes of this document, the District has
designated the program to achieve the interim goal as “Phase 1” and the long-term program as “Phase 2.”
Phase 1 encompasses those activities currently underway to reduce phosphorus (P) concentrations to
approximately 50 ppb, and includes the Everglades Construction Project (ECP) and the Everglades Best
Management Practices Regulatory Program. The goal of Phase 2 is to combine point-source, basin-level
and regional solutions in a system-wide approach, to ensure that all waters discharged to the EPA are
achieving water quality standards by December 31, 2006. With respect to nutrients, the Phase 2 goal is to
reduce nutrient discharges to levels that do not cause an imbalance in natural populations of aquatic flora
or fauna.
This chapter describes the on-going integration of research, planning, regulatory and construction
activities to ensure that implementation decisions incorporate the best available information: true adaptive
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management in practice. Individual project management plans have been developed for each of these
activities (District and DEP, Everglades Program Management Plan, 1997). This chapter also identifies the
relationships between these concurrent activities to achieve the water quality and hydropattern objectives
of Everglades restoration, highlights scheduling conflicts between legislative and regulatory mandates, and
outlines key gaps in the current Phase 2 information base.
Delays in the timely completion of these activities, many of which are outside the control of the
District, may result in unintended delays, despite the best efforts of the District. Acceleration of necessary
research before the December 31, 2001, deadline may be difficult because biological research inherently
requires one or more growing seasons to evaluate performance. In order to meet the 2006 deadline, the
District may be required to make recommendations for Phase 2 based on incomplete science and
engineering information, which carries associated environmental and economic risks. Future annual
updates to this peer-reviewed report will provide greater detail on the potential obstacles and other
constraints for achieving Phase 2 goals, as well as identifying potential remedies.
Considering the number and complexity of the many activities required to achieve the long-term
water quality goals, the 2006 time frame established by the Act is very ambitious. The District is making a
concerted effort to comply with the U.S. Army Corps of Engineers 404 Permit that accelerates timeframes
in the Everglades Forever Act. A lack of information on water quality criteria, STA & BMP optimization,
supplemental technologies and hydrological needs of the ecosystem are among potential obstacles to 404
compliance; lack of funding may also be a potential obstacle.
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Chapter 1: Introduction to the Everglades Interim Report
Garth Redfield, Joel VanArman, Keith Rizzardi and Michael
Chimney
This Introduction to the Everglades Interim Report (Report) provides essential background to help
the reader understand the legal, scientific and governmental context of the document and supporting
research efforts. An overview of the status of the Everglades and resources at stake is given so that the
reader can appreciate the challenges that are faced in the environmental management of south Florida; they
are discussed from many different vantage points in the Report. Next, the governmental context of the
Report is described from the perspective of planning for environmental management over the next two to
five decades. The objectives and content of the document are then highlighted, followed by a discussion of
the legal and reporting requirements being addressed. The process used to create and review the Report is
summarized because it is somewhat unique, particularly in the use of external peer review by the public
and a panel of experts. Finally, the Introduction provides a review of constraints on report contents, so that
the reader can know what authoritative sources of information were available for authors to discuss and
analyze in the Report.
This chapter only provides a general introduction to the issues and content of the Report. The
diversity of topics covered precludes a detailed introduction. Individual chapters give specific background
needed to interpret information in each subject area. This Report is essentially an anthology of topical
reports that describe the status of the Everglades ecosystem; the subjects were specified by Florida statute.
Although it has been edited for grammar, format and consistency, the District has not attempted to create
an integrated volume, such as might be expected for a more narrowly focused book on environmental
management of the Everglades ecosystem.

The Geographic Setting
Major Features of the Everglades Protection Area and Surroundings
The Everglades is an internationally recognized ecosystem that covers approximately two million
acres in South Florida and represents the largest subtropical wetland in the United States. The historic
Everglades extended over an area approximately 40 miles wide by 100 miles long, from the south shore of
Lake Okeechobee to the mangrove estuaries of Florida Bay. More than half of the original system has been
lost to drainage and development (Davis and Ogden, 1994), including the Everglades Agricultural Area
located south of Lake Okeechobee. Today's remaining Everglades, which are primarily included within the
boundaries of the Everglades Protection Area (EPA), are comprised of Everglades National Park (Park)
including Florida Bay, and the Water Conservation Areas (WCA-1, WCA-2A, WCA-2B, WCA-3A, and
WCA-3B) (Figure 1-1).
Several areas adjacent to the modern Everglades are significant because they were part of the
historical system, they provide significant wildlife corridors and habitat, and/or they contribute directly to
management problems within the system. These include the Holey Land and Rotenberger Wildlife
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Major Features of the Everglades Protection Area in South Florida.
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Management Areas, Everglades Agricultural Area (EAA), the C-139 Basin, Big Cypress National
Preserve, and the Seminole and Miccosukee Indian Reservations.

Areas within the Everglades Protection Area
Everglades National Park
Everglades National Park (the Park) encompasses 2,150 sq. mi. of freshwater sloughs, sawgrass
prairies, marl-forming wet prairies, mangrove forests and saline tidal areas located at the southern end of
the Florida peninsula (Figure 1-1). The Park was formally established by Congress in 1934 to preserve the
unique ecology of the Everglades. The Park was designated by the United Nations as a World Heritage
Site in 1979 and was named as a Federal Wilderness Area, an International Biosphere Reserve, and a
Wetland of International Significance. Today, Everglades National Park is the second largest national park
in the United States and is one of the nation's ten most endangered parks (SFWMD, 1992b).
The Park contains three dominant wetland systems -- sloughs, marl-forming marshes and
mangroves. Sloughs comprise much of the central drainage of the park. Shark River Slough consists of a
broad southwesterly arc of continuous wetlands, interspersed with sawgrass strands, open water sloughs,
wet prairies, and tree islands extending from Tamiami Trial to the mangrove estuaries of Florida Bay.
During wet periods, Taylor Slough (also called Taylor River) provides local flow of freshwater from the
eastern side of the Park to Florida Bay. Southern marl-forming marshes are characterized by the formation
of marl soils (also known as calcitic mud). Marl is formed by the precipitation of calcite by blue-green
algae in submerged algal mats (periphyton) under shallow water/short hydroperiod conditions. Marlforming marshes occur on the eastern and western margins of Shark River Slough, as well as in Taylor
Slough and the Rocky Glades. These wetlands occur at a slightly higher elevation than Shark River Slough
and exhibit corresponding shallow water depths and shorter hydroperiods. The third major wetland
system, mangroves, occupies the southern and western borders of the Park where freshwater ecosystems
merge with the brackish estuaries of Florida Bay (SFWMD, 1992b).
Water Conservation Areas
The three Water Conservation Areas (WCAs) are a major component of the Everglades Protection
Area and an important source of water supply for South Florida (SFWMD, 1992b). The WCAs, located
south of Lake Okeechobee and east of the heavily urbanized Lower East Coast, comprise an area of about
1,350 square miles (Figure 1-1). These remaining Everglades wetlands today serve multiple purposes: a)
detention areas for excess water discharged from Lake Okeechobee and flood control discharges from the
Everglades Agricultural Area and portions of the lower east coast; b) sources of water supply for lower east
coast agricultural lands and urban areas by recharging the Biscayne aquifer and retarding salt water
intrusion in coastal wellfields; c) sources of water supply for Everglades National Park; d) important
habitats for Everglades wildlife; and e) public recreational uses.
Water Conservation Area 1
Water Conservation Area 1 (WCA-1) is designated as the Arthur R. Marshal Loxahatchee National
Wildlife Refuge (Refuge) and is managed by the U.S. Fish and Wildlife Service (USFWS). WCA-1
covers an area of 566 km2 (221 sq. mi). within Palm Beach County. The West Palm Beach Canal
discharges agricultural drainage water into the north end of WCA-1 and the Hillsboro canal discharges
water into the southwestern portion. The area is enclosed by 93 km (58 mi.) of levees and provides storage
for excess rainfall and runoff from the Everglades Agricultural Area (SFWMD, 1992b).
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Water Conservation Areas 2A and 2B
Water Conservation Area 2 is an extensive sawgrass wetland that encompasses an area of 538 km2
(210 sq. mi.). and is the smallest of the three Water Conservation Areas located within southern Palm
Beach and northern Broward counties (Figure 1-1). In 1961 a levee (L-35B) was constructed across the
southern portion of WCA-2, dividing the area into two smaller units, WCA-2A (442 km2 or 173 sq. mi.)
and WCA-2B (95 km2 or 37 sq. mi.). The area was divided in an effort to reduce water seepage losses to
the south and improve the water storage capabilities of WCA-2A. More than half of the inflow water
entering WCA-2A originates from the EAA. Canal inflow waters are highly mineralized and contain high
concentrations of nitrogen and phosphorus resulting from the oxidation of organic peat soils within the
EAA (SFWMD, 1992b).
Water Conservation Areas 3A and 3B
The largest of the water conservation areas, WCA-3, covers an area of 2342 km2 (915 sq. mi.) and
is located in western Broward and Dade counties (Figure 1-1). The area is predominately a vast sawgrass
marsh dotted with tree islands, wet prairies and aquatic sloughs. A cypress forest fringes its western border
along the L-28 Gap and extends south to Tamiami Trail. In 1962, WCA-3 was divided into WCA-3A
(2012 km2 or 786 sq. mi.) and WCA-3B (327 km2 or 128 sq. mi.) by construction of two interior levees so
that water losses due to levee seepage could be reduced. WCA-3A is the only water conservation area that
is not entirely enclosed by levees. The L-28 Gap allows overland flow to enter WCA-3A from the Big
Cypress National Preserve and other western basins (SFWMD, 1992b).
Florida Bay
Florida Bay is located at the extreme southern tip of mainland Florida and includes the body of
water that lies between the mainland peninsula and Florida Keys (SFWMD, 1992b). The Keys form the
approximate east and southern boundaries of Florida Bay. The boundary on the west is generally
considered to be the 30-foot depth contour line where the Bay adjoins the deeper waters of the Gulf of
Mexico. The Bay covers a total area of about 2200 km2 (860 square miles) of which approximately 1800
km2 (700 sq. mi.) lie within Everglades National Park.
Florida Bay is a broad shallow expanse of brackish to salty water that contains numerous small
islands, extensive sandbars and grass flats. Florida Bay historically supported important commercial and
sport fisheries for invertebrates (lobster, shrimp, sponges) and fishes (snook, redfish, tarpon, seatrout and
mullet). In addition, the warm shallow waters provide habitats for major populations of birds and
endangered species such as crocodiles and manatees. Much of the productivity of Florida Bay is
dependent on mangroves and seagrasses, which provide important sources of primary production and
habitat for complex associations of other species. The die-off of seagrasses in the late 1980’s was taken as
an indication that Florida Bay was seriously threatened by water management practices in upstream basins
(SFWMD, 1992b).
There has been great concern that surface water flows to Florida Bay have been reduced due to
increasing competition for available fresh water from agriculture and urban development. Also, the
available water has been partitioned to meet the needs of other natural areas such as Lake Okeechobee, the
Water Conservation Areas, Everglades National Park, Biscayne National Park and the Big Cypress
National Preserve. Another factor of unknown impact has been the reduction in groundwater flow. The
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effects of long-term variations in rainfall patterns and sea level rise are unknown but may also be
significant (SFWMD, 1992b).

Areas Surrounding the Everglades Protection Area
Holey Land and Rotenberger Wildlife Management Areas
The Holey Land Wildlife Management Area is a 140 km 2 (55 sq. mi.) tract lying in the S-7 and S-8
sub-basins. It is wholly state owned and managed by the Florida Game and Freshwater Fish Commission
(FGFWFC). The area is heavily used for hunting of white-tailed deer and hogs. The Rotenberger Wildlife
Management Area consists of 96 km2 (37 sq. mi.) of state-owned and leased private land (roughly 40% of
total acreage) that is separated from the Holey Land by the Miami Canal and managed by the FGFWFC for
deer and hog hunting. In 1983, a Memorandum of Understanding was entered into by the District and
other agencies to restore Everglades values associated with the Holey Land/Rotenberger Tract and
establish water regulation schedules that will simulate the natural hydroperiod. In June 1990, the District
and the FGFWFC agreed on operational schedules that improve hydroperiods in both the Holey Land and
WCA-3A (SFWMD, 1998).
Everglades Agricultural Area
The Everglades Agricultural Area (EAA), located south of Lake Okeechobee within eastern
Hendry and western Palm Beach counties, encompasses approximately 2872 km2 (1,122 sq. mi.) of highly
productive agricultural land comprised of rich organic peat or muck soils. Small portions of EAA muck
lands are also found in western Martin County. Approximately 77 percent of the EAA’s 2212 km 2 (864 sq.
mi.) is in agricultural production. The area is considered one of Florida’s most important agricultural
regions; it extends south from Lake Okeechobee to the northern levee of WCA-3A, from its eastern
boundary at the L-8 Canal, to the western boundary along the L-1, L-2 and L-3 levees. Nitrogen-rich
organic (peat) soils and a warm subtropical climate permit the year round farming of sugar cane, winter
vegetables and rice, with a total economic impact estimated at more than $1 billion dollars per year (gross
sales, Mulkey and Clouser, 1988). The major crops in the EAA include sugar cane, vegetables, and sod
and smaller amounts of other crops such as rice, and citrus. In 1987, sugar cane production alone
accounted for 1620 km2 (633 sq. mi.) of land use within the EAA (Coale, 1987).
C-139 Basin, Big Cypress National Preserve, and the Seminole and Miccosukee Indian Reservations
Basins located west and northwest of the WCAs discharge into WCA-3A via structures or gaps in
the area’s western levee. Agriculture is the dominant land use in the C-139, Feeder Canal and L-28
Interceptor basins. The remaining land cover in these three basins is predominately wetlands and forested
uplands, while the L-28 Gap basin consists almost entirely of wetlands (98%) within the Big Cypress
national preserve. Urban land uses occupies 4% of the C-139 Basin and less than 1% of the remaining
Basins.
The areas immediately west of WCA-3 include the Seminole Indian Tribe of Florida and the
Miccosukee Tribe of Indians of Florida. These areas include extensive private holdings that traditionally
have been used for cattle operations on either native range lands or improved pasture. The basins west of
WCA-3A are undergoing rapid intensification of agricultural development. During the 1980s, native range
lands, improved and unimproved pastures have been undergoing conversion to citrus, sugar cane or other
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agricultural use. Tribal lands within the WCA system should be restored and maintained as natural
Everglades habitat for the benefit of the Tribes and the Everglades ecosystem.
The 2280 km2 (891 sq. mi.) Big Cypress National Preserve was established by Public Law 93-440
in 1974 to protect natural and recreational values of the Big Cypress watershed, and to allow for continued
traditional uses such as hunting, fishing, and oil and gas production. It was also established to provide an
ecological buffer zone and protect Everglades National Park's water supply. In 1988, Congress added 584
km2 (228 sq. mi.) to the preserve. Excessive drainage and the introduction of water of poor quality into
Big Cypress National Preserve via the existing canal system are the most significant water management
problems. The canals contributing pollutants into the Preserve are not part of the C&SF Project, but
provide local drainage from agricultural lands in the Seminole Indian Reservation, C-139 Basin and C-139
Annex.

Governmental Setting: the District, Other
Agencies and the Everglades Program
Created originally as the Central and Southern Florida Flood Control District in 1949, the agency
was renamed the South Florida Water Management District (District or SFWMD) in response to a
broadened mission. The District is now responsible for environmental resources management of
approximately 17,000 sq. miles in south Florida, with an agency mission that includes the following
elements: water supply, flood protection, water quality protection, and environmental enhancement. The
District’s fundamental responsibility is to operate and maintain the Central and Southern Florida Project, a
multipurpose water resources project first authorized by Congress in 1949.
The District’s partner in many of its responsibilities is the Florida Department of Environmental
Protection (DEP). The DEP is officially a cooperator on this Interim Report and has reviewed and
contributed much of the content, particularly on aspects involving water quality. However, this Everglades
Interim Report is primarily a product of District programs and projects associated with the Everglades
Forever Act. Much of the information in this Report is based on planning, monitoring and research that
has been funded or conducted by District staff and has been combined with information available by July
1, 1998 from peer-reviewed published literature, as well as from other organizations conducting research
in the Everglades Protection Area.
The several elements of the Everglades Program are outlined in Table 1-1, along with Research
and Monitoring (RAM) Projects that provided most of the information summarized in this Report. Table 11 provides a summary of the 56 projects of the Everglades program and ties these activities to chapters in
this Report. Descriptions of the projects can be found in the publication titled, "Everglades Program
Implementation: Program Management Plan (revision 3)" (SFWMD, 1997). The RAM element
encompasses many of the subjects that will be covered in this Interim Report, although individual authors
may go beyond the original scope of these projects, if required to provide relevant and complete
information concerning key topics mentioned in the Act.
The overall Everglades Program includes interpreting the water quality standard for phosphorus
(background science in Chapter 3), agricultural Best Management Practices (Chapter 5), the Everglades
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Table 1-1.

Seven Elements and 56 projects of the Everglades Program as authorized through the
1994 Everglades Forever Act. This Interim Report is one of these projects (RAM 7).

Element Titles (7)
Project abbreviations and titles
(56)
1. Everglades Construction
Everglades Construction contains 18 projects
including 5 Stormwater Treatment Areas and
3 hydropattern restorations.
2. Hydropattern Restoration
Of the seven projects in this element, four are
complete as of 12/31/98.

3. Research and Monitoring (RAM)
RAM - 1
Describe Water Quality in EPA
and Tributary Waters
RAM - 2
Evaluate Best Management
Practices Effectiveness
RAM - 3
Evaluate Existing Water Quality
Standards for the EPA
RAM - 4
Evaluate WQ Standards and
Classifications of EAA Canals
RAM - 5
Optimize Stormwater
Treatment Area Operation
RAM - 6
Interpret Class III Phosphorus
Criterion Research
RAM - 7
Peer-Review Interim Report
RAM - 8

Peer-Review Annual Report

RAM - 9

Monitor C-139 Basin Water
Quality
Hydrological Needs of the
Ecosystem
Mercury Monitoring and
Research
Identify Supplemental
Technologies

RAM - 10
RAM - 11
RAM - 12

Chapter 1: Introduction

Completion
Dates

Chapter Coverage in Interim
Report

All projects
completed by
12/31/06

Construction projects are not discussed
specifically in the Interim Report, but the
ECP is covered in Chapters 2, 4, 5, 6,
11 and 12.

Most projects
by 12/31/99, all
by 10/01/03

Chapter 2 hydropattern issues, Chapter
9 LEC Water Supply Plan and Chapter
10 hydropattern restoration in the
Restudy.

01/31/96

Chapter 4 covers water quality in detail.

12/31/01

Chapter 5 is devoted to the EAA and
BMP implementation.
Chapter 4 covers water quality in detail.

12/31/01
12/31/01
12/31/06
12/31/02
01/01/99
01/01/00 and
yearly to 2006
05/01/95, in
progress
12/31/01
12/31/01

Chapters 4 and 7 (see also 12), canal
evaluations not completed to date
Chapter 6 with annual updates through
2006
Chapter 3 with discussion of scheduling
in Chapter 12
Product of RAM 7 is this Everglades
Interim Report
RAM 8 will provide updates to
Everglades Interim Report
Covered in Chapter 4 of this report
Covered in detail in Chapter 2 and
mentioned throughout the Report
Covered in detail in Chapter 7

01/01/01

Covered in detail in Chapter 8 and
mentioned in Chapters 11 and 12

Best Management Practice
Strategies for other Water
Quality Parameters
4. Regulation Projects
This element includes 10 projects; three are
now completed.
5. Exotic Species Control

12/31/06

Not covered in detail in Report; Chapter
5 is closest to topic (see also Chapters
11 and 12)

All projects 12/
31/06
On-going

Projects are mentioned in Chapters 5,
10, 11 and 12
Mentioned in Chapters 2, 3, 9 & 10

6. Funding Projects

On-going

Mentioned in Chapters 9, 10, 11 & 12

7. Everglades Annual Reports

On-going

Reports contain summaries of Interim
Report and annual updates

RAM - 13
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Construction Project (Chapters 6 & 12), and supplemental technologies for treating stormwater (Chapter
8). A major component of the Everglades Program, the Everglades Stormwater Program (Chapter 11),
includes developing the means to assure water quality compliance for structures discharging into, from or
within the Everglades Protection Area. The Everglades Stormwater Program moves beyond the
Everglades Construction Project to assure water quality standards will be met for areas of the EPA that are
not directly involved in the ECP. All of these elements of the Everglades Program are integrated in
Chapter 12 as it highlights successes, linkages and potential setbacks that may occur as these diverse
programs are implemented. A general goal of the Everglades Interim Report is to improve public
understanding of these programs and the science that supports decisions derived from the programs.
The District, other agencies, local governments and private interests, have worked cooperatively to
develop a Lower East Coast Water Supply Plan (LEC Plan), which is described in detail in Chapter 9.
This Plan, completed in March 1998, is an interim plan because it provides for immediate steps within the
framework of a larger, longer-term planning process. This regional planning process, the Central and
Southern Florida Comprehensive Review Study (Restudy) is being led by the U.S. Army Corps of
Engineers (USACE) and is the subject of Chapter 10. The Restudy will provide the basis for
reconstructing the drainage network within the District so that the regional ecosystem can be managed in a
more sustainable manner. The Restudy is linked to the Everglades Construction Project because the
Restudy planning process assumes the Everglades Construction Project is completed and functioning fully
as a condition of new regional plans.

Regional Environmental Issues
As mentioned above, the Everglades Protection Area (EPA) includes the Water Conservation
Areas, the Arthur R. Marshall Loxahatchee National Wildlife Refuge and Everglades National Park, and
encompasses what remains of a once larger Everglades ecosystem. This larger system extended from the
south shore of Lake Okeechobee to the mangrove estuaries of Florida Bay and covered more than 10,000
km2 (Davis, 1987; Light and Dineen, 1994). Urban and agricultural development during this century have
reduced the present-day Everglades to 50% of its original size (Mitsch and Gosselink, 1993), of which
3,400 km2 have been impounded within the WCAs (SFWMD, 1992a; Chapter 2). The remaining wetland
still contains a variety of habitats (e.g., tree islands, wet prairies and aquatic sloughs) that support unique
biotic communities, and is widely recognized as an ecosystem of immense regional and international
importance (SFWMD, 1992a; Lodge, 1994; Maltby and Dugan, 1994; Chapters 2, 3 and 4). Everglades
National Park was designated an International Biosphere Reserve in 1976, an Outstanding Florida Water in
1978 and United Nations World Heritage Site in 1979.
There is concern in the regulatory, scientific and environmental communities that the biotic
integrity of the remaining Everglades is endangered. This position is based, in part, on undesirable changes
observed in water quality, flora and fauna in portions of the EPA during the last several decades. These
changes include establishment of pronounced nutrient gradients in the WCAs downstream of major
discharge structures, replacement of large areas once dominated by sawgrass and periphyton with cattail,
decline in wading bird populations and species changes in periphyton and macroinvertebrate communities
(Belanger et al., 1989; Davis, 1987, 1991, 1994; Grimshaw et al., 1993; Nearhoof, 1992; Ogden, 1994;
Rutchey and Vilchek, 1994; SFWMD, 1992a, 1992b; Swift and Nicholas, 1987; Walker, 1991). These
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environmental impacts have been attributed to urban and agricultural development, a disruption of the
system's natural hydroperiod and an introduction of nutrient-rich runoff to the EPA from the 2,800 km2
Everglades Agricultural Area (EAA) (see SFWMD 1992a, 1992b, 1992c; Chapters 2, 3 and 4). The
Florida Legislature has stated that:
“... the Everglades ecological system not only contributes to South Florida's water supply, flood
control, and recreation, but serves as the habitat for diverse species of wildlife and plant life. The
system is unique in the world and one of Florida's great treasures. The Everglades ecological
system is endangered as a result of adverse changes... and, therefore, must be restored and
protected.” (Everglades Forever Act [Act; Section 373.4592, F.S. as amended])

Phosphorus has been identified as the nutrient most responsible for changes in periphyton and
plant communities within the EPA (Koch and Reddy, 1992; McCormick and O'Dell, 1996; McCormick et
al., 1998; Chapter 3). Reducing P loading to the EPA is central to the District's strategy for restoring and
preserving the Everglades (SFWMD, 1992a). Agricultural Best Management Practices (Chapter 5) and
the application of constructed wetlands for phosphorus assimilation (Chapter 6) are the two fundamental
approaches being used to reverse enrichment of Everglades marshes. Best Management Practices have
been installed in the Everglades Agricultural Area and have proven successful at reducing P loading from
that basin. Wetlands for stormwater treatment are being constructed as the second line of nutrient
cleansing for the Everglades Protection Area.

Stormwater Treatment Areas
Concern over environmental conditions in the Everglades prompted the Florida Legislature to
enact the Everglades Protection Act in 1991 (Section 373.4592, F.S.). This act was intended to help resolve
long-standing litigation related to Everglades restoration, require the District to adopt a Surface Water
Improvement and Management Plan for the Everglades that included programs and projects for stormwater
management systems, and bring all facilities into compliance with applicable water quality standards. The
resulting plan (SFWMD, 1992a) proposed the construction of three large treatment wetlands encompassing
approximately 16,000 ha (~ 40,000 acres). These constructed wetlands are now referred to as Stormwater
Treatment Areas (STAs) and are designed to serve as biological traps to reduce the P concentration in
agricultural runoff entering the EPA.
The basis of design for the STAs is provided in conceptual design documents by Burns and
McDonnell (1992), Kadlec and Newman (1992), and Walker (1995). The Everglades Forever Act was
enacted by the Florida Legislature in 1994 and established the funding mechanisms and construction
timetable for a more comprehensive program of five STAs, as well as other restoration projects (see Figure
1-1 for location of STAs). Furthermore, the Act requires the District to initiate research and monitoring
programs that, among other things, will seek to optimize the operation of the STAs to achieve optimum
water quality for the benefit of the Everglades. The research and monitoring program described primarily
in Chapter 6 of the Interim Report is intended to provide the District with the information necessary to
achieve this mandate, particularly with regard to the need to construct the largest unit, STA-3/4. However,
the scientific concepts underlying the effectiveness of STAs are also examined in Chapters 2, 3, 4, 5, 7
and 8.
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Objectives and Content
of the Interim Report
The overall objective of this Report is to summarize available data and findings relating to the
Everglades restoration effort. Information from this Report will be used by the South Florida Water
Management District (SFWMD or District) and Florida Department of Environmental Protection (DEP)
for making decisions affecting implementation of the Everglades Construction Project (ECP). In addition,
information contained in this Report will be used for the District's multiple permits, including: the U.S.
Army Corps of Engineers (USACE) Section 404 permit for the ECP; DEP permits for the ECP; the NonECP permit issued by DEP; and the DEP Long-Term Compliance Permit, which the District will apply for
in December 2003.
This Everglades Interim Report is an interagency product of the District and DEP, and has been
produced pursuant to section 373.4592(4)(d) F.S., which requires the District to submit a peer-reviewed
interim report to state officials after conducting a scientific peer review and two public hearings. The
scientific-review workshop and the two public meetings were held in September 1998. Through that
review process, numerous other agencies or organizations contributed information to this report.
The contents of the Report will be used for decisions regarding the implementation of the ECP, and
are set forth in the Act (Section 373.4592(4)(d)5. F.S.) as follows:
“The interim report shall summarize all data and findings available as of July 1, 1998, on the
effectiveness of STAs and BMPs in improving water quality. The interim report shall also include a
summary of the then-available data and findings related to the following: the Lower East Coast
Water Supply Plan of the district, the United States Environmental Protection Agency Everglades
Mercury Study, the United States Army Corps of Engineers South Florida Ecosystem Restoration
Study, the results of research and monitoring of water quality and quantity in the Everglades region,
the degree of phosphorus discharge reductions achieved by BMPs and agricultural operations in the
region, the current information on the ecological and hydrological needs of the Everglades, and the
costs and benefits of phosphorus reduction alternatives”.

For purposes of this Report, “available data and findings” and “then-available data and findings”
are interpreted as data that were subjected to quality control and complete technical interpretation by July
1, 1998. It is important to note that samples collected in the field take several months to analyze and
process through quality assurance. Therefore, data available to authors in most cases would only include
samples taken before March 1, 1998. Although existing data sets are extensive, they yield an incomplete
picture for virtually all the issues in the Everglades. The timeframe for acquiring information specified in
the Act varies with each program, and most information is being derived from ongoing projects. This
limitation is the reason this document is an ‘interim’ report. The status of monitoring and research in each
area is discussed in detail within each chapter.
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Other Legal and Reporting Requirements
Information from this Everglades Interim Report will be updated annually beginning in January 1,
2000 in peer-reviewed reports required under 373.4592(4)(d)6, F.S. These reports will represent an
important step in the process of reviewing technical information on the Everglades Protection Area (EPA)
and communicating progress on the review and evaluation activities required in the Act under
373.4592(4)(d)1&2, F. S., concerning Everglades research and monitoring. In addition to the Interim
Report and its subsequent updates, the District is also required to submit two other reports. An Annual
Report must be developed in accordance with Section 13 of the Act, and must incorporate: a summary of
the water conditions in the Everglades Protection Area; status of the impacted areas; status of the
construction of STAs; implementation of the BMPs; and actions taken to monitor and control exotic
species. Each year, an Everglades Status Report must be submitted to the Joint Legislative Committee on
Everglades Oversight, in accordance with ß11.80(4), F. S. This report to the Joint Legislative Committee
on Everglades Oversight concerns the status of the implementation of the Everglades Forever Act. It
includes progress on and changes to the ECP, an analysis of revenues, an evaluation of the costs of
acquisition, construction, operation and maintenance, and projected revenues over the succeeding five
years.
The requirements of those two reports and a summary of the contents of this Interim Report have
been consolidated into the 1998 Everglades Annual Report, prepared in coordination with federal and
state agencies. This integration avoids a duplication of effort while providing a more complete and relevant
set of products for decision-makers. This Report also contains information of direct interest to other
agencies, particularly the USACE and the Florida DEP. Before any ECP facilities could be constructed, the
District was required to obtain a 404 permit from the USACE. Although that permit has not been formally
accepted by the District, the District is operating in accordance with its requirements. Design features of
the ECP have been developed with USACE oversight to ensure compliance with the permit. The USACE
will also conduct on-site inspections during the construction process, and a monitoring program will be
implemented to ensure that the systems are functioning according to design specifications.
The permit for structures not included in the ECP, known as the Non-ECP Permit, was issued by
the DEP April 21, 1998, following the approval of an Administrative Law Judge after two years of
litigation. The District submitted a series of schedules and strategies relating to the Everglades restoration
to DEP as part of the permitting process. Specific Condition 9 of that permit, issued in accordance with
Section 9(k) and (l) of the Act, requires the District to update those schedules and strategies through this
Interim Report. It is anticipated that many of these same water quality and environmental issues will also
be relevant to the long-term compliance permit to be issued by DEP in accordance with Section 10 of the
EFA.
The Act specifies that the Report is to be a resource for decision-making: “The Interim Report
shall be used by the Department and District in making any decisions regarding the implementation of the
Everglades Construction Project subsequent to the completion of the Interim Report. The construction of
the STA-3/4 shall not be commenced until 90 days after the Interim Report has been submitted to the
Governor and the Legislature.” In light of this mandate, the Report has been written to highlight
information on key issues, concepts, assumptions and parameters underlying the implementation decisions
for the ECP and associated projects. Authors have strived to make information and findings relatively easy
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to understand while providing enough detail to support findings and make them credible for decisionmaking. The list of major findings and the summary have been developed to guide readers to
fundamental conclusions and findings. The goal is to make data and findings readily available as a
resource for all technically-based decisions without actually directing information toward any particular
decision or recommending a course of action on a specific project.
The Act, Section 373.4592 (4) (d) 1., F. S., has specific requirements for water quality analysis;
Chapter 4 of this Report responds most directly to these mandates by summarizing data and findings on
water quality in the Everglades Protection Area. The Act requires an evaluation of available water quality
data for the Everglades Protection Area and tributary waters, and identification of any additional
information necessary to adequately describe water quality. A research and monitoring program is also
required to generate such additional information and to evaluate the effectiveness of the BMPs and STAs
for improving water quality and maintaining beneficial uses of the Everglades Protection Area and
tributary waters. As part of the program, the District must monitor all discharges into the Everglades
Protection Area to determine compliance with state water quality standards. In addition, Section 373.4592
(4) (d) 2 & 4 and (4) (e) 1 & 4, F. S, further requires a classification of EAA canals towards their protection
as an integral part of the water management system. This requirement includes any additional research
necessary to “evaluate existing water quality standards applicable to the Everglades Protection Area and
EAA canals” no later than December 31, 2001.

Layout and Format of the Interim Report
This Interim Report consists of a coordinated set of products with varying levels of technical detail
and synthesis, including a list of major findings and implications, summary, the technical report in
twelve chapters and appendices with responses to public comment. The list of major findings and
implications highlight major conclusions of the report for the public and other interested parties with only
a brief summary of supporting analyses. The summary of the Report is written for a diverse readership
and provides an abstract of the key facts and supporting information. The findings are also published in the
1998 Everglades Annual Report. This report is a stand-alone document designed to communicate findings
to a broad audience and to contain minimal technical discussion and data presentation. It has been
developed to highlight findings of relevance to environmental decision-makers, particularly with regard to
decisions on the ECP and associated projects.
The main product is the full-length Everglades Interim Report, a technical document conveying
data and findings in each topic area. This technical document is targeted at individuals who seek detailed
information on topics mentioned in the Act, along with technical interpretation and supporting
information. Another product of the reporting effort is a volume of supporting documentation referred to in
the main body of the Report. These appendices are designed to give interested readers pivotal data
summaries and detailed analyses of interest as background for the special interest reader. A summary of
responses to reviewer comments on the Report is also included in the appendices.
This Interim Report presented an opportunity for open communication of progress on technical
areas described in the Act and for data sharing on key technical issues. Through the required peer review of
the report, programs, projects and products were evaluated critically by scientists outside of the agencies
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involved in Everglades information gathering. Subsequently, this report will provide the District with an
opportunity to identify strategies for filling information gaps on these important topics.

Process Used to Develop the Report
This Report was developed through a four-step review and revision process. Authors and project
staff associated with the research and monitoring programs required by the Act submitted rough drafts of
chapters for technical review in the early spring of 1998. After this initial review, each chapter was revised
by the author and submitted to a technical editor on District staff. The edited draft was of sufficient quality
after these two reviews to be given to the document assembly team, which formatted chapters into the first
working draft of the entire Report. At this point (early July), the draft was sent out for internal agency
review within the District and DEP.
Authors responded to comments from the internal review as they updated the chapters to include
all data and findings available as of July 1, 1998. Second, updated drafts were distributed to the public, the
District's Governing Board and a scientific panel for review in September. This intensive review resulted in
many substantive and helpful comments on the chapters, and guided the authors as they revised the
chapters into the final draft, which was submitted to the District's Governing Board for acceptance on
November 13, 1998. All comments received during Report development were given directly to chapter
authors. Their responses to these comments are summarized in an appendix to the Report.
The technical body of this Report has been developed in a manner often used for scientific
volumes compiling information on diverse issues. Chapters were written independently by authors with
expertise in the topic being addressed. Chapters reflect the writing style of the authors and the level of
detail appropriate to the topic. The order of authors on each chapter indicates their contributions to the
report in accordance with common practice in science and engineering. Technical review and integration
was provided by the report editor Garth Redfield, and the Report was formatted and assembled by
Kimberly Jacobs and Victor Mullen. Technical and grammatical editing was done by Marian Heitzman and
Ginger Brooks, and the Report was reviewed extensively by a peer review panel and other reviewers
outside the agency.

Constraints on Chapter
Content and Interpretation
There are several important factors that influence the interpretation of chapters in this report. First,
detailed discussion of methods and quality assurance (QA/QC) or complex interpretative (statistical) issues
cannot be dealt with through the Report, due to time and space limitations and the broad target audience for
the Report. Many issues covered in the Report are complex and do not lend themselves to simple answers
free of caveats. Authors have attempted to summarize the data and findings as definitely as possible,
arriving at discrete conclusions whenever possible. Second, for the most part, authors do not repeat
technical discussions that have been published in the peer reviewed literature; they are expected to provide
readers with appropriate citations to the primary information source. Third, authors can only report
information that is readily available as of July 1, 1998, and interpretable by standard scientific norms. In
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practical terms, this means that information from other agencies must be in the form of formal agency
reports or literature publications in order to ensure that authors can include it in their evaluations.
The mid-stream status of most projects required by the Act should also be kept in mind. Each
chapter will detail the overview status of research and monitoring activities on the specified topics, but it
must be recognized that the vast majority of information-generating projects are still in progress. Thus, to
varying extents, all chapters are truly interim in nature. The level of detail varies in accordance with the
magnitude of information available and the opinion of the author on what data should be presented to
address issues of interest to decision-makers. For example, Chapter 7 on the mercury problem contains
dozens of literature citations and findings from research in south Florida, while Chapter 8 on
Supplemental Technologies is more focused on project descriptions and current status.
The Report is not a formal part of any legal or administrative process, such as setting the criteria
and standards for phosphorus in the EPA. Any interpretation of wording in this Report must be done from
a technical, not a legal perspective. For example, the official process of setting the standard for surface
water quality is primarily the responsibility of the Environmental Regulation Commission, working in
concert with DEP. Any use of “imbalance” or other similar terms in this Report is done to describe
ecological evidence and must not be considered as any official interpretation of Class III criteria by the
District or the DEP.

Report Organization
There are 12 chapters, a list of major findings and a summary in the Report. Chapters 2 – 12
each contain a summary, background on the topic, technical discussion of data, findings, strategies for
obtaining additional information, and references cited in the chapter. The list of major findings and
summary of the Report attempt to summarize information about important issues and guide the reader to
sources of additional information in the Report. They are written as an abstract of critical information and
conclusions for decision-makers. Chapter 1 provides background for the Report, an overview of the
process used to develop the Report and an outline of its organization, as well as factors affecting the nature
and interpretation of data and findings. A glossary of technical terms and lists of authors and acronyms are
provided at the end of this introductory chapter, along with a guide to units of measure.
The hydrological needs of the Everglades Protection Area and supporting technical information is
the subject of Chapter 2. This chapter also provides a unique synthesis of important information on the
history and development of water management and resultant ecosystem alterations in south Florida. The
ecological needs of the Everglades is discussed in Chapter 3. This detailed account provides up-to-date
information on the intricate effects of nutrients and associated factors on Everglades ecology. Water quality
status and trends for standard Class III parameters are the subjects of Chapter 4 (although issues
concerning mercury in the EPA are covered in Chapter 7). A history and summary of actions taken under
the Best Management Practices Program in the Everglades Agricultural Area are provided in Chapter 5,
while Chapter 6 provides a detailed account of information gathered to date on the performance of the
Stormwater Treatment Areas, particularly the Everglades Nutrient Removal (ENR) Project. Chapter 7, as
mentioned, discusses mercury issues and analyzes the risk of mercury contamination associated with the
Everglades Construction Project.
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Chapter 8 describes techniques being investigated as means for removing phosphorus from water
down to the planning level of 10 parts per billion, the default concentration specified in the Act. This
eighth chapter reflects the fact that the studies of Supplemental Technologies are in their early stages as
this report is written, and most information on the relative costs and effectiveness of technologies will not
be available for several years. Nevertheless, the chapter does provide a preliminary understanding of the
relative costs and benefits of each technology. Chapter 9 describes the status of the Lower East Coast
Water Supply Plan, as required by the Act, and Chapter 10 summarizes the ongoing planning effort on the
Restudy of the Central and South Florida Project. The Restudy has resulted in a preferred alternative plan
to restore the greater Everglades ecosystem; key elements of the planning process are given in Chapter 10.
The Everglades Stormwater Program, which is the subject of Chapter 11, is being implemented to assure
that water quality standards will be met in areas not encompassed by the Everglades Construction Project,
particularly along the lower east coast of Florida. The final chapter (12) is an integration of projects and
programs described in the Report. This final segment of the Report explains complementarities in
planning and construction activities and overall organization of the Everglades restoration effort.

Peer Review of the
Everglades Interim Report
The Interim Report was developed through a four-step review and revision process, described
earlier in this chapter. Following internal review and revision, an updated and revised September 9, 1998
draft of the Report was distributed for external review by the public (via hardcopy and the District’s
internet site) and a scientific review panel. The requirement for peer review is suggested by the title of the
Report in the Act, ‘peer reviewed interim report,’ and other narrative from the Act (373.4592(4)(d)5:
“Prior to finalizing the Interim Report, the District shall conduct at least one scientific workshop
and two public hearings on its proposed Interim Report.”

The District organized the review of the Report in accordance with typical scientific review
practices, the independent panel review process required by Florida Statute for evaluating Minimum Flows
and Levels (F.S. 373.042 (4)) and ‘government in the sunshine’ provisions of Florida Statutes.
‘Independence’ in the context of this review process means that panelists should have no substantial
personal or professional relationship with the District or any other organization involved in environmental
management in South Florida. Maintaining such independence provides reasonable assurance that
reviewers will be objective in evaluating materials presented in the Report - such objectivity is the
cornerstone of a bonafide review process. The panel reviewed the Report independently, then interacted
with each other and the public at a scientific workshop and public hearing. The panel collaborated in
authoring recommendations and a final report to the District. The breadth of this Report and the need for
interaction with reviewers require that the Interim Report be reviewed by such a group of experts, as
described below.
A Statement of Work was developed for the review process. Each panelist was given a Purchase
Order by the District to provide the following review services on the Everglades Interim Report:
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•

Read the Everglades Interim Report. Each panelist was asked to focus attention on chapters
closest to their areas of expertise, although comments or questions on any aspect or chapter of
the Report were encouraged.

•

Read two reports contributed by the Sugar Cane Growers Cooperative of Florida. Two
reports with data and findings on the Everglades system were submitted to the District in time
to be considered in the Report: ’Ecological Risks to Wading Birds of the Everglades in
Relation to Phosphorus Reductions in Water and Mercury Bioaccumulation in Fishes,’ by
Exponent, Incorporated; and ‘Data and Analysis Report – Status and Trends in the Everglades,
June 1998,’ by Tetra Tech, Incorporated. The Panel was not asked to provide a separate peer
review of these reports, but was requested to evaluate the merit of their data, findings and
conclusions in relation to those in the Everglades Interim Report.

•

Prepare a preliminary written review of the Everglades Interim Report. Prior to the
workshop and public hearing, panelists prepared a preliminary written review of the
Everglades Interim Report, including questions to be addressed by District Staff at the
scientific workshop and public hearing.

•

Participate in the scientific workshop and public hearing as a panelist September 28 and
29, 1998 at District headquarters. The Panel participated in the first public hearing which
was held in association with the scientific workshop, September 28 and 29, 1998 at District
headquarters in West Palm Beach.

•

Develop a draft Panel Report with conclusions and recommendations. During an
executive session following the public workshop on September 30, 1998, the panel developed
their conclusions and recommendations on the Interim Report, and provided these to the
District before leaving District headquarters.

•

Collaborate with the other panelists in writing the Final Report. The panel’s final report
summarized conclusions and recommendations, and included a narrative with details to the
extent that the Panel deemed appropriate for each chapter. The Final Report was delivered to
the District on October 22, 1998 and is provided in Appendix 1 of this Report.

Panelists were selected from the District’s Expert Assistance Pool which contains over four
hundred pre-qualified technical experts. Professional expertise and experience in the major areas covered
by the Report were the primary criteria for selection. Knowledge of environmental management and
decision-making was also considered in potential panelists. Candidate panelists from the Pool were
screened for any professional connection to interests or organizations in south Florida to ensure
independence. Seven expert panelists were selected to conduct an independent scientific peer review of the
Everglades Interim Report. Their experience and credentials are summarized below:
1. Chairperson: Dr. Clifford S. Russell, Professor of Economics and Public Policy, and Director,
Vanderbilt Institute for Public Policy Studies, Vanderbilt University, Nashville, Tennessee.
With 30 years of post-doctoral experience in environmental economics and public policy, Prof.
Clifford Russell is recognized internationally for his work in industrial economics, pollution
control, decision-making for environmental policies, analysis of non-point source pollution,
modeling of environmental economics, integration of ecology and economics, and water
quality economics. This diverse experience in water-related economic and policy analyses is
demonstrated in over 50 peer reviewed articles, approximately 100 miscellaneous
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publications, and 6 books authored during his productive career.
2. Expert on Water Quality: Dr. Robert C. Ward, Director, Colorado Water Resources Research
Institute and Professor, Dept. of Chemical and Bioresource Engineering, Colorado State
University, Fort Collins, Colorado. Dr. Robert Ward is highly experienced in the science of
water quality assessment, including the design of information systems and water quality
monitoring networks, application of data to decision-making and communication with the
public, and wastewater treatment. Since receiving a doctorate in Agricultural Engineering in
1970, he has authored dozens of refereed articles and papers in conference proceedings. His
quantitative experience with water quality data is exceptionally diverse and extensive.
3. Expert on nutrient effects and wetland ecology: Dr. J. Court Stevenson, Professor,
University of Maryland Center for Environmental Sciences, Cambridge, Maryland. Dr. Court
Stevenson is highly experienced in management-related science through his work on the
restoration of Chesapeake Bay and its watershed. He has worked on the effects of nutrients
and water level on marsh and sea grass plant communities, and has researched the effects of
sea-level rise and non-point source pollution on coastal wetlands and shoreline biological
communities. The ecological principles used in these investigations are the same suite of
scientific concepts underlying issues in the Everglades ecosystem. Dr. Stevenson has over 60
publications in the international scientific literature, dozens of presentations at scientific
meetings, and a wide-range of activities in environmental management.
4. Expert on wetland ecology, policy and management: Dr. Barbara L. Bedford, Senior
Research Associate, Department of Natural Resources, Cornell University, Ithaca, New York.
Dr. Barbara Bedford is a senior scientist specializing in the ecology of wetland plants,
responses of wetland biota to disturbances, conservation of biodiversity and application of
scientific information to environmental management. Her research track record touches on
many of the key issues being faced in south Florida, such as the cumulative effects of humans
on wetland structure and function, and the trade-off between the effects of nutrient enrichment
and hydroperiod modification. This combined experience in wetland ecology and public
policy is unique and well-suited to an evaluation of the Interim Report.
5. Expert on agricultural Best Management Practices: Dr. J. Wendell Gilliam, Professor of
Soil Science, North Carolina State University, Raleigh, North Carolina. After receiving a
doctorate from Mississippi State University in 1965, Dr. Gilliam worked as a laboratory
manager conducting research on soils until he became a full-time researcher in 1972. From
that point to the present time, he has continued to work on agricultural soil science as related to
water quality, nutrient cycling and Best Management Practices. His research on riparian or
buffer strip management is known internationally, and he has worked extensively on nutrient
related issues and management. He acted as a technical consultant to the State of Florida to
assist the State in designing the BMP program for the Everglades Agricultural Area and
provided technical peer review to the District on BMP issues in the Lake Okeechobee
watershed.
6. Expert on the effectiveness of constructed wetlands for treating stormwater: Dr. Danuta
Leszczynska, Associate Professor of Environmental Engineering, Florida Agricultural and
Mechanical University, Tallahassee, Florida. Dr. Danuta Leszcsynska is trained as an
environmental engineer specializing in environmental chemistry, wastewater treatment, water
quality enhancement and water reuse. She has conducted several research projects involving

1-17

Chapter 1: Introduction

Everglades Interim Report

constructed wetlands for treating wastewater and stormwater, and has investigated
mechanisms involved in the transformation of contaminants in natural systems. Dr.
Leszcsynska has worked with industrial clients on waste management problems. She has
presented papers on these industrial projects and more basic research efforts on over three
dozen occasions in the last 5 years.
7. Expert on metal contaminants and ecosystem modeling: Dr. Joseph V. DePinto, Professor
and Director Great Lakes Program, State University of New York at Buffalo. Dr. Joseph
DePinto has a research and teaching career that spans over two decades. Trained as an
environmental engineer, he has contributed greatly to modeling fate and transport of pollutants
in aquatic systems, ecosystem models of nutrient cycling and food web interactions, lake
eutrophication and its control, and the use of geographic information systems in water quality
modeling. His professional and scholarly activities have been extremely diverse and
numerous, and he is very experienced in peer review of scientific material. His research and
consulting activities have produced several hundred reports, papers, presentations and
seminars, primarily involving the use of models in analyzing aquatic ecosystems.
This intensive public and panel review resulted in over 100 pages of written comments and
suggestions to the authors of the Report; all written reviews and the panel report are provided verbatim in
Appendix 1. Although all reviews were helpful to authors, the Report benefited most extensively from the
throughtful and incisive suggestions of the expert panel. The advice of reviewers and the panel guided the
authors through a major revision of the Report during October and November 1998. A summary of the
responses of authors to reviewer comments is also given in Appendix 1.
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Acronyms Used in the
Everglades Interim Report
Act
ATLSS
BAF
BCR
BMP
C&SFP
cfs
Corps
DEP
District
DO
DOI
EAA
ECP
EIS
ELM
ELVM
EMAP
EMCM
ENP
ENR
EPA
EPH
EPGM
ERC
ET
ETAC
EWQM
F.A.C.
F.S.
FGFWFC
FY
GIS
HR
HLT
HRT
JLCEO
LEC
LECRWSP
LOWQM
MeHg

1994 Everglades Forever Act
Across-Trophic Level System Simulation (model)
Biological accumulation factor
Big Cypress Seminole Indian Reservation
Best Management Practice
Central and Southern Florida Flood Control Project
cubic feet per second
United States Army Corps of Engineers
Florida Department of Environmental Protection
South Florida Water Management District
dissolved oxygen
(United States) Department of the Interior
Everglades Agricultural Area
Everglades Construction Project
Environmental Impact Statement
Everglades Landscape Model
Everglades Landscape Vegetation Model
Environmental Monitoring and Assessment Program
Everglades Mercury Cycling Model
Everglades National Park
Everglades Nutrient Removal (Project)
Everglades Protection Area comprised of Water Conservation Areas 1, 2A & B,
3A & B and Everglades National Park
Everglades Phosphorus and Hydrology Model
Everglades Phosphorus Gradient Model
(Florida) Environmental Regulatory Commission
evapotranspiration
Everglades Technical Advisory Committee
Everglades Water Quality Model
Florida Administrative Code
Florida Statutes
Florida Game and Freshwater Fish Commission
Fiscal year for District (October 1 to September 30)
Geographic Information System
Hydropattern restoration
Hydraulic Loading Rate
Hydraulic Residence (or Retention) Time
Joint Legislative Committee on Everglades Oversight
Lower East Coast
Lower East Coast Regional Water Supply Plan
Lake Okeechobee Water Quality Model
methylmercury
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mg/L
MGD
MOA
MOU
msl
mt
NEPA
NGVD
NPDES
NSM
OFW
Park
PEIS
ppb
ppm
QA/QC
RAM
Refuge
Restudy
SAWCAT
SERA
SFWMD
SFWMM
STA
SWIM
THg
TOC
TP
USACE
USEPA
USFWS
USGS
WCA
WPA
WQ

Everglades Interim Report

milligrams per liter
million gallons per day
Memorandum of Agreement
Memorandum of Understanding
mean sea level
metric ton (1000 kg)
National Environmental Policy Act
National Geodetic Vertical Datum
National Pollution Discharge Elimination System
Natural Systems Model
Outstanding Florida Waters
Everglades National Park (ENP)
Programmatic Environmental Impact Statement
parts per billion
parts per million
Quality Assurance/Quality Control
Research and Monitoring element of the Everglades Forever Act
Loxahatchee National Wildlife Refuge
C&SF Comprehensive Review Study
Sawgrass-Cattail Model
Southern Everglades Restoration Alliance
South Florida Water Management District
South Florida Water Management Model
Stormwater Treatment Area
Surface Water Improvement and Management Act
Total mercury
Technical Oversight Committee
total phosphorus
United States Army Corps of Engineers
United States Environmental Protection Agency
United States Fish and Wildlife Service (under DOI)
United States Geological Survey (under DOI)
Water Conservation Area
Water Preserve Area
Water Quality
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Units of Measurement in the Everglades
Interim Report
Metric Unit

Symbol

U.S. Unit

U.S. Equivalents

Meter
Kilometer
Microgram

m
km

µg

yard
mile
none

1.094 yards
0.6214 miles
none

Milligram
Gram
Kilogram
Metric Ton (1000 kg)
Milliliter
Liter

mg
g
kg
mt
ml
L

none
ounce
pound
ton
fluid ounce
quart

none in use
0.035 ounces
2.205 pounds
2,205 pounds
0.0338 ounces
1.057 quarts

Cubic meter

m3
ha

cubic yard

1.308 cubic yards

Hectare
Square kilometer
*

Acre-feet
Milligram/liter
Microgram/liter

acres

2.477 acres

2

km

square mile

0.386 square mile

ac.ft.

cubic meters

mg/L

part per million

1234 m3
none

µg/L

part per billion

none

†

* Not a metric unit, but used commonly to express large volumes of water.
† Note: 1 µg P/L = 1/4 teaspoon of phosphorus in an olympic-size pool.
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Glossary of Technical Terms in the
Everglades Interim Report
Accretion: The gradual addition of new material on top of older sediments or soils.
Accuracy: The closeness of a measured value to the true value (as opposed to precision).

Acre-foot: The volume of liquid required to cover one acre to a depth of one foot.
Analyte: A chemical species measured in a water sample.
Apple Snails: The Florida Apple Snail (Pomacea paludosa) is a gastropod mollusk found commonly in
shallow wetland environments in south Florida. It is the primary food of the endangered Everglades Snail
Kite.
Aquifer: A porous layer in the ground where water can be stored.
Benthic: Bottom dwelling organisms (e.g., benthic insects).
Best Management Practices: Land, industrial and waste management techniques that reduce pollutant
loading from an industry or land use.
Biogeochemistry: The study of the form, fate and movement of elements through biological, geological
and chemical materials.
Biomass: The weight of living material, usually as dry mass.
Bulk density: The mass of soil in a given volume.
Chlorophyll: green pigments found in plants and essential for photosynthesis.
Conductance: The ability of an aqueous solution to carry an electric current; used as a measure of total
dissolved solids.
Decomposition: The action of microorganisms causing the breakdown of organic compounds into simpler
ones and the release of energy.
Discharge: The rate of water movement, as volume per unit time (cubic feet per second).
Dissolved organic carbon: The organic fraction of carbon in water that is dissolved (not filterable).
Emergent macrophytes: Rooted vascular plants in inundated areas that extend above the water surface.
Eutrophication: The natural or cultural enrichment of an aquatic environment with plant nutrients leading
to rapid ecological changes and high productivity (adj. eutrophic).
Evapotranspiration: The process by which water is released to the atmosphere by evaporation from the
water surface or movement from a vegetated surface (transpiration).
Excursion in water quality data: A constituent concentration that is of potential concern as an apparent
violation of a water quality criterion. ‘Excursion’ indicates some uncertainty in the interpretation of the
reported value that must be evaluated by examination of background conditions, ancillary data, quality
assurance and historic data before the datum is considered a ‘violation’ of a water quality criterion. DEP is
responsible for data review to determine violations of water quality criteria and standards.
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Exotic or Invasive Species: Exotic species are kinds of plants and animals not normally found in an area.
Often such species are highly invasive and dominating to native forms. Examples of exotic species in
South Florida include cichlid fishes, melaleuca trees, Brazilian pepper, Australian pine and torpedograss
Flow-Weighted Mean Concentration: The average concentration of a substance in water corrected for
the volume of water flow at the time of sampling; samples taken when flow is high are given greater
weight in the average, and flow-weighted concentrations can be used to calculate mass loading at a
particular location.
Hectare: A unit of measure in the metric system equal to 10,000 square meters (2.47 acres).
Hydraulic residence time: The length of time that water resides in a body of water or specified area.
Hydropattern: Water depth and duration, along with the quantity, timing and distribution of surface water
to a specific area; critical for maintaining various ecological communities in wetlands.
Hydroperiod: Depth and duration of inundation in a particular wetland area.
Invertebrates: Small animals, such as insects, crayfish, mollusks, and annelids, that do not have a
backbone. These animals are often important components of ecosystem food webs and can be indicators of
ecosystem status.
Loading (Mass loading): The mass of a material entering an area per unit time (e.g., phosphorus loading
into Water Conservation Area 2A as metric tons per year).
Macrophytes: Visible plants found in aquatic environments; sawgrass, cattails, sedges and lilies are
examples of macrophytes.
Moving average: The arithematic average of a sequence of data within a data set moved and calculated
sequentially to smooth the data and reveal trends (e.g., 12-month moving average TP concentration).
Muck soil: Dark, organic soil derived from the decay of plant biomass.
Nutrients: Elements essential as raw materials for the growth of an organism. For aquatic environments,
nitrogen and phosphorus are important as nutrients affecting the growth rate of plants.
Oligotrophic: Refers to an environment low in plant nutrients and productivity; unenriched.
Periphyton: The biological community of microscopic plants and animals attached to surfaces in aquatic
environments. Algae are the primary component in these assemblages and periphyton can be very
important in aquatic food webs, such as those of the Everglades.
Parts per billion: ppb, equivalent to one microgram per liter.
Parts per million: ppm, equivalent to one milligram per liter.
Phosphorus: An element that is essential for life and limits the growth of plants in the Everglades
ecosystem.
Precision: The reproducability of measurements (low precision yields high scatter in data).
Quality assurance: A program to provide a means for a product to meet a defined set of quality standards
at a specified level of confidence.
Quality control: Steps to ensure that quality standards are met.
Sheet flow: Water movement as a broad front with shallow, uniform depth.
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Species richness: The number of species occuring in a particular area for a specified sampling period.
Parts per billion: ppb, equivalent to one microgram per liter.
Parts per million: ppm, equivalent to one milligram per liter.
Soil or peat subsidence: The loss of organic soil and associated elevation due to decomposition,
compaction and burning. This process occurs at a high rate when peat soils of the Everglades region are
drained.
Supplemental Technologies: Advanced wastewater treatment techniques that have the potential to
supplement STAs and reduce phosphorus to levels of about 10 ppb.
Trophic level: Groups of organisms using or producing energy at a definable level in nature. Plants are
lowest trophic level and are the primary producers of biological energy. Grazing and detritus feeding
animals are intermediate, and predators, such as bass, wading birds and raccoons, are in the higher trophic
level. Metals like mercury accumulate at higher trophic levels, while most energy in nature is stored in
lower trophic levels.
Water quality criteria: Constituent concentrations, levels or narrative statements representing a quality of
water that supports the most beneficial use of the resource.
Water quality standard: Standards are composed of the most beneficial use of water, water quality
criteria applied to that use, and the Florida antidegradation policy (see Chapter 4).
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Chapter 2: Hydrologic Needs: The Effects of
Altered Hydrology on the Everglades
Fred Sklar, Chris McVoy, Randy Van Zee, Dale Gawlik, Dave
Swift, Winnie Park, Carl Fitz, Yegang Wu, Dave Rudnick, Thomas
Fontaine, Shili Miao, Amy Ferriter, Steve Krupa, Tom Armentano,
Ken Tarboton, Ken Rutchey, Quan Dong, and Sue Newman

Summary
This chapter is an overview of historic hydrologic patterns, the effects of altered hydrology on the
ecology of the Everglades, and the tools needed to assess and predict the impacts of water management.
This is an anthology of historical information and hydrologic studies conducted over the last 100 years,
covering millions of hectares, and includes scientific studies of Everglades soils, plants, and animals. The
synthesis of this information, for setting hydrologic targets for restoration, is the goal of the Central and
South Florida (C&SF) Restudy (see Chapter 10). This ecosystem assessment of the Everglades in relation
to only hydrology is difficult because hydrology is strongly linked to water quality constituents, whose
utilization, mobilization, and degradation in the Everglades is in turn, linked to hydrologic events and
management. Although this chapter disassociates water quality from hydrology, in an attempt to address
water management needs, and to meet the obligations set by the Everglades Forever Act, it is important to
understand these linkages for sustainable management and restoration.

Historic Hydrologic Change
Drainage of the Everglades began in 1880 and in some locations, reduced water tables up to nine
feet, reversed the direction of surface water flows, altered vegetation, created abnormal fire patterns, and
induced high rates of subsidence. Most of these changes were caused by four major canals (Miami, North
New River, Hillsboro and West Palm Beach), constructed between 1910 and 1920. Other hydrologic
alterations of major significance include the levee around Lake Okeechobee and construction of the
Tamiami Trail.
The initiation of the C&SF Project for Flood Control in 1947 created a system of levees and
borrow canals, essentially complete by 1963, that continued to alter water tables and surface flows by
creating a highly compartmentalized landscape. Compartmentalization induced ponding in the southern
regions of each Water Conservation Area (WCA), increased the frequency and intensity of peat/muck fires
in northern regions of WCAs, and disrupted overland “sheet flow” by creating a hydrologic environment
dominated by flows along levee edges, in borrow canals, and through water control structures.
Historic and current seasonality of water depth (the hydrologic cycle) in the Everglades is
basically the same. The wet season is typically from June to October and the dry season is from November
to May. However, canals and water control structures have altered the duration and spatial extent of
hydroperiods. The South Florida Water Management Model (SFWMM) for the current managed system,
shows that typical dry season water depths (1965-1995) in northern Shark Slough in Everglades National
Park (the Park) ranged from 1.0 ft to -2.0 ft below ground. According to the Natural Systems Model

2-1

Chapter 2: Hydrologic Needs

Everglades Interim Report

(NSM), pre-drainage water levels would have ranged from 3.0 ft. to -1.0 ft. Similar trends of decreased
water depth and reduced hydroperiods were observed following construction of the C&SF Project.
Isotopic analysis of coral cores suggests that Florida Bay salinity in this century has been higher
and less variable than it was during the last century. This shift in salinity patterns may have occurred as a
result of several factors. The completion of the Flagler Railroad in 1910 closed a number of tidal inlets in
northeast Florida Bay and may have increased hydrologic residence times by altering circulation patterns
and reducing tidal exchanges in northeast Florida Bay. This shift in Florida Bay salinity patterns may have
also occurred due to reduced surface and ground water flows discharged from the Everglades. The
dredging of the Miami, New River, Hillsboro and West Palm Beach canals from 1906 to 1920 diverted
large amounts of surface water flows east towards the Atlantic Oceans thus decreasing freshwater flows
toward Florida Bay and the Gulf of Mexico.

Effects of Altered Hydrology
Low water tables, drainage, and droughts have altered the balance between peat accretion and peat
oxidation - a balance that maintains wetland elevation. An increase in microbial oxidation and frequency
of peat fires as a result of drainage has contributed to peat subsidence and lowered ground level elevations.
In some locations the peat is completely gone, leaving only the underlying mineral material. Decreased
wetland elevation has made the WCAs more vulnerable to excessive ponding and the Park more vulnerable
to salt water intrusion from rising sea levels.
Calcareous periphyton communities are well adapted to seasonal dry-downs and quickly
recolonize upon reflooding. However, continuous flooding may cause a shift toward a non-calcareous
periphyton community that may in turn, alter phosphorus (P) cycling. It is not completely clear how depth,
hydroperiod, light, temperature, and nutrients all interact to sustain healthy calcareous periphyton mats,
although it is clear that excess nutrients alone can have a significant effect (see Chapter 3).
Hydrology can influence the success of invasive and exotic vegetation establishment by affecting
growth and survival of seedlings. Cattails spread into areas of prolonged ponding, if sediment P
concentrations are relatively high. Cattails are competitive in deep water environments because they can
actively transport oxygen to their roots. Brazilian pepper, a woody shrub, has become established in areas
of disturbed soil horizons where water tables have been lowered and inundation is now less than 4-6
months per year. The newest invader, Old World climbing fern, invades the same habitats as Brazilian
pepper forming a mat that covers every plant. Raising the inundation frequency and depth to eliminate
Brazilian pepper and the climbing fern from tree islands has been proposed in some areas. However, the
biological affects of such an alteration are unknown and long inundation of tree islands may be fatal to
native tropical hardwood species.
Animals are also affected by altered hydrology. The vulnerability of fish to predation by wading
birds is directly affected by water depth. Even when fish densities are high, water depths greater than 28
cm, during February, March and April, can decrease foraging and the feeding of fledglings by Tricolored
Herons, White Ibis, Snowy Egrets and Wood Storks. Altered hydrology can also have a direct impact on
fish. However, there are two contradictory ideas of how hydrology affects fish populations. One hypothesis
is that fish densities are highest when the marsh is managed for frequent dry-downs, while the other
stipulates that fish densities are lowest when the marsh is managed for frequent dry-downs.
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Nesting and foraging by Snail Kites and endangered Cape Sable Seaside sparrows have conflicting
hydrologic requirements that call for different habitats and marsh elevations. Dry-downs to less than 10 cm
during March and April impede the movement of apple snail, the exclusive food source for snail kites, thus
interfering with peak snail reproduction behavior and the production of fertile egg clusters. In contrast, if
water levels are not less than 10 cm by April, the seed and insect-eating Cape Sable Seaside Sparrow will
not initiate breeding. The effects of altered hydrology on other animals populations, particularly
amphibians and reptiles, are less well understood. However, it appears that alligator nests fail if during the
60-65 day spring incubation period, water levels get so low as to allow raccoons and other predators access
to the nest, or so high (20-30 cm above spring water levels) as to flood the nest.

Tools for Hydrologic Restoration
Florida Statute 373.042(1) requires that all water management districts establish minimum flows
and levels (MFLs) for surface waters. For the Everglades, the MFLs were proposed to prevent the
occurrences of long-term low water levels that impact hydric (organic peat and marl) soils. To prevent the
loss of peat soil, “water levels within wetlands overlying organic peat soils should not fall 1.0 ft or more
below-ground level for more than 30 days duration, at return frequencies ranging from 1 in 5 years to 1 in
7 years depending on location.” For marl soils, “water levels should not fall more than 1.5 ft below ground
for more than 90 days no more frequently than once every 5 years.”
Tools to synthesize and predict the effects of water management and restoration in the Everglades
include a complex variety of hydrologic (e.g., Natural Systems Model), water quality (e.g.,: Everglades
Water Quality Model), and ecologic (e.g., Everglades Landscape Model) computer models. Some of these
tools are still under development but have already increased our general understanding of the importance
of hydrology in the Everglades. The NSM found historic hydroperiods greater than 330 days/year and
historic flow rates of high magnitudes in areas that are now no longer part of the Everglades. The ELM
found that drainage and a low water table can increase soil decomposition and P availability by as much as
300%. These models are currently being used to evaluate USACE Restudy alternatives (see Chapter 10).

Conclusions
The hydrology of the Everglades has been fundamentally altered. Drainage from 1880 until 1946
(pre-C&SF) was a period of extensive changes in surface water flows, water tables, and soil subsidence.
Drainage from 1947 to the present (post-C&SF) was a period of further landscape fragmentation, reduction
in sheet-flow, and extensive habitat loss. The entire pre- and post-C&SF era was a period of higher and less
variable salinity in Florida Bay.
Altered hydrology has caused major losses of wetland soils and is fostering the spread of invasive
species, such as Brazilian pepper, cattail, melaleuca, and the Old World climbing fern. Drainage has
shortened natural hydroperiods, increased soil decomposition, and enhanced the probability of peat fires,
which in some places destroyed all peat, leaving only sand or rock. All three lower wetland elevations and
increase soil nutrients. There is an imbalance between peat accretion and peat subsidence for the
maintenance of wetland elevation.
Wildlife have hydrologic requirements for foraging and reproduction that change with time and
species. As a result, sustainable wildlife diversity may require a diverse hydrological landscape. A better
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understanding of wildlife biology as a function of habitat and hydrologic diversity will help set restoration
targets.
Models, both conceptual and numeric, have been developed to assist in the establishment of
minimum flows and levels, and evaluate hydrologic impacts. The Natural System Model (NSM) and South
Florida Water Management Model (SFWMM) are the best available hydrologic models for evaluating
plans for restoration and management of the Everglades. Estimates of pre-drainage hydrology using the
NSM, compared with estimates of managed hydrology using the SFWMM, are significantly different.
Biological and biogeochemical models will soon be able to evaluate the ecological significance of this
difference and thus, predict the hydrological needs of ecological restoration.

Introduction
Drainage of the Everglades changed south Florida from a subtropical wetland to a humandominated landscape with a strong retirement, tourism and agricultural economy. As a result, the
Everglades is half its original size, water tables have dropped, hydroperiods have been altered, flows have
been diverted, wetlands have been impounded, wildlife has been reduced, water quality has degraded, and
habitats have been invaded by non- indigenous plants. All of these impacts are caused directly or indirectly
by altering the hydrology. Previous reviews of the ecological impacts of altered hydrology in the
Everglades (Davis, 1943; Loveless, 1959; Craighead, 1971; McPherson et al., 1976; Gleason, 1984;
Tropical BioIndustries, 1990; Gunderson and Loftus, 1993; Davis and Ogden, 1994; Sklar and Browder,
1998) have done much to increase public and scientific awareness of problems associated with altered
hydrologic regimes and drainage. The District’s review will update this natural history by taking an
ecologically comprehensive approach, highlighting current scientific studies, and introducing computer
simulations as tools for landscape management.
Even though hydrology is a primary component of wetlands and estuaries, it is not always easy to
show direct cause-and-effect relationships between altered drainage and ecosystem disturbance. It is
difficult because one, there needs to be a long period of record in order to filter out changes due to climatic
variability and two, there are a large number of factors associated with an altered hydrologic regime.
Factors, such as water quality can make the impacts associated with a change in hydrology imperceptible.
The goals for this chapter are to: 1) review scientific understanding of historical hydropatterns (i.e.,
hydrologic durations and depths) in the Everglades; 2) summarize research documenting the impacts of
altered hydrology on the ecological structure and function of the Everglades; 3) describe computer models
that are being used as management tools for hydrologic assessments; and 4) summarize the criteria for
minimum flows and levels in the Everglades as required by the Act.
To help conceptualize the intricacies of hydrologic impacts, consider water as having four
components of influence: source, timing (frequency), duration and depth. The source affects water quality.
For example, the chemistry of agricultural runoff is very different from precipitation. Timing affects
biological rhythms and annual cycles. For example, heron chicks hatch at a time of receding water tables
when fish and invertebrates are most exposed to predation: no recession, few or no chicks (Frederick and
Spalding, 1994). The duration of flows affect community structure. For example, cypress seedlings require
one to two months of dry conditions to become healthy saplings. Prolonged hydroperiods can mean no
seed germination, thus no new trees (Conner et al., 1986). If prolonged hydroperiods are accompanied by
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deep water conditions for many years, then trees may drown and wetlands may act more like ponds where
grasses and sedges are replaced by submerged and floating vegetation, aquatic insects are replaced by
zooplankton, and wading birds are replaced by ducks.
It is recognized by wetland ecologists around the world that source, timing, duration and depth of
water will influence biogeochemical processes in soils and water, physiological processes of plant growth
and decomposition, and reproduction and migration of fauna (Sharitz and Gibbons, 1989; Patten, 1990;
Mitsch and Gosselink, 1993; Mitsch 1994; to name a few). Soils, plants, and animals can, in turn, affect the
evolution of a wetland. This evolutionary process can be cyclical or unidirectional and is often called
succession. Usually, environmental restoration programs are attempts to redirect an altered rate or direction
of succession. For the Everglades, succession is also affected by the available gene pool, climate, and
antecedent conditions (Light et al., 1995). This means that society may not be able to fully restore the
Everglades ecosystem. Rising sea levels combined with urban sprawl and 1,500 miles of canals have set
the stage for the Everglades to never be what is was 200 hundred years ago. However, scientists have a
better understanding of the current system than they ever had of the pre-drainage Everglades.
This chapter should be viewed as an anthology of many works. It is not a synthesis for setting
hydrologic targets for restoration. The synthesis for restoration lies within the ongoing USACE’s
integrated “Restudy” program (see Chapter 10). This chapter in divided into four sections: 1) past and
present hydrologic change; 2) the effects of altered hydrology on Everglades ecology; 3) techniques for
hydrologic management; and 4) information gaps and future research needs. The hydrology section will
examine the sequence of events that have lead up to the current water management system and will present
historical accounts of the ecological affects associated with this sequence. The second section, on the
impacts of altered hydrology, will examine current accounts of ecological impacts of altered hydrology in
the Everglades gleaned from experiments and ongoing research programs. The third section, on
techniques, will summarize the conceptual and numerical models used or being developed for Everglades
restoration. The final section is a recommendation for adaptive management and new experiments as a way
to assess the influence of water management on soils, plants, and animals in the Everglades.

Historic Hydrologic Change
Pre-C&SF Project
The first major efforts to drain the Everglades began in 1880; yet the earliest comprehensive and
systematic depictions of the system were not produced until the 1940s. By that time, however, the system
was already substantially altered by preceding drainage activities. Between 1880 and 1940, water tables
declined as much as nine feet, large areas of organic soils decomposed and subsided, topographic changes
of one to five feet actually reversed the direction of surface water flow, and in more than half of the
Everglades, the vegetation communities were substantially altered (McVoy et al., in prep.). The extent of
these changes in the Everglades is impressive given that they all preceded the construction of the extensive
C&SF Project for Flood Control and Other Purposes, beginning in 1947.
The first drainage projects were initiated by developer Hamilton Disston in 1880 with the
construction of canals connecting the Kissimmee chain of lakes and construction of the 13-Mile Canal1
extending south-southwest from Lake Okeechobee into the Sawgrass Plains of the northern Everglades
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(Light and Dineen, 1994). As these drainage efforts had little effect on water levels in Lake Okeechobee,
there were no significant changes in hydrology south of Lake Okeechobee; lake overflows into the
Everglades continued as before.
In contrast, the next wave of drainage activity, from 1906 to approximately 1930 (Table 2-1),
unquestionably affected the Everglades. Three of the four major canals, the North New River, Hillsboro

Table 2-1.

Approximate dates of initial construction and open for service of major hydraulic works
affecting the Everglades. Opening dates are less well-defined as improvements, redredging,
widening etc. of canals often continued for numerous years (from McVoy et al., in prep.).

Canal

Initiated

Opened

>1896

1897

Jones et al., (1948)

North New River Canal

1906

1912

Interbureau Committee (1930)
Clayton (1936)

South New River Canal

1906-1909

1913

Marston et al., (1927)
Fla. Everglades Eng. Comm. (1914)

Miami Canal

1910

1913a

Marston et al., (1927)
Fla. Everglades Eng. Comm. (1914)

Hillsboro Canal

1910

1915

Marston et al., (1927)
Jones et al., (1948)

1913-1917

1920

Marston et al., (1927)

St. Lucie Canal

1916

1926

Marston et al., (1927)
Marston et al., (1927)

Caloosahatchee Canal

1915

1925b

Marston et al., (1927)
Herr (1943)

Lake O. South Shore Leveec

1921

1926

Marston et al., (1927)
Parker et al., (1955)

Lake O. Leveed

1932

1938

Parker et al., (1955)
Parker et al., (1955)

Tamiami Trail & Canal

1916

1928

Tamiami Trail Commission (1928)

Small, local truck farming canals
related to railroad

West Palm Beach Canal

Citation

a. Dupuis (1954b), a doctor who settled in the Lemon City area north of Miami in 1898, notes an earlier date for the first opening of
the Miami Canal locks: “However, when the Miami Canal locks were opened in the early part of 1911, garden vegetables in the
edge of the Everglades died and some of the driven wells, 25 feet deep, went dry as far east as the Florida East Coast Railway,
a distance of four miles.”
b. According to Herr (1943), Chief Engineer of the Okeechobee Flood Control District, 1929-1944: “The Caloosahatchee Canal had
been in existence prior to that time (1925), but its capacity was small and it had little effect on the lake elevations.” A second
project, increasing its capacities, was completed in 1938.
c. This was a low muck levee. It was seriously breached during the hurricanes of 1926 and 1928.
d. This is a much more solid levee constructed by the U.S. Army Corps of Engineers with a top elevation of 32 to 34 feet above
m.s.l. (Herr, 1943).

and Miami, were begun in the 1910s and opened by 1915. The fourth, the West Palm Beach Canal, was
likely finished within the following five years. By the late 1920s, water levels in Lake Okeechobee were
being lowered by the St. Lucie and Caloosahatchee canals. A levee constructed around the southern shore
1.

The Miami canal later branched off of this canal.
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further isolated the lake from the Everglades. The lake's last natural overflow into the Everglades occurred
around 1925. At about the same time as the separation of Lake Okeechobee from the northern Everglades,
Tamiami Trail was being constructed -- in effect, separating the southern Everglades from the northern
Everglades and connecting Miami to the Gulf of Mexico.
The hydrologic isolation of the Everglades from Lake Okeechobee, completion of the four major
canals and construction of the Tamiami Trail all strongly affected Everglades hydrology. Water tables were
lowered throughout the Everglades basin. Figure 2-1 depicts water levels adjacent to the New River Canal
from February-March, but measured 25 years apart. Comparison of the two time periods reveals that water
levels declined dramatically, from just one foot below-ground in 1915, to some five feet below-ground
surface by 1939.

1915
Ground
Surface
Water
Table

1939
Ground
Surface
Water
Table

1915
Ground
Surface

1939

Water
Table

Ground
Surface
Water
Table

Figure 2-1.

Cross-sectional views of two transects adjacent to the northern portion of the North New
River Canal, showing elevations of bedrock, water table and ground surface. FebruaryMarch 1915 water table data measured by Baldwin and Hawker (1915). March 1939 data
measured by Clayton et al. (1942). From McVoy et al. (in prep.).

These drops in water level, though drastic, are less surprising when one considers the changes in
the annual water budget of the Everglades caused by the four major canals. Modeling (SFWMD, 1998) and
discharge measurements (Parker et al., 1955) suggest that these four canals collectively discharged on the
order of 1.5 million acre-feet per year, and drained approximately 1.5 million acres. The average removal
of water was therefore one foot (12 in.). The magnitude of this removal can be put in perspective by
comparison with net annual precipitation (total precipitation minus evapotranspiration) in the Everglades.
Assuming 50 inches of total precipitation and 45 inches of evapotranspiration (SFWMD, 1998) leaves an
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average of 5 inches of net annual precipitation. This means that more than twice (12 in. divided by 5 in., or
240%) of the net annual precipitation formally available to the Everglades was now being removed by
these canals. It is not surprising that water tables dropped precipitously.
The hydrological and ecological effects of the canals became apparent shortly after canal
completion. John King worked in the early 1900s as a civil engineer and surveyor for Miami developer
Capt. Jaudon, accumulating several years of field experience in the Lower Glades west and southwest of
Miami (Larned, 1917; Anonymous, 1926). In early 1917, just a few years after completion of the first
major canals, King already noticed definite changes in the Everglades:
“...the drying up of the 'Glades, due to the various canals, is playing havoc with the birds here. The
finer ones are fast disappearing. They lack feeding grounds. There are, occasionally, in the southern
portion, a few green leg white herons as well as small blue and Louisiana blues, but five years has
made a marked change. Of the food birds, the limpkin are found only occasionally. A guide told me
his record was two in a season....” (Larned, 1918).

As the northern and central portions of the Everglades were being drained by the four major
canals, the canal and levee associated with the Tamiami Trail were draining the southern Everglades.
Captain Jaudon and other promoters of the Tamiami Trail had extensive interests in several townships of
Everglades land south of the proposed Tamiami Trail and intended to drain the lands for farming (King,
1917c; 1917d; 1917e; 1917g; 1917h). Blockage of southward flow of Everglades water and diversion to
the sea appears to have been an explicit goal of the Tamiami Trail promoters:
“The idea actuating the Dade County Commissioners was that the drainage of the Everglades
would be promoted by the construction of the proposed road, because it was the plan to dig a canal
and use the rock excavated from the canal for the road bed. The canal would constitute a waterway
of value in draining the adjacent lands and the drainage thus affected would enhance their value to
the State.” (Tamiami Trail Commissioners 1928).

There was public opposition to this Tamiami Trail because of a concern about flooding upstream
from the proposed road. These concerns were well-founded. Only a few years after the initiation of
dredging and levee construction in 1916, flooding due to blockage of southward flow across the Tamiami
Trail was noted. In a written response to a 1923 complaint by the Pennsylvania Sugar Company
(Pennsuco), F. C. Elliot, Chief Engineer of the Everglades Drainage District, agreed that the Tamiami Trail,
“... act[ed] as a continuous dam across the Everglades preventing the natural flow of water and
jeopardizing [by flooding] the lands East and Northwest along the Tamiami Trail and Miami
Canal.” (June 23, 1923 letter from F. C. Elliot; in Graham 1951).

As early as 1915, vegetation changes due to drainage were already apparent:
“The drainage of the Everglades has proceeded sufficiently to induce noticeable changes in the
character of the vegetation in certain places. In the interior of the glades, along edges of the sloughs
which once supported a luxuriant growth of water lilies the lowering of the water table is
accompanied by the invasion of saw grass and Sagittaria on the lower ground. Two or three miles
south of the lake willows are gradually encroaching upon ground which under former conditions of
poorer drainage supported a heavy growth of saw grass. In the 'lower glades' saw grass is giving
way to myrtle, maiden cane and fennel.” (Baldwin and Hawker 1915).
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As water levels dropped under the influence of drainage, organic soils (peats) of the Everglades
were exposed to air for progressively longer periods each year. Prior to drainage, these soils had been
protected from aerobic decomposition by a year-round or nearly year-round covering of surface water.
With drainage, the surface elevation of the soils of the Everglades began to subside, partly due to physical
compaction and actual burning, but mostly due to oxidation (Clayton, 1936). Few understood the
implications. Forty years after drainage began, a comment by Stephens and Johnson (1951) gives a sense
of the enormity of the peat loss due to the lack of early understanding of peat subsidence:
“In making plans for the original drainage of the Everglades, apparently the main causes of
subsidence were misunderstood. The original shrinkage of the peat due to drainage was considered,
but the continuing losses by slow oxidation were not taken into account. Had the true nature and
causes of subsidence losses been fully understood in the earlier days, the original plans might have
been modified so as to have saved a large portion of the waste which has occurred since that time.”
(Stephens and Johnson 1951).

Depth of Organic Soil (feet)

Soil subsidence
12
has been well-docuAug. 1913±Elev. 18.86
mented along several
subsidence lines set up in
10
1916 by the U.S. Dept.
of Agriculture in the
8
A
northern
Everglades
Mar. 1938±Elev. 13.93
(Clayton, 1936; Clayton
6
Jan. 1916
Apr. 1943±Elev. 13.13
et al., 1942; Stephens
Elev. 5.56
1941±Pumps
and Johnson, 1951; Shih
installed
4
Mar 1978
et al., 1979a; Shih et al.,
Elev. 10.24
1979b; Shih et al.,
2
1979c). These subB
Apr. 1948±Elev. 2.48
sidence lines consisted
of regularly resurveyed
0
0
10
20
30
40
50
60
70
transects (Figure 2-2).
Exponential declines in
Elapsed Years
soil surface were typical1. Between 1912 and Figure 2-2. Subsidence of organic soils along lines established 1913-1916
1940, as much as 6 to 7 by the U.S. Dept. of Agriculture, in the northern (A) and eastern (B)
Everglades. Data from Stephens and Johnson (1951) and Shih et al. (1979).
feet of soil were lost in
the Lake Okeechobee
area. (Stephens and Johnson 1951). Across the northern Everglades as a whole, the average subsidence rate
during this period was approximately one inch per year. As a result of regional drainage in the northern
Everglades, by the 1940s, the originally flat or convex surface of these wetlands had become more of a
concave, sunken basin (McVoy et al., in prep). A third to nearly half the depth of the original 10 to 12 feet
of peat soil in the area directly south of Lake Okeechobee was lost. So much so, that by 1940 the original
slope of the land was reversed, descending northward and toward rather than away, from Lake Okeechobee
(Stephens, 1942).
1.

The rate constant was found by Clayton (1936) and by Stephens and Johnson (1951) to be a linear
function of depth of the water table. Inflection points such as the one seen in Figure 2-2 reflect a change
in water table, often due to a switch from gravity-driven to pumped drainage.
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Table 2-2. Approximate peat thickness (in feet) at
different points in time: shortly after initial drainage, in
the 1940s, and post 1940s. (Township (T) and Range
(R) locations shown on Figure 2-9.) (From McVoy et
al., in prep.)

Approx. peat thickness (in
ft) at different points in time

Location

1918

1940s

1986

R 37

4.6

3

3

R 38

5.3

4.3

2.9

R 39

3.6

3.0

1.9

R 40

3.7

1.0

--

R 37

4.4

2.2

--

R 38

3.1

2.5

--

R 39

0.9

0.9

--

1911

1940s

1954

6

3

2

1916

1940s

4.4

0.4

1912

1940s

T 51 R 41
(Eastern Everglades)

4.0

0.5

T 53 R 40
(Miami Canal Area)

2.8

0.7

T 54 R 39
(Eastern Tamiami
Canal)

1.9

1.4

Tamiami Canal

Snapper Creek Ext.
(4 miles south of
Tamiami Canal

Miami Canal,
southern part

T50 R41 Sec 34
(Line at Davie;
Eastern Everglades)

Changes in peat thickness in the central and
southern Everglades have not been
measured as systematically as they have in
the northern Everglades. The only U.S.
Dept. of Agriculture subsidence line for the
eastern Everglades was established in
Davie in 1913. Time series measurements
are lacking for the rest of the Everglades,
particularly the uncultivated areas.
However, various measurements from
original engineering drawings of peat
thickness recorded shortly after the onset of
canal drainage were compared with 1940
estimates of peat thickness (Noble et al.,
1996). Table 2-2 shows peat thickness
measured close to the onset of canal
drainage, again in the 1940s and where
available, at a post-1940 date.
With a few exceptions, Table 2-2 indicates
that peat thickness in the central and
southern Everglades were less in the 1940s
than in the period just after drainage (1911
to 1918). The most severe peat losses
occurred along the eastern edge of the
Everglades. The severity of losses is in part
because pre-drainage peat thickness were
less here than in the northern Everglades
and in part, because the underlying sand
allowed water tables to be drawn down
below the peat horizon. Depending upon
the initial soil thickness, some locations
experienced almost a 100% loss of the
original organic soil.

Post-C&SF Project
The 1940s mark an important second phase in the evolution of the Everglades. Life was getting
harder in south Florida due to a series of very wet years, two major hurricanes, and economic recession.
Repairs on the four major canals were needed. Throughout the country the USACE were taking on more
responsibilities and more projects (Barry, 1997). The C&SF Project, authorized by Congress in 1948, gave
the USACE the funds to greatly expand the canal network of the 1920s, and gave the Central and Southern
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Florida Flood Control District (now known as the South Florida Water Management District) the authority
to manage it.
The first major earthworks of the C&SF Project was to construct a 100-mile-long series of levees
and borrow canals from Palm Beach to Dade counties (Figure 2-3). These levees were completed during
1952 to 1954 and became the eastern boundaries of what would become the WCAs, effectively stopping
Everglades sheetflow from advancing on urban coastal areas. The next step during the period 1954 to 1959
entailed construction of levees 5, 6 and 7, which formed the northern and western boarders of the WCAs.
Construction of additional levees (1 through 4 and 28) completed the partitioning off of 700,000 acres
(283,290 ha) of deep muck lands that became known as the Everglades Agricultural Area (EAA). Flood
protection for the EAA was provided by construction of large-capacity pump stations. Other flood
protection activities during the 1954 to 1959 period included the deepening of the Hillsboro, North New
River and Miami canals in the EAA and construction of water control structures (S-11A, S-11B and S11C) that moved water from WCA-2 to WCA-3, thereby diverting it away from coastal areas. Pump
stations (S-9 and private pump stations) were also constructed to move water west from urban areas into
the WCAs.
During the period 1960 to 1963, additional levees and structures were constructed, completing
substantial portions of the project that impounded the Water Conservation Areas (Figure 2-3). WCA-2 and
WCA-3 were divided in “A” and “B” sections during this period in order to prevent water from draining
too rapidly into the Biscayne Aquifer. The borrow canal of the L-67A levee not only served to prevent
seepage into the porous WCA-3B area, but also became an important route for conveying water to
Everglades National Park. Also during this period, levee 29 and four water control structures (S-12A, 12B,
12C and 12D) were constructed at the northern edge of Everglades National Park. While the structures
conveyed water west of the original Shark River Slough, no structures were built to convey water east of
the L67 extension, the pre-drainage location of the Shark River Slough. Additional structures were built
along the Miami Canal (S-151 and S-31) that improved discharge capacity to coastal areas and structures
S-7 and S-8 were constructed to provide flood control for western portions of the EAA. Finally, the
construction of two sections of L-28 was completed, which served as the western boundary for WCA-3A.
A gap was left in L-28, which allowed a natural eastward flow of water from the Big Cypress watershed
into WCA-3A.
During 1965 to 1973, parts of the C&SF Project were reworked or added in order to satisfy water
requirements of Everglades National Park (Figure 2-3).These water requirements were codified by
Congress in 1970 and were designed to meet minimum monthly deliveries that would have been expected
in the 1940s and 1950s. Minimum water deliveries, defined for Shark River Slough, Taylor Slough and the
eastern panhandle of the Park, necessitated enlarging the L-67A canal and extending it several miles south
of the Tamiami Trail into the Shark River Slough. Also during this period, the Everglades National Park South Dade Conveyance System was authorized to provide water not only to the Park but also to provide
water for expanding agricultural and urban needs of Dade County. As part of this system, S-332 furnished
water to the headwaters of Taylor Slough, while S-18C delivered water via the C-111 canal to the Park
panhandle area.
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Figure 2-3.

Everglades Interim Report

Construction sequence of canals, levees, and water control structures associated with the
C&SF Project and the South Dade Conveyance System. From Light and Dineen (1994).
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Water Conservation Area 1 (WCA-1), an area of 221 square miles, is part of the Arthur R. Marshal
Loxahatchee National Wildlife Refuge and is managed by the U.S. Fish and Wildlife Service (USFWS).
The West Palm Beach Canal discharges agricultural drainage water into the peripheral canal at the north
end of WCA-1 via pump station S-5A. The Hillsboro canal, via pump station S-6, discharges water into the
southwestern portion. Historical data suggests that WCA-1 was originally wetter when it was part of the
Hillsboro Lakes region of the Everglades (Davis, 1943a; Parker et al., 1955). Soils data (Gleason and
Spackman, 1974), long-term vegetation studies (Alexander and Crook, 1984) and hydrologic models
(Fenemma et al., 1994) also suggest that WCA-1 was wetter prior to the construction of drainage canals.
Based on this information, in 1992, the USFWS proposed a change in the WCA-1 regulation schedule to
provide deeper water, with longer hydroperiods. Under the former regulation schedule (1965-1982), the
northern and central portions of the Refuge dried out almost every year, allowing terrestrial and exotic
vegetation to invade. The NSM and SFWMM comparison (Figure 2-4A) indicates that this new
management schedule is generally deeper or the same as natural water levels, particularly in October February. During May - September mean water levels for both simulations are within 0.5 ft, with
somewhat less variability in the SFWMM. An important difference between the new management
schedule and pre-drainage conditions is the reduced rate of overland sheet-flow across the present
landscape. The impacts of this new regulation schedule are not yet clear. Cattail along the edges of WCA1 and sloughs and tree islands within the interior seem unaffected at this time (pers. obs.).
Water Conservation Areas 2 at 210 square miles, is the smallest of the three WCAs. In 1961, the L35B levee divided the area into two smaller units, WCA-2A (173 sq. mi.) and WCA-2B (37 sq. mi.), in an
effort to reduce seepage and improve the water storage capabilities of WCA-2A. In contrast to WCA-1 and
3, which receive most of their water from direct rainfall, WCA-2A receives the majority of its water (59%)
from surface water inflows which includes drainage from the EAA and outflows from WCA-1 (SFWMD,
1992). Prior to drainage, WCA-2 was part of the extensive ridge and slough landscape. Except in very dry
times, the sloughs supported aquatic species such as white water lily (Nymphaea odorata) and spatterdock
(Nuphar luteum). With completion of the major canals much of the ridge and slough landscape was overdrained, leading to extensive, long-burning peat fires. Peat on many tree islands was burned, significantly
lowering island ground surfaces. Vegetation of the landscape also changed, with wet prairie species filling
in sloughs (Andrews, 1957; Loveless, 1959).
During the 1960s, after construction of the peripheral levees and canals, water levels rose again,
creating “high water” conditions relative to what had been present in the 1950s. With higher water, the wet
prairies reverted to sloughs but there was a destructive overtopping or “drowning” (Dineen, 1972; Worth,
1988) of those tree islands whose elevations had been lowered by the previous peat fires. There have since
been a number of downward adjustments to the WCA-2A regulation schedule so that 1995 water
management is now more similar to that predicted by the NSM (Figure 2-4B).
The largest of the WCAs, WCA-3 covers an area of 915 sq. mi. and is predominately a vast
sawgrass marsh dotted with tree islands, wet prairies and aquatic sloughs. A cypress forest fringes its
western border along the L-28 Gap and extends south to Tamiami Trail. In 1962, WCA-3 was divided into
WCA-3A and WCA-3B (786 and 128 sq. mi., respectively) by the construction of two interior levees (L67A and L-67C) so that water losses due to levee seepage and groundwater flows could be reduced. WCA3A is bisected by several interior canal-systems. Major inflows include the Miami Canal which drains the
EAA, the S-9 pump station which drains urban areas east of the Everglades, and the S-11 structures which
drains agricultural areas and WCA-2A.
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Creation and drainage of the EAA eliminated sheet-flow from the former sawgrass plains, causing
an over-drainage of northern WCA-3A. This has resulted in a loss of tree islands and wet prairies due to
soil subsidence and peat fires (Zaffke, 1983; Schortemeyer, 1980). Water level differences between the
NSM and SFWMM in the northern WCA-3A are considerable (Figure 2-4C). Average SFWMM water
levels at the 3A-NW gauge are nearly always below that of the NSM. Average and minimum NSM values
are 1.0-1.5 ft higher than SFWMM values during the dry season.
The southern section of WCA-3 has experienced a quite different hydrologic regime. The
construction of Alligator Alley and associated borrow canal may restrict overland sheet-flow to the south.
Water discharged through the S-8 pump station moves south in the canal much more rapidly than historic
sheet flow. The construction of the L-29 levee across the southern end of WCA-3 in 1962 interrupted the
southerly flow of water to Everglades National Park causing water ponding and extended hydroperiods,
conditions considered harmful to Everglades plant communities and wildlife habitat (Zaffke, 1983).
Impoundment also prevents water levels from decreasing annually to dry season levels representative of
pre-drainage conditions. Average water levels at the 3A-28 gauge in southern WCA-3A are much higher
than the SFWMM (Figure 2-4D). Average SFWMM water levels are 0.75 – 1.75 greater than NSM
average levels, and are nearly equal to maximum NSM water levels for the calendar year. Minimum
SFWMM water levels are nearly equal to average NSM water levels from October to May.
Everglades National Park (the Park)
Everglades National Park encompasses some 2,200 sq. mi. of freshwater sloughs, sawgrass
marshes, marl-forming wet prairies, mangrove forests and saline tidal flats. The topography is extremely
low and flat, with large areas below 4 ft. NGVD. Everglades National Park is the second largest national
park in the United States. It is also one of the nation's 10 most endangered parks. The decline in the Park's
biological resources has been primarily linked to changes in the volume, timing and distribution of water
inflows to the Park. Flows to the primary, original pre-drainage flow-way, Shark River Slough in the
northern Park, first began decreasing as the Miami, North New River, Hillsboro and West Palm Beach
canals diverted water from the Everglades to the ocean. Flows were further reduced by the completion in
1928 of the first east-west highway and accompanying borrow canal across the Everglades (Tamiami
Trail).
Completion of the C&SF Project blocked flow into the eastern sections of the original Shark
Slough flow path, pushed flow westward, and increased discharge through the reduced inflow crosssection between Levee 30 and the Levee 67 Extension (Leach, Klein and Hampton, 1971). Over the past
several decades, these structures have been used to vary the Shark Slough hydrology. From 1970 to 1983,
the period when flows to Shark Slough were governed by a minimum delivery schedule, annual flows
averaged 430,000 ac.-ft, with all of the water passing into western Shark Slough via the S-12 (National
Park Service 1995). From 1985 to 1995, under a Rainfall Plan, annual flows averaged 785,000 ac.-ft, but
less than 35% passed into the northeast section of the Shark Slough basin (Figure 2-5). This is in contrast
to natural conditions when more than half of the flows passed through Northeast Shark Slough. Note the
higher flows into Northeast Shark Slough prior to 1960 when L-29 was completed. This shift in the relative
volumes of water passing across the eastern and western Shark Slough flow sections have shortened
hydroperiods and decreased water depths in the east while lengthening hydroperiods on the western side of
Shark Slough. Thus, in Shark Slough, the proportion of area dominated by sawgrass stands has increased
while the slough and aquatic communities have declined (Alexander & Crook, 1975; Davis and Ogden,
1994; Olmsted & Armentano, 1997). The effects of this altered and reduced inflow in the current system
most impacts areas near L-31. Average NSM water levels at the NESS-2 gauge in Northeast Shark Slough
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Figure 2-5.

Everglades Interim Report

Annual surface water inflows to the northeast Shark Slough and western Shark Slough
sections of Everglades National Park (1940-1993), based upon a hydrologic year of June
through the following May (South Florida Natural Resources Center, 1994).

are 0.7 to 1.25 ft. greater than the average SFWMM water levels for most of the calendar year (Figure 24E). The present drier conditions were found to support fewer populations of fish and crayfish (Loftus et
al., 1990), essential prey for wading birds.
Construction of the South Dade Conveyance System, along the southeastern boundary of the Park,
after the completion of the C&SF Project, added further hydrologic changes. It fostered agricultural and
urban development in the east Everglades which resulted in a direct loss of marl- forming wet prairies. It
compartmentalized the remaining marl prairie/Rocky Glades wetland system through a network of levees
and canals, and it interfered with freshwater flows through the Park’s second most important flow-way,
Taylor Slough. Table 2-3 shows the effects of the C&SF Project and the South Dade Conveyance System
on the water levels in the headwaters of Taylor Slough (Van Lent and Johnson, 1993). Weekly average
stages from 1957, the first year of monitoring, through 1989 are shown at Gauge-789. This site is located
on the L-31N canal and is representative of water levels in the northern Taylor Slough basin. The record

Table 2-3.

Summary of the water level and hydroperiod changes at Gauge
789 (elevation: 5.0 ft) in the Rocky Glades, the headwater region
of Taylor Slough (Van Lent and Johnson, 1993; USACE, 1994).

Average October
Water Levels (ft)

Average April Water
Levels (ft)

1957-1962

5.82

3.22

1963-1989

4.35

2.03

Period
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shows that peak water levels have been markedly reduced, resulting in loss of surface water, fundamentally
altering the wetlands hydrological regime (National Park Service, 1995). In addition, minimum levels have
been raised, reducing the range in water level fluctuations. (Figure 2-6).

Figure 2-6.

Water levels at the Taylor Slough Bridge in Everglades National Park (Van Lent and
Johnson, 1993). The 1933-1937 water levels are representative of conditions prior to the
C&SF Project and are considered targets for restoration by Park hydrologists. From 19651989, water levels exceeded pre-C&SF levels half the time and fell short the other half of
the time.

Water Budget Comparisons
The average annual water movement, in and out of the Park and WCAs from 1965 through 1995
that would have occurred under natural conditions (simulated by NSM v4.5) and under the 1995-base
managed conditions (simulated by SFWMM v3.5), are summarized in Figures 2-7 and 10-1, respectively.
Differences between natural and managed surface and ground water flows are striking. Beginning with
Lake Okeechobee at the top, the first most obvious hydrologic alteration is the complete elimination of
overland flows to the EAA and Caloosahatchee Basin due to the construction of the Lake Okeechobee
levee and water-control structures. In place of some 868,000 ac-ft of overland outflow that would have
flowed south and west had the system not been altered, 989,000 ac-ft of channelized outflow to the south,
west, and east occurs for urban and agricultural supply and flood control. In addition, 216,000 ac-ft is
discharged back into Lake Okeechobee to prevent regional flooding adjacent to the Lake. The second most
obvious hydrologic alteration to Lake Okeechobee is discharge of 149,000 ac-ft to the St. Lucie Basins.
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PRIMARY WATER BUDGET COMPONENTS : NSM v4.5
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Primary water budget (V1.0) components that resulted from a 31-year simulation of the
Natural Systems Model v4.5. Data are aggregated by major basins. All values are annual
averages in thousand acre-feet. This figure will be included within the final version of the
Central and South Florida Comprehensive Review Study and is subject to revision.
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In the EAA south of Lake Okeechobee, which was once dense sawgrass and pond-apple forests,
the NSM water budget (Figures 2-7) indicates that 157,000 ac-ft of net precipitation plus 900,000 ac-ft of
surface water would have combined to form a southerly overland flow to the WCAs. The 1995-base
managed condition (Figure 10-1) indicates that given the same climate, channelized flows to the WCAs
deliver drainage (917,000 ac-ft), flood control discharge (62,000 ac-ft), and water supply to meet urban,
agriculture, and environmental needs (205,000 ac-ft). Some of this water passes through the WCAs and is
supplemented by Everglades water to meet urban and agricultural needs in the Lower East Coast (172,000
ac-ft), and some WCA water seeps back into the EAA as ground water (36,000 ac-ft). The vast majority of
this water enters the WCAs as point-source inputs and not as overland flow as in the NSM water budget.
Downstream of the EAA and the Lake, the three Water Conservation Areas act, in part, as large
reservoirs for Lower East Coast flood control and the storage of EAA drainage water (Figure 10-1). This
storage helps create a large groundwater flow (677,000 ac-ft) to the Lower East Coast. This flow
contributes to the huge movement of surface water (2,929,000 ac-ft) to the Atlantic Ocean. In the 1995base case, water is pumped to the WCAs from the Lower East Coast (238,000 ac-ft) and the EAA (917,000
ac-ft) to prevent agricultural and urban flooding. Water also moves through control structures to meet the
environmental needs of the Park (358,000 ac-ft) and to control WCA-3A flooding (421,000 ac-ft). The
only remaining exchange of surface water in the WCAs is the inflow from Big Cypress Preserve along the
western boundary of WCA-3A. This managed system is in sharp contrast to the NSM-predicted large
exchange of surface water, the lack of groundwater movement, and the low amount of freshwater flow to
the Atlantic Ocean (Figures 2-7).
Finally, in the NSM water budget, the vast majority of all inflows and outflows in the Park are
overland flows (Figures 2-7). This is not true for the 1995-base SFWMM water budget (Figure 10-1).
According to the 1995-base managed conditions, inflows from the Lower East Coast into the Park are only
18% of what was predicted to occur by NSM. As a result, Shark Slough outflow from the Park to the
southwest is 48% of what was predicted to occur by the NSM. A big difference between the NSM and the
1995-base SFWMM is the amount of annual groundwater seepage to the Lower East Coast. In the NSM it
is only 28,000 ac-ft but in the SFWMM, it is 306,000 ac-ft. Another difference is the amount of freshwater
flow toward Florida Bay via the Park and the Lower East Coast. The NSM total average discharge is
156,000 ac-ft. However, the SFWMM average discharge is 249,000 ac-ft. This increase over NSM reflects
an increase in the water supply to Florida Bay that was initiated in 1993 and incorporated into the 1995base managed condition. Note that the 1995-base is a fixed Everglades infrastructure with stationary
operational rules (circa 1995) and thus, is not indicative of the amount of actual freshwater delivered to the
Bay by the C&SF Project from 1965 to 1995.
Groundwater
Previous geologic investigations provided only limited interpretations of groundwater/surface
water interactions in the WCAs (Parker, 1942; Parker, 1955; FGS, 1991; Leach, 1972; Schroeder, 1958).
Interactions between canals and aquifers in WCAs and groundwater flow beneath levees was addressed by
the U. S. Army Corps of Engineers in several design memorandums (1951, 1968 and 1980). Few previous
investigations addressed the impacts of the WCA compartmentalization on regional interactions between
groundwater and surface water (regional recharge or discharge by vertical fluxes through wetlands). There
also has been little attention given to groundwater geochemistry and the possible relation to ecological
processes in the WCAs. The hydrogeological framework defined by Florida's Groundwater Quality
Monitoring Program (FGS, 1991) shows large data deficiencies in the Everglades.
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Although monitoring wells in the northern Everglades are limited in number and aerial coverage,
these unpublished District data suggest that compartmentalization of the remnant Everglades has a
significant effect on the groundwater hydrology. Compartmentalization of the WCAs has enhanced the
driving forces that promote groundwater-surface water exchange. For example, WCA-1 is maintained at
approx. 16 feet NGVD, while the adjacent WCA-2A is maintained at approx. 12 feet NGVD. This head
difference of 4 feet across the levee causes subsurface leakage from WCA-1 beneath the levee and
discharges into WCA- 2A. These horizontal and vertical flows enhanced by compartmentalization are not
representative of the natural Everglades system that existed prior to levee and canal construction (Krupa et
al., 1998).
South of this area, transmissivities (an index of hydrologic conductivity) of the upper aquifer can
be approximately 2 orders of magnitude greater (SFWMD, 1997) and thus, subsurface flows take on even
greater importance. Conservation Areas 2-B and 3-B were built in part, to reduce groundwater flows and
levee seepage losses. Transmissivity is likewise high in the eastern Park down to the region of the C-111
canal system. In an attempt to reduce this unintended flow out of the managed system into urban areas, the
C&SF Restudy is incorporating a variety of mechanisms to either impede these flows or return them back
to the Conservation Areas and the Park.
A more thorough investigation is needed on the role groundwater/surface water interactions play
in hydrologic budgets, chemical mass balances and ecological consequences in the Water Conservation
Areas. For this reason, in 1996 the District undertook a study to characterize the hydrogeology and to
quantify groundwater and surface water interactions in several wetland areas of the northern Everglades.
These same types of studies are currently underway in the Everglades Nutrient Removal Area (ENR) and
WCA-2A. Results of those investigations indicate that surface water management in WCA-1 and 2 and
subsidence in the EAA primarily control the regional interactions between groundwater and surface water
in the northern Everglades (Harvey et al., 1998c). Water in WCA-1 is a significant source of recharge to
the aquifer. The highly transmissive upper part of the surficial aquifer is a conduit for groundwater flow. It
discharges to wetlands and surface waters in the ENR and in WCA-2A (Harvey et al., 1998a,b,c; Krupa et
al., in press). Operational and climatic effects on water and chemical mass budgets are currently under
investigation.

Florida Bay
The development of south Florida and the associated alteration of regional hydrology has not only
impacted the freshwater wetlands of the Everglades but also the coastal wetlands and estuaries of the
region. Some of these coastal areas, such as the Caloosahatchee and St. Lucie estuaries, have been subject
to large and unnatural increases in freshwater inputs from flood control structures. For the coastal areas of
the Everglades, however, freshwater input has diminished. Much of the freshwater that naturally flowed
through Taylor Slough and Shark River Slough to the coast has been diverted by canals to other coastal
areas (Light and Dineen, 1994).
An important goal of Everglades restoration is to restore the hydrologic conditions and ecological
characteristics of the coastal zone. Florida Bay restoration is of particular concern, because it has been
subject to drastic ecological changes during the past 10-100 years (Boesch et al., 1993). These changes
include increased seagrass mortality and algal blooms, and decreased water clarity. It is generally thought
that decreased freshwater inflow from the Everglades and resultant increases in salinity, have contributed
to these ecological changes.
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Annual regional rainfall and the annual discharge of water into Everglades National Park
through its eastern boundary into Taylor Slough and the wetlands south of the C-111 canal.
While water discharge generally increases with increasing rainfall, relatively more water has
flowed into the Park since 1993.

Restoration of the southern Everglades and Florida Bay is currently under way. This restoration
effort includes structural and operational changes in the water management system, combined with an
interagency program of monitoring and research, to assess the response of these ecosystems to
hydrological changes. Structural and operational changes that have been made during the past five years
have been part of the C-111 project (a cooperative effort of the District and the USACE), Modified Water
Deliveries to ENP Project, and the Experimental Program of Water Deliveries to the Park. One important
change during this time has been the District's acquisition of the Frog Pond agricultural area adjacent to the
eastern boundary of the Park in 1995. This acquisition has enabled the District, in cooperation with the
USACE and the Park, to increase water levels in the headwaters of Taylor Slough and increase water
deliveries through the Slough to Florida Bay. Another important change has been the removal of the levee
on the south side of the lower C-111 canal. This entailed the removal of 660,000 cubic yards of spoil and
was completed in 1997. This levee had impeded the flow of water through the southeast Everglades (Park
panhandle) and to the northeast corner of Florida Bay.
With these changes in water management in the southern Everglades and high rainfall in the mid1990s, more freshwater has been flowing toward Florida Bay. Figure 2-8 shows that water discharged into
Taylor Slough and the Park panhandle has, relative to rainfall, increased since 1993. From 1993 through
1996, average annual discharge was more than double the average annual discharge from 1979 through
1992. Average annual rainfall only increased 18% between these two time periods. Furthermore, with
increased freshwater flow, salinity in northeastern Florida Bay has decreased (McIvor et al., 1994; Boyer
and Jones, in press). When Everglades restoration is completed, the District will have greater operational
capability to control the salinity regime of much of Florida Bay (northeastern and coastal regions).
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Ecological Effects of Altered Hydrology
Soil Responses to Hydrology
One of the primary influences of drying on Everglades organic soils is the oxidation of organic
matter with resultant subsidence. Drained Everglades agricultural soils are estimated to subside at 2.5 cm/
yr (Snyder et al., 1978). Radiocarbon dating of peats near Belle Glade (McDowell et al., 1969) suggest a
peat accretion rate during the last 1,000 years of about 16 cm/yr (0.16 cm/yr), less than one tenth the
subsidence rate. Peat accretion reaches a maximum of 1.1 cm/yr in areas with extended hydroperiod and/or
P enrichment, such as northern WCA-2A (Craft & Richardson, 1993; Reddy et al., 1993). Accretion rates
are lowest (0.04-0.28 cm/yr) in areas of reduced hydroperiod, such as northern WCA-3A (Craft &
Richardson, 1993; Reddy et al., 1993; Robbins et al., 1996).
Although Jones et al. (1948) is the first soil map of the entire Everglades, an earlier soil mapping
effort described a six-mile-wide transect through the middle of the Everglades. The detailed work of
Baldwin and Hawker (1915) mapped three miles on either side of the full length of the North New River
canal, thus passing from the Atlantic Coastal Ridge to the Pond Apple Zone at the shore of Lake
Okeechobee. Figure 2-9 illustrates the principal soil profiles seen in 1915 and in 1940. In 1915, all organic
soil present was uniformly a brown, fibrous, slightly decomposed peat. By 1940, between mileposts 47 and
54, the brown fibrous peat was completely gone, leaving only a trace of organic matter in the top portion of
the remaining sand. Between mileposts 3 and 47, the upper layers of the original brown fibrous peat had
decomposed into a black non-fibrous material. In addition to these changes, the soil surface had subsided
and the vegetation had changed. In 1915, the North New River canal traversed 20 miles of ridge and slough
landscape before reaching the Atlantic Coastal Ridge. By 1940, no ridge and slough landscape remained,
having been completely replaced by expansion of the sawgrass plains and a short stretch of grassland
toward the coast.
The widespread appearance of a new surface layer of black, finely fibrous peat is highly
significant. All evidence points to oxidation as the cause of this layer: the loss of structure, the increase in
density and mineral content, and the black coloration. Soil scientists and drainage engineers at the
Everglades Agricultural Experiment Station in Belle Glade, who studied these soils during the 1930s, in
fact clearly state that the oxidized surface layer was a result of lowered water levels (Clayton et al., 1942).
The black surface layer visible in all the areas mapped by Jones et al. (1948) as Everglades Peats, reflects
the widespread oxidation caused by lowered water tables throughout the Everglades.
The limited literature examining the effects of flooding and drying on natural Everglades soils
suggests that during the dry period, some nutrients are made more available as a result of increased
decomposition rates. These nutrients are subsequently released into the overlying water upon reflooding of
the area (Worth, 1981; Worth, 1988). Preliminary laboratory studies show that naturally drained soil cores
from WCA-2A had P fluxes into the overlying water column of 2.45 to 10.12 mg P /m2/d in soils from an
enriched site and 0.005 to 0.016 mg P /m2/d in soil cores from an unenriched site (Newman and Reddy,
unpublished data).
Change in the nature of fire
There is little doubt that fires occurred in the Everglades with some frequency even prior to
drainage. Modern scientific studies confirm that the periodic occurrence of moderate surface fires would
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Mileposts
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S

Soil profiles along the length of the North New River canal (A), as mapped in 1915 (B) and
again in 1940 (C). Note southward expansion of the Sawgrass Plains landscape,
elimination of the Ridge and Slough landscape, loss of elevation due to soil oxidation, and
conversion of the surface layer from brown, fibrous peat to black, non-fibrous peat. From
McVoy et al. (in prep.).
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not have destroyed the sawgrass landscape. Loveless (1959) and Forthman (1973) found that sawgrass
regenerates rapidly after fire, provided that the soil is sufficiently wet or inundated to prevent sawgrass
culms from being killed. Hofstetter (1984) suggests that periodic fires may even be beneficial, reducing the
build-up of flammable leaf litter. If water levels decline far enough below-ground to dry out the surface of
the organic soils, a different type of fire, the so-called peat or muck fires, can occur. Extensive peat fires,
covering tens to hundreds of square miles (Bender 1943), spread during dry periods beginning in the 1920s
(Robertson, 1953).1 Such fires could burn for months and even through the wet seasons of multiple years
(Bender, 1943). Water tables in the peat, lower than the normal annual dry season minima of 4 to 6 inches
below- ground surface, permit peat fires to occur (Cornwell et al., 1974). An increase in wildfire intensity
and frequency is attributed by many investigators to overdrainage of Park wetlands (Wade et al., 1980;
Craighead, 1971; Robertson, 1955). Davis (1943) described the effect of lowered water levels and burning
on the Rockland Marl Marsh area:
“Excessive artificial drainage has recently created drier conditions promoting these fires and also
causing the shallow organic soils to become oxidized and subside until now some areas once soil
covered are returning to rockland conditions.” (Davis, 1943).

These fires affected not only the sawgrass, but the higher lying tree islands as well. Bay heads, one
of the higher elevation vegetation types, dried sufficiently in the Park to suffer repeated burns (Robertson
1953). Further north in WCA-3, Loveless (1959) noted similarly drastic effects of fire on the higher lying
communities:
“These [early summer of 1956] fires completely destroyed many tree island communities by
burning the peat substrate out from under the tree growth. Some of these areas are now open water
ponds devoid of any type of emergent vegetation while others support sparse strands of sawgrass,
water-lily, floating heart and other aquatic species.”

Fire is an important ecological process in the Everglades and a primary factor shaping the
Everglades vegetation patterns (Robertson, 1954; White, 1970; Cohen 1974; Duever et al., 1976; Wade et
al., 1980; Wu et al., 1996). Fire is an important determinant of inland expansion of mangroves and tree
island growth (Davis, 1940; Egler, 1952). Fire also plays an important role in preventing cypress trees from
extending into marshes. However, without moderate fires, cypress domes in the Big Cypress Preserve can
be replaced, perhaps permanently, by mixed hardwoods (Wade et al., 1980). Moderate fire is a natural
process of leaf-burn with many vital functions (Wright and Heinselman, 1973). It influences nutrient
recycling, stimulates net primary production and may even be the evolutionary process that selects for
sawgrass and slough environments (Wade et al., 1980). The mean moderate fire interval for sawgrass
marsh is about 9 years (Gunderson and Snyder, 1994; Wu et al., 1996). A hydrologic regime that prevents
moderate sawgrass fires, can increase the amount of willow or other woody vegetation which, in turn,
creates an environment that is more fire tolerant (Wu et al., 1996).
Altered hydroperiods, when combined with altered nutrient inflows, can also affect fire (Wu et al.,
1996). When ponding and nutrients lead to the encroachment of cattail (Newman et al., 1998), the
landscape is altered. The Everglades Landscape Fire Model (ELFM), developed to predict the effects of
cattail on fire regimes in WCA-2A (Wu et al., 1996), found that moderate fire-spreading characteristics
(i.e., fires that do not burn peat) were reduced due to the expansion of cattail within WCA-2A. A 30%
increase in cattails reduced the average annual fire frequency by 21% and mean annual area burned by
1.

These damaging peat fires continued into the 1950s (FGFWFC, 1956; Wallace et al., 1960)
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23%. The ELFM predicted an average of 3.4 moderate fires a year in sawgrass marshes and only 2.7
moderate fires a year in marshes with a significant biomass of cattails.
The fragmentation of the Everglades has also altered the nature of fire by producing regions that
tend to “pond” thus, reducing fire frequency, but also increasing the likelihood of larger, more intensive
fires during droughts (Wade et al., 1980; Wu et al., 1996). When sawgrass remains unburned for many
years due to ponding, the amount of dead fuel materials can accumulate to high and hazardous levels.
When fire finally does occur, it is so intensive and destructive that it can lead to significant peat loss.

Vegetation Responses to Hydrology
The Everglades is composed of a heterogeneous mosaic of tree islands, shrubs, sawgrass, sloughs
and open water (Kushlan, 1990). Water depth and hydroperiod, in this low nutrient environment, are
considered to be the major mechanisms under which the unique vegetation patterns of the Everglades have
evolved (Gunderson, 1994). Slight changes in the depth (± 10 cm) and period of inundation (± 90 days),
over long periods of time (5-10 years), influences the presence of certain species and plant communities
and results in shifts of the spatial distribution of the vegetation types. Shorter hydroperiods and reduced
flooding depths in the Park has allowed woody species to encroach into marshes in the East Everglades,
Taylor Slough (Olmsted et al. 1980), and Shark Slough (Kolopinski and Higer 1969). The woody species
encroaching into the sloughs are mostly native but in the East Everglades (which includes margins of
Northeast Shark Slough), much of the expansion is by invasive exotic trees (Schinus terebinthifolius,
Melaleuca quinquenervia and Causuarina equisetifolia) that in some areas now dominate (DeVries 1995,
Loope and Urban 1980,). Increased hydroperiod and depth for more than 10 years resulted in the expansion
of the Ridge and Slough habitat and the elimination of much of the tree islands in WCA-2A (Dineen,
1974). Similarly, flooding in WCA-3A in the early 1980s resulted in a significant increase of some obligate
wetland species such as Sagittaria lancifolia and some slough vegetation such as Nymphaea odorata and
Utricularia spp. (David, 1997). Note that the presence of wet prairies within areas that were once Ridge
and Slough may be an artifact of pre-C&SF drainage (McVoy et al., in prep). On the other hand, this
flooding also reduced the extent and diversity of the wet prairies. Zaffke (1983) reported that wet prairies
in southern WCA-3A were replaced by aquatic sloughs due to extended hydroperiods and increased water
depth. Wood and Tanner (1990) did not find at least 13 species that Loveless (1959) encountered in wet
prairies 30 years earlier in the same area. These observations suggest that many wet prairie species require
an annual spring dry period to germinate (Goodrick, 1984).
Vegetative growth is the dominate mechanism of expansion for most Everglades sedges and
grasses. However, long-term genetic diversity is preserved through sexual reproduction. Hydrologic
factors limit population distributions by affecting the survival of seeds, seedlings and saplings (van der
Valk and Davis, 1978). Seed germination of many wetland plants is inhibited by continuously flooded
conditions (Brown and Bedford, 1997; Moore and Keddy, 1988). This is due to thousands of years of
evolution under a regime of rain-driven hydroperiods selecting for species that are adapted to wet and dry
seasons. As a result, hydrologic regimes play an important role for long-term survival and species
expansion into “new” unvegetated areas via seed germination and seedling growth. Ponzio et al., (1995)
found sawgrass seed germination was highest in water-saturated soil, intermediate in soil with 5 cm water
above the surface, and lowest in the soil with 10 cm above the surface.
In the northeastern portion of WCA-2A, an expanding front of cattails (Typha sp.), invading and
displacing sawgrass is well documented (Swift and Nicholas, 1987; Davis et al., 1994; Rutchey and
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bars) in response to a soil redox condition of -200 mV
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Vilchek, 1994; Jensen et al., 1995). A sixyear (1986 to 1991) study (Urban et al., 1993)
in WCA-2A supports the idea that two factors
led to the spread of cattail: nutrient
enrichment and prolonged hydroperiods.
Studies of cattail cover, soil nutrient
concentrations, topography and fire history in
the Holeyland and Rotenberger Wildlife
Management areas located in the northern
Everglades suggest that causal factors for
cattail expansion are also site-specific. Cattail
proliferation in the Holeyland management
area has been found to be largely controlled
by hydrology and elevated nutrients, whereas
cattail distribution in Rotenberger is primarily
determined by historic muck fires (creating
new unvegetated areas) and elevated nutrients
(Newman et al., 1998). It seems that
shortened hydroperiods in Rotenberger have
resulted in excessive soil oxidation and an
increased frequency of wildfires, processes
that mobilize P stored in the soils (Wade et
al., 1980). This increase in bioavailable P can
spur the colonization of cattails (Urban et al.,
1993; Davis 1991).
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Figure 2-11. Growth of sawgrass (Cladium) and cattail
marginal spines on the leaf surface (Miao and
(Typha) mixtures grown in outdoor tanks for two years
Sklar, 1998). On the other hand, cattail has
(final-initial biomass). Taken from Newman et al., 1996.
wide, smooth, light-green and spongy leaves.
Cattail plants can produce more adventitious
roots (i.e., oxygen gathering structures), create more air spaces in the stems, and transport more oxygen to
the soil rhizosphere than sawgrass grown under the same conditions (Kludze and DeLaune, 1996). Despite
the stress of low-oxygen conditions, cattail net photosynthesis and biomass tends to be greater than
sawgrass (Pezeshki et al., 1996; Figure 2-10). These differences are due to contrasting internal gas
transportation systems (Grace, 1989). Cattail has a pressurized ventilation system that can actively
transport oxygen to the roots when growing in deep-water habitats, whereas sawgrass has only molecular
diffusion for oxygen transport (Brix et al., 1992; Chanton et al., 1993). The dominance of cattail with
increased flooding levels has been demonstrated experimentally. When sawgrass, cattail and Eleocharis
were grown in a low-nutrient, low-water, mixture, Newman et al., (1996) found no dominance by any
species. However, cattail biomass was significantly greater relative to the other two species when grown in
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a low-nutrient, high-water, mixture (Figure 2-11). It should be noted that the observed cattail dominance
did not result from a significantly increased growth of cattail plants but from significant decreases in the
growth of sawgrass in deep water.
Periphyton
Periphyton is an important primary producer in the Everglades marshes, particularly in the deeper
sloughs (Browder et al., 1994). Typically, the native periphyton exhibits a thick, calcareous (white,
creamy) appearance with a layered structure (Gleason and Spackman, 1974; Browder et al., 1994). The
calcareous periphyton community has high calcite content and is usually dominated by filamentous bluegreen algae of the genera, Scytonema and Schirothrix (see Chapter 3). Periphyton communities require an
aquatic environment to survive, grow and reproduce. They are adapted to cope with seasonal dry-downs
and periodic droughts by either surviving under low metabolism or entering a state of dormancy.
Individual species differ in their resistance to desiccation and ability to recolonize. Thus, periphyton
community composition may respond to hydroperiod variations. Frequent and prolonged drying may
promote dominance of calcareous periphyton while, year-round flooding may alter water quality and thus,
favor noncalcareous periphyton (Van Meter-Kasanof, 1973; Browder et al., 1981, 1994).
There is some evidence that periphyton is also affected by high water depths. Swift and Nicholas
(1987) found a statistically significant negative correlation between water depth and cell volumes for
Scytonema and Schizothrix. Gleason and Spackman (1974) observed calcareous periphyton developed
better in the upper 0.67 m of the water column. Some believe that calcareous periphyton mats will not
develop in deep, open water environments. In Taylor Slough, bottom sediments of deep ponds have more
organic material and less calcite mud than sediments in surrounding wet prairies (Browder et al., 1994).
Studies conducted in the Park reported an average depth of 0.75 ft for about 7 to 10 months as the optimum
depth and duration of flooding for marl producing periphyton communities (Biotropical Industries, 1990).
The effects of water management on periphyton are not clear. It is clear that P enrichment can
affect periphyton community structure (see Chapter 3). However, hydrology and water chemistry
probably interact to determine periphyton dynamics. A theoretical population model (Dong et al., in prep.)
suggest that structural instability (i.e., high P sensitivity) is an inherent feature of the periphyton system.
This means that a small shift in P concentrations may lead to a disproportionally large change in
periphyton community structure. A better understanding of periphyton will result from designing P,
hydrology, and macrophyte interaction experiments.
Tree Islands
Within the matrix of wetland types that makes up most of the greater Everglades are small
topographical highs or tree islands, which historically have provided habitat for a wide variety of terrestrial
plants and animals. Gawlik and Rocque (1998) found that tree islands support more species of birds than
any other habitat in the central Everglades. Because the maximum elevations of the highest tree islands are
only slightly above mean annual maximum water levels, tree islands with their less flood tolerant
vegetation are the most sensitive component of the Everglades to changes in hydrology. In the 1960s, the
number of tree islands in portions of WCA-2A and the northern portions of WCA-3A declined
significantly (Shortemeyer, 1980). In WCA-2A (Figure 2-12), tree islands were lost because relatively
high water levels were sustained for many years after prolonged drainage had caused subsidence of the tree
island peat. The tree islands in WCA-2A lost their trees and shrubs between 1960 and 1970, a period of
relatively prolonged high water levels (Dineen, 1974; Worth, 1988).
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Figure 2-12. The loss of tree islands in WCA-2A between 1950 and 1970, due to conversion to marsh
habitat. This 20-year period had relatively prolonged high water levels, and followed a thirtyyear period of prolonged low water levels and high soil oxidation. The 1950 map was
digitized by Worth (1988) from a Loveless (1959) survey. The 1970 map was taken from
Dineen (1992, 1994).

Prolonged dry conditions can also result in a loss of tree islands. Prolonged low water levels in the
northern section of WCA-3A resulted in tree island destruction because peat fires removed as much as 25
cm of their elevation (McVoy et al., in prep.). This later may result in flooding - water depths too great for
shrub and tree recolonization - when surrounding water levels are returned to more normal conditions.
The conservation of diverse, healthy, functioning tree islands should be a goal of restoration and a
criteria for determining appropriate water flows and levels in the Everglades. However, a review of the
literature has provided little insight into what constitutes a healthy tree island. Studies on tree islands in the
WCAs have been restricted almost exclusively to descriptions of their vegetation (Davis, 1943; Loveless,
1959; Alexander and Crook; 1974, McPherson, 1973; Zaffke, 1983). Almost no studies have been done to
test the various hypotheses of tree island sustainability and development summarized by Loveless (1959).
An unanswered question remains. If all tree islands have lost significant elevation, how can water
managers restore the pre-drainage hydrology and preserve tree islands at the same time?
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Muhly grass
Freshwater prairies of muhly grass (Muhlenbergia filipes) support the federally endangered Cape
Sable Seaside Sparrow as well as a number of other birds species in the southern Everglades (Richter and
Myers 1993). Increases in hydroperiod have caused shifts away from the muhly-dominated prairie,
preferred by the sparrow, and toward a sawgrass-dominated community (Pimm et al., 1995). With a typical
hydroperiod of only 1-5 months, muhly prairies have shorter inundation periods and shallower flooding
depths than typical sawgrass marshes (Olmsted and Loope 1984). Hydrologic plans to reduce hydroperiods
may reestablish areas once dominated by muhly grass. However, other than documenting the rates of
biomass recovery (2-3 years) after annual prescribed fuel-reduction burns (Herdon and Taylor, 1986), little
is known about the effects of hydrology on muhly grass ecology.
Invasive exotics
Hydrology can affect the ability of exotic or normally restricted plant species to expand into a
variety of Everglades habitats. Austin (1976) reported that wet prairie sites, disturbed by fire, are
particularly susceptible to invasion by Melaleuca quinquenervia. It was also observed that Brazilian
pepper (Schinus terebinthifolius) is often a major component of postburn vegetation (Wade et al., 1980). In
south Florida, exotic plants tend to establish in disturbed areas - abandoned farm land, along roadways,
canals, and drainage ditches as well as, in wetlands that have been cleared or have been stressed due to
hydroperiod changes.
Melaleuca (Melaleuca quinquenervia) is a pioneering Australian species that has been spreading
since its introduction to south Florida in the early 1900s. It was thought to have very high transpiration
rates and an ability to drain the Everglades. It did neither. Transpiration of melaleuca is no more than that
of other forest types of the same density (Woodall, 1981, Woodall 1984), and theoretical models suggest
that total evapotranspiration from melaleuca stands is likely to be only slightly larger than that of short
canopy, native vegetation replaced by melaleuca invasions (Chin 1998). In its native range, it grows in
low-lying flooded areas and is especially well-adapted to ecosystems that are periodically swept by fire.
These are common conditions in South Florida, making it an ideal habitat for colonization. Melaleuca
grows equally well in the deep peat soil of WCA-1 and the inorganic, calcareous soil of the Park. In
general, wetland areas such as sawgrass prairie are more susceptible than drier, upland areas. However,
increasing hydroperiod length in some wetlands can slow the spread of invasive plant species such as,
melaleuca by limiting suitable germination sites.
Melaleuca is very responsive to fire. It forms dense stands with higher fuel loadings than a typical
sawgrass marsh -- about 20 kg / m2 (Conde et al., 1980) compared to 2.8 kg / m2, respectively (Hofstetter,
1976). Heat value for the fuel is as high as 11,200 btu / lb compared to less than 8,000 btu / lb for
herbaceous fuel (Huffman, 1980). As a result, fires in melaleuca stands burn very hot and intensive
(Flowers, 1991). After a fire, melaleuca has vigorous regeneration of sprouts and prolific seed release
(Mayers, 1970; Burkhead, 1991). Hydrologic management was not able to deter the spread of melaleuca.
Before state and federal chemical control operations were initiated in 1990, melaleuca was distributed
throughout South Florida. Today, large untreated monocultures of melaleuca are limited to WCA-2B and
wetlands just east of the southern Everglades.
Unlike melaleuca, Brazilian pepper (Schinus terebinthifolius) is not a good fuel for fire and can
function as a firebreak. It thrives on disturbed soils and is especially invasive in areas affected by drainage.
It can not establish in deep wetlands and can rarely grow on sites inundated longer than three to six
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months. In the Everglades, Brazilian pepper is mainly restricted to levee berms and other areas of
disturbance such as the rock-plowed “Hole in The Donut” in the Park. However, a large area in the eastern
Ten Thousand Islands of the Park has Brazilian pepper and it has established itself on tree islands in
northern WCA-3A. Some form of chemical and hydrologic management may reverse this trend.
The newest of the invasive exotics is Old World climbing fern (Lygodium microphyllum). It is an
exotic twining fern that was first found near the Loxahatchee River in the late 1950s. It is now spreading
rapidly throughout the southern part of the state. Old World climbing fern overtops and smothers
Everglades tree islands, pinelands and cypress swamps, and spreads across open wetland marshes. It also
forms dense mats of rachis plant material. These thick, spongy mats are slow to decompose, exclude native
understory plants and can act as a site for additional fern colonization. Significant infestations have been
recently spotted in WCA-1A, Lake Okeechobee, and Big Cypress National Preserve. Increased
hydroperiod does not seem to have an effect on this species as it has expanded greatly in areas that have
experienced higher than normal water levels over the last few years. This plant also alters fire ecology.
Burning mats of the light-weight fern break free during fires and are kited away by heat plumes, leading to
distant fire-spotting. Additionally, the plant acts as a flame ladder -- carrying fire high into native tree
canopies.
Finally, there is the potential problem of
torpedograss (Panicum repens). The origin of
torpedograss is uncertain. Its tolerance to
desiccation (Wilcut et al., 1988), its ability to
store high levels of carbohydrate in rhizomes
(Manipura and Somaratne 1974), and its survival
in 2 to 4 feet of water (Tarver, 1979) made
torpedograss an easy forage plant for early
Florida farmers to establish. It now occurs in 70%
of Florida's public waters and has displaced
14,000 acres of native marsh plants in Lake
Okeechobee (Schardt, 1994). Stormwater
treatment areas will need to be monitored to
prevent torpedograss from becoming a serious
weed problem. Unfortunately, most herbicides for
torpedograss are indiscriminate for grasses and
can damage non-target woody plants (Langeland
et al., in review). The control of torpedograss
requires the destruction of the below-ground
rhizome system (Chandrasena 1990).

Legend for Figure 2-13

Vegetation mapping
Vegetation maps are needed to define
boundaries, detect change, and understand largescale, ecological processes. The first complete
vegetation map of the Everglades was produced
by Davis in 1943. Figure 2-13, digitized from
Davis (1943), suggests a zonation that might be
expected as water levels progressively lower
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Figure 2-13. Vegetation map of Southern Florida, circa 1940. Overlain with contours of bedrock floor of
Everglades and with 1990 canals. Vegetation polygons digitized from Davis (1943b);
bedrock floor digitized from Parker et al. (1955); canals from South Florida Water
Management District digital map coverage. From McVoy et al. (in prep.).
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within a basin: a pattern of drier vegetation types encroaching inward from the edges of the basin. The
encroaching vegetation types tend to occur in sequential bands parallel to the edges. Along the western and
eastern borders of the Everglades the sequence passes from wet prairies to sawgrass (with wax-myrtle
thickets) and then to sawgrass marshes (Davis, 1943). Although this map is still the only complete map of
the Everglades, its spatial accuracy is poor. There are several ongoing projects and recent projects (Table
2-4) that define and map the current vegetation communities of the Everglades with much greater accuracy.
These mapping projects use various mapping procedures including digital imaging processing (i.e.,
satellite data) and conventional photo interpretation (i.e., aerial photography). A new vegetation map for
the entire Everglades is expected to be completed in the year 2000.
Table 2-4.

Vegetation mapping projects for the Everglades Protection Area.

Region

Technique

Accuracy

Reference

WCA-1

SPOT image w/ Loran C
1940 photograph (tree islands)

Unknown
N/A

Richardson, 1990
Brandt, 1997

WCA-2A

SPOT image w/ GPS
Color infrared photography w/ GPS

70.9%
95.0%

Rutchey & Vilchek, 1994
Rutchey & Vilchek, in press

WCA-2B

None

-

-

WCA-3 (A&B)

Color infrared photography w/ GPS

On-going

District

The Park

Color infrared photography w/ GPS

On-going

US Park Service

C-111 Basins

Color infrared photography

Unknown

Dade County Planning Department, 1979

Holeyland &
Rotenberger

Aerial point-sampling from a helicopter

Unknown

Florida Game & Fresh Water
Fish Commission

Wildlife Responses to Hydrology
Avian Dynamics -Wading Birds
Changes in wading bird populations are often cited as evidence that the Everglades ecosystem is
degraded. The recovery of these birds has been identified as a key component of a successful Everglades
restoration (Walters et. al., 1992). Wading birds are used as landscape bioindicators of restoration because
of their high mobility over large areas, rapid response to changes in lower trophic levels upon which they
feed (Weller, 1995), and because of the long record of data available for the Everglades (Ogden, 1994).
Beyond their role as indicators, wading birds function as nutrient transporters (Bildstein et al., 1990;
Frederick and Powell, 1994) and regulators of prey populations (Kushlan, 1976a; Feunteun and Marion,
1994; Trexler et al., 1994). Three of the most notable changes in the historic (i.e., 1930's) wading bird
community of the Everglades are: (1) a decrease of approximately 90% in the abundance of breeding
wading birds; (2) a shift in the spatial distribution of colonies from coastal locations to interior sites in the
WCA's; and (3) a late nest initiation for Wood Storks.
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Causes for the observed changes in wading bird populations are not thought of as mutually
exclusive. It is generally accepted that the observed changes are all symptoms of the same problem -- a
degraded ecosystem that can no longer support the large populations of wading birds it once did. Three
generalizations emerge from a review of Everglades wading bird literature from the last 20 years. First,
good foraging conditions for wading birds usually translate into good reproductive output. Second, many
aspects of wading bird reproductive and foraging ecology are influenced by water depth and water
recession rate. Shallow receding water levels are associated with good reproductive and foraging success,
whereas a reversal in water recession, especially late in the nesting cycle and an associated increase in
water depth have a negative effect. Thirdly, the critical water recession rates and water depths vary with the
species of bird. The two species that have shown the greatest change in the timing of the initiation of
nesting have been White Ibis and Wood Storks (Ogden, 1994; Ogden et al., 1997). During the 1986-1995
base period, White Ibis initiated nesting, on average, about 1.5 months later than during the period 19311946. The months when Wood Storks throughout the Park and Big Cypress initiate colony formation has
shifted in response to water level patterns from November-December in most years prior to 1969, to
January –March in the 1970s and 1980s (Ogden 1994, 1996). This “late” nesting has been associated with
reduced numbers of nesting birds and reduced nesting success (Gawlik, 1997).
These generalizations represent a considerable body of knowledge; however, they do not identify
the mechanism by which receding water leads to good foraging conditions. Hypothesized mechanisms
have focused either on the mechanical concentration (i.e., redistribution) of prey whereby they are easier to
capture (Frederick and Collopy, 1989; Bancroft et al., 1990), or on the increased abundance of prey due to
their release from predation (Kushlan,1976b; Kushlan 1987). It is tempting to conclude that even without a
mechanistic model, restoring populations of wading birds could be achieved through frequent
uninterrupted water recessions. However, even the basic relationship between fish populations and
hydroperiod has recently come into question (Loftus and Eklund, 1994). New evidence suggests that
frequent dry-downs decrease the density of fish, thus reducing the abundance of wading bird prey (Loftus
and Eklund, 1994), in contrast to earlier work that indicated fish density increased with frequent dry-downs
(Kushlan, 1976b). Such conflicting information suggests that as conditions in the ecosystem change,
generalized relationships may no longer hold true. Despite recent, relatively wet years, compared to the
drier year during the late 1980s and early 1990s, the percentage of the total number of nesting birds for the
five species nesting in traditional ecotones continues to decline. The shift of nesting birds out of the
mainland Park has been at a dramatic pace (Ogden, 1991). The upshot is that without a mechanistic
understanding of how water-level dynamics affect the feeding success of wading birds, water managers
will not have the flexibility to make sound management decisions under changing conditions.
The most direct way that water dynamics can affect the food acquisition of wading birds is by
changing the availability of their prey. It has been suggested that food availability is the single most
important factor limiting populations of wading birds in the Everglades (Frederick and Spalding, 1994).
Food availability is determined by the abundance of prey and vulnerability of prey to capture. The
vulnerability of prey can be affected by water depth. An analysis of this was conducted in experimental
ponds, where the use of feeding sites by wading birds was measured in response to water depth (10 cm, 19
cm, 28 cm) and fish density (3 fish/m2, 10 fish/m2) treatments (Gawlik, 1996). Wood Storks and White
Ibis, in this experiment, were unable to exploit all the ponds due to the wide range of depths and left the
ponds early. In contrast, Great Egrets persisted because of their ability to forage at greater depths. There
were noticeable differences among treatments in the rate of fish consumption and giving-up densities (fish
densities at which bird species left the ponds). The results of this experiment as they pertain to hydrology
of the Everglades, suggest that water depths, in the ranges examined, influenced the selection of foraging
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sites for 7 of the 8 species examined. Only the Great Blue heron was unaffected by a water depth of 28 cm.
Although leg length appeared to constrain the use of deep water by most species, leg length did not equate
to maximum foraging depth as previously reported. The temporal dynamics and foraging behaviors
exhibited by birds in this experiment indicate that species most likely to be impacted by events like the
high water conditions in the Everglades during 1994-1995 include the Wood Stork, White Ibis and Snowy
Egret, which were constrained by both water depth and fish density, and the Tricolored Heron, which was
most constrained by water depth alone.
The effects of hydrology have also been observed in the wading bird distribution and abundance
data of the Systematic Reconnaissance Flight (SRF) program (Porter and Smith 1984; Bancroft et al.,
1992; Bancroft et al., 1994; Hoffman et al., 1994), developed during the 1980's. Transects of the SRF
program are laid across a 2-km grid and divided into 4-km2 blocks or cells. The abundance of Great Blue
Herons, Great Egrets, Wood Storks and White Ibises in response to water depth and vegetation across the
northern Everglades were studied for two years (1988 and 1989) with dissimilar water levels, for WCA-2A
and WCA-1. These analyses showed that water depth and the vegetation community in a 4-km2 area
influence the distribution and abundance of wading birds. In 1988, a wet year, there was a water depth
threshold above which bird abundance was predicted to decline. The depth threshold varied among species
and ranged up to 76 cm for the Great Blue Heron. In 1989, when water was shallower, the relationship
between bird abundance and water depth was positive and linear.
Avian Dynamics -Cape Sable Seaside Sparrow
The Cape Sable Seaside Sparrow is a small, secretive bird that inhabits short-hydroperiod,
freshwater prairies in the southern Everglades, particularly those dominated by the bunchgrass muhly
(Muhlenbergia filipes). Sparrow populations occur both east and west of Shark River Slough, south of
Tamiami Trail. The bird is classified as a federally endangered species and populations have declined
dramatically between 1992 and 1997 (Lockwood et al., 1997).
Two factors that appear to limit breeding potential are suitable vegetation and water levels.
Observational data suggests that water levels must be below 10 cm in order for the birds to breed (Pimm et
al., 1995, Lockwood et al., 1997). If water levels are not less than 10 cm by April the birds will not initiate
breeding. Likewise, a water level rise to depths over 10 cm usually marks the end of the breeding season,
typically in July. Nott et al. (1998) report that the potential nesting areas in western Shark Slough were
submerged during the March to May nesting period in several successive years, preventing many of the
birds from constructing nests and decreasing the local sparrow population by approximately 80%. In
addition to the obvious role of hydrology via water depths during the breeding season, hydrology affects
the plant community and therefore the presence of suitable breeding habitat. In drained areas NE of Shark
River Slough, shrubs have increased and severe fires have burned away peat, thus rendering the habitat
unsuitable (Pimm et al., 1995). It should be noted that the role of fire in maintaining suitable habitat is not
fully understood, and it is likely that some amount of burning is essential. It has been suggested that
increases in hydroperiod, particularly west of Shark River Slough, have caused shifts in the vegetation
away from the muhly-dominated prairie, preferred by the sparrow and toward a sawgrass-dominated
community, which they do not (Pimm et al., 1995). Hydrologic management recommendations for the
sparrow issued in a biological opinion (Pimm et al., 1995) were to increase water flows to northeast Shark
River Slough and reduce flows west of Shark River Slough.
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Fish
There are two contradictory ideas of how hydrology affects the Everglades' freshwater fish
community. The first hypothesis suggests that fish density in the southern Everglades is highest when the
marsh is managed for frequent dry-downs (Kushlan, 1976b). Data collected from 1965-1972 using pulltraps (described in Higer and Kolipinski, 1967) indicated that under a regime of frequent dry-downs small
2-cm omnivorous fishes (Kushlan, 1976b) dominated the fish community. As the length of time without a
dry-down increased, the community shifted and became dominated by larger carnivorous sunfishes and
catfish. The results suggested a shift in the structure of the community as a result of hydroperiod.
The second hypothesis suggests that both small and large fish densities increase during periods
without dry-downs and there is no shift in community dominance toward large fishes as a function of
increased hydroperiod (Loftus and Eklund, 1994). This hypothesis is based on data collected with throwtraps (described in Kushlan, 1974) during 1977 to 1985, an 8-year period without a dry-down. Throw-traps
do not disturb the sampling site as much as pull-traps with repeated sampling and, therefore, throw-traps
do not produce biased data inherent with pull-traps. Loftus and Eklund (1994) argued persuasively that the
first hypothesis is without merit, because it is based on biased data.
Historically, freshwater flowed to Florida Bay via Taylor Slough. The northern mangrove fringe of
Florida Bay experienced reduced freshwater flow and increased salinity levels because of the construction
of a canal network upstream in the 1960s. Based on fish samples taken from 1991 to 1996 in this area, fish
density was negatively correlated with increasing salinity (related to freshwater flow) and to a lesser
degree, positively correlated with water depth (Lorenz, 1997).
Apple snails
The Florida apple snail (Pomacea paludosa) is a critical food web component in Florida, and is the
primary food source for endangered snail kites (Rostramus sociabilis). Water resource managers and the
U.S. Fish & Wildlife Service have identified apple snail research as a high priority in central and south
Florida wetland restoration efforts (Darby et al., 1997). It is generally accepted that increased frequency
and duration of dry-downs beyond natural levels negatively influences snail kite populations. It is assumed
that the negative impact manifests itself through depressed apple snail populations, although no data other
than Darby et al. (1997) exist.
Data on snail movements (Darby et al., 1997) revealed that apple snails do not seek out deep-water
refuge during a dry-down. Apple snail reproductive ecology drives the movement patterns of snails more
so than hydrology. Water depth does, however, influence snail movements. An approximate depth of 10 cm
appears to be a threshold level at which snail movements become impeded. At this point snails settle in one
spot and, as residual water recedes, they become subjected to dry down conditions. They do not burrow,
but they do conserve moisture through the tight closure of their operculum.
Lab and field studies (Darby et al., 1997) both indicated that desiccation during the dry season is
not necessarily a predominate cause of mortality. Regardless of hydrologic conditions, post-reproductive
adult size snails reach the end of their life span (estimated at 12 to 18 months) and die, usually within a few
weeks after reproducing. Snails that did survive dry-down conditions for 8 weeks (laboratory snails) and
12 weeks (observed in the field) tended to be juvenile-size snails. It is hypothesized that snail tolerance to
desiccation is a function of snail size and/or reproductive status.

2-35

Chapter 2: Hydrologic Needs

Everglades Interim Report

The timing of dry-downs affects snail reproduction (Darby et al., 1997). Peak egg cluster
production by apple snails in central and south Florida consistently occurs between March and July with a
peak in April. Dry downs, which encompass the time period of peak reproduction, may reduce or eliminate
recruitment in the affected area. Dry-downs occurring later in the reproductive season (i.e., after peak
reproduction) likely pose significantly less harm to snail populations than those occurring during peak
reproduction. Young-of-the-year snails can survive at least 2 to 3 months in dry-down conditions. Rapid
early growth enables snails hatched in March and April (typically a substantial portion of the total hatch) to
reach sufficient size to survive a mid- to late spring dry down. Thus, a slight shift in the timing of drydowns has the potential to have a large impact on snail recruitment.
Alligators
Alligators are dependent on marsh hydrology for many aspects of their life history. Nesting
success is probably more closely linked to water levels than any other parameter. Nests will often fail if
during the 60 to 65 day incubation period, water levels get so low as to allow raccoons and other predators
access to the nest, or so high as to flood the nest (Mazzotti and Brandt, 1994). Alligators adapt to
fluctuating water levels by adjusting the height of their nest cavity at egg-laying time to spring water
levels, which historically were good predictors of maximum water levels. However, water management
practices such as late-season regulatory water releases have reduced the predictability of water level rise
and, thereby, increased nesting losses (Kushlan and Jacobsen, 1990). The once large nesting alligator
population of Grossman’s Slough, at the southern end of Northeast Shark Slough in the Park (National
Park Service, T. Armentano, pers. comm.), may have declined due to this unpredictably of water
management.

Responses of Nutrients and Salinity in Florida Bay to Changing Hydrology
The hydrological conditions of watersheds strongly influence the ecological characteristics of
estuaries. For the coastal areas of the Everglades, decreases in historical supplies of freshwater changed the
salinity regime of the areas and also changed the movement of nutrients and sediments through these areas.
The District, in cooperation with the Park and Florida International University, has monitored changes in
salinity and water quality in these areas since 1991. Furthermore, through a cooperative interagency
science program, there has been support for seagrasses and fish monitoring during this time. Finally, since
enactment of the Act, the District has funded research to assess the impact of changing water management
on the ecology of Florida Bay and the mangrove wetlands that constitute a salinity “transition zone”
between the Bay and the Everglades. These projects are assessing how water quality, seagrasses, wetland
plants in the transition zone, and fish are affected by changing freshwater flow and salinity.
One research project, on P and nitrogen (N) inputs to Florida Bay from the Everglades, has shown
that increased freshwater inflow from the transition zone is unlikely to cause any ecological damage in
Florida Bay because of increased P loading. A preliminary estimate of total nutrient loads to northeast
Florida Bay from it’s primary watershed (Taylor Slough and the C-111 canal basin) was based on
measurements in Taylor River, McCormick Creek and Trout Creek (Rudnick et al. in press). Assuming
other creeks that flow into Florida Bay have similar nutrient concentrations as these three creeks, creeks
contributed about 2.8 metric tons of total P and about 230 metric tons of total N to the Bay in 1997. This P
input is probably insignificant to the Bay, because it is probably far less than P inputs from other sources,
including the Florida Keys and the atmosphere (each with inputs of about 40 metric tons per year, as
estimated by Rudnick et al. in press). However, the total N input from the coastal creeks of Taylor Slough
and the C-111 basin is probably significant to the Bay, being similar in magnitude to N inputs from the

2-36

Everglades Interim Report

Chapter 2: Hydrologic Needs

Keys and the atmosphere (respectively, about 200 and 800 metric tons per year, as estimated by Rudnick et
al. in press). These calculations do not include indirect nutrient inputs from the Shark River Slough, which
flows to the Gulf of Mexico. Nutrient inputs to Florida Bay from the Gulf of Mexico, which includes some
of the nutrients that passed through Shark Slough, may greatly exceed all other inputs to Florida Bay. At
this time, nutrient inputs from the Gulf cannot be accurately estimated. Measuring these inputs is a high
priority of the interagency Florida Bay science program.
Based on these preliminary results, it appears unlikely that changing freshwater flow to Florida
Bay, as part of the restoration of the EPA, will significantly affect the input of P to Florida Bay. However, it
does appear that N inputs to the Bay could increase with increased freshwater flow. The consequences of N
inputs are not certain. These areas are generally much more sensitive to P inputs. However, in western
Florida Bay and in adjacent ocean waters, both N and P concentrations are low. Increased N inputs to these
regions could stimulate productivity, including the production of algal blooms. At this time, however, it is
premature to conclude that efforts to restore Florida Bay by increasing freshwater flow will cause any harm
to any part of the Bay or adjacent waters.
Changing salinity conditions can change the structure of important habitats such as seagrass beds
and wetlands. An ongoing project is researching how different seagrass species are affected by salinity
change. Initial results from northeastern Florida Bay and saline ponds along the northern coast of the Bay
indicate that salinity fluctuations do indeed have a strong influence on the growth and death of different
seagrasses (Chipouras et al., 1998). Increases in widgeon grass (Ruppia maritima) and the alga, Chara,
have been associated with increasing freshwater flow into these areas during the past two years.
Furthermore, experiments on the salinity tolerance of the dominant seagrass of Florida Bay, turtle grass
(Thalassia testudinum), have shown that it is surprisingly tolerant of salinity changes (Montague et al.,
1993, Jones et al., 1998). While results from ongoing studies are too preliminary to present in great detail,
initial results indicate that increased freshwater flow to the Bay will not result in the sudden mortality of
turtle grass beds, which are thought to have become more dominant in the Bay in recent decades because
of decreased freshwater flow (Zieman et al., 1989).
Historic Changes in Salinity
Since the enactment of the Act, the District has funded three research projects to help determine
targets for salinity restoration in Florida Bay. In these studies, a variety of chemical and biological
measurements within the sediments and skeletons of corals have been made to reconstruct the variations of
the Bay's salinity during the past 100 to 200 years. Such reconstructions are possible using corals because
when corals grow, they deposit skeleton layers in annual rings that can be counted and dated, much like
that with tree rings. Since the age of a ring can thus be determined and the chemistry of the skeleton in this
ring reflects the chemistry of water at the time it was deposited, the past salinity of Florida Bay can be
inferred. Using this approach, it has been determined that the salinity of Bay waters was more variable,
with more frequent periods of low salinity during the 1800s than during the 1900s (Figure 2-14). Perhaps
the most striking finding to date has been that an abrupt change in the salinity regime of the Bay coincided
with the construction of the Flagler railway around 1910, prior to major canal construction in south
Florida. With railway construction, passes between the Keys were filled, changing the circulation patterns
of the Bay and apparently also changing the Bay's salinity.
In a second study, historical reconstructions of Florida Bay salinity have been made from sediment
analyses. These reconstructions are also possible because sediments in a few areas of the Bay were
deposited and remain in undisturbed layers that can be dated using several different techniques. Finding
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Historical salinity in southern Florida Bay
estimated from isotopic record in coral
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Figure 2-14. Historical salinity of southern Florida Bay for the last 150 years, as estimated by Swart et al.
(in press) from the isotopic record of a coral skeleton. This record shows that southern
Florida Bay was strongly influenced by the construction of the Flagler Railway around 1910.
Salinity in this century has been higher and less variable than during the last century.

these undisturbed areas and confirming the dates of sediment layers required about two years of collecting
and analyzing sediment cores from throughout the Bay. An analysis of a suite of environmental indicators
of historical salinity is in progress, but preliminary results seem to confirm the results from the coral study.
Salinity appears to have increased because of the construction of both the canal system and the Flagler
railway.
While these first two studies are estimating past salinities in Florida Bay, a third study (Meeder et
al., 1996) has estimated the rate at which freshwater marshes of the southeastern Everglades have become
saline marshes. This intrusion of Florida Bay waters into the wetland has been caused not only by a
decrease in freshwater inflow, but also by rising sea level. During the past 100 years, the interface of
freshwater and saline zones north of Joe Bay and Long Sound have moved northward between 3 and 4 km,
while this interface has moved only about 0.5 km into Taylor Slough (Figure 2-15). This intrusion of
saline waters may be responsible for the decline in Roseate Spoonbill nesting and feeding since the early
1980s (Bjork and Powell, 1993). With Everglades hydrologic restoration, this loss of freshwater marshes is
expected to slow or reverse.

Summary of the Ecological Effects of Altered Hydrology
Historical alterations and large-scale development have isolated large segments of original
Everglades from the natural system. Davis and Ogden (1994) estimate that more than half of the original
Everglades system has been lost to drainage and development. Today, these developed areas support a
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variety of land uses, ranging from intensively managed agriculture in the EAA to rapidly spreading urban
areas adjacent to WCAs. Together, their impacts on Everglades hydrology have been dramatic and include:
•

Loss of water storage, overland sheet-flow, and spatial extent: A loss of over 50 percent of
the original ecosystem has reduced the water storage capacity of the ecosystem considerably.
A loss of the ability to store large volumes of water that slowly moved as sheet flow across the
Everglades landscape increases the system's susceptibility to the effects of flood and drought.
A reduction of the original ecosystem by half as a result of land development activities has
placed a fundamental limitation on its capacity to support populations of wading birds,
alligators and panthers that once used the area in much greater numbers (Davis and Ogden,
1994; Science Subgroup 1994; USACE, 1994).

•

Fragmentation of the Everglades: The historical system has been subdivided by the
construction of canals, levees, roads and other facilities and has resulted in the loss of
connections between the central Everglades and adjacent transitional wetlands. Everglades
wildlife communities and the long-term sustainability of the ecosystem may be impaired by
this separation and isolation. Compartmentalization has significantly altered the amount of
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Summary
The Everglades is an oligotrophic (nutrient poor) wetland that developed under conditions of
severe phosphorus (P) limitation. In recent decades, increased P loading from human sources has caused
several ecological changes indicative of cultural eutrophication. This chapter summarizes available
research findings on the relationship between P enrichment and ecological change in the Everglades. These
findings will help provide a scientific basis for identifying P concentrations and loads that do not cause an
imbalance in natural populations of aquatic flora or fauna.

Reference Conditions of the Ecosystem
The predrainage or reference condition of the Everglades with regard to P is being reconstructed
from written records, current conditions at least-impacted sites in the marsh interior, and paleoecological
assessments. Historically, P inputs came largely from atmospheric deposition. Contemporary estimates
indicate that the total P (TP) concentration in rainfall typically is less than (<) 10 µg/L and that total
atmospheric inputs (wet+dry deposition) average between 22 and 36 mg TP/m2/yr. The Everglades also
received periodic inflows of P-rich water from Lake Okeechobee (Lake), but these inputs likely were small
relative to atmospheric inputs. Low historical P inputs are still reflected in the low P conditions in the
Everglades interior. Water-column TP concentrations in interior areas are extremely low, averaging
between 4 and 10 µg/L. Soil porewater P concentrations are consistently <50 µg/L soluble reactive P
(SRP) and often at or below 4 µg/L. Total P concentrations in surface soils range between 200 and 500 mg/
kg and also are indicative of P limitation in this system.
Most natural populations of Everglades flora and fauna are adapted to conditions of low P. Soil
microbes (bacteria, fungi and protozoa) regulate nutrient transformations that control P availability and
ecosystem productivity. Periphyton (floating and attached algal mats) is abundant in oligotrophic areas and
provides a habitat and a food source for invertebrates and fish. Periphyton also plays an important role in P
storage, thereby maintaining low P availability in the marsh.
Sawgrass stands account for approximately 65 to 70% of the total vegetation cover in the
oligotrophic Everglades. In many areas, these stands are interspersed with wet prairies, containing rushes
and grasses, and deeper-water sloughs, containing water lilies and bladderwort. These habitats form a
heterogeneous and dynamic landscape that is shaped by fluctuations in hydrology, fire, and other
disturbances. Historically, cattail was a minor component of the Everglades flora and is believed to have
occurred primarily in naturally enriched or disturbed locations. There is no evidence for the existence of
dense cattail stands covering large areas in the predrainage Everglades as now occurs in parts of the
northern Everglades.
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With few exceptions (e.g., wading birds), less attention has focused on Everglades fauna than on
the flora. Aquatic invertebrates such as insects, snails, and crayfish play important roles in the Everglades
food web. Most invertebrates feed directly on periphyton and/or plant detritus and are, in turn, consumed
by larger predators. Invertebrates are not distributed evenly among habitats and tend to be concentrated in
periphyton-rich habitats such as sloughs, where food availability and dissolved oxygen (DO)
concentrations are high. Fish are a key link between invertebrates and top predators such as wading birds,
which historically were abundant in the Everglades. Fish biomass in oligotrophic areas of the Everglades is
low relative to other wetlands, but becomes concentrated and available to predators when waters recede
during the dry season.

Patterns of P Enrichment in the Marsh
For several decades, canal inflows have contributed P from agricultural runoff to many areas of the
Everglades, with greatest inputs occurring in the northern Everglades. The penetration of canal P into
different areas of the marsh varies as a function of inflow P loads and concentrations, as well as the
direction of flow and elevation. Enrichment has been most extensive in Water Conservation Area (WCA)
2A, where elevated water-column TP concentrations have been detected as far as 7 km downstream of
canal inflows. Intrusions of canal P into the Loxahatchee National Wildlife Refuge (Refuge) appear to be
restricted to the marsh perimeter under current regulation schedules. The extent of P enrichment in WCA3A has not been determined precisely, but water-column TP is elevated in areas adjacent to water-control
structures and interior canals. Canal P inputs to Everglades National Park (the Park) are considerably lower
than those entering the northern Everglades but still tend to be elevated compared with interior marsh
locations.
Soil TP concentrations near canal inflows can be more than two-fold higher than those in the
marsh interior. In WCA-2A, TP concentrations in surface soils downstream of canal inflows have
increased over three-fold since the 1970s and may be continuing to increase as far as 7 km away from these
inflows. Increased soil P in other areas (Holey Land, Rotenberger, and northern WCA-3A) appears to be a
result of soil compaction and oxidation caused by overdrainage. Porewater P concentrations follow the
same trends as those observed in soils, with concentrations in excess of 1,000 µg SRP/L soluble reactive P
in highly enriched areas of the northern Everglades.

Ecological Responses to P Enrichment
Microbes and periphyton respond rapidly to P enrichment and, therefore, provide one of the
earliest signs of eutrophication. Phosphorus enrichment is associated with increased microbial biomass and
activity, resulting in faster rates of decomposition and nutrient cycling downstream of canal discharges.
Accumulation of P by periphyton occurs quickly and results in accelerated photosynthesis, respiration, and
a taxonomic shift towards species capable of faster growth under P-enriched conditions. Controlled dosing
studies combined with sampling along marsh P gradients indicate that many of these changes occur at
water-column TP concentrations in excess of approximately 10 µg/L and that other nutrients such as N
may become limiting to algal growth at TP concentrations near 30 µg/L. Increased macrophyte cover and
density in enriched areas of the marsh reduce light penetration to levels that inhibit periphyton and
submerged macrophyte growth. This decline in submerged productivity contributes to low water-column
DO in P-enriched areas.
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The growth of Everglades macrophytes generally is stimulated by increases in water and soil P
concentrations. For example, sawgrass populations exhibit an increase in plant size, individual growth
rates, and seed production along marsh P gradients. Several slough and wet prairie species also display
positive responses to P enrichment at soil TP concentrations near 500 mg/kg. However, cattail has been
shown to be a superior competitor to sawgrass and other Everglades macrophytes under P-enriched
conditions. Consequently, enrichment proceeds with a decline in the coverage of sawgrass, sloughs, and
wet prairies as these habitats gradually are replaced by cattail. This transition occurs more slowly than for
periphyton and current models suggest multi-year time lags between P enrichment and vegetation change.
Whereas cattail was uncommon in the predrainage Everglades, dense stands of this species have
expanded rapidly in recent decades. In the northern Everglades, this species commonly is associated with
P-enriched canal inflows. Cattail expansion also has occurred in areas of the central Everglades where
existing soil P has been concentrated as a result of overdrainage. Cattail invasion rarely has been
documented in field enrichment experiments. However, experimental studies may not span a sufficient
timeframe given the potential for substantial time lags as already mentioned. Cattail invasion may be
limited by several factors, including reduced seed viability following dispersal and poor seedling growth
and survival, particularly in flooded and low-nutrient soils. Thus, while established cattail stands are
extremely tolerant of a wide range of environmental conditions, successful colonization of new locations
appears dependent upon favorable environmental conditions near the time of seed dispersal.
Invertebrates and other aquatic fauna are affected by P-induced changes in the periphyton and
macrophyte food base and declines in water-column DO. Phosphorus enrichment of specific habitats (e.g.,
sloughs) may increase invertebrate densities and diversity. However, invertebrate abundance tends to be
low in emergent macrophyte stands, which cover much of the marsh in enriched areas. Consistent with the
loss of periphyton-rich habitats in response to P enrichment, invertebrate assemblages in enriched areas are
dominated by species that are tolerant of low DO and that rely on cattail detritus rather than periphyton as
a primary food source. Available evidence indicates that fish are more abundant in enriched areas of the
marsh, although accurate measurements in cattail habitats have been difficult to obtain. Nutrient
enrichment can affect bird communities indirectly either through effects on their food or through effects on
vegetation structure, which provides foraging and nesting substrate. An analysis of wading bird abundance
in relation to vegetation in the northern Everglades indicated that the abundance of several species is
higher in areas with moderate cattail cover, but is lower in dense cattail habitats.

Modeling the Effects of Enrichment
Effects of P enrichment on the Everglades are being investigated using models with varying levels
of ecological and computational complexity. All of the models discussed below were developed by the
District unless otherwise noted, and address the relationship between nutrient loading and resulting water
quality (Act 4(e)3) and biological responses.
The Everglades Water Quality Model (EWQM) evaluates the relationship between P loads and
concentrations in the Everglades Protection Area. Model results indicate that P loads from the Everglades
Agricultural Area have a significant effect on water-column P concentrations in areas downstream of
inflow structures and canals. The model also shows that decreasing P loads from the Everglades
Agricultural Area can directly reduce P inputs to the Park.
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The Everglades Phosphorus and Hydrology (EPH) model was developed by Tetra Tech, Inc. for
the Sugar Cane Cooperative of Florida and, like the EWQM, evaluates the relationship between P loads
and concentrations in the Everglades Protection Area. The EPH model was used to evaluate three
scenarios: the base case (no P reductions), the Act case (includes operation of six Stormwater Treatment
Areas [STAs] and P reductions of 25% by on-farm Best Management Practices) and a modified Act case
where one of the STAs (number 3/4) is removed, and BMPs are assumed to reduce P loads by 50%. Under
the Act and modified Act case, the EPH model predicts decreased P concentrations in areas near
discharges from the Everglades Agricultural Area, but, unlike EWQM results, predicts little impact on P
concentrations entering the Park.
The SAWCAT model (Wu et al., 1997), a probability model developed to understand the impact of
soil P on cattail invasion in WCA-2A, found that the probabilities of sawgrass changing to cattail between
1973 and 1991 were most dependent upon the proximity of existing cattail stands and the spatial pattern of
soil TP. A logistic function, built from spatial correlations of soil TP (DeBusk et al., 1994) and cattail
distributions in WCA-2A (Jensen et al., 1995), estimated that the threshold for accelerated cattail invasion
was ~650 mg/kg soil TP.
The Everglades Phosphorus Gradient Model (EPGM), was developed by outside consultants for
the U.S. Government to provide generalized predictions of the effects of P loads on receiving water and
soil P concentrations and resulting growth of cattail communities. The District used the EPGM to
determine if implementing the hydropattern restoration features of STAs would change soil P
concentrations to a degree that would affect cattail distributions in the WCAs.
The Everglades Landscape Vegetation Model (ELVM) predicts vegetation succession based on
macrophyte growth and responses to disturbances, hydrology, and nutrients. Preliminary results of this
model applied to WCA-2A predict that soil P concentrations in areas most affected by canal P have
increased sufficiently to support cattail expansion for as long as 20 years, even if existing inputs are
curtailed completely.
The Everglades Landscape Model (ELM) predicts long-term, regional effects of water and nutrient
management scenarios on vegetation. This model simulates interactions among hydrology, nutrients, and
macrophytes across the entire EPA and Big Cypress Preserve. As for the ELVM, the ELM suggests
periphyton enriched areas of WCA-2A will remain so for several years following load reductions and that
recovery of native periphyton assemblages will be hindered by high macrophyte biomass in these areas.

Conclusions
The Everglades ecosystem developed under conditions of extreme P limitation, and it is clear that
anthropogenic P loads have altered this unique resource. Available evidence indicates that the ecological
changes caused by enrichment manifest themselves over different time scales, but generally occur within a
fairly narrow range of water-column TP concentrations between roughly 10 and 30 µg/L. This response
range is similar to those established previously for other types of freshwater ecosystems.
Current studies are focusing on spatial and temporal variation in ecosystem responses to P
enrichment and the rate of recovery following reductions in P inputs. For example, a largely untested
hypothesis is that different habitats vary in their sensitivity to P enrichment. It also is unclear how the rate
and extent of ecosystem change is affected by the level of P enrichment. Finally, interactions between P
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enrichment and other factors such as hydrology and fire must be understood in order to predict ecological
responses to management actions that involve both water quality and hydrologic restoration.
Evidence from other ecosystems suggests that the rate at which the Everglades ecosystem recovers
from eutrophication will be considerably slower than the initial enrichment process. Additional research is
planned or ongoing to understand the process of ecosystem recovery following P load reductions so as to
develop realistic timeframes and expectations for restoration. This work will focus on determining
expected rates of marsh recovery following reduced P inputs, including reductions in water-column and
soil P concentrations, the potential for the continued spread or recession of cattail, and the rate of
ecological recovery anticipated for areas already altered by P enrichment.

Introduction
Defining the “Ecological needs of the Everglades” requires consideration of several factors
including hydrology, nutrients such as phosphorus (P), other water quality issues (e.g., mercury,
pesticides), and the spatial extent of habitats required to support self-sustaining populations of native
fauna, including invertebrates, wading birds, deer, and panther. For the purposes of this Interim Report,
ecological needs will be defined primarily in terms of P (this chapter) and hydrology (Chapter 2). These
chapters, in turn, correspond to Project RAM-6 (Interpret Class III Phosphorus Criterion Research) and
RAM 10 (Hydrologic Needs of the Ecosystem) of the State's Everglades Program Implementation Program
Management Plan (SFWMD & DEP, 1997; Chapter 1). Other water quality issues are discussed in
Chapter 4 (Water Quality of the Everglades Protection Area) and Chapter 7 (The Everglades Mercury
Problem).
Phosphorus is a key element controlling aquatic productivity, and the widespread use of this
nutrient to increase soil fertility is responsible for the eutrophication of freshwater ecosystems worldwide
(Tiessen, 1995). The ecological effects of increased P loading on lakes and rivers have been welldocumented and include excessive productivity, reduced dissolved oxygen, changes in species
composition, and reduced biodiversity (National Academy of Sciences, 1969; Likens, 1972; Havens &
Steinman, 1995). The relationship between increased P loading and wetland change has not been widely
investigated because most attention has focused on the ability of wetlands to transform and remove
pollutants rather than on the ecological changes associated with this removal process (e.g., HowardWilliams, 1985; Moshiri, 1993; Olson, 1993). The need for national water quality standards for wetlands
has been recognized (USEPA, 1990) in an effort to afford these systems the same level of protection
currently provided to other water bodies. Several states have begun developing water quality standards to
protect designated uses of wetlands (USEPA, 1996).
The Everglades ecosystem (Figure 3-1) developed under extremely low rates of P supply.
Increased rates of P loading from agricultural and urban sources over the past several decades have been
associated with changes in ecological conditions that are indicative of cultural eutrophication. In response
to this eutrophication, the Everglades Forever Act (Act) was passed to enhance and protect the Everglades.
The Act mandates, among other things, that research, monitoring, and modeling be conducted to guide
nutrient management decisions affecting the Everglades/Florida Bay system. Accordingly, joint SFWMDDEP research programs were initiated to determine P concentrations and loads that will maintain pristine
Everglades conditions. Substantial efforts also have been initiated by Duke University Wetlands Center,
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University of Florida, Florida International University, the United States Geological Survey, and the
Environmental Protection Agency to study various aspects of the P problem. Specifically, the Act calls for
the development of a numeric water quality criterion for P that will “prevent an imbalance in the natural
populations of aquatic flora or fauna and to provide a net improvement in the areas already impacted.”
Data including those discussed herein will be used in rulemaking by the state's Environmental Regulatory
Commission (ERC) to set such a criterion for the Everglades. The process of P criterion development
being pursued by DEP is outlined in Appendix 3-1.
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•Defining reference (predrainage)
conditions for P in the Everglades;

Major hydrologic units of the remnant
Everglades-Florida Bay ecosystem (shaded
areas). The canal and levee system is
represented as solid black lines; see
Chapter 1 for additional information.

This summary is based primarily on two
sources of information: (1) manuscripts
published in the peer-reviewed literature;
and (2) widely distributed reports
containing
otherwise
unpublished
findings. Written requests for all
available manuscripts, reports, and
unpublished data were sent to each of the
research groups listed above and relevant
information received has been included
in this report. The findings and
conclusions reported here should be
considered interim pending the final
results of ongoing studies by several
research groups.

Reference Conditions of the Ecosystem
Defining predrainage or reference conditions of the Everglades is a critical first step in
determining the extent of P enrichment and associated ecological impacts. Reconstructions of reference
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conditions are based on: (1) written historical records; (2) sampling in least-impacted locations (i.e.,
reference sites) that are believed to best portray historical conditions in different regions and habitats; and
(3) paleoecological assessments, which entail the collection and dating of soil cores and the analysis of
nutrient content and preserved materials (e.g., pollen, algal cell walls, charcoal) that are diagnostic of past
conditions and events. Unfortunately, historical descriptions of the system are scarce, and most are
qualitative and lack critical detail. While historical descriptions of large-scale vegetation patterns are
relatively complete (e.g., Davis, 1943; Loveless, 1959), information on historical water quality conditions
are sparse prior to the 1970s. Paleoecological assessments can provide quantitative information on past
changes in nutrient conditions but are limited by the extent of preservation of diagnostic materials.
Relatively little paleoecological evidence is currently available and, therefore, much of what is known
about the ecological characteristics of the predrainage Everglades is based on relatively recent data from
reference sites in the marsh interior.

Water Quality
Phosphorus Loading
Nutrient inputs to the Everglades are derived primarily from atmospheric deposition (rainfall and
dry fallout), which is typically low in P in remote areas. Estimates of annual atmospheric P inputs in south
Florida and reconstructions of P accumulation in Everglades soils (see below) indicate that historical
loading rates were extremely low, probably averaging well below 100 mg TP/m2/yr (SFWMD, 1992;
SFWMD, 1997). As discussed below, these historical rates are still reflected in the low concentrations of P
in the surface water and soils and the species composition of periphyton and vegetation in interior areas of
the Everglades that are far removed from anthropogenic P inputs.
The accuracy of atmospheric P loading estimates is limited by the ability to obtain uncontaminated
samples of rainfall and dry fallout (SFWMD, 1997). Contemporary measurements of P concentrations in
rainfall and dryfall (e.g. Waller & Earle, 1975; Davis, 1994) reflect regional agricultural and urban sources
as well as background inputs and, consequently, overestimate historical inputs. These measurements
typically are conducted using ground-based collection systems, which are susceptible to contamination
from local P sources (e.g., guano, insects) that do not represent new inputs of P to the ecosystem.
Additionally, previous analyses of these data have relied on statistical procedures that are affected unduly
by contaminated samples.
Rainfall samples collected at the District atmospheric deposition collection stations (Figure 3-2)
illustrate the problems associated with the collection and analysis of atmospheric deposition data.
Phosphorus concentrations vary greatly, even among samples collected at the same station, and the data are
highly skewed due to a small number of extremely high values that are likely caused by contamination.
Most samples contain TP in concentrations near or below the limits of analytical detection (4 µg/L); thus,
the low end of the distribution is truncated and cannot be measured precisely. Average rainfall TP
concentrations have been estimated previously from these types of data sets by calculating the arithmetic
mean concentration (e.g., Waller & Earle, 1975). This statistic is inappropriate for data with the properties
just described and consistently overestimates the central tendency of the data, sometimes by a wide
margin. The median P concentration, a more appropriate estimator of the average value, ranges between 4
and 7 µg/L across all the District collection stations whereas mean concentrations are consistently higher
and considerably more variable (Figure 3-2). Using a different statistical approach, Ahn (1998) also
concluded that TP concentrations in rainfall across the Evergldes are consistently below 10 µg/L.
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Similarly, independent estimates of rainfall TP across Florida have found median concentrations to range
between 5 and 7 µg/L (Brezonik et al., 1982; Pollman & Landing, 1997).
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Figure 3-2.

a. District atmospheric deposition collection stations. b. Range of TP concentrations in
rainfall samples collected from these stations throughout the Everglades between 1987 and
1997. The top, mid-line, and bottom of each box represents the 75th, 50th (median), and
25th percentiles of data, respectively; the vertical lines represent the 10th and 90th
percentiles; large closed circle is the arithmetic mean; small open circles are observations
outside the 90th percentiles. Numbers below each box are the number of samples collected
at that site. Dashed line represents the analytical detection limit for TP (4 µg/L);
concentrations at or below the detection limit were analyzed as 4 µg/L.

Dryfall is believed to account for much of the atmospheric P inputs to the Everglades. However, as
for rainfall, accurate measurement of dry deposition rates is confounded by contamination from local and
regional sources (SFWMD, 1997) and likely overestimates historical P deposition rates. Available
information on wet and dry deposition obtained from the District atmospheric deposition collection
stations (see Ahn and James in review for sampling and analysis methods) illustrates the range and relative
magnitude of these P inputs for locations across the Everglades (Figure 3-3). Both wet and dry deposition
rates varied markedly among sampling events; however, mean dry deposition rates exceeded wet
deposition at all but one site (S7) and accounted for between 44 and 80% of total TP deposition (mean for
all sites = 64%). These measurements yield mean and median total deposition rates of 36.5 and 21.9 mg
TP/m2/yr, respectively, which are similar to independent estimates obtained for south Florida (Landing,
1997).
Atmospheric inputs of P to the predrainage Everglades were augmented by inflows from Lake
Okeechobee. The Lake was connected by surface-water flows to the northern Everglades during periods of
3-8

Everglades Interim Report

Chapter 3: Ecological Needs of the Everglades

600

Dry
500

400

Deposition rate (µg TP/m2/day)

300

200

100

0
ENR

L6

S7

S140

L67A

ENPRC

1200

Wet
800

400

300

200

100

0
ENR

L6

S7

S140

L67A

ENPRC

Station
Figure 3-3.

Wet and dry deposition samples collected from the District atmospheric deposition
collection stations throughout the Everglades between 1992 and 1996. See Figure 3-2 for
interpretation of box plots.
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high water (Parker et al., 1955). Paleoecological evidence indicates that Lake Okeechobee has been
eutrophic for several thousand years (Gleason & Stone, 1975), suggesting that inflows of lake waters
probably were enriched in P compared with the marsh. The amount of P supplied to the predrainage
Everglades from Lake inflows is not known; however, contemporary measurements of soil P indicate
historically enriched conditions within a zone of custard apple (Annona glabra) and sawgrass (Cladium
jamaicense) south of the Lake (Snyder & Davidson, 1994). Given the proportion of historical hydrologic
inputs from rainfall (>90%) and Lake Okeechobee (<10%) (SFWMD, 1998), it is likely that effects of
Lake inflows on Everglades P dynamics were limited to northernmost areas of the marsh.
Water-column P concentrations
Interior areas of the Everglades generally retain the oligotrophic characteristics of the predrainage
ecosystem, and provide the best contemporary information on historical P concentrations. Available watercolumn TP data are summarized for several interior sampling stations that are far from canal inflows, and
are believed to best reflect the reference condition for nutrients in different areas of the marsh (Figure 3-4).
These data likely represent an upper estimate of historical TP concentrations in the Everglades since
several stations are located in areas that either have been: (1) excessively drained (e.g., northern WCA3A), a condition which promotes soil oxidation and P release; or (2) so heavily exposed to canal inflows
(e.g., WCA-2A) that some P inputs likely have intruded even into interior areas.
Median water-column TP concentrations at these reference stations range between 4 and 10 µg/L
throughout these areas and are lowest in southern areas of the marsh (e.g., Taylor Slough and the C-111
basin), which have been least affected by anthropogenic nutrient loads. Mean concentrations are more
variable among stations (exceeding 10 µg/L in some areas) largely as a result of periodic concentration
excursions during periods of low water and/or marsh drying. High P concentrations at reference stations
can be attributed to P released as a result of oxidation of exposed soils (Swift & Nicholas, 1987), increased
fire frequency during droughts (Forthman, 1973), and difficulties in collecting water samples that are not
contaminated by flocculent marsh sediments when water depths are low. Localized enrichment in the
pristine Everglades also is associated with bird rookeries, alligator holes and other areas of natural
disturbance (Davis, 1994). However, it is important to recognize that these forms of enrichment (e.g., soil
oxidation, fecal inputs) represent recycling of existing P and do not affect the total amount of P stored in
the marsh.
Other key water chemistry features
Interior areas of the Everglades differ with respect to pH and concentrations of major ions such as
bicarbonate, calcium, and sodium. Surface waters across much of the Everglades including WCA-2A,
WCA-3A, and Everglades National Park (Park) are slightly basic and highly mineralized (i.e., high ionic
content). In contrast, the interior of the Arthur R. Marshall Loxahatchee National Wildlife Refuge (Refuge)
is slightly acidic and contains extremely low concentrations of major ions, a condition which reflects the
rainfall-driven hydrology of this area. These background differences among Everglades marshes influence
species composition (e.g., Swift & Nicholas, 1987) as well as the water quality and biological impacts
caused by canal inflows (e.g., Gleason et al., 1975).
Water-column concentrations of total nitrogen (TN) (1000 to 2500 µg/L) and other macronutrients
are relatively high in interior areas compared with those for P (generally <10 µg/L). Ratios of TN:TP at
reference sites generally exceed 100:1 weight:weight and are indicative of strong P rather than N limitation
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Range of TP concentrations in surface water samples collected from interior marsh
sampling stations (see Figures 3-8, 3-10, 3-11, and 3-12 for locations).

(Swift & Nicholas, 1987; McCormick et al., 1996). Concentrations of micronutrients (e.g., copper, iron,
silica, and zinc) vary but generally are not considered limiting compared with the extremely low P
concentrations in the marsh interior.
Oxygen is an absolute requirement for aerobic aquatic organisms, and changes in dissolved
oxygen (DO) concentrations can play an important role in determining population distributions and rates of
ecological processes in aquatic ecosystems. Interior Everglades habitats exhibit characteristic diel (24hour) fluctuations in water-column DO, although aerobic conditions are generally maintained throughout
much or all of the diel cycle (Belanger et al., 1989; McCormick et al., 1997). High daytime concentrations
in open-water habitats (i.e., sloughs, wet prairies) are a product of photosynthesis by periphyton and other
submerged vegetation. These habitats may serve as oxygen sources for adjacent sawgrass stands, where
submerged productivity is low (Belanger et al., 1989). Oxygen concentrations decline rapidly during the
night due to periphyton and sediment microbial respiration, and generally fall below the 5 mg/L standard
for Class III Florida waters (Criterion 17-302.560(21), F.A.C.). However, these diurnal excursions are
characteristic of reference areas throughout the Everglades (McCormick et al., 1997) and are not
considered a violation of the Class III standard (Nearhoof, 1992). See Chapter 4 of this Report for
additional discussion of the applicability of State DO standards to Everglades marshes.
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Soil and Porewater
In the early 1900s the Everglades organic soils were categorized into three groups based on the
overlying vegetation (Baldwin & Hawker, 1915). Soils close to Lake Okeechobee were classified as
custard apple muck, based on the dominance of custard apple. Further away from the lake, land was
dominated by willow (Salix spp) and elderberry (Sambucus canadensis), and the soils were classified as
willow and elder soils. However, the predominant organic soil in the Everglades was sawgrass peat, with
sawgrass as the dominant vegetation. Of these various soil types, custard apple soils were considered to
have a greater native fertility than sawgrass soil that formed under low-nutrient conditions (Snyder &
Davidson, 1994). By the late 1940s, extensive soil surveys were completed (Davis, 1946; Jones, 1948), and
the peat soils of the Everglades were classified into two main groups: Everglades peat (derived mostly
from sawgrass) and Loxahatchee peat (derived primarily from slough species such as water lily).
Although the majority of soils data collected in the early 1900s were descriptive, there were a few
accounts of soil samples collected and analyzed for nutrients. An examination of these records showed that
at sites adjacent to Lake Okeechobee, P concentrations in the upper 30 cm of organic soil averaged 0.42 to
0.48% P2O5 (1,800 to 2,000 mg P/kg) (Hammar, 1929). In contrast, at sites near Tamiami trail,
representative of the Everglades interior, P concentrations averaged 0.1% P2O5 (~400 mg P/kg) in muck,
marl and hammock areas (King, 1917). Caution should be used when comparing nutrient data collected in
the early 1900s versus that collected today, because modern analytical techniques are likely more accurate
and precise.
Present-day soil nutrient data also may be used to estimate reference conditions by evaluating
nutrient concentrations in areas that are outside the zone of nutrient impact. Total P concentrations in the
surface 0-10 cm of soil in interior areas of the Holey Land Wildlife Management Area, WCAs and
Rotenberger Wildlife Management Area range between 200 and 500 mg/kg (DeBusk et al., 1994; Reddy et
al., 1994a; Newman et al., 1997; Richardson et al. 1997; Newman et al., 1998; USEPA, 1998). In the Park,
soil TP concentrations downstream of canal inflows ranged from 1,420 mg/kg near the inflows to as low as
320 mg/kg farther downstream (Doren et al., 1997), suggesting that background TP concentrations for the
Park were < 400 mg/kg.
In addition to variations in nutrient concentration per soil mass (mg/kg), nutrient content of the
soils also changes per unit volume as a function of changing soil bulk density. The typical bulk density of
flooded Everglades peat soils is approximately 0.08 g/cm3, whereas soils subjected to extended dry out and
oxidation can have bulk densities greater than 0.2 g/cm3 (Newman et al., 1998; USEPA, 1998). Studies in
other wetlands have shown that plant growth increases linearly with increases in bulk density from 0.1 to
0.4 g/cm3 (DeLaune et al., 1979; Barko & Smart, 1986). Thus, the expression of soil nutrient data on a
volumetric (bulk-density-corrected) basis may provide greater information relative to plant growth.
Following correction for the varying bulk densities in the peat soils of the Everglades, a historical TP
concentration of < 40 µg/cm3 may be applicable for most regions (DeBusk et al., 1994; Reddy et al.,
1994a; Newman et al., 1997; Newman et al., 1998; Reddy et al., 1998). In the Refuge, most of the interior
area is encompassed within 20 µg TP/cm3 (Newman et al., 1997).
Porewater samples generally are collected at the same sites where soil coring is performed. These
data show that the surface 0-10 cm soil porewater collected from interior areas of the marsh typically has
SRP concentrations of < 50 µg/L and, frequently, these values are at or below analytical limits of detection
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(4 µg/L) (DeBusk et al., 1994; Koch-Rose et al., 1994; Reddy et al., 1994a; Vaithiyanathan & Richardson,
1995; Newman et al., 1997; Reddy et al., 1998).

Soil Microbes and Biogeochemical Cycles
Wetlands host complex microbial communities including bacteria, fungi, protozoa, and viruses.
The size and diversity of microbial communities are related directly to the quality and quantity of the
resources (i.e., nutrients, energy sources) available in the system. Microbial biomass and activity is highest
in habitats where these resources are concentrated, including periphyton mats, plant litter, and surface
soils. Microbial processes regulate major nutrient cycles in wetlands, and play an important role in
determining water quality and ecosystem productivity.
Unlike carbon (C) and nitrogen (N), P added to wetlands accumulates within the system, because
there is no significant gaseous loss mechanism in the P cycle. Steady, external P loading to oligotrophic
wetlands such as the Everglades results in a transformation from a P-limited to a P-enriched system.
Microbial communities respond to this enrichment with increased biomass and accelerated rates of various
processes regulated by microbes. Because of the short life cycles of microbes, they respond rapidly to any
changes in nutrient or energy source status of wetlands, and thus provide an early warning signal of
eutrophication.
Microbial populations regulate rates of organic matter decomposition, the process whereby
nutrients are recycled within all ecosystems. Decomposition rates are influenced by a number of factors
including the quality of organic substrates (DeBusk & Reddy, 1998), hydroperiod (Happel & Chanton,
1993), the supply of electron acceptors (D'Angelo & Reddy, 1994a, b), and the addition of growth-limiting
nutrients (McKinly & Vestal, 1992; Amador & Jones, 1995). Fluctuations in water depth create alternating
aerobic and anaerobic conditions, which may stimulate organic matter decomposition and nutrient release
(Reddy & Patrick, 1975). However, N and P release during decomposition and the resulting concentration
in the porewater are influenced strongly by soil physico-chemical properties and the C:N:P ratios of the
decomposing plant detritus and soil organic matter (Webster & Benfield, 1986; Enriquez et al., 1993).
Wetlands are characterized by both aerobic and anaerobic zones in the water-column, periphyton
and litter layers, surface soils, and the root zone of aquatic macrophytes. The juxtaposition of aerobic and
anaerobic zones support a wide range of microbial populations and associated processes mediated by
microbes. Aerobic populations are restricted to periphyton mats in the water-column, the plant detritus
layer, and the top few mm of the surface soil, while anaerobic populations dominate most of the soil profile
as well as anoxic microsites in other habitats.
Oxygen concentrations in the detrital layer and attached periphyton mats vary on a diel basis as a
result of photosynthesis during daylight hours (Figure 3-5). In addition, macrophyte transport of oxygen to
the root zone also supports aerobic populations in the rhizosphere. Anaerobic bacteria can use alternative
terminal electron acceptors such as nitrate, sulfate, and carbon dioxide to support their respiration.
Anaerobic activity in the Everglades is dominated by methanogenesis, where microbes utilize HCO3- and
organic substrate to produce methane.
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Figure 3-5.

Vertical oxygen profiles with depth in the water-column, periphyton, and soil layers at
nutrient-impacted and unimpacted sites. Individual lines show percent saturation at 6:00
a.m. (6A), noon (12N), 6 p.m. (6P), and midnight (12M).

Periphyton
Aquatic vegetation and other submerged surfaces in wetlands are covered with a community of
algae, bacteria, and other microorganisms referred to as periphyton. Periphyton exhibits three growth
forms: (1) benthic (growing on the soil surface); (2) epiphytic (growing attached to rooted vegetation; and
(3) floating (growing on the water surface, sometimes in association with other floating vegetation such as
Utricularia purpurea). All three forms of periphyton are abundant in oligotrophic areas of the Everglades
and account for a significant portion of marsh primary productivity. Periphyton represents an important
habitat for invertebrate populations and, along with macrophyte detritus, forms the base of the Everglades
food web (Browder et al., 1994; Rader, 1994). These mats account for much of the P storage in open-water
habitats and play a critical role in maintaining low P concentrations in reference areas of the marsh
(McCormick et al., 1998; McCormick & Scinto, in press).
Periphyton abundance and productivity exhibit predictable spatial and seasonal patterns in the
oligotrophic Everglades. Periphyton typically accounts for much of the vegetative biomass and primary
productivity in sloughs and wet prairies (Wood & Maynard, 1974; Browder et al., 1982; McCormick et al.,
1998), and open-water habitats that are characterized by sparse emergent macrophyte cover and high light
penetration to the water surface. Periphyton productivity is low in sawgrass stands in these same
oligotrophic areas due to reduced light availability (Grimshaw et al., 1997; McCormick et al., 1998).
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Consequently, sawgrass stands are characterized by low DO and a predominance of heterotrophic activity
in the water-column compared with periphyton-dominated sloughs (Belanger et al., 1989; Rader, 1994).
Periphyton biomass and productivity peak towards the end of the wet season (August through
October) and reach a minimum during the colder months of the dry season (January through March).
Periphyton biomass in open-water habitats can exceed 1 kg/m 2 during the wet season (Wood & Maynard,
1974; Browder et al., 1982; McCormick et al., 1998), when floating mats can become so dense as to cover
the entire water surface (Figure 3-6). Periphyton growth rates in open-water habitats are as much as 20fold higher during the wet season compared with the dry season (Swift & Nicholas, 1987; McCormick et
al., 1996). Seasonal fluctuations in periphyton gross primary productivity are similar but less dramatic,
ranging between 3 to 8.5 g C/m2/d during the wet season compared with 1.6 to 6.7 g C/m2/d during the dry
season (Browder et al., 1982; Belanger et al., 1989; McCormick et al., 1997; McCormick et al., 1998).

Figure 3-6.

Typical distribution of periphyton (whitish floating material) within an oligotrophic slough in
the northern Everglades (reference station U3, WCA-2A) during the summer wet season.
Thick mats of periphyton typically are associated with the submerged macrophyte
Utricularia and can completely cover the water surface in oligotrophic, open-water areas of
the Everglades during the summer months and provide food and habitat for invertebrates
and small fish. A benthic layer of periphyton (not shown in picture) is maintained in these
habitats throughout the year. Sparse vegetation includes Nymphaea (floating leaves) and
Eleocharis (erect stems).
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The chemical composition of periphyton in the oligotrophic Everglades is indicative of severe P
limitation. Periphyton samples from interior areas across the Everglades are characterized by an extremely
low P content (generally <0.05%) and extremely high N:P ratios (generally >60:1 weight:weight) that are
indicative of strong P limitation (Swift & Nicholas, 1987; Grimshaw et al., 1993; McCormick et al., 1998).
This observational evidence for P limitation is supported by experimental fertilization studies that have
shown that: (1) periphyton responds more strongly to P enrichment than to enrichment with other
commonly limiting nutrients such as nitrogen (Scheidt et al., 1989; Vymazal et al., 1994); (2) periphyton
changes in response to experimental P enrichment mimic those that occur along enrichment gradients in
the marsh (McCormick & O'Dell, 1996). Thus, it is well established that periphyton is strongly P-limited in
oligotrophic areas of the Everglades.
Oligotrophic areas of the Everglades contain a characteristic periphyton flora that is adapted to low
P availability and the ionic content of the surface water in a particular area (Swift & Nicholas, 1987).
Mineral-rich waters, such as those found in WCA-2A and Taylor Slough (the Park), support a periphyton
assemblage dominated by a few species of calcium-precipitating cyanobacteria and diatoms. This
assemblage appears to be favored by waters that are both low in P and at or near saturation with respect to
calcium carbonate (CaCO3) (Gleason & Spackman, 1974), the latter condition reflecting the influence of
the limestone geology of the region. In contrast, interior waters of the Refuge contain an assemblage of
desmids (green algae) and diatoms adapted to the extremely low mineral content of waters in this marsh.
Waters across much of the southern Everglades (WCA-3A, Shark Slough) tend to be intermediate with
respect to mineral content and contain taxa from both assemblages just described.

Vegetation
Located in the transition zone between temperate and tropical areas, the Everglades flora has many
representatives from these two areas (39% and 61%, respectively) (Ewel, 1986; Gunderson, 1994), as well
as taxa that are endemic to the region (Long, 1974). The vegetation communities characteristic of the
pristine Everglades are dominated by species adapted to low P, seasonal patterns of wetting and drying, and
periodic natural disturbances such as fire, drought, and occasional freezes (Duever et al., 1994; Davis,
1943; Steward & Ornes, 1975, 1983; Parker, 1974). Major wetland habitats that have been altered by P
enrichment include sawgrass marshes, wet prairies, and sloughs (Loveless, 1959; Gunderson, 1994). The
spatial arrangement of these habitats is constantly changing as a result of temporal and spatial variation in
environmental factors such as fire, water depth, nutrient availability, and local topography (Loveless,
1959).
Sawgrass is the dominant macrophyte in the Everglades, and stands of this species compromise
approximately 65 to 70% of the total vegetation cover of the Everglades (Loveless, 1959). Two types of
sawgrass marshes have been identified in the Everglades interior: (1) dense stands of tall plants; and (2)
sparse stands of short plants (Loveless, 1959; Wood & Tanner, 1990; Gunderson, 1994; Miao & Sklar,
1998). Tall, dense stands are generally monotypic, whereas sparse stands can be mixed with a variety of
other sedges, grasses, herbs, and attached emergent or floating aquatic plants. The distribution of these two
types of sawgrass marshes may be determined by the combined effects of soil type, nutrient availability,
and fire frequency.
Wet prairies include a collection of low-stature, graminoid (grasslike) marshes occurring on both
peat and marl soils (Gunderson, 1994). Wet prairies over peat occur in the wetter areas of the Everglades
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and are composed of species such as beakrush (Rhynchospora), maidencane (Panicum), and spikerush
(Eleocharis) (Loveless, 1959; Craighead, 1971). Wet prairies over marl are dominated by muhly grass
(Muhlenbergia filipes) and sawgrass and occur in the southern Everglades on the east and west margins of
the Shark River Slough and Taylor Slough, where bedrock elevations are slightly higher and hydroperiods
shorter (Gunderson, 1994).
Sloughs are deeper water habitats that remain wet most or all of the year and are characterized by
floating macrophytes such as fragrant white water lily (Nymphaea odorata), floating hearts (Nymphoides
aquaticum), and spatterdock (Nuphar luteum) (Loveless, 1959; Gunderson, 1994). Submerged aquatic
plants, primarily bladderworts (Utricularia spp.), also can be abundant in these habitats and provide a
substrate for the formation of dense periphyton mats (described above).
Historically, cattail (Typha spp.) was just one of several minor macrophyte species native to the
Everglades marsh (Davis, 1943; Loveless, 1959). In particular, cattail is believed to have been associated
largely with areas of disturbance such as alligator holes and recent burns (Davis, 1994). Analyses of
Everglades peat deposits reveal no evidence of cattail peat, although the presence of cattail pollen indicates
its presence historically in some areas (Gleason & Stone, 1994; Davis et al., 1994; Bartow et al., 1996).
Findings such as these confirm the historical presence of cattail in the predrainage Everglades, but provide
no evidence for the existence of dense cattail stands covering large areas (Wood & Tanner, 1990; Bartow et
al., 1996) as now occurs in the northern Everglades. In contrast, sawgrass and water lily peats have been a
major freshwater component of Everglades soils for approximately 4,000 years (McDowell et al., 1969).

Fauna
Everglades fauna comprises a diversity of animals that depend on marsh primary production and
ranges from microscopic invertebrates to top predators such as wading birds and alligators. While these
organisms do not respond directly to increased P loading, they are affected by P-related changes in
periphyton and vegetation and associated habitat modifications.
Invertebrates
Aquatic invertebrates (e.g., insects, snails, crayfish) represent a key intermediate position in the
Everglades food web as these taxa (species) are the principal consumers of marsh primary production and,
in turn, are consumed by vertebrate predators. The macroinvertebrate fauna of the Everglades is relatively
diverse (approximately 200 taxa identified) and is dominated by Diptera (49 taxa), Coleoptera (48 taxa),
Gastropoda (17 taxa) Odonata (14 taxa), and Oligochaeta (11 taxa) (Rader, 1999). Most studies have
focused on a few conspicuous species (e.g., crayfish and apple snails) considered to be of special
importance to vertebrate predators, and relatively little is known about the distribution and environmental
tolerances of most taxa. An assemblage of benthic microinvertebrates (meiofauna) dominated by
Copepoda and Cladocera also is present in the Everglades (Loftus et al., 1986), but even less is known
about the distribution and ecology of these organisms.
Invertebrates occupy several functional niches within the Everglades food web; however, most
taxa are direct consumers of periphyton and/or plant detritus. For example, almost 80% of the invertebrates
collected from interior sloughs in WCA-2A were classified as consumers of either one or both of these
food resources (Rader & Richardson, 1994). In contrast, relatively few taxa consume living macrophyte
tissue. Rader (1994) sampled both periphyton and macrophyte habitats in this same area and, based on the

3-17

Chapter 3: Ecological Needs of the Everglades

Everglades Interim Report

proportional abundance of different functional groups, suggested that grazer (periphyton) and detrital
(plant) pathways contributed equally to energy flow in the pristine Everglades food web.
Invertebrates are not distributed evenly among Everglades habitats but, instead, tend to be
concentrated in periphyton-rich habitats such as sloughs. In an early study, Reark (1961) noted that
invertebrate densities in the Park were higher in periphyton habitats than in sawgrass stands. Rader (1994)
reported similar findings in the northern Everglades and found mean annual invertebrate densities to be
more than six-fold higher in sloughs than in sawgrass stands. Invertebrate assemblages in sloughs were
more species-rich and contained considerably higher densities of most dominant invertebrate groups
(Figure 3-7). Functionally, invertebrate assemblages in sloughs contained similar densities of periphyton
grazers and detritivores, compared with a detritivore-dominated assemblage in sawgrass stands. Higher
invertebrate densities in sloughs were attributed primarily to abundant growths of periphyton and
submerged vegetation, which provide oxygen and a source of high-quality food. Within slough habitats,
the greatest abundance of invertebrates occurs in benthic and floating periphyton (SFWMD, unpublished
data), providing further evidence of the linkage between periphyton and invertebrates.

350
Slough (periphyton-dominated)
Sawgrass (macrophyte-dominated)

Mean density (individuals m-3)

300

250

200

150

100

50

Figure 3-7.

G
as
(s tro
na p
ils od
) a

D
(c eca
ra p
yf od
is a
h)
Ep
h
(m em
ay ero
fli pt
es er
) a

C
o
(b leo
ee p
tle ter
s) a

A
(a mp
m h
ph ip
ip od
od a
s)
C
hi
r
(m on
id om
ge id
s) a e

0

Densities of dominant groups of macroinvertebrates in periphyton-dominated (sloughs) and
macrophyte-dominated (sawgrass stands) habitats in interior, oligotrophic areas of WCA2A. Adapted from Rader (1994).
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Higher trophic levels
The Everglades fish community in spikerush and sawgrass habitats contains about 30 species
dominated by killifishes, livebearers and juvenile sunfishes (Loftus & Eklund, 1994). Species in deeper,
open-water alligator holes include Florida gar, yellow bullhead, and adult sunfishes. A comparison of fish
biomass between the Everglades and other freshwater marshes revealed that the Everglades has some of
the lowest values (Turner et al., in press). Averaged across three to five seasons and nine sites, average fish
biomass was 0.61 g/m2 in the Everglades. Published mean values for other wetlands ranged from 1.4 to
513 g/m2 (Turner et al., in press).
The breeding bird community in the central Everglades has fewer species than those in more
northern wetlands (Brown & Dinsmore, 1986) or in Texas coastal marshes (Weller, 1994). The average
number of species in the Everglades was 2.3 per site, and the number of individuals averaged 4.3 per site
(Gawlik & Rocque, 1998). In contrast to the depauperate breeding bird community, the Everglades does
support a large number of winter residents and may provide critical habitat for many species of trans-gulf
migrants that winter in the tropics.
Wading birds are one group of birds that historically were very abundant in the Everglades as
compared to other regions. Populations of some species are reported to have declined 90% since the 1930s
(Ogden, 1994). Loss of habitat and changes in hydrology are two of the most often cited reasons for the
declines. It is thought that even though the Everglades is an oligotrophic system it was able to support large
numbers of top predators because of seasonal dry-downs in water levels, which concentrated fish and other
aquatic prey items from large areas into small pools of receding water (Kushlan, 1986).

Patterns of P Enrichment in the Marsh
While atmospheric deposition remains the primary source of P for the Everglades, canal inputs
have contributed additional P in the form of agricultural runoff to all areas of the Everglades in recent
decades. These inputs have created zones of P enrichment within the marsh, with the most extensive
enrichment occurring in the northern Everglades.

Marsh Water-Column P Concentrations
Canal discharges into the Everglades are elevated in P (and other elements, see Chapter 4)
compared with interior areas of the marsh. Changes in water-column P concentrations have been
documented downstream of these discharges in several parts of the Everglades. As described below, the
degree and spatial extent of P enrichment varies among different areas of the marsh depending on the
source and location of inflows, topography, and presence of interior canals.
WCA-2A
The largest database of marsh P exists for WCA-2A, where spatially intensive sampling has been
conducted during the past two decades. Canal waters originating from the EAA enter this marsh through
the S10 structures located along the northern levee (Figure 3-8a) and flow southward to create a P gradient
that currently extends as far as 7 km into the marsh (McCormick et al., 1996; Smith & McCormick, in
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review). Smaller volumes of EAA drainage water are discharged into the southwestern portion of this
marsh through the S7 pump station and are associated with P enrichment in that area of the marsh.
Background water-column TP concentrations in WCA-2A are illustrated by data collected from
five sampling stations in the marsh interior (Figure 3-8b). Mean TP concentrations near 10 µg/L and
median concentrations between 7 and 8 µg/L are maintained throughout this area. The most complete data
set for this marsh exists for station U3 and includes several samples with extremely high TP
concentrations. Many of these high TP values likely resulted from sample contamination at low water
depths, and therefore do not reflect typical water-column concentrations in the marsh interior
Water chemistry changes along the enrichment gradient south of the S10s (S10A-S10E) currently
are being monitored with a network of 15 fixed sampling stations located 0 to 14 km downstream of canal
discharges (Figure 3-8a). McCormick et al. (1996) summarized current patterns of P enrichment among
these stations during 1994 and 1995 (Figure 3-8c). The mean TP concentration during this period was 104
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Figure 3-8.

a. Permanent marsh and canal stations (E0 and F0) currently being sampled to document
water chemistry in the marsh interior and along a nutrient-enrichment gradient in WCA-2A.
Major inflow structures (closed squares) are italicized. b. Average water-column TP
concentrations and ranges for sampling stations in the marsh interior (see Figure 3-2 for
interpretation of box plots). c. Mean (+ 1SE) water-column TP concentrations at stations
downstream of the S10s between 1994 and 1997 (from McCormick et al., 1996).
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.µg/L immediately downstream of canal
discharges compared with mean concentrations
of < 11 µg/L at interior stations > 8 km
downstream. Declines in SRP, an indicator of
bioavailable P, were of a similar magnitude, and
averaged 48 µg/L just downstream of the canal
compared with < 4 µg/L (detection limit) at
interior marsh stations. These declines in watercolumn P concentrations are substantially
higher than could be explained by dilution
alone, and reflect biological and chemical
removal of this limiting nutrient by the soils
and marsh biota as discussed elsewhere in this
chapter.
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Long-term changes in water-column
TP in this marsh between 1978 and 1997 were
assessed using data from 49 marsh stations
(including those described above) that had been
sampled for varying periods of time during the
past two decades (Smith & McCormick, in
review). Total P concentrations, both in canal
discharges and the marsh, generally increased
through the mid-1980s and then decreased into
the early 1990s. These patterns are consistent
with trends detected for canal discharges across
the Everglades (Walker, in press), suggesting a
linkage to changes at the watershed scale (e.g.,
implementation of BMPs, weather patterns). In
the marsh, this trend was correlated inversely
with marsh stage and rainfall, both of which
were low during drought years in the mid and
late 1980s, and relatively high in the late 1970s
and 1990s. Thus, changes in the P gradient are
influenced by interannual changes in marsh
hydrology as well as canal P concentrations and
loads. Results of this analysis also indicated
that temporal changes in the marsh varied as a
function of distance from the canal.
Specifically, movement of a water-column P
front into the marsh during the 1980s (generally
low water years) and a recession during the
early 1990s (higher water years) were evident
at sampling stations closer to the canal, whereas
stations further into the marsh showed little if
any decline during the 1990s and did not
approach 1970s concentrations (Figure 3-9).
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The Loxahatchee National Wildlife Refuge
The Refuge is exposed to the same EAA drainage that has caused extensive P enrichment in
WCA-2A. However, whereas these discharges enter WCA-2A as sheet flow, intrusions of P-enriched
waters into the Refuge generally are restricted to the marsh perimeter. Data collected from a network of 14
sampling stations in this marsh illustrate this pattern (Figure 3-10a). These stations, all of which are
located >1 km into the marsh, generally maintain water-column TP concentrations < 10 µg/L (Figure 310b).
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Figure 3-10. a. Permanent marsh and canal (X0 and Z0) stations currently being sampled to document
water chemistry changes in the marsh interior and along a nutrient-enrichment gradient in
the Refuge. Major inflow structures (closed squares) are italicized. b. Average watercolumn TP concentrations and ranges for sampling stations in the marsh interior sampled
since 1993 (see Figure 3-2 for interpretation of box plots). c. Mean (+ 1SE) water-column
TP concentrations at stations in proximity to the S6 pump station during the period between
April, 1996 and October, 1997.
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To document changes within perimeter areas, the District began collecting water samples monthly
beginning in April 1996 at nine marsh stations and two canal stations in the southwest corner of the Refuge
(Figure 3-10a). Water quality changes in this area reflect the combined effects of S5A and S6 discharges.
As documented in WCA-2A, water-column P concentrations decrease exponentially with increasing
distance from the canal (Figure 3-10c). However, the water quality gradient in the Refuge is rather steep,
indicating that canal waters seldom intrude as far into this marsh as in WCA-2A. Mean TP concentrations
between April 1996 and October 1997 were 44 and 51 µg/L at the two canal stations, compared with
concentrations around 10 µg/L at marsh sites > 2 km from the canal. Higher mean TP at the most interior
site (Z4) during 1997 was the result of a single extreme measurement (130 µg/L) recorded on March 25,
1997. Mean SRP ranged between 15 and 19 µg/L in canal waters, and decreased to between 3 and 4 µg/L
in the marsh interior.
WCA-3A
This area is bisected by the Miami Canal, which serves as a conduit for canal waters discharged
through the S8 pump station (Figure 3-11a).The presence of this canal has caused northern portions of this
marsh to become severely overdrained but has reduced the flow of P-enriched canal waters into these same
areas. Enrichment in northern WCA-3A is greatest in areas adjacent to the Miami Canal, particularly near
the S339 and S340 structures, where water is detained and spills over into the marsh. Similarly, urban and
agricultural drainage into southeastern WCA-3A through S9 tend to be diverted away from the marsh by
interior canals. Other areas subjected to enriched drainage water include the S11 and S150 structures in the
north, which discharge from WCA-2A and the EAA, respectively, and the L28 intercept canal, which
drains agricultural lands to the west.
Relatively few data are available to characterize P gradients in WCA-3A. Surface waters in the
marsh interior are generally low in P as illustrated for District sampling stations that are distant from
inflows (Figure 3-11b). Sampling in proximity to selected District structures (S9 and S339) in 1997
indicate modest water-column TP gradients extending as far as 3 km into the marsh (Figures 3-11c).
However, the full extent of P enrichment within WCA-3A has not been characterized as thoroughly as for
areas further north.
Everglades National Park
Water enters the Park in three principal locations (Figure 3-12a): (1) Shark Slough through the
S12 and S333 structures located along Tamiami Trail; (2) Taylor Slough through S332; and (3) the C-111
canal in the east. The sources of these inflows include WCA-3A (S12s) and a network of canals draining
agricultural and urban lands in the east (S332, C111). Phosphorus concentrations in these inflows are
considerably lower than those entering the northern Everglades but still tend to be elevated compared with
sampling stations in the interior of the Park, which exhibit some of the lowest water-column TP
concentrations in the Everglades (Figure 3-12b). Phosphorus loads and flow-weighted TP concentrations
in waters entering Shark Slough are five-fold and nearly two-fold higher, respectively, than those released
into Taylor Slough and the C111 basin (Rudnick et al., in press). As for the northern Everglades, TP
concentrations generally peaked during the drought years of the mid 1980s and have declined during the
1990s (Walker, in press).
The network of marsh sampling stations in the Park is less extensive than in northern areas of the
Everglades, and consequently patterns of enrichment are more difficult to define. Data collected
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downstream of the S12 structures during 1996 and 1997 show no discernible gradient in water-column TP
(Figure 3-12c). However, elevated soil TP concentrations downstream of these inflows indicate that P
enrichment has occurred in this area over the past several years (Raschke, 1993). Temporal and spatial
changes in water-column P concentrations in different parts of the Park are discussed in greater detail by
Walker (1997) and Rudnick et al. (in press).

Marsh Soil and Porewater P Concentrations
Since the early 1990s, an extensive soil coring effort has produced soil nutrient maps for various
regions in the Everglades. These maps show that TP concentrations in soils near canals or other
management structures are more than two-fold higher than concentrations in interior areas (Figure 3-13)
Koch & Reddy, 1992; DeBusk et al., 1994; Reddy et al., 1994a; Reddy et al., 1994b; Newman et al., 1997).
In the Refuge and WCA-2A, elevated TP concentrations are associated primarily with increased P loading
from canal waters and have been linked directly to the use of fertilizer (Zielinski et al., 1997). By contrast,
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Figure 3-11.

a. Permanent marsh stations currently being sampled to document water chemistry
changes in the marsh interior in WCA-3A. Major structures (closed squares) are italicized.
b. Average water-column TP concentrations and ranges for sampling stations in the marsh
interior sampled since 1994 (see Figure 3-2 for interpretation of box plots). c. Mean (+ 1SE)
water-column TP concentrations at stations in proximity to the S9 and S339 structures
(circled areas in Figure 3-11a) on two sampling events during the fall of 1997.
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Figure 3-12. a. Permanent marsh stations currently being sampled to document water chemistry
changes in the marsh interior of freshwater areas of the Park. Major inflow structures
(closed squares) are italicized. b. Average water-column TP concentrations and ranges for
sampling stations in the marsh interior (see Figure 3-2 for interpretation of box plots). c.
Mean (+ 1SE) water-column TP concentrations at stations downstream of the S12
structures during 1997.

increased soil TP in Holey Land, Rotenberger and northern WCA-3A largely appear to be a function of
overdrainage of these soils, with resultant soil compaction and nutrient concentration as illustrated by
increased soil bulk densities and elevated nutrients (Newman et al., 1998).
Analysis of spatial soils data from the Refuge, WCAs, and Holey Land suggests that the influence
of P loading on Everglades soils generally is restricted to a distance of approximately (~) 5 km from inflow
structures or canals (Reddy et al., 1998). In most cases, these spatial soils data represent a single point in
time. However, an intensive study of WCA-2A has resulted in the establishment of temporal as well as
spatial responses to external P loads. Total P concentrations in surficial soils in WCA-2A have increased
over three-fold since the 1970s. Soil cores encompassing the surface 0 to 10 cm soil depths were collected
at sites 1.6, 3.2, and 6.4 km south of the Hillsboro Canal in 1975 and 1976 (Davis, 1989). Total P
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Figure 3-13. Distribution of TP content in the surface soils throughout the WCAs and Holey Land.
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concentrations in soils within 1.6 km ranged 420 to 440 mg/kg, while cores at distances 3.2 and 6.4 km
from inflow ranged between 310 and 340 mg/kg (Davis, 1989). Soils collected at the same depth from
similar locations in 1990 showed that TP concentrations were > 1,500 mg/kg at a distance of 1.4, 1,100
mg/kg at 3.5 km, and only decreased to values consistently < 400 mg/kg at sites more than 9 km from the
canal (Reddy et al., 1991; Koch & Reddy, 1992). These soils samples were not collected in identical
locations nor analyzed using identical methods; therefore, differences in accuracy or precision certainly
may exist. However, based on the magnitude of the change, it is still apparent that both soil TP
concentrations in WCA-2A and the area influenced by external P loads has increased in recent decades.
Recent soil coring indicates continuing enrichment between 1990 and 1996 in soils 2 to 7 km from the
canal, compared with no increase in soils > 7 km from these inflow (Figure 3-) (Reddy et al., in press).
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120
et al., 1997; Tetra Tech, 1998).
1996-97
The conclusions drawn by
80
Tetra Tech (1998) are based on
0-10 cm soil depth
the collection of soil cores in
1997 within the same spatial
40
grid of 74 sites originally
sampled by Reddy et al. (1991)
in 1990. Average soil TP
0
concentrations downstream of
0
5
10
15
20
the S10 inflow structures did
not change significantly over
the 7-year period. However,
Figure 3-14. Total phosphorus content of soils (0-10 cm depth) significant increases in soil P at
furthest downstream
downstream of the S10s in WCA-2A.
Samples
were sites
collected July 1990; February and August, 1996; and where TP concentrations were
March, 1997. Dashed lines show the distance range where < 500 mg/kg suggested that P
significant (0.050 < p < 0.001) increases in soil TP were enrichment had spread further
detected. From Reddy et al., 1998.
into the marsh. Differences
between specific conclusions
drawn by Reddy et al. (1998)
and those of Richardson et al. (1997) and Tetra Tech (1998) may be attributed to different sampling
techniques and the number of replicate samples collected. The coefficient of variation in soil TP
concentrations (0-10 cm depth) measured on triplicate samples from sites in WCA-2A ranged from 6 to 48
(Reddy et al., 1991; Tetra Tech, 1998). Thus, the absence of replication will weaken the ability to detect
statistically significant differences. Reddy et al. (1998) collected replicate cores during each sampling
event and composited the 0-10 cm soil depth increment. In contrast, there was no apparent replication of
cores by Richardson et al. (1997), and cores were sectioned into 2-cm intervals. Thus, the 0-10 cm soil TP
concentration was a calculated average. In addition, the TP average should be weighted to account for bulk
density of the different soil increments, and it is not clear if this was considered in the calculations of
Richardson et al. (1997).

Distance from inflow (km)
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In general, the effect of P loading is restricted to the surface 30 cm of soil depth (Reddy et al.,
1998). Vertical gradients of TP within the soils revealed that TP was highest in the surface soils and
decreased with soil depth, with the steepest vertical gradient at sites closest to canal inflows (Koch &
Reddy, 1992; Reddy et al., 1998). Concomitant with increased soil TP concentrations throughout the
vertical profile, external P loading resulted in increased soil accumulation in areas of P enrichment. The
vertical accretion of peat has been estimated by measuring the location of the 137Cs peak within a soil
depth profile. The 137Cs peak corresponds to the soil surface in 1964; the average post-1964 accumulation
is then calculated as the depth of soils to the peak divided by the difference between the soil collection date
and 1964. Peat accretion rates in WCA-2A reached a maximum of 1.1 cm/yr at a distance of 0.3 km from
inflow, and decreased logarithmically with distance to less than 0.25 cm/yr in interior areas of the marsh
(Craft & Richardson, 1993a; Craft & Richardson, 1993b; Reddy et al., 1993). These peat accretion rates
produced corresponding P accumulation rates of 0.46 to 1.1 g/m2/yr in cattail dominated, i.e., enriched
soils, and 0.06 to 0.25 g/m2/yr in unenriched soils. In the Refuge, soil accumulation rates range from 0.07
to 0.42 cm/yr in unenriched and enriched soils, while much lower accumulation rates were observed in the
northern end of WCA-3A (0.04 to 0.28 cm/yr) (Craft & Richardson, 1993a; Robbins et al., 1996).
The influence of external P loads on Everglades soil chemistry is a slow process. The component
that is first and most impacted by elevated P loads is the flocculent layer of material resting on the soil
surface, which is comprised of unconsolidated plant detritus and/or benthic periphyton. A field P loading
experiment conducted in WCA-2A showed elevated P concentrations in the benthic periphyton within one
month of the start of P addition (Newman et al., in preparation). In contrast, increased P concentrations in
the surficial (0 to 3 cm) soil layer were observed after one year, and only at the highest loading rate of 12.8
g P/m2/yr. Similar results were obtained by Richardson & Vaithiyanathan (1995) who found that TP
concentrations in the surficial sediment-periphyton layer increased two-fold in P-enriched flume channels
compared with unenriched controls after two years of dosing, whereas no increase in soil TP was observed.
Following the disappearance of the benthic periphyton in response to P loading, it is anticipated that
external P loads will penetrate further into the soil profile.
The ability of Everglades soils to act as a sink or source for P is dependent on the forms of P that
accumulate. The Everglades are underlain by carbonate-rich sediments and are exposed to calcium (Ca)rich surface water. Therefore, soil P chemistry likely is influenced by interactions with Ca and magnesium
(Mg) carbonates, resulting in the production of both unstable and stable forms of Ca and Mg phosphates.
The most conventional approach to the identification of P in soils is through extraction with different
chemicals (Newman & Robinson, in press). Using fractionation procedures, it has been shown that P is
stored primarily as organic P, with approximately one-third of TP stored as inorganic P (primarily Ca- and
Mg-bound P) (Qualls & Richardson, 1995; Reddy et al., 1998). Phosphorus chemistry in wetlands also
may be controlled by other nutrients, such as iron (Fe). Unlike Ca phosphate, Fe phosphate chemistry is
influenced by the redox condition of the soil, i.e., whether the soils are aerobic or anaerobic. Under
anaerobic conditions, Fe phosphates are soluble and P is more readily available. It is unlikely that Fe
dominates P cycling in the Everglades because soil Fe concentrations are extremely low (<1%) and the
soils are high in organic matter and sulfur, both of which interact with Fe to influence its solubility and
bioavailability.
As discussed previously, peat accreted faster in P-enriched areas; therefore, different P forms also
accumulated faster in enriched areas. A comparison of the accumulation of different P forms along the
nutrient gradient in WCA-2A revealed that organic P compounds accumulated at rates seven to 8.2 times
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faster in enriched than unenriched areas, Ca- bound P accumulated 6.7 times faster, and microbial biomass
and Fe/Al bound inorganic P accumulated between two and three times faster (Qualls & Richardson,
1995).
Fractionation procedures also identify forms as labile, i.e., those that are easily transformed or
exchanged, or resistant. The labile forms will have a significant influence on the P concentration in
porewater that is in equilibrium with the soils. As a result, porewater P concentrations follow the same
trends as those observed in soils, showing an exponential decrease in concentrations with increasing
distance from canal discharges. Unlike soils, however, porewater P concentrations tend to have high
seasonal variability at enriched sites, but not unenriched sites (Koch-Rose et al., 1994). Enriched areas of
the Refuge and WCA-2A have SRP concentrations >1,000 µg/L in the surface 0 to 10 cm fraction (Koch &
Reddy, 1992; DeBusk et al., 1994; Koch-Rose et al., 1994; Newman et al., 1997).

Ecological Responses to P Enrichment
Soil Microbes and Biogeochemical Processes
Increased nutrient loading to the Everglades has resulted in a gradient in the quality and quantity of
organic matter, rates of nutrient accumulation, microbial biomass and community composition, and
biogeochemical cycling downstream of canal discharges. This gradient has been documented in WCA-2A,
the Refuge, Holey Land, and WCA-3A (Reddy et al., 1998). In oligotrophic interior areas of the
Everglades, P is the primary factor limiting the microbial processes that control decomposition and
nutrient cycling rates. Compared with the marsh interior, nutrient-enriched areas are characterized by the
rapid turnover of organic matter, and by open elemental cycling, where nutrient inputs often exceed
demand. These changes have important environmental and ecological consequences including: (1) a
conversion from a P-limited to an N-limited system because of high P availability and increased biological
demand for N; and (2) an accumulation of low N:P ratio detritus and accelerated rates of decomposition
and nutrient cycling. Many biogeochemical processes that affect plant productivity and water chemistry
are accelerated by P enrichment, resulting in the release of other plant nutrients such as N. The
accumulation of P and other nutrients in the soils and biota, coupled with accelerated cycling rates may
maintain eutrophic conditions in already enriched areas for some time following P load reductions.
All forms of P in the litter and surface (0-10 cm) soil layers increased with increasing P enrichment
in WCA-2A (Reddy et al., 1998). Both the C:P ratio and potentially mineralizable organic P (PMP) of litter
and soils at enriched sites were elevated compared with reference areas in the marsh. This increase in P
availability and detritus quality was associated with an increase in microbial biomass and total activity. For
example, in the litter layer of WCA-2A soils, microbial biomass C was approximately six-fold higher in
enriched areas compared with unenriched locations. Microbial biomass C was higher in recently accreted
detrital layers than the 0-10 cm soil layer (DeBusk & Reddy, 1998). Microbial respiration reflects the
activity of microorganisms in detrital and soil layers. Addition of P to unenriched Everglades soil (230 mg
P/kg) stimulated microbial respiration, measured as organic C mineralization, and resulted in a shift
towards anaerobic respiration (Bachoon & Jones, 1992; Amador & Jones, 1993). Correspondingly,
enriched soils contained between 103- and 104-fold higher numbers of anaerobes, including methanogens,
sulfate reducers, and acetate producers, than unenriched soils in the marsh interior (Drake et al., 1996).
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Addition of electron acceptors (such as O2, NO3-, and SO42-) accelerated microbial respiration in WCA2A soils, indicating that microbial activity is limited by the availability of suitable electron acceptors as
well as P (Wright & Reddy, in preparation). Consumption of these electron acceptors during microbial
respiration was higher in soils collected from P-enriched area of WCA-2A than in reference areas (Fisher
1997), providing further evidence of the stimulation of various microbial pathways by canal inflows.
Microbes produce a wide range of extracellular enzymes that catalyze the decomposition of
organic matter (Sinsabaugh, 1994). Among the enzymes measured in detrital and soil layers in WCA-2A,
alkaline phosphatase activity (APA), an indicator of P mineralization, decreased with P enrichment, while
B-D glucosidase, a measure of C mineralization, increased (Wright & Reddy, 1996). Arylsulfatase and
phenol oxidase activity was unrelated to P loading. Enzyme activity was highest in the detrital layer and
decreased with increasing soil depth. Phosphatase activity showed the strongest relationship with canal
inputs, indicating the controlling influence of P loading on microbial processes (Wright & Reddy, 1996).
The use of APA as an indicator of P enrichment is discussed further under periphyton responses (see
below).
Increased P loading to the northern Everglades is associated with dramatic changes in the cycling
of other biologically important elements such as N. Organic N mineralization occurs through: (1)
hydrolytic deamination of amino acids and peptides; (2) degradation of nucleotides; and (3) metabolism of
methylamines by methanogenic bacteria (King et al., 1983). Potentially mineralizable N (PMN) was
estimated to be 3.5-fold and 1.7-fold higher, respectively, for litter and 0-10 cm layers of P-enriched soils
in WCA-2A than in unenriched soils (White & Reddy, 1997). Higher rates of N mineralization were
suggested in enriched areas and were attributed to low detritus C:N ratios and P-non-limiting conditions
(Koch-Rose et al., 1994). Under P-enriched conditions, it is likely that the growth of cattail is enhanced by
this increased availability of N.
Nitrification, the biological conversion of reduced N forms (NH4-N) to more oxidized states
(NO3-N), is a key process in the N budget of wetland systems, since the NO3 formed is available for
macrophyte and periphyton growth. More importantly, nitrification provides the substrate (NO3) for
denitrification, a second biological process whereby NO3 (or NO2) is converted into gaseous endproducts
such as N2O and N2 that are lost to the atmosphere. Nitrification rates appear to be limited by P in
oligotrophic areas and are elevated both in detrital and surface soil layers in P-enriched locations (Reddy et
al., in press). Denitrification rates, as indicated by the activity of denitrifying enzymes, also are higher in
enriched areas near canal inflows (White & Reddy, 1997). However, this response more likely is related to
high NO3- loads at these inflow points than to P enrichment.
Phosphorus loading to wetlands increases the P concentration of periphyton mats and can result in
a shift towards N limitation (see periphyton responses below). Such conditions promote the growth of
nitrogen-fixing species that are capable of converting inert N2 gas into bioavailable N (NH3). Biological
fixation in periphyton mats obtained from enriched locations were higher than those from a reference area
of WCA-2A (P. Inglett, unpublished data).
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16

Weeks of dosing
a. Relationship (Pearson's product-moment correlation
coefficient) between water-column TP concentrations
and the P content of floating periphyton mats collected
downstream of the S10s in WCA-2A. b. Accumulation of
P in periphyton components and soils in response to
weekly P additions to experimental plots in an
oligotrophic slough in the interior of WCA-2A. From
McCormick & Scinto (in press).

Physiological changes in the periphyton mat occur rapidly as internal P concentrations increase.
Two physiological responses to P enrichment that have been well documented in the Everglades are a
decrease in phosphatase activity (PA) and an increase in cell metabolism (McCormick & Scinto, in press;
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Newman et al., in press). Phosphatases
are enzymes that allow microbes to
scavenge P from the surrounding
environment. Algal and bacterial
production of these enzymes decreases
as internal stores of P increase in
response to P enrichment. Such
decreases have been documented along
P gradients in the Everglades (USEPA,
1998) and in field P-dosing experiments
(Newman et al., in press), indicating that
the limiting influence of P on periphyton
metabolism and growth is reduced near
canal inflows.
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Figure 3-16. a. Changes in the productivity of floating
periphyton mats in experimental slough plots in
WCA-2A exposed to different loading rates of P
(McCormick & Scinto, in press). b. The
relationship between floating mat productivity
and water-column TP downstream of the S10s in
WCA-2A (McCormick, unpubl. data).
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Relaxation of P limitation stimulates
periphyton
photosynthesis
and
respiration, the processes that allow for
the fixation and utilization of energy for
growth. The primary productivity of
periphyton mats in the oligotrophic
interior of WCA-2A increased by as
much as three-fold within three weeks
in response to weekly P additions to
field
mesocosms
(Figure
3-16)
(McCormick & Scinto, in press). Similar
changes have been documented along P
gradients in this same marsh (Figure 316). Similarly, periphyton growth rates
on artificial substrata are correlated
strongly with increases in water-column
TP and can be more than 10-fold higher
in highly enriched areas of the marsh
compared with the oligotrophic interior
(Swift & Nicholas, 1987; McCormick et
al., 1996).
Elevated P loads and concentrations
result in the loss of species adapted to
survival under P- limited conditions and
their replacement by species capable of
higher growth rates under P-enriched
conditions. One of the most pronounced
changes involves the loss of the
calcareous assemblage of cyanobacteria
and diatoms, which is seasonally
abundant in oligotrophic, mineral-rich
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waters that cover large areas of the Everglades. This oligotrophic assemblage is replaced by a eutrophic
assemblage of filamentous cyanobacteria, filamentous green algae, and diatoms in enriched areas of the
marsh (Swift & Nicholas, 1987; McCormick & O'Dell, 1996). Some of these potential indicator taxa are
listed in Table 3-1. Surveys of periphyton and water quality throughout the Everglades (Swift & Nicholas,
1987; Raschke, 1993; McCormick et al., 1996, Pan et al., 1997) have found consistently strong correlations
between water-column P concentration and the abundance of several diatom species. Many of these
species are recognized as reliable indicators of eutrophication in other freshwater ecosystems (e.g., Palmer,
1969; Lowe, 1974; Lange-Bertalot, 1979) and can be used to identify areas of the marsh affected by Penrichment.
Controlled dosing studies have provided experimental evidence that species changes documented
downstream of canal inflows result primarily from P enrichment. In an early study in the Park, Flora et al.
(1988) found that the calcareous periphyton assemblage indicative of oligotrophic conditions was lost from
experimental dosing channels in response to P concentrations of < 20 µg/L SRP. McCormick & O'Dell
(1996) compared taxonomic changes downstream of canal inflows into WCA-2A to those produced by P

Table 3-1.

A list of some of the periphyton taxa that may indicate low P and high P availability in the
Everglades as synthesized by McCormick and Stevenson (1998).
Group

Cyanobacteria
(blue-green algae)

Bacillariophyta
(diatoms)

Low P availability

High P availability

Oscillatoria limnetica
Schizothrix calcicola
Scytonema hofmannii

Oscillatoria princeps

Amphora lineolata
Anomoeoneis serians
Anomoeoneis vitrea
Cymbella lunata
Cymbella turgida
Synedra synegrotesca

Amphora veneta
Epithemia adnata
Gomphonema parvulum
Navicula confervacea
Navicula minima
Nitzschia amphibia
Nitzschia fonticola
Nitzschia palea
Rhopalodia gibba

Chlorophyta
(green algae)

Spirogyra spp.

additions to experimental enclosures in the oligotrophic marsh interior. The calcareous assemblage that
existed at low water-column P concentrations (TP = 5 to 7 µg/L) was replaced by a filamentous green algal
assemblage at moderately elevated concentrations (TP = 10 to 28 µg/ L) and by eutrophic cyanobacteria
and diatoms species at even higher concentrations (TP = 42 to 134 µg/ L). Taxonomic changes in response
to experimental P enrichment were similar to those documented along the marsh gradient (Figure 3-17),
thereby providing causal evidence that periphyton changes in the marsh were largely a product of P
enrichment. Similar conclusions were reached independently by Pan et al. (1997), who also studied diatom
changes along marsh and experimental P gradients in WCA-2A.
Whereas increased P loading affects periphyton directly by increasing biomass-specific
productivity and favoring species with higher growth rates, other ecological changes caused by P
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Figure 3-17. Changes in the relative abundance (percent of total algal biovolume) of dominant algal taxa
in experimental mesocosm enclosures dosed weekly with different P loads (left panels) and
along an enrichment gradient (right panels) in the same marsh (WCA-2A). From McCormick
& O'Dell (1996).
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enrichment act to reduce periphyton abundance and its contribution to marsh primary productivity in
enriched areas. One of the most dramatic effects of P enrichment in the Everglades is to increase the
growth and coverage of emergent macrophytes, particularly cattail. Dense macrophyte stands dominate
enriched areas of the marsh and reduce light penetration to levels that inhibit periphyton photosynthesis
(Grimshaw et al., 1997). Consequently, areal periphyton productivity is considerably lower in enriched
areas of the marsh compared with oligotrophic areas (McCormick et al., 1998). These investigators found
that productivity in enriched open-water habitats in WCA-2A equaled or exceeded that in oligotrophic
open waters (sloughs and wet prairies). However, open water accounted for less than 4% of areal coverage
in the enriched marsh compared with 30% in oligotrophic areas of WCA-2A. Periphyton productivity was
negligible in the cattail stands that covered more than 90% of the enriched marsh. Consequently, habitatweighted periphyton productivity in enriched areas of the marsh averaged six-fold lower than in
oligotrophic areas during the wet and 30-fold lower during dry seasons (Figure 3-18). Independent
measurements of aquatic community metabolism also have found extremely low submerged (including
periphyton) productivity in enriched areas (Belanger et al., 1989; McCormick et al., 1997).

Areal Periphyton Productivity
2
(g C fixed/m /d)

Periphyton responses to
P enrichment appear to be
3.0
greatest at relatively low waterEutrophic
column P concentrations, and
Oligotrophic
available evidence suggests a
shift away from P limitation in
2.0
highly enriched areas of the
marsh. The relationship between
periphyton species composition
and P in WCA-2A was strongest
in areas of the marsh where
1.0
water-column TP was < 30 µg/L
and mass N:P ratios exceeded
50:1 (McCormick et al., 1996).
In this same study, enrichment
0.0
bioassays
indicated
that
Wet
Dry
limitation by nutrients other than
(Aug-Sep
1994)
(Mar-Apr
1995)
P, particularly N, occurred
periodically at sites with higher
TP concentrations. Similarly, Figure 3-18. Areal periphyton productivity in oligotrophic and
enriched areas of WCA-2A during the wet and dry
Vymazal
et
al.
(1994)
seasons of 1994-1995. Values are means (+ 1SE) of
documented higher periphyton
n=2 sampling locations in each area and are habitatbiomass in marsh plots fertilized
weighted to account for shifts in the areal coverage of
with both N and P than in those
different vegetative habitats caused by enrichment.
fertilized with P alone. This shift
See McCormick et al. (1998) for details.
from P to N limitation may
explain why experimental Penrichment
studies
have
reproduced periphyton species
changes observed in the marsh at low (e.g., <30 µg/L) water-column TP concentrations, but fail to
reproduce changes that occur at much higher concentrations (McCormick & O'Dell, 1996).
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Community Metabolism and Dissolved Oxygen Concentrations
Phosphorus enrichment causes a shift in the balance between autotrophy and heterotrophy as a
result of contrasting effects on periphyton productivity and microbial respiration. Rates of aquatic primary
productivity (P) and respiration (R) are approximately balanced (P:R ratio = 1) across the diel cycle in
oligotrophic sloughs throughout the Everglades (Belanger et al., 1989; McCormick et al., 1997). In
contrast, respiration rates exceed productivity by a considerable margin (P:R ratio << 1) at enriched
locations. This change is related primarily to a reduction in periphyton productivity coupled with increased
detrital inputs that stimulate microbial respiration (e.g., Belanger et al., 1989).
The shift from autotrophy to heterotrophy with P enrichment, in turn, affects dissolved oxygen
(DO) concentrations in enriched areas of the marsh. For example, DO concentrations at an enriched site in
WCA-2A rarely exceeded 2 mg/L compared with concentrations as high as 12 mg/L at reference locations
(Figure 3-19a) (McCormick et al., 1997). Depressed water-column DO concentrations have been
documented at several enriched marsh locations in WCA-2A and the Refuge and confirmed in
experimental P-enrichment studies (McCormick & Laing, in review). Declines in DO along marsh P
gradients were steepest within a range of water-column TP concentrations roughly between 10 and 30 µg/
L (Figure 3-19b). Lower DO in enriched areas of the marsh are associated with other changes including an
increase in anaerobic microbial processes and a shift in invertebrate species composition toward species
tolerant of low DO as described elsewhere in this chapter.

Marsh Vegetation
Available evidence indicates that vegetation patterns in the Everglades have been affected by P
enrichment. As for periphyton, enrichment initially stimulates the growth of existing oligotrophic
vegetation as evidenced by increased plant P content, photosynthesis and biomass production. Persistent
enrichment and/or enrichment above certain concentrations eventually produces a shift in vegetation
composition toward species better adapted to rapid growth and expansion under conditions of high P
availability. Current understanding of the progression of vegetation changes associated with P enrichment
is based on: (1) life-history strategies of dominant species; (2) patterns of physiological, population, and
community change along marsh P gradients; and (3) experimental studies that have documented
macrophyte responses to controlled-P enrichment. Unfortunately, experimental data are less conclusive
than for periphyton, because macrophyte responses take longer to occur and few experiments have been
conducted long enough to document noticeable shifts in macrophyte species composition. Current models
suggest that time lags between P enrichment and vegetation responses may be several years (e.g., Walker
& Kadlec, 1996). Thus, much of the evidence for P-related changes in Everglades vegetation is based on
correlative and observational evidence from field studies, have been corroborated by small-scale
greenhouse and field experiments that provide mechanistic explanations (e.g., differential changes in
germination and growth rates) for these changes.
P-limited nature of Everglades macrophytes
It is generally accepted that macrophyte communities in the Everglades are P-limited. However,
with the exception of sawgrass and cattail, macrophytes have received scant study, other than analyses of
their distribution and abundance. Studies indicate that sawgrass is adapted to the low-P conditions
indicative of the pristine Everglades (Steward & Ornes, 1975b; Steward & Ornes, 1983). During field and
greenhouse manipulations, sawgrass responded to P enrichment either by increasing the rate of growth or P
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Figure 3-19. a. Average water-column dissolved oxygen concentrations and ranges at three reference
marsh stations in the WCAs and an enriched marsh station in WCA-2A based on periodic
diel sampling between 1979 and 1985 (from McCormick et al., 1997). The top, mid-line, and
bottom of each box represents the 75th, 50th (median), and 25th percentiles of data,
respectively; the vertical lines represent the 10th and 90th percentiles, and the open circles
are the 5th and 90th percentiles; large closed circle is the arithmetic mean. b. Changes in
mean daily water-column DO at 13 sampling stations along a canal P gradient in WCA-2A
during 5 sampling periods between 1995 and 1998. Each point is the mean value for a
single station during a single period. Each period encompassed 3 to 4 successive diel
cycles with measurements taken at 15-30 minute intervals using Hydrolab Datasondes®
suspended at mid-depth in the water-column. See McCormick and Laing (in review) for
further details.
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uptake (Steward & Ornes, 1975a; Steward & Ornes, 1983; Craft et al., 1995; Miao et al., 1997; Daoust &
Childers, in review). Furthermore, additions of N alone had no effect on sawgrass or cattail growth under
low- P conditions (Steward & Ornes, 1983; Craft et al., 1995). Recent experimental evidence in the Park
(Daoust & Childers 1998) has shown that other native vegetation associations such as wet prairie
communities are limited by P as well.
Changes in sawgrass habitats

Leaf tissue TP (mg/kg)

In the Everglades, sawgrass displays
life-history characteristics indicative of plants
1400
adapted to low-nutrient environments (Davis,
Sawgrass
1989; Davis, 1994; Miao & Sklar, 1998).
1200
Cattail
Compared with cattail, sawgrass plants display
1000
slow growth, extended life cycles, low
reproductive yield, and an inability to alter
800
biomass allocation (e.g., storage vs.
600
photosynthetic tissues) in response to changes
in the resource environment (Table 3-2) As
400
expected in a P-limited ecosystem, the P
200
concentration of sawgrass tissue increases with
increases in soil and water-column P
0
concentrations (Figure 3-20) (Koch & Reddy,
400
600
800
1000
1200
1400
1992; Craft & Richardson, 1997; Miao & Sklar,
Soil TP (mg/kg)
1998; Richardson et al., 1997). This P
accumulation is associated with increases in Figure 3-20. Changes in sawgrass and cattail P
plant biomass, P storage, and annual leaf
concentration (leaf tissue TP) along a soil
production and turnover rates along a P
P gradient downstream of the S10s in
WCA-2A. Adapted from Miao & Debusk (in
gradient in WCA-2A (Davis, 1989; Craft &
press).
Richardson, 1997; Miao & Sklar, 1998).
Population dynamics also are affected by P
accumulation as indicated by changes in plant
density and size, with a higher density of
smaller plants in reference areas and lower densities of larger plants in enriched locations (Miao & Sklar,
1998). In addition, P enrichment enhances sawgrass seed production by increasing both the yield and the
number of seeds produced (Goslee & Richardson, 1997; Miao & Sklar, 1998).
Changes in slough/wet prairie vegetation
Sloughs and wet prairies harbor much of the biodiversity and secondary production of the
Everglades and provide critical foraging habitats for top predators, such as wading birds (Belanger et al.,
1989; Hoffman et al., 1994). Available evidence indicates that these habitats are particularly sensitive to P
enrichment and are replaced by cattail stands in enriched areas of the marsh. This transition represents a
fundamental shift in both community structure and function. Changes occur in two stages: (1) alteration of
existing vegetation; and (2) invasion by cattails.
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Summary of differences in life history characteristics between sawgrass and
cattail based on various sources (Davis 1989, 1991, 1994; Chanton et al. 1993;
Miao and Sklar, 1998; Miao and DeBusk, in press; Stewart et al., 1997; Goslee
and Richardson, 1997).

Sawgrass

Cattail

Leaf turnover rate (g/g/yr)

low (1.99 - 2.57)

high (3.64 - 5.17)

Leaf production (g/m2/yr)

low (802 - 2028)

high (1077 - 3035)

Annual leaf biomass (g)

slow (403 - 803)

fast (296 - 587)

Photosynthetic rate (µmol/m2/s)

low (10 - 17)

high (18 - 27)

Stomatal conductance (µmol/m2/s)

low (170 - 300)

high (220 - 500)

Leaf vs. root biomass allocation

inflexible

flexible

1. Growth

2. Physiology

3. Reproduction
Seed yield (g)

low (4 - 7)

high (8 - 15)
2

Seed number (mg)

low (8 - 35 x 10 )

high (1.8 - 3.5 x 105)

Seed size

large (2.3 - 3.9)

small (0.04 - 0.06)

Flowering

March-May

January-February

Fruiting

June-August

April-June

Timing of dispersal

July-August

May-July

Min. days required for germination

14-22 days

2-7 days

Germination (%)

low (1 - 40)

high (15 - 100)

Germination duration

>6 months

2-3 weeks

narrow & tough

wide & spongy

4. Germination

5. Morphology & anatomy
Leaf
Leaf cuticle

well-developed

poor

Air space in leaves

small

large

Gas transport

diffusion

bulk flow ventilation
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Frequency of occurrence (% of plots containing species)

Slough habitats in the northern
100
Everglades are characterized by Nymphaea
Eleocharis
odorata and Utricularia purpurea. These
80
spp.
habitats intermix with wet prairies, which
are typically dominated by Eleocharis spp.
60
Changes in species composition and biomass
and the gradual disappearance of these
40
communities have been documented along
an enrichment gradient downstream of the
20
S10 structures in WCA-2A. Satellite
imagery and aerial photography indicated a
0
decline in open-water habitats and a
corresponding increase in cattail coverage in
enriched areas of the marsh (Rutchey &
100
Vilchek, 1994; Rutchey & Vilchek, in press).
Nymphaea
A recent study (Tetra Tech, 1998) using
odorata
80
computer-processed,
scanned
aerial
photography reported an increase in open
60
water areas between 1991 and 1995 in
WCA-2A. However, the research was
40
narrowly focused and limited to areas that
exhibited spectral returns similar to the
20
deepwater rim canals and much of the
increase involved new and expanded airboat
0
trails. Thus, the study did not address
changes in coverage of sloughs and wet
prairie habitats. The process of slough
100
enrichment and replacement by cattail
indicated by remote sensing is supported by
Typha
80
domingensis
ground-based
sampling
methods
(McCormick et al., in preparation). The
60
abundance of macrophyte species was
estimated in 27 sloughs downstream of the
40
S10 structures by measuring presenceabsence of each species in 25 equally spaced
20
1-m2 plots along a 50-m fixed transect at
each site. This study documented changes in
0
dominant
slough
vegetation
and
0
300
600
900
1200
1500
encroachment of these habitats by cattail as
Soil TP (mg/kg)
far as 7 km downstream of the structures
where soil TP concentrations averaged
Figure 3-21. Changes in dominance (frequency of
between 400 and 600 mg/kg (Figure 3-21).
occurrence in 25 1-m2 plots at each site) of
Whereas Eleocharis declined in response to
common macrophyte species in sloughs as
increased soil P, Nymphaea was stimulated
a function of soil TP downstream of the S10s
by enrichment and was dominant in slightly
in WCA-2A in 1997. Lines drawn to show
enriched sloughs. Increased occurrence of
general trends with increasing enrichment.
cattail in sloughs was associated with a
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decline in Nymphaea, probably as a result of increased shading of the water surface. These findings are
consistent with those of Vaithiyanathan et al. (1995), who documented a decline in slough habitats along
this same enrichment gradient and the loss of sensitive taxa such as Eleocharis at locations where soil TP
exceeded 700 mg kg-1. Patterns of response to P enrichment in slough-wet prairie communities in the
southern Everglades are somewhat different from those in the northern Everglades. In a field dosing
experiment in Shark Slough, Scheidt et al. (1989) documented a shift from an Eleocharis-Utricularia
marsh to one dominated by Sagittaria sp. and Panicum sp. at a mean water-column SRP of 33 µg/L (5.5
times background concentrations of 6 µg/L).
Vegetation changes documented along marsh enrichment gradients are supported by experimental
P-enrichment studies. Phosphorus additions to slough plots at a loading rate of 4.8 g P/m 2/yr resulted in the
loss of the existing Utricularia-periphyton community (Craft et al., 1995). Similar results were obtained in
slough P enrichment studies in WCA-2A and WCA-3B (Steward and Ornes, 1975a; McCormick and
O'Dell, 1996; Newman, unpublished data). In the WCA-2A study, Nymphaea P accumulation and leaf
growth rates increased in response to loads of 6.4 to 12.8 g P/m2/yr within two years, and to loads of 3.2 g
P/m2/yr within three years (Miao et al., in preparation). Similarly, experimental P enrichment of an
Eleocharis wet prairie in the Park resulted in an increase in net aboveground primary productivity and an
accelerated rate of biomass turnover (Daoust, 1998).
Cattail invasion rarely has been documented in slough enrichment experiments. As discussed
below, this lack of experimental confirmation of gradient trends may relate to the relatively short duration
of these enrichment studies. For example, cattail became established in P-enriched dosing channels in the
Park only after several years following the cessation of dosing (R. Jones, Florida International University,
personal communication). Enrichment of slough plots in WCA-2B with P also resulted in cattail invasion
after existing vegetation had been cleared (Richardson et al., 1995). The preferential pattern of cattail
encroachment into open-water habitats is consistent with the life history characteristics of this species and
its response to P enrichment, as determined by experimentation discussed below.
Changes in cattail distribution and its relationship to P enrichment
The southern cattail, Typha domingensis, is found in wetlands in warmer climates and is
considered to be a natural component of the Everglades ecosystem. In oligotrophic areas of the marsh, this
species occurs largely as scattered diffuse stands (Davis, 1994). However, a rapid increase in the spatial
distribution of cattail has been documented across the Everglades in recent decades (Rutchey & Vilchek,
1994; Jensen et al. 1995; Newman et al., 1998; Rutchey & Vilchek, in press). The most dramatic expansion
has occurred in WCA-2A, where the total area of the landscape containing > 90% cattail coverage
increased from 422 ha in 1991 to 1,646 ha in 1995 (Figure 3-22) (Rutchey & Vilchek, in press), and the
yearly invasion rate of cattail increased from 1% in 1973 to 4% by 1987 (Wu et al., 1997).
Several studies have shown that cattail expansion in the Everglades is associated with both fertile
and disturbed environments (Davis, 1991; Urban et al., 1993; Craft & Richardson, 1997; Richardson et al.
1997; Miao & Sklar, 1998; Miao & DeBusk, in press), and that a combination of elevated nutrients and
increased flooding will allow cattail to outcompete sawgrass and slough vegetation (Newman et al., 1996).
Vegetation and soils analyses along nutrient gradients show that cattail populations are extensive in areas
with elevated soil P concentrations (DeBusk et al., 1994; Craft & Richardson, 1997; Doren et al., 1997;
Newman et al., 1997; Miao & DeBusk, in press; McCormick et al., in preparation). Using a Markov
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Figure 3-22. Changes in the coverage of cattail within WCA-2A between 1991 and 1995.
Coverage estimates are based on ground-truthed aerial photography as described by
Rutchey and Vilchek (in press).

transition probability model to quantify the dynamics of the rapid cattail expansion in WCA-2A, Wu et al.
(1997) suggested that cattail expansion is accelerated at soil TP concentrations >650 mg/kg. Furthermore,
due to high P concentrations already present in soils downstream of the S10 and S7 structures, a more
recent District model, the Everglades Landscape Vegetation Model, predicts that cattail will continue to
expand and occupy approximately 30% of WCA-2A in the next 20 years even in the absence of continued
P inputs. These predictions are consistent with modeling efforts by Walker & Kadlec (1996) that indicate a
lag between P enrichment and cattail invasion.
Field experiments support a close relationship between cattail growth and expansion and P
enrichment. Cattail plants transplanted to enriched and unenriched sites and allowed to grow for seven
months exhibited significantly different growth responses. Plants grown at the enriched site had
approximately 170% greater relative growth rate and produced over 10-fold more biomass than those
grown at the unenriched site (Miao & DeBusk, in press) (Figure 3-23). After two years, the transplanted
cattail plants expanded and filled in all open areas (approximately 560 m2) at the enriched site, while no
expansion occurred at the unenriched site.
Factors other than P may influence cattail expansion in some areas. For example, cattail expansion
is correlated with hydrologic changes in Holey Land and with severe muck fires in Rotenberger (Newman
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Figure 3-23. Relative regrowth rate (RGR), biomass production, and the number of new shoots produced
by cattail plants transplanted to enriched and unenriched sites in WCA-2A. Bars are means
(+ 1SE) of measurements taken from 12 plants at each site. Adapted from Miao & Debusk
(in press).

et al., 1998). However, soils in these areas also were high in P, on a volumetric basis, prior to cattail
expansion. When soil TP is corrected for bulk density and soil depth, both Holey Land and Rotenberger
have elevated soil TP compared to other areas of the Everglades. This suggests that both areas have
sufficient P to support rapid cattail expansion, which may have contributed to a greater initial growth rate
for cattail in Holey Land relative to other regions of the northern Everglades. The total extent of cattail
coverage in Holey Land increased 12-fold from 1991 to 1995 (a consevative estimate) compared with a
1.7-fold increase in WCA-2A during this same period (Figure 3-24). Thus, rapid cattail expansion appears
contingent upon high P availability. However, while developing this hypothesis, it is recognized that the
form of P in the soils will influence its bioavailability. Holey Land soils have inorganic P values two-fold
higher than any other northern Everglades soils. Also, inorganic P is correlated positively with cattail
cover. Inorganic P is taken up directly by higher plants and is readily available to support growth
(Marschner, 1986). Organic P, the primary form of P stored in Everglades soils, must be mineralized to
inorganic P before it can be utilized for growth. Elevated levels of inorganic P also are associated with
enriched, cattail-dominated areas of WCA-2A (DeBusk et al., 1994).
Cattail is characterized by high growth rates, a short life cycle, high reproductive output, and other
traits that confer a competitive advantage under enriched conditions (Table 3-2). For example, higher
photosynthetic rates, an indicator of potential growth rate, may allow cattail to outcompete sawgrass under
enriched conditions. Although the two species exhibited similar photosynthesis rates in unenriched areas,
where soil TP averaged near 450 mg/kg, rates for cattail were approximately 47% greater than for
sawgrass in areas where soil TP concentrations exceeded 500 mg/kg (Miao & DeBusk, in press). Higher
photosynthetic rates were associated with greater leaf production by cattail plants compared with sawgrass
in enriched areas (Davis, 1989).
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Figure 3-25. Leaf regrowth rate (biomass produced) following leaf
removal for cattail and sawgrass plants grown in
enriched and unenriched soil. Bars are means (+
1SE) of measurements taken from 25 plants from
each site. Adapted from Miao & Debusk (in press).
Asterisk above bars shows significant difference
between species (P < 0.05, ANOVA).
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Experimental studies also indicate
that cattail is a competitively
superior species under enriched
conditions. For example, the rate of
regrowth following leaf removal (as
might be caused by fire) was similar
for cattail and sawgrass grown under
unenriched conditions, but was
approximately 75% faster for cattail
when the two species were grown in
P-enriched soils (Figure 3-25)
(Miao & DeBusk, in press).
Findings such as these indicate the
ability of cattail to recover and
expand more quickly than sawgrass
following
certain
types
of
disturbance (e.g., surface fires) in Penriched areas. The relationship
between P enrichment and cattail
expansion has been clouded by the
results of field enrichment studies
conducted by the Duke Wetlands
Center and the District, which have
not found P enrichment to lead to
cattail establishment in sloughs.
These studies are relatively shortterm (< five years) compared to the
history of enrichment in the
Everglades (>30 years) and may not
span a sufficient timeframe. This
raises the question of whether there
is a lag time between enrichment
and establishment and the factors
(e.g., seed dispersal, marsh drying)
that might contribute to this lag.
Like most clonal plants, cattail can
spread by two methods: (1) seed
dispersal and germination; and (2)
vegetative growth via rhizomes.
Whereas expansion via vegetative
growth is slow and requires an
existing vegetation stand, seed
dispersal and germination allow for
new stands to become established at
distant locations. High seed
production and wind dispersal are
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characteristics of cattail that should enhance this species' ability to invade new locations (McNaughton,
1966; Grace & Wetzel, 1981; Wilcox et al., 1985; Grace, 1987; Stewart et al., 1997). Initial invasion of a
new location is dependent upon seed availability followed by successful germination and seedling
survival. Densities of viable cattail seeds in the surface soils of the northern and central Everglades
generally are quite low (Van der Valk & Rosburg, 1997; Miao et al., in review), and cattail seed banks are
restricted largely to areas where cattail stands are the dominant vegetation (Van der Valk & Rosburg,
1997). Even in areas with viable seed banks, cattail establishment appears to be quite slow under low P
conditions due to reduced seed germination after dispersal and low seedling survival. Greenhouse studies
have shown that while cattail seeds germinate rather quickly (within two to five days) (Stewart et al., 1997;
Lorenzen et al., in press), initial seedling growth is slower than for sawgrass seedlings, particularly under
low-nutrient conditions (Miao unpublished data; Goslee & Richardson 1997). The survival and growth of
cattail seedlings was most successful when grown under high soil nutrient concentrations and saturated (as
opposed to flooded) soils (Miao et al., in review; Miao & Newman, unpublished data). Under low soil
nutrient concentrations and flooded soil conditions, cattail seedlings exhibit high mortality (Miao,
unpublished data). Thus, while established cattail stands are extremely tolerant of a wide range of
environmental conditions, the successful colonization of new locations via seed dispersal appears
dependent upon specific hydrologic and nutrient conditions.
Lower trophic levels
Invertebrate responses to P enrichment appear to be driven primarily by P-induced changes in: (1)
the quantity and quality of different food resources; (2) water-column DO; and (3) the availability of
suitable substrata as habitat. Much of the existing evidence for invertebrate changes in response to P
enrichment have come from transect studies along the water quality gradient in WCA-2A (Rader &
Richardson 1994). Ongoing dosing studies being conducted by the District, Duke Wetlands Center, and
Florida International University in WCA-2A, the Refuge, and the Park will provide additional
experimental evidence of P-related changes.
Rader & Richardson (1994) sampled invertebrate assemblages in open-water habitats along an
enrichment gradient in WCA-2A produced by canal inflows through the S10 structures. Sampling was
conducted on six dates between 1990 and 1991 using sweep nets (mesh size 2.0 to 2.5 mm) and sediment
cores. Invertebrate species richness was highest at the most enriched sites, while Shannon's diversity was
highest at sites exposed to intermediate levels of enrichment. Species shifts were observed along the
gradient, although most major taxonomic groups reached their highest densities at enriched sites. No shift
in the functional composition of the assemblage was noted along the gradient. Sampling was limited to a
single habitat (open-water), which is common in unenriched areas but extremely sparse in enriched areas
(see McCormick et al., 1998). Therefore, conclusions concerning areal changes in invertebrate densities
and production in response to enrichment are limited. Available evidence suggests that invertebrate
densities and species richness may be lower in macrophyte stands (Terczak, 1980; Davis, 1994), which
account for more than 90% of areal coverage in enriched areas of WCA-2A.
District investigators (unpublished data) collected invertebrates using sweep nets (0.35 mm mesh
size) on a quarterly basis during 1994 and 1995 along this same gradient. Rather than concentrating solely
on open-water habitats, these investigators sampled on a habitat-weighted basis to account for changes in
vegetation coverage along the gradient. No changes in macroinvertebrate density, species richness, or
diversity occurred along the gradient. However, significant changes in taxonomic and functional
composition were detected. A shift in species composition at enriched sites toward dominance by taxa
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tolerant of low DO was consistent with substantially lower DO concentrations at these sites compared with
oligotrophic areas. Shifts in functional composition toward increased proportional abundance of
detritivores and decreased grazers at enriched sites were consistent with a reduction in open-water habitats
and periphyton biomass in these areas. Differences in conclusions between this study and Rader and
Richardson (1994) may be related to the finer mesh size and habitat-weighted sampling employed in the
District study.
Few experiments have investigated the relationship between invertebrate abundance and
composition and P enrichment in the Everglades. The macroinvertebrate assemblage was sampled on
artificial substrata (Hester-Dendy samplers) in flume dosing channels that had been exposed to different P
loads for several years (Zahina & Richardson, 1997). Invertebrate colonization of these substrata was
extremely variable apparently due to pronounced differences in vegetation between replicate channels.
Consequently, few discernible trends in invertebrate density and taxonomic or functional composition
were detected. However, there was weak evidence that a few taxonomic groups (oligochaetes and
ostracods) responded positively to enrichment in a manner similar to that documented along P enrichment
gradients in the marsh (Rader & Richardson, 1994). Further gradient and experimental studies are required
to establish invertebrate changes induced by P enrichment and the mechanisms (e.g., oxygen depletion,
changes in food base) underlying such responses.
Potential impacts on higher trophic levels
There are few data on the effects of nutrient enrichment on fish communities in the Everglades. In
WCA-2A, Rader and Richardson (1994) found similar fish species composition between enriched and
unenriched sites, but fish densities were two- to three-fold higher in enriched areas. Likewise, Turner et al.
(in press) found that fish biomass at enriched sites in WCA-2A and the Park averaged over 1 g/m2 and
were consistently higher than at unenriched sites. These investigators concluded that P enrichment was an
important factor contributing to changes in animal biomass from the reference condition. Similar biomass
patterns were observed in the Okefenokee Swamp, where local nutrient enrichment from a wading bird
colony resulted in increased fish biomass (Oliver & Schoenberg, 1989).
Nutrient enrichment can affect bird communities indirectly through effects on their food and
through effects on vegetation structure, which provides foraging and nesting substrate. A generalization
that emerges from numerous studies on bird-habitat relationships is that bird density or species richness is
related positively to vegetation density, volume, or biomass (Gough et al., 1994). In freshwater marshes,
maximum species richness was attained when the ratio of open water to vegetated wetlands reached 50:50
(Weller & Spatcher, 1965). A statistical analysis of wading bird abundance in relation to vegetation in the
northern Everglades indicated that the relationship between bird abundance and cattail area was positive at
low to moderate cattail coverage and then decreased (Bancroft et al., in review). Likewise, Hoffman et al.
(1994) found that wading birds avoided areas with dense macrophyte cover when feeding.

Modeling to Understand and Predict the
Ecological Effects of P Enrichment
This chapter has summarized data and findings on a wide range of potential effects of P
enrichment on the Everglades ecosystem. These processes interact at a number of spatial and temporal
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scales and, therefore, become difficult to summarize at the ecosystem level. The Everglades encompasses a
mosaic of habitats spread across a large spatial extent. Changes in some ecosystem characteristics
encompass decadal time scales. Yet, the current quantitative understanding of the Everglades comes from
comparatively limited spatial and temporal studies. Dynamic spatial simulation models are potentially
useful tools for evaluating the landscape response to P enrichment over large temporal and spatial scales.
Several spatial simulation modeling tools have been developed to investigate various aspects of P
enrichment of the system. These models encompass a range of spatial and temporal scales, with varying
levels of ecological and computational complexity. While all of the models address the relationship
between nutrient loading and resulting water quality (Act 4(e)3) and biological responses, they incorporate
different assumptions. Thus, evaluation of their different outputs will enhance understanding of Everglades
P dynamics. These models are presented below and described in more detail in the following discussion.
•

The Everglades Water Quality Model (EWQM) was developed to evaluate the relationship
between P loads and concentrations in the Everglades Protection Area (EPA). It uses a 10.4
km2 grid cell size (642 cells plus 19 canal segments) and a monthly time step, aggregating the
P dynamics associated with plants, water, and soils into an empirically derived, net settling
(loss) rate of TP from the water-column.

•

The Everglades Phosphorus and Hydrology (EPH) model was developed to evaluate the
relationship between P loads and concentrations in the Everglades Protection Area (EPA). It is
similar in intent to the EWQM, but operates at a coarser spatial scale of resolution (20 cells).
The EPH aggregates the P dynamics associated with plants, water, and soils into an
empirically derived, net settling (loss) rate of TP from the water-column.

•

The Sawgrass Cattail (SAWCAT) model, at a 400 m2 grid cell resolution, uses empirical
correlations between soil TP and cattail distribution to calculate probabilities of cattail
expansion. It estimates increases in soil TP concentrations, and concomitant cattail expansion
from historical trends in WCA-2A.

•

The Everglades Phosphorus Gradient Model (EPGM),is a spatially aggregated mass
balance model that predicts the effects of STA P loads on water and soil P concentrations and
resulting growth of cattail communities. The model is similar in intent to SAWCAT and was
developed by Walker and Kadlec (1996).

•

The Everglades Landscape Vegetation Model (ELVM) predicts vegetation succession
within WCA-2A at a 0.01 km2 grid cell scale using daily time steps. It uses empirically based
soil TP algorithms similar to SAWCAT but incorporates the mechanisms of macrophyte
growth and succession in response to changes in available nutrients, hydrology, and
disturbances.

•

The Everglades Landscape Model (ELM) simulates interactions among hydrology (and
hydrologic management of the canal network), chemistry, and biology of the marsh systems
across the EPA and Big Cypress at a 1.0 km 2, or smaller, scale and a variable (0.01 to 0.5 day)
time step. The ELM incorporates the principal mechanisms associated with dynamic
hydrology, N and P cycling in the water-column and soil, and growth/succession of periphyton
and macrophytes. This provides a synthesis of changes in ecosystem processes in response to
changing environmental inputs. The ELVM and ELM are further described in Chapter 2,
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indicating the importance of considering the combined influence of all ecological processes on
landscape/ecosystem development.

Everglades Water Quality Model
The EWQM (Limno-Tech, 1995) simulates P transport in the EPA, which includes all WCAs and
part of the Park. Canals within the modeling area are also included in the simulation. Various factors
including P loading (structural input from EAA and non-point source atmospheric deposition), hydrologic
loading, and first-order P settling rate, are used in calculating the P concentrations with a mass balance
approach. Hydrologic information for the model, such as water flow and ponding depth, is obtained from
the South Florida Water Management Model (SFWMM). In determining P removal, a first-order settling
rate is used to describe the net effect of more complicated P removal and cycling processes, which include
sedimentation/resuspension, adsorption/desorption, plant uptake and release, as well as other P-related
physical and chemical processes. This simplifies the simulation of the net effect while the mechanisms of
the processes can be further investigated and incorporated into this and other models later. Model output
provides spatial and temporal predictions of water-column P concentrations in the EPA.
Section 4.(e).3 of the Act requests information that can help define “Other relationship between
waters discharged to, and the resulting water quality in, the Everglades Protection Area.” The EWQM was
designed specifically to predict these relationships at a regional scale. Model results so far indicate that P
loads from the EAA have a significant effect on water-column P concentration in the EPA, especially in
areas adjacent to inflow structures and canals (Figure 3-26). Phosphorus concentrations in areas remote
from inflow structures and canals are less affected by P loads from the EAA. The model also shows that
decreasing the P loads from the EAA can directly reduce the P input into the Park through S12 and S333
structures (Figure 3-27).
Although the model typically is used to determine P concentrations in the EPA for given P loads, it
also can be used to determine P loading limits when the maximum P concentrations in the EPA are
established. For example, if the maximum P concentration that does not result in ecological imbalance is
determined to be 10 µg/L, the model can be run in a trial-and-error method with different P loads for each
simulation to derive a loading rate to achieve this concentration limit.

Everglades Phosphorus and Hydrology model
This P fate and transport model for the Everglades Protection Area was developed by Tetra Tech,
Inc. (1998) for the Sugar Cane Growers Cooperative of Florida. The EPH model divides the modeled area
into twenty cells of differing size, half of which are larger than 10,000 hectares (ha.) with the largest close
to 47,000 ha. in size; in contrast, the size of the EWQM cells is 1040 ha. Within each cell, the hydrologic
processes simulated include precipitation, evapotranspiration, inflow, outflow, and storage. Chemical
processes simulated by the EPH model include net P removal to sediments. The EPH also has provisions
for calculation of soil-water phosphorus equilibrium partitioning and P remineralization upon drying of
wetland soils, but this part of the model code is currently not used. The fate and transport of P throughout
the modeled area, therefore, is governed by removal of P to sediments and the hydrologic processes
affecting the 20 cells. With regard to the latter, however, model documentation in Tetra Tech, Inc. (1998)
suggests that the EPH either ignores the canal system in the Everglades Protection Area, which is capable
of carrying water and P to downstream areas rapidly, or represents canals as cells that are larger than the
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Figure 3-26. Average annual water-column marsh TP concentrations predicted by the Everglades Water
Quality Model (EWQM) under: (a) recent (1979-1989) P loading rates from the EAA; and (b)
a 50% reduction in EAA loads.

actual canal. For example, the Hillsboro Canal (L-39) at the southern end of Refuge was not modeled as a
separate cell but was merged with the area north of the canal, represented by a cell of 11,734 ha (cell 3).
Canal L-67, which can move water-column P quickly (relative to sheet flow) to the S-333 and S-12
structures and has a significant impact on the phosphorus loads into the Park, is not modeled as a separate
cell. Instead, the canal is combined into EPH model cell numbers 18 and 20, which represent a substantial
portion of WCA-3A area. For canals that the EPH does simulate as separate cells, such as the Refuge
internal borrow canal and the Miami Canal (represented by cell 1 and 11 respectively), cell areas appear to
be larger than the actual area of the canal. For example, cell 11 is defined as a 400 ha cell in the EPH
model, whereas the actual area of the canal may be less than 150 ha. The effects of such canal treatment
and the use of large cell sizes would lead the EPH model to underestimate the impact of upstream P loads
(and reductions thereof) on downstream P concentrations. Specifically, as cell size increases, the ability to
predict localized and rapid changes in phosphorus concentration decreases. Furthermore, if simulated canal
water flows and sheet water flow are merged into large cells, the rate and amount of P delivered to
downstream areas will be decreased. Finally, as cell size increases and canals are included in cells, model
calibration and verification exercises become more challenging because point measurements may not be
representative of the large, simulated area.
The EPH was used to evaluate three scenarios: (1) the base case (no P reductions); (2) the Act case
(includes operation of six STAs and P reductions of 25% by on-farm BMPs); and (3) a modified Act case
where one of the STAs (number 3/4) is removed, and BMPs are assumed to reduce P loads by 50%. Under
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Figure 3-27. Sensitivity of TP concentrations at the S12 structures to P loading rates at EAA structures
(S5, S6, S7, S8, and S150) as predicted by the Everglades Water Quality Model (EWQM).

the Act and modified Act case, the EPH predicts decreased P concentrations in areas near EAA discharges,
but little impact on P concentrations entering the Park. The EWQM also found that P loads from the EAA
have a significant effect on water-column P concentration in the EPA, especially in areas adjacent to inflow
structures and canals. However, unlike the results stated for the EPH model, the EWQM shows that
decreasing EAA basin discharge P concentrations from 50 µg/L to 10 µg/L can significantly reduce P
concentrations entering the Park through the S12 structures (Figure 3-27). Differences in the EPH and the
EWQM are most likely due to differences in the way cells are sized and canals are simulated, but it is also
not clear what STA input datasets were used by the EPH model (only one was shown for STA-3/4) and
how long model scenarios were simulated into the future. Because output from the two models are not
directly comparable at this time, a comprehensive comparison of EPH model and EWQM results, using
identical input datasets and simulation run times is recommended.

Sawgrass-Cattail Model
The SAWCAT model (Wu et al., 1997), a probability model developed to understand the impact of
soil P on cattail invasion in WCA-2A, found that the probabilities of sawgrass changing to cattail between
1973 and 1991 were most dependent upon the proximity of existing cattail stands and the spatial pattern of
soil TP. A logistic function, built from spatial correlations of soil TP (DeBusk et al., 1994) and cattail
distributions in WCA-2A (Jensen et al., 1995), estimated that the threshold for accelerated cattail invasion
was ~650 mg/kg soil TP. The distribution of cattail stands was determined from spatial analysis of the
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WCA-2A remote sensing data (Jensen et al., 1995). Although these data overestimate cattail invasion rates,
general trends and dependencies of cattail on soil TP and the characteristics of neighboring vegetation
stands did not change significantly when more accurate estimates of cattail cover based on aerial
photography (Rutchey and Vilchek, in press) were used in later models (i.e., the ELVM described below).

Everglades Phosphorus Gradient Model
The EPGM was developed by private consultants for the Federal Government and was used by the
District to determine if implementing the hydropattern restoration features of STAs would change the
extent of cattail communities in receiving waters. The EPGM uses a first order settling mechanism for the
transfer of phosphorus from the water-column to the sediments. Cattail densities are then predicted as a
function of soil P concentrations. Because the EPGM assumes idealized flow patterns (uniform sheet
flow), and because simulations are performed for average hydrologic conditions, the model only provides
general indications of temporal and spatial scales of impact, and is not intended to predict water quality,
quantity, and ecological conditions at any particular place or time. The EPGM has been calibrated for
water quality and cattail growth in WCA-2A. Modeling assumptions and details of EPGM structure and
performance are documented in Walker and Kadlec (1996).

Everglades Landscape Vegetation Model
The ELVM is being developed to study the mechanisms associated with macrophyte succession in
order: (1) to understand and simulate vegetation dynamics in response to hydrology (from the SFWMM),
available soil nutrients, and disturbances such as fire, hurricanes, and freezes; and (2) to provide a tool for
evaluating various scenarios of hydrological and phosphorus reduction toward restoration of the
Everglades. The ELVM simulates life cycles of each major plant community in a cell. There are several
communities in a cell, which means that a cell is not treated as homogenous. Disturbances such as fire,
hurricanes, and freeze are simulated based on historical frequencies. As a fire, hurricane, or freeze occurs,
the model simulates its spreading rate, direction, and damage to each vegetation type in the landscape.
The ELVM can simulate the vegetation succession in WCA-2A for 62 years from 1995 to 2057
under different management scenarios. Theoretically, if agricultural runoff P was set to zero, preliminary
ELVM results suggest that cattails will continue to increase for the next 20 years. The peak abundance
reached depends on the depletion rate of soil P. This empirical depletion rate is an estimate of the removal
of bioavailable P from the system through burial, incorporation into plant biomass, or export. With a high
depletion rate, the potential cattail distribution in the WCA-2A landscape (43,300 total ha) could be 11,000
ha in 20 years. If the depletion rate is low, cattails could occupy as much as 17,000 ha in WCA-2A. The
model also suggests that without taking any measures to reduce soil TP in WCA-2A, cattails will continue
to occupy a substantial area of the landscape for several decades.

Everglades Landscape Model
The ELM, in the version that was applied to WCA-2A at a 0.25 km2 grid cell scale, showed that it
is likely that the ecosystem will maintain a eutrophic status for approximately a decade, even after external
P loads have returned to normal levels (Fitz & Sklar, in press). This model currently is being used to
indicate the extent to which periphyton communities may recover under low P-loading conditions. This
recovery was found to be hindered in areas that were eutrophic and supported high macrophyte biomass.
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Largely due to existing high soil nutrient concentrations and internal nutrient cycling, the eutrophic
macrophyte habitats are likely to be maintained, and/or expand to some extent, even in the absence of high
external P loads. There are uncertainties noted in this chapter concerning the understanding of all the
ecological processes driving the Everglades, and these sources of error are important to consider in
interpreting model results. However, model calibration and sensitivity analyses indicated that the ELM
effectively depicted the ecosystem dynamics within the Everglades landscape (Fitz & Sklar, in press). As a
tool for ecosystem analysis, the ELM is now being applied to the entire natural system of the Everglades,
including the Conservation Areas, Big Cypress, and the Park.

Current Understanding, Critical Knowledge
Gaps and Future Research Needs
The Everglades ecosystem developed under conditions of extreme P limitation, and it is clear that
anthropogenic P loads have altered this unique resource. As described here, the results of experimental
studies and measurements conducted along P gradients have increased our understanding of the
progression of ecological responses to P enrichment in the Everglades. This information will serve as the
basis for determining the concentrations and loads that cause these various responses. Available evidence
indicates the following:
•

The Everglades marsh is extremely sensitive to P enrichment, although the ecological changes
caused by enrichment manifest themselves over different time scales ranging from days and
weeks (e.g., microbial and periphyton changes) to several years or decades (e.g., vegetation
changes such as cattail expansion).

•

Changes in natural populations of Everglades flora and fauna (i.e., microbes, periphyton,
vegetation, and invertebrates) have been documented in areas of the marsh where watercolumn TP concentrations exceed background levels of approximately 10 µg/L.

•

Although natural populations of flora and fauna respond to P enrichment at different rates,
most of these changes ultimately occur within a relatively narrow range of water-column TP
concentrations between approximately 10 µg/L and 30 µg/L.

•

These responses to P enrichment are consistent with eutrophication patterns that are well
established for other freshwater ecosystems (e.g., Sawyer, 1947; Likens, 1972; Vollenweider,
1976; Harper, 1992).

Uncertainty remains over the extent of spatial and temporal variation in ecosystem responses to P
enrichment and the rate of recovery following reductions in P inputs. Ongoing work by several research
groups should help to address the issues described below.

Spatial Coverage of Sampling and Experimentation
The Everglades is a heterogeneous ecosystem at several spatial scales and previous research has
not been distributed evenly among geographic regions or habitat types. Most studies have been conducted
in WCA-2A due to accessibility and the presence of a pronounced enrichment gradient. Considerably less
research has been conducted in the Refuge and the Park and no major field studies have been conducted in
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WCA-3A. Field dosing studies have focused largely on slough and wet prairie habitats (Scheidt et al.,
1989; Richardson et al., 1995; McCormick & O'Dell, 1996; Richardson et al., 1997; McCormick & Scinto,
in press). Information on the response of sawgrass stands to P enrichment has come largely from
observational studies (but see experimental findings from Craft et al., 1995; Miao & DeBusk, in press), and
little is known concerning the response of marl prairies, which cover large areas of the southern Everglades
and represent some of the most oligotrophic habitats in the ecosystem.
A largely untested hypothesis is that different habitat types may vary in their sensitivity to P
enrichment. Evidence from the Everglades and from other ecosystems indicates that the persistence of
natural populations of flora and fauna are linked closely to the heterogeneous nature of the Everglades
landscape (synthesized in Davis & Ogden, 1994). Maintenance of this habitat mosaic requires that the most
sensitive habitat types be protected from human disturbances such as P enrichment that drive the system
towards spatial homogeneity (e.g., cattail expansion).

Temporal Patterns of P Accumulation and Ecological Responses
Intensive research over the last few years provides a reasonably good basis for predicting the
progression of marsh responses to eutrophication. However, differences in the rate and extent of response
to different P loading rates are still poorly understood. Ongoing experimental studies being conducted by
various research groups have provided valuable insight into responses over short time periods (e.g., several
years). However, given the short-term nature of most experimentation, such studies provide limited
evidence for long-term changes (i.e. decades) that are of interest to water managers and regulators.
Monitoring along marsh enrichment gradients provide the best available evidence of the long-term impacts
caused by different P loads, even though conditions are less controlled and loads and concentrations may
vary over time. Correlative relationships between marsh P concentrations and ecological change, when
combined with controlled experimentation to support cause-effect relationships, provide the best available
evidence for identifying P concentrations and loads that produce a long-term imbalance in Everglades flora
or fauna.

Interactions Between P Enrichment and Other Natural and Anthropogenic Factors
Both natural (e.g., droughts, fires) and human-induced (e.g., altered hydroperiods and water
depths) disturbances can affect ecological patterns in the Everglades, sometimes in a manner that may be
similar to the effects of anthropogenic P loading (e.g., Newman et al., 1998). Interactions between these
disturbances and increased P loading may intensify or, in certain cases, counteract the effects of P
enrichment alone. Similarly, inputs of other nutrients such as N may intensify the effects of P enrichment
in highly enriched areas of the marsh. Field and greenhouse experiments currently are underway to identify
the significance of interactions between these environmental variables in order to improve our ability to
predict ecological responses to multiple management actions (e.g., reduced P loads combined with
hydropattern changes).
Hydrologic fluctuations and periodic fires, factors believed to influence ecosystem responses to P
enrichment, have been important forces shaping the Everglades throughout the existence of this ecosystem
(Davis, 1994). While these factors may alter the rate of ecosystem response to P enrichment, there is little
evidence to suggest that human-induced changes in water depth or fire frequency determine the ecological
changes that ultimately occur in areas of the marsh receiving external P loads.
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Rates of Marsh Recovery Following Reductions in P Loads
Most emphasis has been on documenting the ecological impacts caused by P enrichment and the P
concentrations and loads that cause various changes in the Everglades. An understanding of the rate of
ecosystem recovery following load reductions is required to develop realistic timeframes and expectations
for restoration. Key questions related to recovery include but are not limited to the following:
•

How fast will water-column and soil P concentrations decline in enriched areas of the marsh
following P load reductions?

•

Will P and associated ecological changes (e.g., cattail expansion into sloughs) continue to
spread across the marsh as a result of internal P loading even after external loads are reduced?

•

How quickly will P-impacted areas of the marsh recover and what level of recovery can be
expected?

Evidence from other ecosystems indicates that the rate of ecosystem recovery from eutrophication
is considerably slower than the initial enrichment process (Perry & Vanderklein, 1996). Field and
greenhouse studies have been initiated to address recovery issues. In addition, cessation of dosing in field
mesocosm and flume studies followed by continued monitoring in these experimental systems should
provide useful data for predicting recovery rates in areas of the marsh already impacted by P enrichment.

Findings on Ecological Needs
•

The Everglades ecosystem was naturally unenriched (oligotrophic) and phosphorus inputs
came primarily from the atmosphere.

•

Ecosystem function and biological diversity were based on low-nutrient conditions in the
Everglades, including those leading to higher levels of the food web, such as wading birds.

•

Canal inflows have become a major source of surface water P to the EPA, with the greatest
increase in the northern Everglades.

•

Controlled dosing studies combined with sampling along marsh P gradients in WCA-2A
indicate that species changes begin to occur at water-column TP concentrations of about 10
parts per billion.

•

Phosphorus enrichment leads to a decline in the coverage of sawgrass, sloughs and wet
prairies and these habitats are gradually replaced by cattail.

•

Phosphorus loads have altered the Everglades resource. Ecological changes caused by
enrichment are manifest over several time scales. Changes generally begin to occur in areas of
WCA-2A at water-column TP concentrations ranging between roughly 10 and 20 ppb. This
response range is similar to those established previously for other types of freshwater
ecosystems.

•

Evidence from other ecosystems and modeling suggests that the rate at which the Everglades
ecosystem recovers from eutrophication will be considerably slower than the initial
enrichment process.

3-54

Everglades Interim Report

Chapter 3: Ecological Needs of the Everglades

Literature Cited
Ahn, H. 1998. Statistical modeling of total phosphorus concentrations measured in south Florida rainfall.
Ecological modeling: in press.
Ahn, H., and R.T. James. In review. Statistical modeling of dry deposition phosphorus rates measured from
south Florida. Atmospheric Environment.
Amador, J.A., and R.D. Jones. 1993. Nutrient limitations on microbial respiration in peat soils with
different total phosphorus content. Soil Biology and Biochemistry 25:793-801.
Bachoon, D., and R.D. Jones. 1992. Potential rates of methanogenesis in sawgrass marshes with peat and
marl soils in the Everglades. Soil Biology and Biochemistry 24:21-27.
Baldwin, M. and H.W. Hawker, 1915. Cumulose soils. USDA Bureau of Soil Survey of the Ft. Lauderdale
Area, FL. pp. 31-52.
Bancroft, G.T., D.E. Gawlik, and K. Rutchey. In review. Abundance of wading birds relative to vegetation
and water depths in the northern Everglades. The Auk.
Barko, J.W. and R.M. Smart 1986. Sediment-related mechanisms of growth limitation in submersed
macrophytes. Ecology 67:1328-1340.
Bartow, S. M., C. B. Craft, and C.J. Richardson. 1996. Reconstructing historical changes in Everglades
plant community composition using pollen distributions in peat. Journal of Lake and Reservoir
Management 13:313-322.
Belanger, T.V., D.J. Scheidt, and J.R. Platko II. 1989. Effects of nutrient enrichment on the Florida
Everglades. Lake and Reservoir Management 5:101-111.
Brezonik, P.L., C.D. Hendry, Jr., E.S. Edgerton, R.L. Schulze, and T.L. Crisman. 1983. Acidity, nutrients,
and minerals in atmospheric precipitation over Florida: deposition patterns, mechanisms, and
ecological effects. EPA/600/3-84/004, U.S. Environmental Protection Agency, Corvallis, OR.
Browder, J.A., D. Cottrell, M. Brown, M. Newman, R. Edwards, J. Yuska, M. Browder and J. Krakoski.
1982. Biomass and primary production of microphytes and macrophytes in periphyton habitats of the
southern Everglades. Report T-662, South Florida Research Center, Homestead, FL.
Browder, J.A., P.J. Gleason, and D.R. Swift. 1994. Periphyton in the Everglades: spatial variation,
environmental correlates, and ecological implications. Pages 379-418 in S. M. Davis, S.M. and J.C.
Ogden, editors. Everglades: The Ecosystem and its Restoration. St. Lucie Press, Delray Beach,
Florida.
Brown, M., and J.J. Dinsmore. 1986. Implications of marsh size and isolation for marsh bird management.
Journal of Wildlife Management 50:392-397.
Chanton, J. P., G. J. Whiting, J. D. Happell, and G. Gerard. 1993. Contrasting rates and diurnal patterns of
methane emission from emergent aquatic macrophytes. Aquatic Botany 46:111-128.
Craft, C.B., and C.J. Richardson. 1993a. Peat accretion and N, P, and organic C accumulation in nutrientenriched and unenriched Everglades Peatlands. Ecological Applications 3:446-458.

3-55

Chapter 3: Ecological Needs of the Everglades

Everglades Interim Report

Craft, C.B. and C.J. Richardson. 1993b. Peat Accretion and Phosphorus Accumulation Along a
Eutrophication Gradient in the Northern Everglades. Biogeochemistry 22:133-156.
Craft, C.B., J. Vymazal, and C.J. Richardson. 1995. Response of Everglades plant communities to nitrogen
and phosphorus additions. Wetlands 15:258-271.
Craft, C.B., and C.J. Richardson. 1997. Relationships between soil nutrients and plant species composition
in Everglades peatlands. Journal of Environmental Quality 26:224-232.
Craighead, F.C. 1971. The Trees of South Florida Vol I: The Natural Environments and Their Succession.
University of Miami Press, Coral Gables, FL.
D'Angelo, E.M. and K.R. Reddy. 1994a. Diagenesis of organic matter in a wetland receiving
hypereutrophic lake water. I. Distribution of dissolved nutrients in the soil and water-column. Journal
of Environmental Quality 23:937-943.
D'Angelo, E.M. and K.R. Reddy. 1994b. Diagenesis of organic matter in a wetland receiving
hypereutrophic lake water. II. Role of inorganic electron acceptors in nutrient release. Journal of
Environmental Quality 23:928-936.
Daoust, R. J. 1998. Investigating how phosphorus controls structure and function in two Everglades
wetland plant communities. MS thesis. Florida International University.
Daoust, R. J. and D. L. Childers. In review. Controls on emergent macrophyte composition, abundance,
and productivity in freshwater Everglades wetland communities. Wetlands.
Davis, J.H., Jr. 1943. The natural features of south Florida, especially the vegetation, and the Everglades.
Florida Geological Survey Bulletin No. 25.
Davis, J.H., 1946. The peat deposits of Florida. Florida Geological Survey Bulletin No. 30.
Davis, S.M. 1982. Patterns of radiophosphorus accumulation in the Everglades after its introduction into
surface water. Technical Publication 82-2. South Florida Water Management District, West Palm
Beach, FL.
Davis, S.M. 1989. Sawgrass and cattail production in relation to nutrient supply in the everglades. Pages
325-341 in R.R. Sharitz and J.W. Gibbons, editors. Freshwater Wetlands and Wildlife. DOE
Symposium Series. USDOE Office scientific and technical Information, Oak Ridge, Tennessee.
Davis, S.M. 1991. Growth, decomposition and nutrient retention of Cladium jamaicense Crantz and Typha
domingensis Pers. in the Florida Everglades. Aquatic Botany 40:203-224.
Davis, S.M., 1994. Phosphorus inputs and vegetation sensitivity in the Everglades. Pages 357-378 in S.M.
and J. C. Ogden, editors. Everglades: The Ecosystem and its Restoration. St. Lucie Press, Delray
Beach, FL.
Davis, S.M., L.H. Gunderson, W.A. Park, J. Richardson, and J. Mattson. 1994. Landscape dimension,
composition, and function in a changing Everglades ecosystem. Pages 419-444 in S.M. Davis and J.C.
Ogden, editors. Everglades: The Ecosystem and its Restoration. St. Lucie Press, Delray Beach, FL.
Davis, S.M., and J.C. Ogden (editors). 1994. Everglades: the Ecosystem and Its Restoration. St. Lucie
Press, Delray Beach, FL.

3-56

Everglades Interim Report

Chapter 3: Ecological Needs of the Everglades

DeBusk, W.F., K.R. Reddy, M.S. Koch, and Y. Wang. 1994. Spatial distribution of soil nutrients in a
northern Everglades marsh - Water Conservation Area 2A. Soil Science Society of America Journal
58:543-552.
DeBusk W.F. and K.R. Reddy. 1998. Turnover of detrital organic carbon in a nutrient-impacted Everglades
marsh. Soil Science Society of America Journal: in press.
DeLaune, R.D., R.J. Buresh and W.H.J. Patrick 1979. Relationship of soil properties to standing crop
biomass of Spartina alterniflora in a Louisiana marsh. Estuarine and Coastal Marine Science 8:477487.
Doren, R.F., T.V. Armentano, L.D. Whiteaker, and R.D. Jones. 1997. Marsh vegetation patterns and soil
phosphorus gradients in the Everglades ecosystem. Aquatic Botany 56:145-1663.
Drake, H.L., N.G. Aumen, C. Kuhner, C. Wagner, A. Grießhammer, and M. Schmittroth. 1996. Anaerobic
microflora of Everglades sediments: Effects of nutrients on population profiles and activities. Applied
and Environmental Microbiology 62:486-493.
Duever, M.J., J.F. Meeder, L.C. Meeder, and J.M. McCollom. 1994. The climate of south Florida and its
role in shaping the Everglades ecosystem. Pages 225-248 in S.M. Davis and J.C. Ogden, editors.
Everglades: The Ecosystem and its Restoration. St. Lucie Press, Delray Beach, FL.
Enriquez, S., C.M. Duarte, K. Sand-Jensen. 1993. Patterns in decomposition rates among photosynthetic
organisms: the importance of detritus C:N:P content. Oecologia 94:457-471.
Ewel, J. J. 1986. Invasibility: Lessons from South Florida. Pages 214-229 in H. A. Mooney and J. A.
Drake, Editors. Ecology of Biological Invasions of North America and Hawaii. Springer-Verlag New
York Inc., New York, NY, USA.
Fisher, M. M. 1997. Estimating landscape flux of phosphorus using Geographic Information Systems
(GIS). M. S. thesis. University of Florida.
Fitz, H.C. and Sklar, F.H. In press. Ecosystem analysis of phosphorus impacts and altered hydrology in the
Everglades: a landscape modeling approach. In K.R. Reddy, G.A. O'Connor, and C.L. Schelske,
editors. Phosphorus Biogeochemistry of Subtropical Ecosystems: Florida as a Case Example. CRC/
Lewis Publishers, Boca Raton, FL.
Flora, M.D., D.R. Walker, D.J. Schiedt, R.G. Rice, and D.H. Landers. 1988. The response of the
Everglades marsh to increased nitrogen and phosphorus loading. Part I: nutrient dosing, water
chemistry, and periphyton production. National Park Service, Report to the Superintendent, South
Florida Research Center, Homestead, FL.
Forthman, C. A. 1973. The effects of prescribed burning on sawgrass, Cladium jamaicense, Crantz, in
south Florida. M. S. thesis, University of Miami, Coral Gables, FL.
Gawlik, D.E. and D.A. Rocque. 1998. Avian communities in Bayheads, willowheads, and sawgrass
marshes of the central Everglades. Wilson Bulletin 110: 45-55.
Gleason, P.J., and W. Spackman. 1974. Calcareous periphyton and water chemistry in the Everglades.
Pages 225-248 in P. J. Gleason, editor. Environments of South Florida: Past and Present, Memoir No.
2. Miami Geological Society, Coral Gables, FL.
Gleason, P.J. and P.A. Stone. 1975. Prehistoric trophic level status and possible cultural influences on the
enrichment of Lake Okeechobee. Central and Southern Flood Control District, West Palm Beach, FL.

3-57

Chapter 3: Ecological Needs of the Everglades

Everglades Interim Report

Gleason, P. J. & Stone, P. 1994. Age, origin, and evolution of the Everglades peatland. Pages 149-198 in
Davis, S. M. & Ogden, J. C. [Eds.]. Everglades: The Ecosystem and Its Restoration. St. Lucie Press,
Delray Beach, FL.
Gleason, P. J., P. Stone, D. Hallett, and M. Rosen. 1975. Preliminary report on the effect of agricultural
runoff on the periphytic algae of Conservation Area 1. Unpublished District report.
Goslee, S. C. and C. J. Richardson. 1997. Establishment and seedling growth of sawgrass and cattail from
the Everglades. In: Richardson, C. J., C. B. Craft, R. G. Qualls, J. Stevenson, P. Vaithiyanathan, M.
Bush, and J. Zahina. Effects of phosphorus and hydroperiod alterations on ecosystem structure and
function in the Everglades. Report to the Everglades Agricultural Area Environmental Protection
District.
Gough, L., J. B. Grace, and K. L. Taylor. 1994. The relationship between species richness and community
biomass: the importance of environmental variables. Oikos 70:271-279.
Grace, J. B. 1987. The impact of preemption on the zonation of two Typha species along lakeshores.
Ecological Monographs 57:283-303.
Grace, J. B. and R. G. Wetzel. 1981. Habitat partitioning and competitive displacement in cattails (Typha):
experimental field studies. The American Naturalist 118:463-474.
Gunderson, L. H. 1994. Vegetation of the Everglades: determinants of community composition. Pages 323340 in S. M. Davis and J. C. Ogden, editors. Everglades: The Ecosystem and its Restoration. St. Lucie
Press, Delray Beach, FL.
Grimshaw, H.J., M. Rosen, D.R. Swift, K. Rodberg, and J.M. Noel. 1993. Marsh phosphorus
concentrations, phosphorus content and species composition of Everglades periphyton communities.
Archive für Hydrobiologie 128:257-276.
Grimshaw, H.J., R.G. Wetzel, M. Brandenburg, M. Segerblom, L.J. Wenkert, G.A. Marsh, W. Charnetzky,
J.E. Haky, and C. Carraher. 1997. Shading of periphyton communities by wetland emergent
macrophytes: decoupling of algal photosynthesis from microbial nutrient retention. Archive für
Hydrobiologie 139:17-27.
Hammar, H.E. 1929. The chemical composition of Florida Everglades peat soils, with special reference to
their inorganic constituents. Soil Science 28:1-11.
Happell, J.D. and J.P. Chanton. 1993. Carbon remineralization in a north Florida swamp forest: effects of
water level on the pathways and rates of soil organic matter decomposition. Global Biogeochemical
Cycles 7:475-490.
Harper, D. 1992. Eutrophication of Freshwater: Principles, Problems, and Restoration. Chapman and Hall,
London.
Havens, K. E., and A. D. Steinman. 1995. Aquatic systems. Pages 121-152 in J. E. Rechcigl, editor. Soil
Amendments: Impacts on Biotic Systems. Lewis Publishers, Boca Raton, FL.
Hoffman, W., G.T. Bancroft, and R.J. Sawicki. 1994. Foraging habitat of wading birds in the Water
Conservation Areas of the Everglades. Pages 585-614 in S. M. Davis and J. C. Ogden, editors.
Everglades: The Ecosystem and Its Restoration. St. Lucie Press, Delray Beach, FL.
Howard-Williams, C. 1985. Cycling and retention of nitrogen and phosphorus in wetlands: a theoretical
and applied perspective. Freshwater Biology 15:391-431.

3-58

Everglades Interim Report

Chapter 3: Ecological Needs of the Everglades

Jensen, J.R., K. Rutchey, M.S. Koch, and S. Narumalani. 1995. Inland wetland change detection in the
Everglades Water Conservation Area 2A using time series of normalized remotely sensed data.
Photogrammetric Engineering and Remote Sensing 61:199-209.
Jones, L.A. 1948. Soils, geology, and water control in the Everglades region., University of Florida,
Agricultural Experiment Station. Bulletin 442.
King, G.M., M.J. Klug, and D.R. Lovely. 1983. Metabolism of acetate, methanol, and methylated amines
in intertidal sediments of Lowes Cove, Maine. Applied and Environmental Microbiology 45:18481853.
King, J.W. 1917. Exploration: examination and reconnaissance of the lands of the Tamiami trail in Dade
County, Florida. The Dade County Commissioners Commission of Dade County, Place Published. 23
March 1917.
Koch, M. S., and P. S. Rawlik 1993. Transpiration and stomatal conductance of two wetland macrophytes
(Cladium jamaicense and Typha domingensis) in the subtropical Everglades. American Journal of
Botany 80:1146-1154.
Koch, M.S., and K.R. Reddy. 1992. Distribution of soil and plant nutrients along a trophic gradient in the
Florida Everglades. Soil Science Society of America Journal 56:1492-1499.
Koch-Rose, M.S., K.R. Reddy, and J.P. Chanton. 1994. Factors controlling seasonal nutrient profiles in a
subtropical peatland of the Florida Everglades. Journal of Environmental Quality 23:526-533.
Kushlan, J. 1986. Responses of wading birds to seasonally fluctuating water levels: strategies and their
limits. Colonial Waterbirds 9:155-162.
Landing, W. M. 1997. Measurements of aerosol phosphorus in south Florida. Pages 44-47 in N. Urban,
editor. Atmospheric Deposition in South Florida: Measuring Net Atmospheric Inputs of Nutrients.
Proceedings of a conference held by the South Florida Water Management District in West Palm
Beach, FL on October 20-22, 1997.
Lange-Bertalot, H. 1979. Pollution tolerance of diatoms as a criterion for water quality estimation. Nova
Hedwigia 64:285-304.
Likens, G.E. (editor). 1972. Nutrients and Eutrophication. Special symposium, vol. 1. American Society of
Limnology and Oceanography. Allen Press, Lawrence KS.
Limno-Tech, Inc. 1995. Data analysis in support of the Everglades Forever Act. Final report to the South
Florida Water Management District, West Palm Beach, FL.
Loftus, W.F., J.D. Chapman, and R. Conrow. 1986. Hydroperiod effects on Everglades marsh food webs,
with relation to marsh restoration efforts. In: Proceedings of the 4th Triennial Conference on Science
in National Parks and Equivalent Reserves, Ft. Collins, Co.
Loftus, W.F. and A.M. Eklund. 1994. Long-term dynamics of an Everglades small-fish assemblage. Pages
461-483 in S.M. Davis and J.C. Ogden, editors. Everglades: the Ecosystem and Its Restoration. St.
Lucie Press, Delray Beach, FL.
Long, R. W. 1974. The vegetation of southern Florida. Florida Science 37:33-45.
Lorenzen B., H. Brix, K.L. McKee, I.A. Mendelssohn, and S.L. Miao. In press. Seed germination of two
Everglades species, Cladium jamaicense and Typha domingensis. Aquatic Botany.

3-59

Chapter 3: Ecological Needs of the Everglades

Everglades Interim Report

Loveless, C.M. 1959. A study of the vegetation of the Florida Everglades. Ecology 40:1-9.
Lowe, R.L. 1974. Environmental requirements and pollution tolerance of freshwater diatoms. EPA-670/474-005. Office of Research and Development, United States Environmental Protection Agency,
Cincinnati, Ohio.
Marschner, H. 1986. Mineral Nutrition of Higher Plants. Academic Press, New York.
McCormick, P.V., M.J. Chimney, and D.R. Swift. 1997. Diel oxygen profiles and water-column
community metabolism in the Florida Everglades, U.S.A. Archive fhr Hydrobiologie 140:117-129.
McCormick, P. V., and J.A. Laing. In review. Effects of increased phosphorus loading on dissolved oxygen
in a subtropical wetland, the Florida Everglades. Ecological Applications.
McCormick, P. V., S. L. Miao, M. Rau, and S. Newman. In preparation. Changes in soil nutrients and
slough vegetation in response to P loading in the northern Everglades.
McCormick, P.V., and M.B. O'Dell. 1996. Quantifying periphyton responses to phosphorus enrichment in
the Florida Everglades: a synoptic-experimental approach. Journal of the North American
Benthological Society 15:450-468.
McCormick, P.V., P.S. Rawlik, K. Lurding, E.P. Smith, and F.H. Sklar. 1996. Periphyton-water quality
relationships along a nutrient gradient in the northern Everglades. Journal of the North American
Benthological Society 15:433-449.
McCormick, P.V., and L.J. Scinto. In press. Influence of phosphorus loading on wetlands periphyton
assemblages: a case study from the Everglades. In K.R. Reddy, G.A. O'Connor, and C.L. Schelske,
editors. Phosphorus Biogeochemistry of Subtropical Ecosystems: Florida as a Case Example. CRC/
Lewis Publishers, Boca Raton, FL.
McCormick, P.V., R.B.E. Shuford III, J.B. Backus, and W.C. Kennedy. 1998. Spatial and seasonal patterns
of periphyton biomass and productivity in the northern Everglades, Florida, USA. Hydrobiologia
362:185-208.
McCormick, P.V., and R.J. Stevenson. 1998. Periphyton as a tool for ecological assessment and
management in the Florida Everglades. Journal of Phycology: in press.
McDowell, L.L., J.C. Stephens, and E.H. Stewart. 1969. Radiocarbon chronology of the Florida
Everglades peat. Soil Science Society of America Proceedings 33:743-745.
McKinley, V.L. and J.R. Vestal. 1992. Mineralization of glucose and lignocellulose by four arctic
freshwater sediments in response to nutrient enrichment. Applied and Environmental Microbiology
58:1554-1563.
McNaughton, S. J. 1966. Ecotype function in the Typha-community type. Ecological Monographs 36:297325.
Miao, S.L., R.E. Borer, and F.H. Sklar. 1997. Sawgrass seedling responses to transplanting and nutrient
additions. Restoration Ecology 5:162-168.
Miao, S.L., and W.F. DeBusk. In press. Effects of phosphorus enrichment on structure and function of
sawgrass and cattail communities in Florida wetlands. In K.R. Reddy, G.A. O'Connor, and C.L.
Schelske, editors. Phosphorus Biogeochemistry of Subtropical Ecosystems: Florida as a Case
Example. CRC/ Lewis Publishers, Boca Raton, FL.

3-60

Everglades Interim Report

Chapter 3: Ecological Needs of the Everglades

Miao, S.L., P.V. McCormick, S. Newman, and S. Rajagopalan. In review. Interactive effects of seed
availability, hydrology, and phosphorus enrichment on cattail colonization in the Florida Everglades.
Restoration Ecology.
Miao, S.L., P.V. McCormick, and M. Rau. In preparation. Responses of water lily to long-term phosphorus
dosing in the Florida Everglades.
Miao, S.L., and F.H. Sklar. 1998. Biomass and nutrient allocation of sawgrass and cattail along a nutrient
gradient in the Florida Everglades. Wetland Ecology and Management: 5:245-263.
Moshiri, G. A. (editor). 1993. Constructed Wetlands for Water Quality Improvement. Lewis Publishers,
Boca Raton, FL.
National Academy of Sciences. 1969. Eutrophication: Causes, Consequences, Correctives. National
Academy of Sciences Press, Washington, D.C.
Nearhoof, F. 1992. Nutrient-induced impacts and water quality violations in the Florida Everglades. Water
Quality Technical Series 3(24), Bureau of Water Facilities Planning and Regulation, Department of
Environmental Regulation, Tallahassee, FL.
Newman, S., J.B. Grace, and J.W. Koebel. 1996. Effects of nutrients and hydroperiod on Typha, Cladium,
and Eleocharis: implications for Everglades restoration. Ecological Applications 6:774-783.
Newman, S., P.V. McCormick, and J.G. Backus. In press. Phosphatase activity as an early warning
indicator of wetland eutrophication: problems and prospects. In B.A. Whitton, editor. Phosphatases in
the Environment. Kluwer Academic Publishers.
Newman, S., P.V. McCormick, S.L. Miao, J.A. Laing, and W.C. Kennedy. In preparation. The influence of
periphyton and macrophytes on soil phosphorus accumulation.
Newman, S., K.R. Reddy, W.F. DeBusk, Y. Wang, G. Shih, and M.M. Fisher. 1997. Spatial distribution of
soil nutrients in a northern Everglades marsh: Water Conservation Area 1. Soil Science Society of
America Journal 61:1275-1283.
Newman, S. and J.S. Robinson. In press. Forms of organic phosphorus in water, soils, and sediments. In
Phosphorus biogeochemistry in sub-tropical ecosystems. In K.R. Reddy, G.A. O'Connor, and C.L.
Schelske, editors. Phosphorus Biogeochemistry of Subtropical Ecosystems: Florida as a Case
Example. CRC/ Lewis Publishers, Boca Raton, FL.
Newman, S., J. Schuette, J.B. Grace, K. Rutchey, T. Fontaine, K.R. Reddy, and M. Pietrucha. 1998. Factors
influencing cattail abundance in the northern Everglades. Aquatic Botany 60:265-280.
Ogden, J. C. 1994. A comparison of wading bird nesting colony dynamics (1931-1946 and 1974- 1989) as
an indication of ecosystem conditions in the southern Everglades. Pages 533-570 in S.M. Davis and
J.C. Ogden, editors. Everglades: the ecosystem and its restoration. St. Lucie Press, Delray Beach, FL.
Oliver, J. D., and S. A. Schoenberg. 1989. Residual influence of macronutrient enrichment on the aquatic
food web of Okefenokee Swamp abandoned bird rookery. Oikos 55: 175-182.
Olson, R. K (editor). 1993. Created and Natural Wetlands for Controlling Nonpoint Source Pollution. CRC
Press, Boca Raton, FL.
Palmer, C.M. 1969. A composite rating of algae tolerating organic pollution. Journal of Phycology 5:7882.

3-61

Chapter 3: Ecological Needs of the Everglades

Everglades Interim Report

Pan, Y., R.J. Stevenson, P. Vaithiyanathan, J. Slate, and C.J. Richardson. 1997. Using experimental and
observational approaches to determine causes of algal changes in the Everglades. In: Richardson, C.J.,
C.B. Craft, R.G. Qualls, J. Stevenson, P. Vaithiyanathan, M. Bush, and J. Zahina. Effects of
Phosphorus and Hydroperiod Alterations on Ecosystem Structure and Function in the Everglades.
Report to the Everglades Agricultural Area Environmental Protection District.
Parker, G.G. 1974. Hydrology of the pre-drainage system of the Everglades in southern Florida. Pages 1827 in P.J. Gleason, editor. Environments of South Florida: Past and Present. Memoir No. 2., Miami
Geological Society, Coral Gables, FL.
Parker, G. G., G.E. Ferguson, and S.K. Love. 1955. Water resources of southeastern Florida with special
reference to the geology and groundwater of the Miami area. Water Supply Paper 1255. United States
Geological Survey, US Government Printing Office, Washington, D.C.
Perry, J., and E. Vanderklein. 1996. Water Quality: Management of a Natural Resource. Blackwell Science,
Cambridge, MA.
Pollman, C.D., and W.M. Landing. 1997. Lessons learned from the Florida Atmospheric Mercury Study
(FAMS) on measuring atmospheric deposition and analyzing data. Pages 61-63 in N. Urban, editor.
Atmospheric Deposition in South Florida: Measuring Net Atmospheric Inputs of Nutrients.
Proceedings of a conference held by the South Florida Water Management District in West Palm
Beach, FL on October 20-22, 1997.
Qualls, R.G., and C.J. Richardson. 1995. Forms of soil phosphorus along a nutrient enrichment gradient in
the northern Everglades. Soil Science 160:183-198.
Rader, R.B. 1994. Macroinvertebrates of the northern Everglades: species composition and trophic
structure. Florida Scientist 57:22-33.
Rader, R.B. 1999. The Florida Everglades: natural variability, invertebrate diversity, and food web
stability. Pages 25-54 in D.P. Batzer, R.B. Rader, and S. Wissinger (editors). Invertebrates in
Freshwater Wetlands. John Wiley, New York.
Rader, R.B., and C.J. Richardson. 1994. Response of macroinvertebrates and small fish to nutrient
enrichment in the northern Everglades. Wetlands 14: 134-146.
Raschke, R.L. 1993. Diatom (Bacillariophyta) community responses to phosphorus in the Everglades
National Park, USA. Phycologia 32:48-58.
Reark, J.B. 1961. Ecological investigations in the Everglades. 2nd annual report to the Superintendent of
Everglades National Park. University of Miami, Coral Gables, FL.
Reddy, K.R., W.F. DeBusk, Y. Wang, R.D. DeLaune, and M. Koch. 1991. Physico-chemical properties of
soils in the Water Conservation Area 2 of the Everglades. University of Florida, Gainesville, FL.
Reddy, K.R., R.D. DeLaune, W.F. DeBusk, and M.S. Koch. 1993. Long-term nutrient accumulation rates
in the Everglades. Soil Science Society of America Journal 57:1147-1155.
Reddy, K. R., and W. H. Patrick, Jr. 1975. Effect of alternate aerobic and anaerobic conditions on redox
potential, organic matter decomposition, and nitrogen loss in a flooded soil. Soil Biology and
Biochemistry 7:87- 94.
Reddy, K.R., Y. Wang, W.F. DeBusk, and S. Newman. 1994a. Physico-chemical properties of soils in the
water conservation area 3 (WCA- 3) of the Everglades. Report to South Florida Water Management
District.

3-62

Everglades Interim Report

Chapter 3: Ecological Needs of the Everglades

Reddy, K.R., Y. Wang, W.F. DeBusk, M.M. Fisher and S. Newman. 1998. Forms of soils phosphorus in
selected hydrologic units of Florida Everglades ecosystems. Soil Science Society of America Journal
62:1134-1147.
Reddy, K.R., Y. Wang, O.G. Olila, M.M. Fisher, and S. Newman. 1994b. Influence of flooding on physicochemical properties and phosphorus retention of the soils in the Holey Land wildlife management area.
Report to South Florida Water Management District.
Reddy, K.R., J.R. White, A.L. Wright, and T. Chua. In press. Influence of phosphorus loading on microbial
processes in soil and water-column of wetlands. In K. R. Reddy, G. A. O'Connor, and C. L. Schelske,
editors. Phosphorus Biogeochemistry in Sub-tropical Ecosystems: Florida as a Case Example. CRC/
Lewis Publishers, Boca Raton, FL.
Richardson, C.J., C.B. Craft, R.G. Qualls, J. Stevenson, P. Vaithiyanathan, M. Bush, and J. Zahina. 1995.
Effects of phosphorus and hydroperiod alterations on ecosystem structure and function in the
Everglades. Duke Wetland Center publication # 95-05, report submitted to Everglades Agricultural
Area Environmental Protection District.
Richardson, C.J., C.B. Craft, R.G. Qualls, J. Stevenson, P. Vaithiyanathan, M. Bush, and J. Zahina. 1997.
Effects of phosphorus and hydroperiod alterations on ecosystem structure and function in the
Everglades. Duke Wetland Center publication # 97-05, report submitted to Everglades Agricultural
Area Environmental Protection District.
Richardson, C.J., and P. Vaithiyanathan. 1995. Nutrient profiles in the Everglades: examination along the
eutrophication gradient. Chapter 6 in C.J. Richardson, C.B. Craft, R.G. Qualls, J. Stevenson, P.
Vaithiyanathan, M. Bush, and J. Zahina. Effects of phosphorus and hydroperiod alterations on
ecosystem structure and function in the Everglades. Duke Wetland Center publication # 95-05, report
submitted to Everglades Agricultural Area Environmental Protection District.
Richardson, C.J., P. Vaithiyanathan, E.A. Romanowicz, and C.B. Craft. 1997. Macrophyte community
responses in the Everglades with an emphasis on cattail (Typha domingensis) and sawgrass (Cladium
jamaicense) interactions along a gradient of long-term nutrient additions, altered hydroperiod and fire.
Chapter 14 in C.J. Richardson, C.B. Craft, R.G. Qualls, J. Stevenson, P. Vaithiyanathan, M. Bush, and
J. Zahina. Effects of Phosphorus and Hydroperiod Alterations on Ecosystem Structure and Function in
the Everglades. Duke Wetland Center publication # 97-05, report submitted to Everglades Agricultural
Area Environmental Protection District.
Robbins, J.A., X. Wang, and R.W. Rood, R.W. 1996. Sediment core dating (Everglades WCAs). Report to
South Florida Water Management District, West Palm Beach, FL.
Rudnick, D.T., Z. Chen, D.L. Childers, J.N. Boyer, and T.D. Fontaine, III. In press. Phosphorus and
nitrogen inputs into Florida Bay: the importance of the Everglades watershed. In K. R. Reddy, G. A.
O'Connor, and C. L. Schelske, editors. Phosphorus Biogeochemistry in Sub-tropical Ecosystems:
Florida as a Case Example. CRC/Lewis Publishers, Boca Raton, FL.
Rutchey, K., and L. Vilchek, 1994. Development of an Everglades vegetation map using a SPOT image
and the Global Positioning System. Photogrammetric Engineering and Remote Sensing 60: 767-775.
Rutchey, K., and L. Vilchek. In press. Air photo interpretation and satellite imagery analysis techniques for
mapping cattail coverage in a northern impoundment. Photogrammetric Engineering & Remote
Sensing.
Sawyer, C. N. 1947. Fertilization of lakes by agricultural and urban drainage. Journal of the New England
Water Works Association 61:109-127.

3-63

Chapter 3: Ecological Needs of the Everglades

Everglades Interim Report

Scheidt, D.J, M.D. Flora, and D.R. Walker. 1989. Water quality management for Everglades National Park.
Pages 377-390 in Fisk, D.W. (ed) Wetlands: Concerns and Successes. Americian Water Resources
Association, Washington, D.C.
SFWMD. 1992. Draft Surface Water Improvement and Management Plan for the Everglades, Supporting
Information Document. South Florida Water Management District, West Palm Beach, FL.
SFWMD. 1997. Atmospheric deposition in south Florida. Advisory panel final report to the South Florida
Water Management District, West Palm Beach, FL.
SFWMD. 1998. Natural systems model version 4.5 documentation. Hydrologic Systems Modeling
Division, Planning Department. South Florida Water Management District, West Palm Beach, FL.
SFWMD and DEP. 1997. Everglades Program Implementation: Program Management Plan, Revision 3.
Publication of the South Florida Water Management District, West Palm Beach, FL.
Sinsabaugh, R.L 1994. Enzymatic analysis of microbial pattern and processes. Biology and Fertility of
Soils 17:69-74.
Smith, E.P., and P.V. McCormick. In review. Long-term changes in water-column total phosphorus in an
Everglades marsh. Environmental Monitoring and Assessment.
Snyder, G.H., and J.M. Davidson. 1994. Everglades Agriculture - Past, Present, and Future. Pages 85-115
in S.M. Davis and J.C. Ogden, editor. Everglades: the Ecosystem and Its Restoration. St. Lucie Press,
Delray Beach, FL.
Steward, K.K., and W.H. Ornes. 1975a. Assessing a marsh environment for wastewater renovation. Water
Pollution Control Federation 47:1880-1891.
Steward, K.K., and W.H. Ornes. 1975b. The autecology of sawgrass in the Florida Everglades. Ecology
56:162-171.
Steward, K.K., and W.H. Ornes. 1983. Mineral nutrition of sawgrass (Cladium jamaicense Crantz) in
relation to nutrient supply. Aquatic Botany 16:349-359.
Stewart, H., S.L. Miao, M. Colbert, and C.E. Carraher, Jr. 1997. Seed germination of two cattail (Typha)
species as a function of Everglades nutrient levels. Wetlands 17: 116-122.
Swift, D. R., and R. B. Nicholas. 1987. Periphyton and water quality relationships in the Everglades Water
Conservation Areas, 1978-1982. Technical Publication 87-2, South Florida Water Management
District, West Palm Beach, FL.
Terczak, E. F. 1980. Aquatic macrofauna of the Water Conservation Areas, September 1979-1980.
Unpublished Technical Memorandum. South Florida Water Management District, West Palm Beach,
FL.
Tetra Tech. 1998. Status and trends in the Everglades. Report prepared for the Sugar Cane Grower’s
Cooperative of Florida.
Tiessen, H. (editor). 1995. Phosphorus in the global environment: transfers, cycles, and management.
SCOPE vol. 54. John Wiley, New York.
Turner, A.M., J.C. Trexler, F. Jordan, S.J. Slack, P. Geddes, and W. Loftus. In press. Conservation of an
ecological feature of the Florida Everglades: pattern of standing crops. Conservation Biology.

3-64

Everglades Interim Report

Chapter 3: Ecological Needs of the Everglades

Urban, N.H., S.M. Davis, and N.G. Aumen. 1993. Fluctuations in sawgrass and cattail densities in
Everglades Water Conservation Area 2A under varying nutrient, hydrologic and fire regimes. Aquatic
Botany 46:203-223.
USEPA. 1990. Water quality standards for wetlands: national guidance. EPA-440/S-90-011. Office of
Water Regulations and Standards, United States Environmental Protection Agency, Washington, DC.
USEPA. 1996. The quality of our nation's waters: report to Congress. Office of Water, United States
Environmental Protection Agency, Washington, D.C.
USEPA. 1998. South Florida Ecosystem Assessment Volume I. Final Technical Report Phase I. EPA-904R-98-002 USEPA. Science and Ecosystem Support Division Region IV and Office of Research and
Development, Athens, GA.
Vaithiyanathan, P., J. Zahina, and C.J. Richardson. 1995. Macrophyte species changes along the
phosphorus gradient. In: Richardson, C. J., C. B. Craft, R.G. Qualls, J. Stevenson, P. Vaithiyanathan,
M. Bush, and J. Zahina. Effects of phosphorus and hydroperiod laterations on ecosystem structure and
function in the Everglades. Duke Wetland Center publication # 95-05, report submitted to Everglades
Agricultural Area Environmental Protection District.
Vaithiyanathan, P., and C.J. Richardson. 1995. Nutrient profiles in the Everglades: examination along the
eutrophication gradient. Chapter 9 in C.J. Richardson, C.B. Craft, R.G. Qualls, J. Stevenson, P.
Vaithiyanathan, M. Bush, and J. Zahina. Effects of phosphorus and hydroperiod alterations on
ecosystem structure and function in the Everglades. Duke Wetland Center publication # 95-05, report
submitted to Everglades Agricultural Area Environmental Protection District.
Van der Valk, A.G., and T.R. Rosburg. 1997. Seed bank composition along the phosphorus gradients in the
northern Florida Everglades. Wetlands 17:228-236.
Vollenweider, R.A. 1976. Advances in defining critical loading levels for phosphorus in lake
eutrophication. Memorie dell’Instituto Italiano di Idrobiologia 33:53-83.
Vymazal, J., C.B. Craft, and C.J. Richardson. 1994. Periphyton response to nitrogen and phosphorus
additions in the Florida Everglades. Algological Studies 73:75-97.
Walker, W.W., Jr. 1997. Analysis of water quality and hydrologic data from the C-111 Basin. Draft Report
to the U.S. Department of the Interior, Everglades National Park.
Walker, W.W., Jr. In press. Long-term water quality trends in the Everglades. In K. R. Reddy, G. A.
O'Connor, and C. L. Schelske, editors. Phosphorus Biogeochemistry in Sub-tropical Ecosystems:
Florida as a Case Example. CRC/Lewis Publishers, Boca Raton, FL.
Walker, W.W., Jr., and R.H. Kadlec. 1996. A model for simulating phosphorus concentrations in waters
and soils downstream of Everglades Stormwater Treatment Areas. Draft document prepared for the
U.S. Department of Interior.
Waller, B.G., and J.E. Earle. 1975. Chemical and biological quality of water in part of the Everglades,
southeastern Florida. Water Resources Investigations 56-75. U.S. Geological Survey, Tallahassee, FL.
Webster, J.R. and E.F. Benfield. 1986. Vascular plant breakdown in freshwater ecosystems. Annual
Review of Ecology and Systematics 17:567-594.
Weller, M.W. 1994. Bird-habitat relationships in a Texas Estuarine marsh during summer. Wetlands
14:293-300.

3-65

Chapter 3: Ecological Needs of the Everglades

Everglades Interim Report

Weller, M.W., and C.S. Spatcher. 1965. Role of habitat in the distribution and abundance of marsh birds.
Special Report No. 43, Agriculture and Home Economics Experiment Station, Iowa State University.
White, J.R and K.R. Reddy. 1997. Nitrogen transformations along a eutrophic gradient in the northern
Everglades. Agron. Abstracts. 89th Annual Meetings of American Society of Agronomy Oct. 26-30,
1997.
Wilcox, D.A., S.I. Apfelbaum, and R.D. Hiebert. 1985. Cattail invasion of sedge meadows following
hydrologic disturbance in the Cowles Bog Wetland Complex, Indiana Dunes National Lakeshore.
Wetlands 4:115-128.
Wood, E.J.F., and N.G. Maynard. 1974. Ecology of the micro-algae of the Florida Everglades. Pages 123145 in P.J. Gleason, editor. Environments of South Florida: Past and Present, Memoir No. 2. Miami
Geological Society, Coral Gables, FL.
Wood, J.M. and G.W. Tanner. 1990. Graminod community composition and structure within four
Everglades management areas. Wetlands 10:127-149.
Wright, A.L. and K.R. Reddy. 1996. Influence of nutrient loading on extracellular enzyme activity in soils
of the Florida Everglades. Agronomic Abstracts. pp. 331. Annual Meetings of American Society of
Agronomy, November 3-8, 1996. Indianapolis, IN.
Wright, A.L. and K.R. Reddy. In preparation. Microbial respiration in soils and litter under flooded and
drained conditions in the Everglades.
Wu, Y., F.H. Sklar, K.R. Rutchey. 1997. Analysis and simulations of fragmentation patterns in the
Everglades. Ecological Applications 7:268-276.
Zahina, J., and C.J. Richardson. 1997. Preliminary assessment of changes in macroinvertebrate community
structure resulting from phosphorus dosing in an Everglades slough. Chapter 16 in C.J. Richardson,
C.B. Craft, R.G. Qualls, J. Stevenson, P. Vaithiyanathan, M. Bush, and J. Zahina. Effects of
Phosphorus and Hydroperiod Alterations on Ecosystem Structure and Function in the Everglades.
Report to the Everglades Agricultural Area Environmental Protection District.
Zielinski, R.A., K.R. Simmons, and W.H. Orem. 1997. Uranium and uranium isotopes as tracers of nutrient
addition in Everglades peat. Pages 98-99 in U.S. Geological Survey Program on the South Florida
Ecosystem- Proceedings of the Technical Symposium in Ft. Lauderdale, Florida, August 25-27, 1997.

3-66

Everglades Interim Report

Chapter 4: Water Quality in the EPA

Chapter 4: Status of Compliance with Water Quality Criteria in the
Everglades Protection Area and Tributary Waters
Timothy Bechtel, Steven Hill, Nenad Iricanin, Kimberly Jacobs,
Cheol Mo, Victor Mullen, Richard Pfeuffer, David Rudnick and
Stuart Van Horn

Summary
According to State of Florida Surface Water Quality Standards, Section 62-302.200 (28) F.A.C.,
water quality standards shall mean standards composed of designated present and future most beneficial
uses (classification of waters), the numerical and narrative criteria applied to the specific water uses or
classification, the Florida antidegradation policy, and the moderating provisions contained in this Rule and
in F.A.C. Rule 62-4, adopted pursuant to Chapter 403, F.S. All waters of the Everglades Protection Area
are classified as Class III that have the designated uses of recreation and propagation and maintenance of a
healthy, well-balanced population of fish and wildlife. Water quality criteria shall mean elements of State
water quality standards, expressed as constituent concentrations, levels, or narrative statements,
representing a quality of water that supports the present and future most beneficial uses (Section 62302.200(27) F.A.C.). Based on the foregoing definitions, this chapter focuses on the extent to which waters
discharged into the Everglades Protection Area (EPA), as well as interior waters, currently meet or do not
meet the water quality criteria specified in Section 62-302.530 F.A.C.
The data used in this Report were retrieved from the District’s water quality database. They were
then divided into a baseline period (October 1, 1978 through September 30, 1988) and into individual
recent water years (1990 through 1998) to determine if any changes in water quality were evident during
the 1990s when compared to the baseline period.
For this analysis the EPA was divided into four regions: Loxahatchee National Wildlife Refuge,
Water Conservation Area 2, Water Conservation Area 3, and Everglades National Park. In each region,
water quality sampling stations were classified as sources of stormwater inflow or interior sites. Data sets
were created for each water quality constituent sampled at inflow structures and interior sites during the
baseline period and in recent water years.
The overall status of compliance with water quality criteria in the Everglades Protection Area as of
April 1998 was determined by 1) performing an analysis of excursions of constituents with Class III
numeric criteria, and also for pesticides, excursions of aquatic invertebrate toxicity limits; 2) using notched
box and whisker plots to define changes in constituent levels in WY90-98 compared to the baseline period;
and 3) documenting changes in TP and TN loads and changes in other constituent concentrations between
the EPA regions compared to the baseline period.
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Excursion analysis. The following definitions of excursion categories were developed to rank the
severity of excursions from water quality criteria in the EPA:

Excursion Category

Class III Waters

Pesticides

TP

Category A

> 5% excursions

Class III criterion and/or toxicity
levels exceeded

> 50 ppb

Category B

up to 5% excursions

>Practical Quantitation Limit
cccccccc

≥ 10 ppb

Category C

> Method Detection Limit but
no excursions

≤Practical Quantitation Limit

< 10 ppb

Dissolved oxygen was placed in Category A because of the high excursion percent in all EPA
regions at both the inflow and interior sites. Specific conductance was assigned to Category A at all inflow
sources and in the Refuge rim canal, and to Category B at all interior sites. Alkalinity and pH were placed
in Category A in the interior marshes of the Refuge. Unionized ammonia, pH and turbidity were assigned
to Category B in the inflows to the Refuge, in the Refuge rim canal, and at the inflow and interior sites in
WCA-2, WCA-3 and the Park. TP was placed in Category A in all EPA regions except for the Park and
interior marshes of the Refuge, where it was placed in Category B. Four pesticides were assigned to
Category A. Endosulfan was detected above its numeric criterion seven times and the toxicity limits for
aquatic invertebrates were exceeded one time each by chlorpyrifos ethyl, ethion and parathion methyl.
Significant trends. In the recent water years the inflow flow-weighted mean TP concentrations to
the Refuge, WCA-2 and WCA-3 have generally been lower than the baseline period, but remain above 50
ppb most of the time. The Refuge and WCA-3 sites also showed TP improvement trends. At the inflow
structures to the Refuge, significant improvement trends were also found for specific conductance and
alkalinity as compared to the baseline period. There were no significant trends in the rim canal. At the
interior sites, an improvement trend for iron existed, but there was a worsening trend for dissolved oxygen.
No pattern of change could be seen in TP for interior sites in WCA-2. At the WCA-2 inflow structures, TN
and total iron had improvement trends while only total iron showed an improvement trend at the interior
sites. At WCA-3 inflow sites there were no significant trends, but turbidity, TN and total iron each had
improvement trends at interior sites. The Park had improvement trends in TP and TN at the inflow
structures, but no significant trends at any interior sites.
Load and concentration changes in the EPA. The changes in 1) TP and TN loads and in median
concentrations and 2) in median concentrations or values of the other constituents that had excursions were
analyzed following the direction of water flow from north to south through the EPA. When comparing the
TP loads discharged into the EPA between the baseline and recent water years, it appears that the Refuge is
the only region to have received a higher load in recent water years even with the benefit of the Everglades
Nutrient Removal Project and recent declines in TP concentration. For inflows to WCA-2 and WCA-3, TP
concentrations and loads differ relatively little from the baseline period, while average TP loads into the
Park since WY90 show a greater relative reduction spurred (in part) by decreases in TP concentration for
WY95-98. In contrast, TN loads have increased slightly in WCA-3 and the Park in the recent water years.
As expected, TP and TN loads show that Refuge and conservation areas continue to retain TP and TN as
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the water flows to the south. TP and TN median concentrations in WCA-2 and WCA-3 also indicate the
assimilation capacity of the marshes.
The calculated unionized ammonia concentration at the Refuge interior marsh sites is 100 times
lower than the calculated concentration of the inflow, due to the large decrease in pH that exists between
the inflows and the rain-driven waters of the interior marsh. Specific conductance has shown some large
decreases in the Refuge, WCA-2 and inflows to WCA-3. The Park has had specific conductance increases
at both the inflows and interior sites. There are no trends in the EPA for dissolved oxygen or pH. Refuge
pH is a natural condition that is significantly lower than the other marshes of the EPA. Alkalinity has
consistently decreased between the baseline period and recent water years in each region and also between
regions in both periods. Turbidities are higher in the recent water years in inflows to the Refuge and WCA2. The Refuge rim canal reflects the higher inflow turbidity with some decrease due to particulate settling
in the canal. The marsh site turbidity range of 1 to 2 NTU most likely reflects a natural condition.
Anticipated improvements. The positive changes in water quality within the EPA are just
beginning. There have been reductions in TP entering the EPA from the Everglades Agricultural Area
(EAA) through implementation of Best Management Practices. The Everglades Nutrient Removal Project
demonstrated the effectiveness of STA technology by retaining an average of 81% of the inflow TP load
from WY95 through WY98. This retention reduced the total TP load discharged to the Refuge by an
average of 15% over the same time period. The District’s Everglades Stormwater Program, required by the
Act, will be further improving water quality in the drainage basins of all the remaining structures that
discharge into the EPA, through monitoring and regulatory action programs.
The STAs will have the biggest impact on reducing TP and, to a lesser extent, TN. There will also
be water quality improvements in specific conductance, turbidity and unionized ammonia in the EAA
waters treated in the STAs. It is also expected that low dissolved oxygen concentrations in the waters from
the EAA canals will be improved when passed through the STAs. The relationship between excessive
nutrients, alteration of natural aquatic plant, microbial and animal communities, and dissolved oxygen
levels lower than natural background conditions is reasonably well understood and is being further
documented by ongoing District research efforts. The continuous dissolved oxygen data from nutrient
gradient studies in the Refuge and WCA-2 (presented in this chapter) indicate how the marsh systems may
respond as nutrient levels continue to be lowered by BMPs and STAs.
Recommendations for modifying Class III criteria. While many of the water quality problems
are substantive and require the specific restoration programs discussed in other chapters of this Report,
some of the problems evidenced by excursions can be rectified by adopting more appropriate water quality
criteria. Specifically, dissolved oxygen in unimpacted waters of the EPA, and alkalinity and pH in Refuge
marshes have excursions in natural areas with no apparent disturbance. Evidence is presented indicating
that the criteria for these three water quality constituents are not representative of natural conditions, i.e.
inappropriate criteria are being used to define as excursions what are naturally occurring variations in
water quality.
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Introduction
Purpose of This Chapter
The purpose of this chapter is to evaluate the extent to which waters in the Everglades Protection
Area (EPA) and tributary waters are not in compliance with the water quality criteria specified in the State
of Florida Class III Criteria for Surface Water Quality (Section 62-302.530, F.A.C.), and to determine if
any water quality improvement trends are evident during the 1990s when compared with the 10-year
baseline period from October 1, 1978 through September 30, 1988. To accomplish this purpose the
following tasks were performed:
•

Previous Everglades Protection Area water quality studies and EPA and Everglades
Agricultural Area (EAA) data analysis reports were summarized.

•

The Everglades Protection Area was divided into four regions, (Loxahatchee National Wildlife
Refuge, Water Conservation Area 2, Water Conservation Area 3 and Everglades National
Park) to evaluate water quality data (Figure 4-1).

•

Water quality sampling stations were classified in each region as being either sources of
stormwater runoff, (structures that discharge into each region) or interior sites (marshes,
interior canals and structures that convey water within or from each region) to enable water
quality data to be evaluated as inputs or outputs (Appendix 4-1).

•

Data sets were created for each water quality constituent sampled at inflow structures and
interior sites in each region from October 1, 1978 through September 30, 1988 (baseline
period) and for individual water years 1990 through 1998 (recent water years); each data set
summarized the number of samples, basic statistical parameters of the data as well as the
number and percentage of excursions for constituents having numerical criteria.

•

Excursions from Class III criteria were summarized for the baseline period and compared with
excursion data from each recent water year.

•

Notched box and whisker plots were developed for water quality constituents that had
excursions from Class III limits to determine if water quality conditions were getting better,
remaining the same or getting worse.

•

The projected combined inflows to Stormwater Treatment Area 3-4 are presented to
emphasize the need to construct this facility to achieve the TP reduction goals of the
Everglades Construction Project and the Everglades Forever Act.

•

Changes in TP and TN flow-weighted mean concentrations and loads were evaluated from
points of discharge into each region of the EPA (Figure 4-1).

•

TP loads and flow-weighted mean concentrations were calculated for stations G136,
C139DFC and L3BRS in the C139 Basin for water years 1995 through 1998 in support of the
C139 Basin load limitation program.

•

Water quality constituents and pesticides were ranked by “category of concern” for each of the
four regions of the Everglades Protection Area.

•

Modifications to the existing criterion for dissolved oxygen in specific areas in the Everglades
Protection Area and to the pH and alkalinity criteria in the Loxahatchee National Wildlife
Refuge were recommended because natural background conditions in these areas have
exceeded the existing criteria continuously or on a seasonal basis.
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Location of basins and structures that discharge into the EPA.
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Summary of Previous Water Quality Studies
The Everglades ecosystem is believed to have developed under low P loads entering the system
through direct rainfall (Davis, 1994; Chapter 3). Approximately 196 metric tons per year of P were
assumed to have been delivered to the Water Conservation Areas (WCAs) and Everglades National Park
(Park) by atmospheric fallout (Davis, 1994). As a result of agricultural activities and water management
practices that began in the early 1900s, P loads, as well as other constituents (i.e., nitrogen, mercury, trace
metals, etc.) entering the WCAs, have increased significantly (Scheidt et. al., 1987; Belanger et. al., 1989;
Walker, 1991; Davis, 1994; Moustafa, 1998).
Kolipinski and Higer (1968) performed one of the earliest water quality studies in south Florida.
This study identified effects of water quantity and quality on biological communities in the Park. Sampling
was performed at 21 monitoring sites at (approximately) monthly intervals. Water quality data presented in
the report were collected from 1958 through 1968. Median concentrations measured during this study were
lower than reported for 95 percent of natural waters in the United States. Further, the authors concluded
that, based on five parameters of interest (nitrate, sulfate, calcium, total dissolved solids, and iron), the
waters of the Park were not polluted. Concentrations of nitrates and orthophosphates measured within the
Park ranged from <0.1 to 79 mg/L and from <0.01 to 35 mg/L, respectively.
A permanent water quality monitoring program was implemented by the United States Geological
Survey (USGS) in July 1972 to evaluate the quality of water flowing to the Park (Waller and Earle, 1975).
A baseline study of water quality was completed by June 1974. This study measured the chemical
composition of surface waters and bottom sediments at 25 stations located from Lake Okeechobee to
Taylor Slough. In addition, bulk precipitation samples were collected at three monitoring sites.
Data collected from this study indicated that most measured constituents were higher within the
agricultural area than in the WCAs (Waller and Earle, 1975). The authors concluded that the area under
investigation in the Everglades was a sink for nutrients, trace metals and pesticides. In addition, Waller and
Earle (1975) observed that water quality entering the Park was of a better quality than that entering the
water conservation areas. They attributed these observed improvements in water quality to “. . . certain
physical, chemical and biological processes, which alter or remove constituents in the water as it flows
southward.”
The most prevalent form of nitrogen observed in the study area was organic nitrogen (Waller and
Earle, 1975) suggesting that the area was highly productive because of the contribution of organic nitrogen
from terrestrial and aquatic plants. Spatially, nitrogen concentrations varied throughout the study area
(Figure 4-2). Typically, higher nitrogen concentrations were observed in areas with extensive agricultural
activity. Water conservation areas exhibited relatively lower nitrogen concentrations due to their distance
from agricultural areas. Uptake by the biota and adsorption by sediments were believed to be processes
controlling nitrogen concentrations in the WCAs (Waller and Earle, 1975). In addition, nitrogen
concentrations throughout the study area were observed to vary as a function of rainfall and freshwater
flow.
A similar spatial distribution was observed for P, with the northern portion of the study area
(Figure 4-3) exhibiting the highest TP concentrations. High concentrations in the northwestern portion of
the study area were attributed to P rich clays, while agricultural input was considered the major source in
the northeastern section (Waller and Earle, 1975). Rapid uptake by vegetation and adsorption by sediments
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Median TN concentrations from July 1972 through June 1974 (Waller and Earle, 1975).
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Median TP concentrations from July 1972 through June 1974 (Waller and Earle, 1975).
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resulted in significantly lower P concentrations in the southern portion of the study area (Figure 4-3). TP
concentrations measured during the two-year study exhibited similar seasonal trends as those observed for
nitrogen (Waller and Earle, 1975).
By the end of the 1970's, water quality standards were being developed to assure that water
entering the Park would not cause ecological damage or deterioration to its environment. A control chart
theory was employed to statistically derive water quality standards from water quality data collected from
1970 through 1978 at two canal sites immediately north of the Park (Rosendahl and Rose, 1979).
Scheidt et. al. (1987) summarized the characteristics of the water quality entering the Park from
1984 through 1986. The water quality data were compiled from the bimonthly monitoring performed by
the District at 16 monitoring sites and compared to the adopted water quality standards for the Park. The
most frequent violations of the Park water quality standards were for dissolved oxygen and pH. Other
violations of notable concern were turbidity, iron and conductivity (Scheidt et. al., 1987). Violations of the
nutrient standards (e.g., ammonia and orthophosphate) were more isolated than for the other parameters.
Natural nutrient levels in the interior marshes of the Park were described as being extremely low
(Flora and Rosendahl, 1982; Waller, 1982; Scheidt et. al., 1987). Typical orthophosphate and nitrate
concentrations in the freshwater marshes were 0.004 mg/L (or 4 ppb) and 0.010 mg/L (or 10 ppb),
respectively (Scheidt et. al., 1987; Belanger et. al., 1989). By comparison, orthophosphate concentrations
from Lake Okeechobee and the Everglades Agricultural Area (EAA) were 10 to 35 times higher than those
observed in the Park (Figure 4-4a). Nitrate concentrations for these two regions were up to 216 times
higher than in the Park (Figure 4-4b). These higher nutrient concentrations from the EAA are believed to
have resulted in increased nutrient levels observed in the WCAs (Mattraw et. al., 1987; Scheidt et. al.,
1987; Belanger et. al., 1989).
Because of the concern that these increased nutrient concentrations could adversely impact the
Park, controlled nutrient dosing studies were performed over an 18-month period to evaluate the effects of
nutrient inputs on periphyton and macrophyte community compositions (Scheidt et. al., 1987). These
studies indicated that a four- to six-fold increases in nutrient concentrations can result in the disappearance
of the dominant periphyton mats and change the macrophyte community composition (Scheidt et. al.,
1987). These observed changes were attributed to increased orthophosphate and, to a lesser degree, nitrate
concentrations (Scheidt, 1988). Chapter 3 of this Report contains a thorough discussion of nutrient effects
on Everglades vegetation.
Based on water quality and periphyton samples collected along a nutrient-rich gradient in the
northern Everglades, McCormick and O'Dell (1996) observed a strong correlation of periphyton
taxonomic change with increased P concentrations within marshes. At canal stations, periphyton changes
were significantly correlated with nitrogen and iron in addition to P. Controlled enrichment studies
provided evidence that periphyton changes along the nutrient-rich gradient resulted from increased P
concentrations (McCormick and O'Dell, 1996).
Further investigations into the observed increase in nutrient concentrations were performed by
Walker (1991). Using the seasonal Kendall test, trend analyses were performed on water quality data
collected at inflows to the Park. These analyses examined 20 water quality components in samples
collected from 1977 to 1989 at structures discharging into Shark River Slough (S-12A, S-12B, S-12C, S12D, and S-333), and from 1982 to 1989 at S-332 and S-18C, the structures discharging into Taylor Slough
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Figure 4-4.

a. Mean annual dissolved orthophosphate (as P) and b. dissolved nitrate (as N)
concentrations at outflow structures throughout the Everglades system. Nutrient
concentrations are based on samples collected twice per month by the District for the 1986
monitoring year (Scheidt et. al., 1987).
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and the Coastal Basins. Based on these trend analyses, Walker concluded that nutrient concentrations
entering the Park had increased significantly.
TP concentrations exhibited significant increases from 1977 to 1989 at eight of the nine stations
examined. When the water quality data were adjusted for variations in antecedent rainfall and water
surface variations, significant increases in TP concentrations were reduced to seven monitoring stations
(Walker, 1991). P increases at these seven monitoring stations were estimated to be from 4 to 21 percent
per year. Several monitoring stations also exhibited significant increases in nitrate+nitrite concentrations
over the period of record (Walker, 1991). In general, nitrate+nitrite concentrations increased from 12 to 22
percent per year.
Walker (1991) also observed a decreasing trend from 1977 to 1989 in nitrogen to P (N/P) ratios,
ranging from 7 to 15 percent per year, at seven of nine monitoring stations. Based on these analyses,
Walker concluded that increases in P concentrations and decreases in N/P ratios were symptomatic of
eutrophication. These apparent nutrient trends could not be explained by hydrologic factors (antecedent
rainfall, water elevation, flow, or season). Finally, Walker stated that trends in water quality components
other than nutrients occurred less frequently and were of less importance from a water quality management
perspective.
A Vollenweider-type model was developed by Moustafa (1998) to estimate load reduction
efficiency of Stormwater Treatment Areas (STAs) and evaluate management alternatives to be considered
in the Everglades restoration effort. The model was tested at two wetland sites located in south Florida and
subsequently used to simulate several management alternatives and predict results from external P loads.
The level of agreement between model simulations and observed data indicated that the model was an
effective tool for predicting ecosystem responses to reduced P loads and long-term P levels. The results
also indicated that lower P levels in the EPA were dependent on reduced P loads from the Everglades
Agricultural Area (EAA). Rainfall did not have a significant impact on lowering P concentrations in the
marshes.
In the northern part of WCA-2A (on approximately 80 km2), Moustafa (1998) also simulated the
impact(s) of treated and untreated runoff from the EAA. Untreated runoff would result in average
concentrations of TP in WCA-2A reaching 20 ppb within a period of five years. Conversely, a 25 percent
removal of the P load would result in P concentrations averaging approximately 10 ppb. Further, the
elimination of all loading to the WCAs would result in P concentrations less than 10 ppb.
In addition to apparent nutrient enrichment in south Florida, mercury has also become a major
concern in the Everglades ecosystems (see Chapter 7). Mercury concentrations in game fish from the
Everglades were reported to be among the highest in the world. In the late 1980s, statewide sampling of
large mouth bass revealed that 50 to 70 percent of lakes in Florida contained elevated mercury
concentrations. Average mercury concentrations measured in the Florida largemouth bass ranged from 0.5
to 1.5 mg/kg (ppm). However, average mercury concentrations in largemouth bass found in the Everglades
exceeded 1.5 ppm. The sources and factors contributing to the elevated mercury concentrations observed
in the Everglades are not clearly understood (Strober et. al., 1996).
Studies have revealed that, in contrast to P, elevated mercury concentrations are typically found in
marshes and not canals (Strober et. al., 1996; Bates et. al., 1997; Hurley et. al., 1997). Reduced flows and
stagnation within canals result in increased methylated mercury concentrations (Hurley et. al., 1997). In
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addition, recent studies indicate that mercury speciation has strong seasonal and spatial patterns (Hurley et.
al., 1997).

Everglades Program Management Plan
After the enactment of the Everglades Forever Act (Act) in 1994, the Florida Department of
Environmental Protection (DEP) and the South Florida Water Management District (District) organized the
Act’s requirements into the Everglades Program Management Plan. This plan was first issued in November
1994, and is updated annually (SFWMD/FDEP, 1997). The plan consists of seven major elements
containing a total of 56 projects. The Research and Monitoring (RAM) element contains 13 projects of
which RAM-1, RAM-3, RAM-4 and RAM-9 address water quality issues in the Everglades Protection
Area (EPA) and tributary waters (See Chapter 1).
1995 EPA water quality report
The RAM-1 project, entitled “Description of Water Quality in the EPA and Tributary Waters”, was
accomplished through a District contract to Limno-Tech, Inc. (LTI) in August 1994 to address this
requirement of the Act. Water quality data from the District’s water quality database for the period October
1, 1979 through September 30, 1993 were used as the basis for LTI’s analysis. A total of 121 water quality
parameters were examined at 455 stations. Included in this analysis were data from stations located outside
of the EPA, (select stations representing canals, structures and the Holey Land within the Everglades
Agricultural Area (EAA), as well as select stations in Collier County). The primary objective of the
analysis was to summarize and characterize these data and compare them to Florida’s Class III Criteria for
Surface Water Quality (Section 62-302.530 F.A.C.). The results, presented in LTI’s final report titled “Data
Analysis in Support of the Everglades Forever Act,” were submitted to the District on September 15, 1995
(LTI, 1995). The LTI contract was expanded in November 1995 to analyze data from the period March 1,
1978 through September 30, 1979 (which includes the baseline year March 1, 1978 to March 1, 1979) for
the Outstanding Florida Waters (OFW) designations of the Everglades National Park and the Loxahatchee
National Wildlife Refuge. This expanded analysis was completed in June 21, 1996 and appended to the
original report as Section 5.0., Supplemental Water Quality Analysis and Processing plus Appendices F
through I (LTI, 1996).
1996 EPA water quality report
In support of the RAM-3 project, District staff prepared a report titled “Evaluation of Water
Quality Criteria in the Everglades Protection Area” (Bechtel et al., 1996). This report evaluated in greater
detail the water quality criteria excursions identified in the RAM-1 project and determined whether causes
of criteria excursions could be identified and, if so, whether the excursions were the result of natural
processes or human activities.
Excursions vs. violations of water quality criteria
The term “excursion,” as used in both the RAM-1 and RAM-3 reports and in this chapter, denotes
a constituent concentration in a surface water quality sample that is of potential concern based on a
comparison with its Class III criterion. An “excursion” indicates some uncertainty in the interpretation of
whether a water quality criteria has been violated. For an excursion to be considered a violation by DEP, it
must undergo additional scrutiny in the following areas:
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•

Natural background conditions for constituents such as pH, specific conductance and
dissolved oxygen need to be examined before a definitive comparison to the appropriate
criteria can be made.

•

Calculated criteria for such constituents as un-ionized ammonia and trace metals must have
the appropriate temperature, pH or hardness data available from the same sample.

•

Quality Assurance/Quality Control (QA/QC) procedures for sample collection and sample
analysis must be performed before comparisons with criteria are made.

•

Comparisons of historic and recent data where different criteria were in effect may bias
conclusions regarding excursion percentages.

Without an assessment of such information, a definitive conclusion regarding violations of criteria
cannot be drawn.
Other water quality evaluations in the Everglades region
A review and evaluation of existing EAA canal
Table 4-1. Range of dissolved oxygen
data (RAM-4, Evaluation of Water Quality Standards and
excursions for major canals. Canals
were grouped by basin.
Classification of Everglades Agricultural Area Canals)
was prepared by DEP in the form of a draft report (Gilbert
Percent Dissolved
and Feldman, 1995). In this report the EAA was divided
Basin
Oxygen Excursions
into separate basins named after the pump station
providing drainage for that basin (C139, S2, S3, S5A, S6,
C139
39.7
S7 and S8). Only stations identified as canal or pump
S2
80.0-100
stations were analyzed. This analysis included data
S3
33.0-91.2
provided by the District from water years 1979 through
1993. The primary objectives were to compare each water
S5A
50.2-87.3
quality measurement to its corresponding State of Florida
S6
74.9-80.0
Class III criterion, and to develop a ratio of total number
S7
61.4-90.4
of observations to the number of excursions. Also,
statistical summaries were presented for each evaluated
S8
39.5-93.2
parameter by station. Where the number of samples was
sufficiently large, parameters were categorized into
excursion categories based on percent excursion
(Appendix 4-2). Due to large percent excursions, dissolved oxygen was consistently of high concern
within EAA canals (Table 4-1). In addition, dissolved oxygen excursions were common (52.4-81.4%) at
all pump stations. Unionized ammonia was of a moderate to high concern within all basins except C139.
However, 13 of the 21 canals evaluated had either no un-ionized ammonia data, or too few samples for a
conclusive analysis; therefore the level of concern may be potentially higher than was presented. Specific
conductance excursions were frequently (28.0-49.2%) observed at the S2, S5A and S6 pump stations.
Moderately frequent excursions (5.3-19.3%) were observed at the S3, S352 and S7 pump stations, while
rare excursions (0.8%) occurred at the S8 pump station. In general the rate of specific conductance
excursions within canals tended to follow those of the corresponding pump stations, i.e. most canals in the
S5A basin had high, to extremely high, excursion rates. Turbidity and total suspended solids were also
identified as parameters of moderate to high concern at several pump stations and canals.
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Gilbert and Feldman (1995) performed a numeric analysis on organic compounds (herbicides and
pesticides) at the S2, S3, S5A, S6, S7 and S8 pump stations in a similar manner as other water quality
constituents. Results from this analysis did not identify excursions for compounds with existing numeric
criterion. Since specific numeric criteria were lacking for a number of detected herbicides and pesticides,
the percent of values above the detection limit for those constituents was used as the method of identifying
compounds that may merit additional scrutiny. Compounds were categorized into excursion categories
based on the percent of values detected (Appendix 4-2). Only atrazine and ametryn were consistently of
moderate to high concern within all the basins. Bromacil was infrequently detected in all basins.
RAM-9 describes the
development
and
implementation of the
ongoing C139 Basin
Water
Quality
Monitoring
Program.
This
program
is
collecting
data
to:
confirm historic loads
and flows used in the
design of STA 5;
provide, for structure
G136, the flow and
nutrient
concentration
data entering the EAA
from the northeast corner
of the C139 Basin; and
provide water quality
and flow data from
monitoring
sites
C139DFC (in the L2
Canal) and L3BRS (in
the L3 Canal) to the
Everglades Regulatory
Program in order to
determine
compliance
with a C139 Basin TP
load limitation (Figure
4-5). As of the writing of
this
report,
the
Figure 4-5. Location of key water quality monitoring stations in the western
procedures for applying
basins.
the Best Management
Practices
Regulatory
Program (Chapter 40E-63, F.A.C.) to the most appropriate historical C139 Basin data are being developed.
When completed, the procedures will specify which data set and sampling collection methods will be used
to establish the annual hydrologically adjusted TP load limit for the C139 Basin. The results of the C139
Basin water quality monitoring program for TP and flow from WY96 to July 1998 are presented for
monitoring stations G136, C139DFC and L3BRS in Figures 4-6, 4-7 and 4-8, respectively.
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Figure 4-6. Monthly TP loads, flows and flow-weighted mean P concentrations at G-136 from WY96
through WY98.
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Figure 4-7. Monthly TP loads, flows and flow-weighted mean P concentrations at C139DFC from WY96
through WY98.
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Figure 4-8.
WY98.

Monthly TP loads, flows and flow-weighted mean P concentrations at L3BRS from WY96
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Methods
A regional synoptic approach was selected as the most appropriate method to present an overview
of the status of compliance with water quality criteria in the Everglades Protection Area and tributary
waters. The EPA was divided into four regions: the Loxahatchee National Wildlife Refuge, Water
Conservation Area 2, Water Conservation Area 3 and Everglades National Park. Due to the
voluminous data utilized in the preparation of this chapter, the consolidation of water quality data on a
regional basis provides for analysis over time, but limits spatial analysis within each region. There is an
ability to discern spatial differences from region to region because the large majority of inflow and
pollutants enter the northern one-third of the Everglades Protection Area, and the net water flow is from
north to south. The location of the inflows to the EPA are identified by structure name in Figure 4-1.
Water quality data sources
The large majority of the water quality data evaluated in this chapter was retrieved from the South
Florida Water Management District’s water quality database. Before data is entered into the database, the
District follows strict Quality Assurance/Quality Control (QA/QC) procedures approved by the Florida
Department of Environmental Protection (DEP) for both data collection and analytical methods. These
methods are documented in the District’s Comprehensive Quality Assurance Plan #870166G which is
annually reviewed, updated and approved by DEP. Contract laboratories used by the District must also
have their comprehensive plans approved by DEP.
Water quality data from the nutrient gradient sampling stations monitored by the Everglades
Systems Research Division in the northern part of Water Conservation Area 2A and the southwestern part
of the Loxahatchee National Wildlife Refuge were obtained from the Everglades Research Database.
Graphs depicting these nutrient gradients are presented in Chapter 3. The flow and nutrient data used to
calculate inputs to Florida Bay from the Everglades National Park presented in this chapter were obtained
from Louisiana State University through a contract with the Everglades Systems Research Division. All
other flow data were retrieved from the District’s hydrologic database DBHYDRO.
Inflow and interior water quality sampling stations
Water quality sampling stations in each region were divided into inflow sources and interior sites
to analyze each region for compliance with Class III criteria. It was necessary to add to the inflow stations
identified in Figure 4-1 those interior structures that convey water from one region to another within the
EPA. Thus, the S10 structures were added as inflow sources to Water Conservation Area 2, the S11
structures as inflow sources to Water Conservation Area 3, and the S12 structures plus S333 as inflow
sources to the Everglades National Park. These sets of inflow structures are shown in Figure 4-9. The
interior sites of each region consist of marsh and canal stations in addition to those structures that convey
water within or from each region.
In contrast to the other regions, the Loxahatchee National Wildlife Refuge was divided into three
components for analysis, (inflow sources, rim canal stations and interior marsh sites) to account for inflows
being conveyed in rim canals that border the east and west refuge levees into discharge structures in the
south levee. Rim canal water intrudes into the interior marsh about one to two kilometers, depending on
marsh water depth, and has a detrimental effect on water quality in the intrusion zone. Chapter 3 provides
a summary of water quality conditions in both the intrusion zone and interior marsh. Water quality
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Location of S10, S11 and S12 structures in the EPA.

4-19

Chapter 4: Water Quality in the EPA

Everglades Interim Report

conditions in the interior marsh are rainfall-driven, thereby creating a softwater system that is uniquely
different from the conservation areas and Everglades National Park. The water quality sampling stations
that were combined to create all the inflow sources, all interior sites, and the rim canal stations in the
Loxahatchee National Wildlife Refuge (for both the baseline and recent water years) are identified in
Appendix 4-1 and depicted in Appendix 4-3.
Data analysis periods
Water quality data from monitoring stations within the Everglades Protection Area (EPA) were
grouped into a ten-year baseline period from October 1, 1978 through September 30, 1988 and into annual
data sets for recent water years 1990 through 1998 (May 1 to April 30 each year). Since there were seven
months between the end of the baseline period and the beginning of the 1989 water year (October 1988 to
April 1989), this period was designated as a transition period. The data from the transition period were
not used in any analyses because of its seven-month time period, but the excursions that occurred during
the transition period are tabulated in Appendix 4-4. The baseline period is the same as that used to
determine baseline rainfall for the Everglades Agricultural Area TP load reduction program and baseline
flow for the average annual flow increase to the EPA from the Everglades Construction Project.
Additionally, the water year from May 1 through April 30 conforms to the period used to determine annual
compliance with the TP load reduction in the Everglades Agricultural Area. The recent water years were
substantially wetter than the baseline period with respect to rainfall, flows and water levels. Some of the
apparent improvements in water quality, especially at interior sites, discussed later in this chapter may be
related to hydrologic effects rather than water quality improvement projects such as BMPs.
Evaluation methods
To evaluate compliance of each region for the baseline period and water years 1990 through 1998,
constituent concentrations were compared to their respective Class III numerical criteria. If a constituent
concentration exceeded the numeric criteria, an excursion was recorded. The total number of excursions
and the percent of excursions for inflow sources and interior sites were compiled and then compared
between the four regions for each time period.
Data summaries in the form of notched box and whisker plots were created for each constituent
that exceeded its numerical criterion in the inflow sources and at the interior sites for each region and time
period. A notched box and whisker plot summarizes selected statistical properties of the data set for a
constituent. Notched box and whisker plots can be used to test for statistical significance between data sets,
to detect changes in constituent concentration variability over time and to determine if trends exist. The
notched box and whisker plot used in this chapter is described in Table 4-2 (McGill, et al., 1978).
TP and TN loads and flow-weighted means were calculated for the regional inflow sources for
comparison over time, and between regions, because no narrative criteria for nutrients currently exist. The
TP and TN loads and flow-weighted mean concentrations were calculated using the job control files
presented in Appendix 4-7 and the Fortran code presented in Appendix 4-8. Notched box and whisker
plots of TP and TN concentrations were also created for the inflow sources and interior sites for
comparison between regions.
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Description of the notched box and whisker plot used in this chapter.
Square represents data greater than 4 standard deviations above the median.
Diamond represents data greater than 2 standard deviations above the median.
Upper whisker is maximum data value or highest value not outside +2 standard
deviations.

Top of box is the 75th percentile (Q75).
Asterisk is mean concentration. An open circle (O) in the notched box plot represents
flow-weighted mean concentrations of TP and TN at inflow structures.
Notch represents the 95% confidence interval for the median.

Bottom of box is the 25th percentile (Q25).

Lower whisker is minimum data value or lowest value not outside -2 standard
deviations.
1. Notches surrounding the medians provide a measure of the significance of differences between
notched box plots. If the notches about two medians do not overlap, the medians are significantly
different at about a 95% confidence level.
2. At times the variability in a data set may be quite high. When highly variable data are presented in a
notched box and whisker plot, the width of the notch may be greater than the 25th or 75th percentile.
When this occurs the box plot appears as if it is folded from the end of the notch back toward the
median. This is done automatically by the statistics program to save space within the figure being
presented (see Figure 4-18 as an example).
3. This report uses an open circle (o) in the notched box plot to represent flow-weighted mean
concentrations of TP and TN at inflow structures (see Figure 4-15a as an example).
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The un-ionized portion of dissolved ammonia measured in a water sample was calculated and
compared to the ≤0.02 mg/L criterion only if temperature and pH had been recorded for that sample. The
equations used to calculate the un-ionized ammonia concentration are presented below.
Notched box and whisker plots were created for the trace metals cadmium, copper, lead and zinc
since they had excursions in the base period and water years 1990 through 1998. The most recent trace
metal calculated criteria were used for evaluating data from the baseline period and water years 1990
through 1998, even if the criteria had changed over time.
Calculated criteria for trace metals and un-ionized ammonia were derived from the following
equations (Chapter 62-302.530 F.A.C.):
( 0.7852 [ ln H ] – 3.49 )

Cadmium:

Cd ≤ e

Chromium (trivalent):

CrIII ≤ e

Copper:

Cu ≤ e

Lead:

Pb ≤ e

Nickel

Ni ≤ e

Zinc

Zn ≤ e

Unionized Ammonia

(2.1)

( 0.819 [ ln H ] + 1.561 )

(2.2)

( 0.8545 [ ln H ] – 1.465 )

(2.3)

( 1.273 [ ln H ] – 4.705 )

(2.4)

( 0.846 [ ln H ] + 1.1645 )

(2.5)

( 0.8473 [ ln H ] – 0.7614 )

(2.6)

pKa = 0.0918 + ( 2729.92 ⁄ ( 273.2 + temp in C° ) )
Fraction of unionized ammonia = 1 ⁄ ( 10
NH X = ( NH 4 ) ⁄ ( 1 – Fraction )

pKa – pH

(2.7)

+ 1 ) (2.8)
(2.9)

NH 3 as N = NH X – NH 4

(2.10)

NH 3 = NH 3 as N × 17 ⁄ 14

(2.11)

When comparing the calculated criteria with trace metal concentrations, only water samples that
had hardness determined from the same sample as the trace metal were used, i.e. no extrapolations to
samples without hardness data were made. When reviewing the cadmium, copper, lead and zinc data used
in the draft version of this report, it was noticed that at almost all stations, greater than 50% of the data
were below the MDL, thus skewing the trace metal notched box and whisker plots presented. In this final
version of the report only trace metal data greater than the MDL were used to construct the notched box
and whisker plots.
A second change made in this report was to calculate the criteria for each trace metal using the
annual maximum and minimum hardness data associated with that data set. The calculated maximum and
minimum criteria were plotted on the notched box and whisker plots. If a notched box and whisker plot
was below the minimum criteria line, no excursions occurred. Those notched box and whisker plots that
extend above the minimum criteria line indicate that some of the trace metal concentrations measured
could fall above the calculated criteria. If the notched box and whisker plot was located above the
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maximum criteria line, then all concentrations for that period exceeded the calculated criterion. With the
exception of the trace metal data, all other data in this chapter that were below the MDL were assigned the
MDL value for calculation and graphical purposes.
Pesticides
The number of pesticide detections at monitoring sites in the EPA and in tributary waters from
1992 through 1997 were grouped by region. At this point in time, surface water samples are not being
collected at interior sites, but sediment samples are collected on an annual basis in the conservation areas.
Excursion analysis for Class III constituents and pesticides
Three categories were developed to rank water quality constituents, including pH and pesticides,
that had excursions in the EPA (Table 4-3). These categories provide a ranking system for the severity of
excursions to aid in decision making.
The District recognizes that there is no numeric standard for TP at this time. However, in order to
provide a framework for analysis, the District has divided TP data into the same three excursion categories
as the other water quality constituents. For TP, Category A is >50 ppb, Category B is >10 ppb and
Category C is <10 ppb. This approach is consistent with the Settlement Agreement (1991), which requires
the District’s STAs to achieve a long-term TP average of 50 ppb, and also requires long-term TP averages
of approximately 10 ppb in the Refuge and Park.
This analysis may be modified in future years once the nutrient threshold research is completed
and a nutrient criterion for TP is established. Furthermore, current scientific data from WCA-2 suggests
that TP levels between 10 and 20 ppb may cause changes in flora and fauna (see Chapter 3). Nevertheless,
the current objectives of the Act require the District to achieve 50 ppb, which is based upon the calculated
performance of STAs. It is anticipated that the nutrient threshold research projects will provide additional
evidence that the threshold is well below 50 ppb (Table 4-3).

Table 4-3.

Excursion
Category

Definitions of three excursion categories regarding water quality constituents that had
excursions in the EPA.

Class III Waters

Pesticides

TP

Category A

Greater than 5% excursions

Class III criterion and/or aquatic invertebrate
toxicity level exceeded

>50 ppb

Category B

Up to 5% excursions

Greater than Practical Quantitation Limit (PQL)

>10 ppb

Category C

Greater than MDL but no
excursions

Less than or equal to PQL

<10 ppb
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Analysis of Water Quality in the
Everglades Protection Area
Excursions from Class III Criteria
Water quality constituent concentrations measured in the EPA during the baseline period (Oct. 1,
1978 through Sept. 30, 1988) were summarized as ten-year averages and in the recent water years (May 1,
1990 through April 30, 1998) they were summarized annually. Each data set was then compared with Class
III water quality criteria pursuant to Chapter 62-302.530 F.A.C. Of the numerous parameters analyzed
(n=~109) in the EPA, numeric standards for Class III exist for the following fifteen parameters:
•

Total Alkalinity

•

Total Copper

•

Dissolved Oxygen

•

Total Iron

•

Specific Conductance

•

Total Lead

•

pH

•

Total Selenium

•

Total Coliform Bacteria

•

Total Zinc

•

Total Silver

•

Turbidity

•

Total Beryllium

•

Un-ionized Ammonia

•

Total Cadmium

TP and TN currently have no numeric criteria. However, pursuant to Chapter 62-302.530(48)(b)
F.A.C.: “In no case shall nutrient concentrations of a body of water be altered so as to cause an imbalance
in natural populations of aquatic flora and fauna.” Presently, research is being conducted to provide
evidence to be used by the Florida Environmental Regulatory Commission in establishing a numerical
criterion for TP that will meet the “imbalance” criterion in the EPA. Under the Everglades Forever Act
(Act), a default criterion of 10 ppb will apply in the EPA if no numeric criterion is adopted by DEP by
December 31, 2003. In contrast, a numeric criterion for TN is not required by the Act. Present evidence
suggests that areas of the EPA are sensitive primarily to changes in P. See Chapter 3 for details on the TP
research and P limitation of ecosystem function.
In addition, an interim criterion of 50 ppb has been established for Stormwater Treatment Areas
(STAs) discharging into the EPA. In the absence of an established numeric criterion for TP, the 10 ppb
default and the 50 ppb interim criteria were used to evaluate current TP concentrations in discharges into
the Everglades Protection Area.
Observed excursions from Class III numeric criteria for the four regions in the EPA are
summarized in Tables 4-4 through 4-7. A comparison of observed excursions listed by each water year is
provided in Appendix 4-4.
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Loxahatchee National Wildlife Refuge
Excursions from Class III numeric criteria in the Loxahatchee National Wildlife Refuge (Refuge)
were compared for both the baseline period and recent water years. Of the fifteen water quality parameters
listed above, dissolved oxygen, specific conductance and pH had consistent excursions from the Class III
criteria during both the baseline period and recent water years (Table 4-4). These excursions were
observed at inflow structures, interior marsh stations, and rim canal stations.
The frequency of excursions for dissolved oxygen measurements has increased during recent
water years compared with the baseline period. The highest increase in the frequency of dissolved oxygen
excursions from the baseline period to the recent water years was observed at the interior marsh stations
(Table 4-4).
The relative number of excursions from the state standard for specific conductance has decreased
during the recent water years compared with the baseline period (Table 4-4). This observed decrease
suggests that more dilute water flowed through the Refuge during the recent water years because of greater
rainfall.
No consistent comparison could be made for pH excursions at the three segments of the Refuge.
At inflow structures and rim canal stations, the relative number of pH excursions increased by less than 1
percent during recent water years (Table 4-4). Interior marsh stations, in contrast, had approximately 16
percent less excursions from the acceptable pH range during the recent water years compared to the
baseline period (Table 4-4).
Total alkalinity excursions were only observed at interior marsh stations in the Refuge. Overall,
the relative number of excursions increased from 30 percent during the baseline period to 45 percent for
recent water years (Table 4-4).
Turbidity measurements during the recent water years exhibited a slight increase (1 to 2 percent)
compared to the baseline period (Table 4-4). The relative number of un-ionized ammonia concentrations
above the Class III criteria decreased from the baseline period (Table 4-4).A similar trend was observed
for iron and lead. No comparison could be made for total coliform bacteria, silver, beryllium, or selenium
because these parameters were not measured during the baseline period.
The distribution of TP concentrations in samples collected in the Refuge over time is presented in
Figure 4-10. At the inflow structures, 47 to 81 percent of TP concentrations measured were greater than 50
ppb during the recent water years. Approximately 19 to 52 percent of TP concentrations measured during
the recent water years were between 10 and 50 ppb while less than 2.5 percent of TP concentrations
measured at the inflow structures were less than 10 ppb. During the baseline period 76 percent of samples
collected at inflow structures had concentrations in excess of 50 ppb. Approximately 23 percent of samples
collected had TP concentrations between 10 and 50 ppb and 1 percent were lower than 10 ppb.
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Summary of excursions from Class III Criteria in the Loxahatchee National Wildlife Refuge
Baseline Period

Water Years (May 1 - April 30)

(10/01/1978 - 09/30/1988)
Parameters
Into Structures
Total Alkalinity
Dissolved Oxygen
Specific Conductance
pH < 6.0
pH > 8.5
Total Coliform Bacteria
Total Silver
Total Beryllium
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Selenium
Total Zinc
Turbidity
Un-ionized Ammonia
Interior Stations
Total Alkalinity
Dissolved Oxygen
Specific Conductance
pH < 6.0
pH > 8.5
Total Coliform Bacteria
Total Silver
Total Beryllium
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Selenium
Total Zinc
Turbidity
Un-ionized Ammonia
Rim Canal Stations
Total Alkalinity
Dissolved Oxygen
Specific Conductance
pH < 6.0
pH > 8.5
Total Coliform Bacteria
Total Silver
Total Beryllium
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Selenium
Total Zinc
Turbidity
Un-ionized Ammonia

No. of
Samples

No. of
Excursions

914
569
551
561
561
ND
ND
ND
31
28
54
31
ND
31
911
1078

1990 - 1998

% Excursions

No. of
Samples

No. of
Excursions

% Excursions

0
440
254
0
1
ND
ND
ND
0
0
2
1
ND
0
14
29

0.0
77.3
46.1
0.0
0.2
ND
ND
ND
0.0
0.0
3.7
3.2
ND
0.0
1.5
2.7

738
868
882
868
868
134
16
15
90
88
302
89
16
88
707
1634

0
686
170
6
4
1
11
7
0
0
10
0
1
0
23
6

0.0
79.0
19.3
0.7
0.5
0.7
68.8
46.7
0.0
0.0
3.3
0.0
6.3
0.0
3.3
0.4

304
71
105
214
214
ND
ND
ND
ND
ND
97
ND
ND
ND
174
313

91
28
3
54
0
ND
ND
ND
ND
ND
0
ND
ND
ND
0
0

29.9
39.4
2.9
25.2
0.0
ND
ND
ND
ND
ND
0.0
ND
ND
ND
0.0
0.0

564
567
603
571
571
25
ND
ND
211
212
587
208
ND
211
549
39

253
419
1
54
1
0
ND
ND
0
0
0
0
ND
0
0
0

44.9
73.9
0.2
9.5
0.2
0.0
ND
ND
0.0
0.0
0.0
0.0
ND
0.0
0.0
0.0

511
529
526
520
520
ND
ND
ND
15
15
53
14
ND
15
503
986

0
320
147
1
0
ND
ND
ND
0
0
0
0
ND
0
4
8

0.0
60.5
27.9
0.2
0.0
ND
ND
ND
0.0
0.0
0.0
0.0
ND
0.0
0.8
0.8

677
733
744
726
726
93
18
18
96
96
344
95
18
96
667
1134

0
547
69
1
0
5
14
6
0
0
3
0
0
0
9
2

0.0
74.6
9.3
0.1
0.0
5.4
77.8
33.3
0.0
0.0
0.9
0.0
0.0
0.0
1.3
0.2
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The distribution of
TP in the interior marshes
of the Refuge was quite
different from the inflow
structures and rim canal
stations. Few TP concentrations measured during
the recent water years were
greater than 50 ppb (Figure 4-10). The majority of
TP concentrations measured at marsh stations in
recent water years were
less than 10 ppb. During
the baseline period, TP
levels were frequently
below 50 ppb with most
samples having concentrations between 10 and 50
ppb (Figure 4-10).
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The rim canal stations generally reflected
the TP distribution of the
inflows (Figure 4-10). The
distribution of TP concentrations during the baseline
period can be summarized
as being 60.1 percent of
samples greater than 50
ppb; 39.7 percent between
10 and 50 ppb; and 0.2 percent of samples collected
being less than 10 ppb.
Samples from recent water
years with concentrations
greater than 50 ppb ranged
from 42 to 77% while samples having levels between
10 and 50 ppb ranged from
23 to 58%. Only WY95
had samples with TP concentrations less than 10
ppb (Figure 4-10).
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Figure 4-10. The distribution of mean annual TP concentrations for the
Refuge at into structures, rim canal stations and interior stations from the
baseline study period to WY98.
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Water Conservation Area 2
Both inflow structures and interior marsh stations of Water Conservation Area 2 (WCA-2)
exhibited the same excursion trend for dissolved oxygen and specific conductance levels as discussed for
the Refuge (Table 4-5). In addition, the relative number of pH excursions generally decreased from the
baseline period to recent water years (Table 4-5).
Fewer excursions were observed for un-ionized ammonia levels measured during the recent water
years compared to the baseline period (Table 4-5). Turbidity levels exhibited the same amount of
excursions for both periods. Iron and cadmium levels measured during the recent water years had less than
2 percent excursions compared with no excursions reported for the baseline period (Table 4-5).

Table 4-5.

Summary of excursions from Class III Criteria in Water Conservation Area 2.
Baseline Period

Water Years (May 1 - April 30)

(10/01/1978 - 09/30/1988)
Parameters
Into Structures
Total Alkalinity
Dissolved Oxygen
Specific Conductance
pH < 6.0
pH > 8.5
Total Coliform Bacteria
Total Silver
Total Beryllium
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Selenium
Total Zinc
Turbidity
Un-ionized Ammonia
Interior Stations
Total Alkalinity
Dissolved Oxygen
Specific Conductance
pH < 6.0
pH > 8.5
Total Coliform Bacteria
Total Silver
Total Beryllium
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Selenium
Total Zinc
Turbidity
Un-ionized Ammonia

No. of
Samples

No. of
Excursions

592
414
413
403
403
ND
ND
ND
21
20
52
20
ND
21
585
798
1527
1169
1229
1278
1278
ND
ND
ND
59
59
197
53
ND
59
1288
2422

1990 - 1998

% Excursions

No. of
Samples

No. of
Excursions

% Excursions

0
280
132
1
1
ND
ND
ND
0
0
0
0
ND
0
5
6

0.0
67.6
32.0
0.2
0.2
ND
ND
ND
0.0
0.0
0.0
0.0
ND
0.0
0.9
0.8

488
514
520
508
508
ND
ND
ND
54
54
133
54
ND
54
487
923

0
376
29
2
0
ND
ND
ND
0
1
0
0
ND
0
5
1

0.0
73.2
5.6
0.4
0.0
ND
ND
ND
0.0
1.9
0.0
0.0
ND
0.0
1.0
0.1

1
765
96
10
3
ND
ND
ND
0
0
0
0
ND
0
3
10

0.1
65.4
7.8
0.8
0.2
ND
ND
ND
0.0
0.0
0.0
0.0
ND
0.0
0.2
0.4

916
895
918
899
899
ND
ND
ND
111
111
469
111
ND
111
915
1142

0
650
6
7
1
ND
ND
ND
1
0
0
0
ND
1
2
1

0.0
72.6
0.7
0.8
0.1
ND
ND
ND
0.9
0.0
0.0
0.0
ND
0.9
0.2
0.1
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During both the
baseline period and recent
water years, the majority
(greater than 50 percent) of
TP concentrations at the
interior marsh stations
were observed between 10
and 50 ppb (Figure 4-11).
In contrast, less than 22
percent
of
samples
collected during both
periods at the marsh
stations
had
TP
concentrations greater than
50 ppb (Figure 4-11).

TP Distribution in WCA-2

Ba

The TP distribution of WCA-2 is presented in Figure 4-11. An
average of 66 percent of
TP concentrations measured during the recent
water years at the inflow
structures were greater
than 50 ppb. These compare well with the baseline
period
during
which
approximately 65 percent
of the samples collected
exhibited TP concentrations greater than 50 ppb.
TP concentrations measured at the inflow structures ranged from 10 to 50
ppb and constituted from
18 to 58 percent (or an
average of 34 percent) of
the samples collected during the recent water years.
This average percent is
consistent
with
that
observed during the 10year baseline period. TP
levels less than 10 ppb
were only observed in
WY96 and WY98.
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Figure 4-11. The distribution of mean annual TP concentrations for
WCA-2 at Into Structures and Interior Stations from the
baseline study period to WY98
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Water Conservation Area 3
During the baseline period, excursions from the Class III criteria at inflow structures to WCA-3
were observed for nine constituents. Dissolved oxygen had the most frequent excursions at both the into
structures and interior marsh stations (Table 4-6). The second highest excursions at Into Structures during
the baseline period were observed for specific conductance and turbidity. Trace metals, pH, and un-ionized
ammonia had a less than 2 percent occurrence of excursions from Class III criteria at either the inflow
structures or interior marsh stations during the baseline period.
A small increase in the frequency of excursions was observed for dissolved oxygen throughout the
WCA-3 during the recent water years. Interior marsh stations exhibited a slightly greater increase than
observed at into structures. A slight increase in the number excursions for pH levels less than 6.0 was also
Table 4-6.

Summary of excursions from Class III Criteria in Water Conservation Area 3.

Parameters
Into Structures
Total Alkalinity
Dissolved Oxygen
Specific Conductance
pH < 6.0
pH > 8.5
Total Coliform Bacteria
Total Silver
Total Beryllium
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Selenium
Total Zinc
Turbidity
Un-ionized Ammonia
Interior Stations
Total Alkalinity
Dissolved Oxygen
Specific Conductance
pH < 6.0
pH > 8.5
Total Coliform Bacteria
Total Silver
Total Beryllium
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Selenium
Total Zinc
Turbidity
Un-ionized Ammonia

Baseline Period

Water Years (May 1 - April 30)

(10/01/1978 - 09/30/1988)

1990 - 1998

No. of
Samples

No. of
Excursions

% Excursions

No. of
Samples

No. of
Excursions

% Excursions

1456
1271
1273
1249
1249
ND
ND
ND
93
87
172
88
ND
93
1443
2458

0
849
53
0
2
ND
ND
ND
0
1
2
1
ND
1
41
3

0.0
66.8
4.2
0.0
0.2
ND
ND
ND
0.0
1.1
1.2
1.1
ND
1.1
2.8
0.1

1217
1501
1518
1498
1498
ND
16
16
151
151
310
150
16
151
1339
2500

0
1059
2
20
1
ND
12
7
0
2
4
0
0
0
11
1

0.0
70.6
0.1
1.3
0.1
ND
75.0
43.8
0.0
1.3
1.3
0.0
0.0
0.0
0.8
0.0

1795
1327
1491
1604
1604
ND
ND
ND
206
209
529
204
ND
204
1555
2989

0
941
5
0
2
ND
ND
ND
2
0
9
0
ND
3
2
1

0.0
70.9
0.3
0.0
0.1
ND
ND
ND
1.0
0.0
1.7
0.0
ND
1.5
0.1
0.0

2005
2626
2683
2593
2593
ND
ND
ND
669
665
1607
667
ND
668
1995
2450

0
2003
0
28
13
ND
ND
ND
2
0
4
2
ND
1
3
2

0.0
76.3
0.0
1.1
0.5
ND
ND
ND
0.3
0.0
0.2
0.3
ND
0.1
0.2
0.1
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TP Distribution in WCA-3
<= 10 ppb
100

Percent of Samples

observed in both areas
of the WCA-3. The
remaining parameters
(i.e., trace metals, turbidity, specific conductance, and unionized
ammonia)
exhibited a decrease in
the frequency of concentrations
within
acceptable Class III
criteria for water samples collected during
the recent water years.
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Greater than
Interior Stations
50 percent of water
100
samples
collected
during the baseline
80
period and recent
water years at both the
60
inflow and marsh sites
in WCA-3 had TP
concentrations
40
between 10 and 50 ppb
(Figure 4-12). During
20
the baseline period,
approximately
45
0
percent of samples
collected at inflow
structures had TP
concentrations greater
Figure 4-12. The distribution of mean annual TP concentrations for WCA-3 at
than 50 ppb. The
Into Structures and Interior Stations from the baseline study
frequency of water
period to WY98
samples
collected
during recent water
years at inflow structures to WCA-3 with TP concentrations greater than 50 ppb has decreased to an
average of 38 percent. This trend is also depicted in Figure 4-12. Approximately 6 percent of TP samples
collected at both inflow and marsh sites in WCA-3 during both the baseline and recent water years had
concentrations less than 10 ppb. These data document a positive direction in TP concentrations for WCA-3
inflows, but also indicated that far greater decreases are needed to get the vast majority of values
substantially less than the 50 ppb interim criterion.
At the interior marsh stations, approximately 40 percent of the samples collected during both the
baseline period and recent water years had TP concentrations less than 10 ppb. Samples having TP
concentrations greater than 50 ppb comprised less than 8 percent during the baseline period and less than 5
percent during recent water years (Figure 4-12).
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Everglades National Park
Dissolved oxygen levels measured at inflow structures and interior marsh stations in the Park
during the baseline period and recent water years exhibited the greatest excursions from Class III criteria
(Table 4-7). Four trace metals (cadmium, copper, iron and zinc) measured during the baseline period at
Into Structures had concentrations greater than their respective Class III criteria. Of these trace metals,
cadmium had the highest excursions. In addition to dissolved oxygen, iron concentrations measured at the
interior marsh stations during the baseline period exhibited excursions from Class III criteria (Table 4-7).
During recent water years, Inflow Structures for the Park have exhibited slightly higher percent
excursions for dissolved oxygen, pH (above 8.5 and below 6.0) and un-ionized ammonia compared to the
baseline period (Table 4-7). With the exception of total lead, percent excursions of trace metal
concentrations were lower during the recent water years.
Table 4-7.

Summary of excursions from Class III Criteria in the Everglades National Park.
Baseline Period

Water Years (May 1 - April 30)

(10/01/1978 - 09/30/1988)
Parameters
Into Structures
Total Alkalinity
Dissolved Oxygen
Specific Conductance
pH < 6.0
pH > 8.5
Total Coliform Bacteria
Total Silver
Total Beryllium
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Selenium
Total Zinc
Turbidity
Un-ionized Ammonia
Interior Stations
Total Alkalinity
Dissolved Oxygen
Specific Conductance
pH < 6.0
pH > 8.5
Total Coliform Bacteria
Total Silver
Total Beryllium
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Selenium
Total Zinc
Turbidity
Un-ionized Ammonia

No. of
Samples

No. of
Excursions

1338
1293
1294
1278
1278
ND
ND
ND
298
307
559
302
ND
299
1321
2538
274
274
274
205
205
ND
ND
ND
244
244
274
244
ND
244
274
408

1990 - 1998

% Excursions

No. of
Samples

No. of
Excursions

% Excursions

1
900
0
0
1
ND
ND
ND
9
1
3
0
ND
3
0
0

0.1
69.6
0.0
0.0
0.1
ND
ND
ND
3.0
0.3
0.5
0.0
ND
1.0
0.0
0.0

1502
2113
2143
2087
2087
ND
ND
ND
746
740
1322
746
ND
746
1502
2620

0
1488
0
28
19
ND
ND
ND
1
0
4
3
ND
1
0
6

0.0
70.4
0.0
1.3
0.9
ND
ND
ND
0.1
0.0
0.3
0.4
ND
0.1
0.0
0.2

0
136
11
1
0
ND
ND
ND
1
1
22
1
ND
0
2
5

0.1
49.6
0.0
0.0
0.1
ND
ND
ND
3.0
0.3
0.5
0.0
ND
1.0
0.0
0.0

736
717
710
659
659
ND
ND
ND
739
720
737
739
ND
739
720
1170

0
297
9
6
11
ND
ND
ND
1
2
65
3
ND
0
2
12

0.0
41.4
0.0
1.3
0.9
ND
ND
ND
0.1
0.0
0.3
0.4
ND
0.1
0.0
0.2
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TP Distribution in the ENP
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Less than 1.5 percent of TP concentrations measured in the
Park (including inflow
and interior stations) during the recent water years
were greater than 50 ppb
(Figure 4-13). The percent of samples collected
in the Park during the
baseline period with TP
concentrations exceeding
50 ppb was slightly
higher
compared
to
recent water years.

> 10 and <= 50 ppb

Into Structures

e

Interior
marsh
stations exhibited a large
increase in the number of
dissolved
oxygen
excursions during the
recent water years as
compared to the baseline
period, although the
excursion rate increased
only 0.8% (Table 4-7). In
addition total lead and
un-ionized
ammonia
exhibited very small
increases
in
percent
excursions during the
recent water years.
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The majority of Figure 4-13. The distribution of mean annual TP concentrations for
WCA-3 at Into Structures and interior stations from the
TP concentrations meabaseline study period to WY98
sured at interior stations
in the Park during both
the baseline and recent water years were equal to or less than 10 ppb (Figure 4-13). A slightly higher percent of concentrations at or less than 10 ppb was measured during the current water years at these interior
marsh stations. It should be noted that many TP concentrations at interior stations in the Park are near or
below the District’s MDL of 4 ppb.
During the baseline line study, the relative number of TP concentrations measured at inflow
structures to the Park were equally divided between those at or less than 10 ppb and those between 10 and
50 ppb. However, during recent water years, approximately 53 percent of TP concentrations were less than
or equal to 10 ppb.
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Temporal and Spatial Changes of Constituents with Excursions from Class III Criteria
Loxahatchee National Wildlife Refuge
The Refuge has two unique features that distinguish it from the other conservation areas and the
Park. It was created by surrounding much of the area covered by the Hillsboro Lakes Marsh with a dike
(Parker, 1984, Figure 2). This marsh was situated within the lowest elevation contour in the northern
Everglades and received drainage from the northwest and northeast (Brooks, 1984, Figure 21; Parker,
1984, Figure 3). Since the marsh had a longer hydroperiod than the other wet prairie marshes in the area, it
developed a floating leaf and submerged aquatic species slough community that created a unique peat,
commonly called Loxahatchee peat (Goodrick, 1984). This peat is different from that derived from
typical wet prairie vegetation and is reflected in water that is naturally acidic, low in dissolved minerals
and poorly buffered, i.e. low in alkalinity (Cohen and Spackman, 1984, Swift and Nicholas, 1987).
The second unique feature of the Refuge is that stormwater inflows from pump stations are
directed into a rim canal three to four meters deep, running along the inside of the levee, thereby reducing
the sheet flow across the marshes. This is characteristic of many areas in the water conservation areas and
the Park. A peripheral marsh containing cattail has developed along the boundary between the rim canal
and the interior marsh in response to the high nutrient concentrations in stormwater discharged into the rim
canal. During low water periods, water pumped into the Refuge flows south in the rim canals to the S10
and S39 structures and does not penetrate far into the peripheral marsh due to slightly higher interior
ground level elevations. As water levels in the rim canal rise with increased inflow, rim canal water can
flow further into the marsh (Swift and Nicholas, 1987). However, the most interior marsh areas are
essentially isolated from rim canal water, and the water quality in these marshes is considered to be raindriven. See Chapter 3 for analysis of data collected on transects through the peripheral marsh.
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Figure 4-14. Annual flows and P loads to the Refuge from the baseline period through WY98.
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Total phosphorus. TP loads discharged into the Refuge for the
baseline period and in recent
water years are presented in Figure 4-14. Loads tend to vary with
flow, although the highest load in
1993 was not associated with the
highest flow in 1995. In comparison to the baseline period load of
106 metric tons, loads in WY90
to WY98 varied from 35 to 220
metric tons. Notched box and
whisker plots of TP data from the
inflow sources indicate that,
compared to the baseline median
concentration of 95.5 ppb, statistically significant lower TP concentrations occurred in WY92
and WY94 through WY98 (Figure 4-15a). Water year 1997 had
the lowest median of 26 ppb.
Flow-weighted mean TP concentrations of all the inflows to the
Refuge are represented as open
circles in Figure 4-15a. Only
WY91 and a greater flowweighted mean TP concentration
than the baseline period. Because
the rim canal receives the
inflows, rim canal TP concentrations closely track the inflow
concentration data in magnitude
and over time (Figure 4-15b).
The interior marsh sites in the
Refuge were not sampled from
August 1983 through November
ccccccccccccccccccccc
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a.

b.

c.

Figure 4-15. Notched
box and whisker plots of
TP data collected within
the Refuge at a. Into, b.
Rim Canal, and c. Interior
sites. See Table 4-2 for a
description of the parts of
the notched boxes and
whiskers.
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1993. The TP concentration from the 14 interior marsh sites (shown in Figure 4-15c) for WY94 through
WY98 represent a stable condition in which the medians ranged from 6 to 9 ppb.
Updates of these data are presented in the District’s “Water Quality Conditions Quarterly Report”
as required by the Settlement Agreement (1991). The Settlement Agreement provides equations for
calculating interim and long-term TP concentrations based on water depth measurements at three gaging
stations within the Refuge. The TP results from monthly sampling at 14 interior marsh stations are
summarized as a geometric mean, and compared to the calculated concentrations. Results are reported to
the Settlement Agreement Technical Oversight Committee.
The Everglades Nutrient Removal (ENR) Project began treating water diverted from the flow to
the S5A pump station in August 1994. Table 4-8 presents the surface water inflow TP loads retained
within the ENR for Water Years 1995 through 1998. The four-year average retention was 81%. The
amount of TP retained within the ENR reduced the TP loads discharged to the Refuge by an average of
15% per year thereby demonstrating the effectiveness of STA technology (Table 4-9, Chapter 6).

Table 4-8.

TP loads (metric tons) retained in the ENR Project for WY 95-98

WY

ENR Inflow Load

ENR Outflow
Load

Inflow Load
Retained

% Inflow Load
Retained

1995

15.5

2.7

12.8

82.6

1996

24.5

5.1

19.4

79.2

1997

14.0

2.7

11.3

80.7

1998

11.3

2.1

9.2

81.4

Table 4-9.

Effect of ENR on TP loads (metric tons) discharged into Refuge for WY95-98.

1995

1996

1997

1998

Load discharged from S5A to Refuge

111.6

79.4

40.5

77.2

Load diverted into ENR

15.5

24.5

14.0

11.3

Load discharged from ENR to Refuge

2.7

5.1

2.7

2.1

Inflow load retained in ENR

12.8

19.4

11.3

9.2

% Inflow load retained in ENR

82.6

79.2

80.7

81.4

Total load discharged into Refuge

114.3

84.5

43.2

79.3

Load that would have been discharged into
Refuge through S5A without ENR

127.1

103.9

54.5

88.5

% Load Reduction in Refuge due to ENR

10.1

18.7

20.7

10.4
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Total nitrogen. TN loads discharged into the Refuge for the baseline period and in recent water
years are presented in Figure 4-16. TN loads also vary with flow and appear to have increased since 1992.
The TN loads for WY93 through WY98 have varied about the baseline period load of 3504 metric tons.
Notched box and whisker plots of TN concentration data from the inflow sources indicate that the baseline
period median concentration of 4.3 mg/L is significantly greater than the median concentrations in recent
water years, which ranged from 2.1 to 3.0 mg/L (Figure 4-17a). The rim canal baseline period median
concentration was significantly greater than the median concentrations in WY90, WY91, WY93 and
WY96 (Figure 4-17b). The interior site TN data is rather sparse but the median concentrations of the data
collected in WY95 and WY96, 1.2 and 1.0 mg/L, respectively, were significantly lower than the baseline
period median of 2.4 mg/L (Figure 4-17c).
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Figure 4-16. Annual flows and nitrogen loads to the Refuge from the baseline period through WY98.
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a.

b.

c.

Figure 4-17. Notched
box and whisker plots of
TN data collected within
the Refuge at a. Into, b.
Rim Canal, and c. Interior
sites. See Table 4-2 for a
description of the parts of
the notched boxes and
whiskers.

4-38

Everglades Interim Report
Un-ionized ammonia. The unionized portion of the amount of
dissolved ammonia in water is
important to track because toxic
conditions can occur when the
temperature and pH of the water
are above certain levels. The
toxic concentration for un-ionized ammonia in Class III waters
is ≤0.02 mg/L. Except for WY94,
median un-ionized ammonia
concentrations in inflows to the
Refuge have been significantly
lower than the baseline period
concentration of 0.0036 mg/L.
There is no trend in the data from
the individual water years, but
there have been no excursions
above the 0.02 mg/L criterion
since WY94 (Figure 4-18a).
Median un-ionized ammonia
concentrations in the rim canal
were lower than the inflow concentrations in the baseline period
and all water years except 1998.
Only WY94 had excursions since
the baseline period (Figure 418b). The few un-ionized ammonia data collected in the Refuge
interior marshes were an order of
magnitude lower in concentration compared to the rim canal
data (Figure 4-18c). cccccccccc
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a.

b.

c.

Figure 4-18. Notched
box and whisker plots of
un-ionized ammonia data
collected within the Refuge at a. Into, b. Rim
Canal, and c. Interior
sites. See Table 4-2 for a
description of the parts of
the notched boxes and
whiskers.
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Specific conductance. The
specific conductance of the
inflows to the Refuge show an
improving trend relative to the
baseline period. With the
exception of WY90 and WY94,
the other water years had
significantly
lower
median
values than the baseline period
median of 1234 µmhos/cm.
However, problems still exist
since excursions have occurred
every year (Figure 4-19a). The
rim canal sites have the same
year-to-year variation in median
values as do the inflows, but the
rim canal medians are all lower
than the inflow medians with the
exception of WY98. The baseline
median of 992 µmhos/cm for the
rim
canal
stations
was
significantly lower than the
median value of the inflows
(Figure 4-19b). The median
specific conductance at the
interior
marsh
sites
are
significantly lower than the rim
canal median concentrations.
There are, however, events in
which high conductance water
can flow from the rim canal far
enough into the marsh to cause
an excursion, as was the case in
WY98 (Figure 4-19c).ccccccccc

a.

b.

c.

Figure 4-19. Notched
box and whisker plots of
specific conductance data
collected within the Refuge at a. Into, b. Rim
Canal, and c. Interior
sites. See Table 4-2 for a
description of the parts of
the notched boxes and
whiskers.
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Dissolved oxygen. The majority
of dissolved oxygen measurements at all Refuge stations have
been consistently less than the
5.0 mg/L criterion (Figures 420a, b and c). There are no longterm trends evident in the data.
As part of the P enrichment
research being conducted in the
southwestern part of the Refuge
by the District’s Everglades
Research Division, continuous
dissolved oxygen data were collected on a weekly basis along
established transects. See Chapter 3 for a detailed discussion of
this work. The data from transect
stations Z1 to Z4 were collected
between June 5 and June 12,
1997. The data are presented as
frequencies of occurrence of
hourly averaged values for the
week, placed in dissolved oxygen
intervals of <2, >2 and <4, and
>4 mg/L (Figures 4-21a, b, c,
and d). The inverse relationship
between decreasing nutrient concentrations along the transect and
the amount of time per day dissolved oxygen concentrations are
less than 2 mg/L is evident
because dissolved oxygen levels
improve in marshes with lower
nutrient concentrations. cccccccc
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a.

b.

c.

Figure 4-20. Notched
box and whisker plots of
dissolved oxygen data collected within the Refuge at
a. Into, b. Rim Canal, and
c. Interior sites. See Table
4-2 for a description of the
parts of the notched boxes
and whiskers.
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a.

b.

Figure 4-21. Frequencies of occurrence of hourly averaged dissolved oxygen concentrations at four
stations on the Z transect, a nutrient gradient in the Refuge.
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c.

d.

Figure 4-21. (continued) Frequencies of occurrence of hourly averaged dissolved oxygen concentrations
at four stations on the Z transect, a nutrient gradient in the Refuge.
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pH. The pH of the inflows to the
Refuge have been relatively consistent over time with median pH
values fluctuating between 7.2
and 7.3 except for WY91, WY92
and WY93 (Figure 4-22a). We
do not have an explanation for
the lower pH that occurred in
these years. There have been no
excursions above the 8.5 pH limit
since WY92 and no excursions
below the 6.0 pH limit since
WY94. The pH of the rim canal
has been a little more variable
than the inflows, ranging from
7.1 to 7.5 exclusive of WY91 and
WY92. There have been no pH
excursions greater than 8.5 and
only two excursions less than pH
6.0. The same decrease in pH in
WY91 to WY93 occurred in the
rim canal (Figure 4-22b). As a
naturally acidic system, the
median pH of the interior Refuge
marsh has typically ranged from
6.4 to 6.5, with many individual
measurements being less than 6.0
(Figure 4-22c). The increase in
median pH to 6.8 in WY97 and
to 6.9 in WY98 may be due to
the construction of the diversion
structure in the northern end of
the Refuge for Stormwater Treatment Areas (STA) 1-West and 1East. In WY98 there was a single
pH
excursion
of
9.3.

a.

b.

c.

Figure 4-22. Notched
box and whisker plots of
pH data collected within
the Refuge at a. Into, b.
Rim Canal, and c. Interior
sites. See Table 4-2 for a
description of the parts of
the notched boxes and
whiskers.
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Alkalinity. The median alkalinity concentrations in the inflows
to the Refuge have been declining relative to the baseline period
median of 279 mg/L. With the
exception of WY90 and WY94,
the other water year medians are
significantly lower than the baseline period median (Figure 423a). This trend is considered to
be a water quality improvement.
In contrast to the inflows, alkalinity in the rim canal has
remained relatively stable. Some
water years have had median
concentrations
significantly
higher than the baseline period
median, while in other water
years the median concentrations
have been significantly lower
(Figure 4-23b). As with pH, the
alkalinity increase in the interior
marsh in WY97 and WY98 may
be due to construction of the STA
1W and 1E diversion works. The
median alkalinity concentration
in WY97 was significantly
greater than the previous two
water years. Interestingly, the
distribution of the alkalinity data
in WY98 is remarkably similar to
the baseline period (Figure 423c). This indicates that marsh
alkalinity could have decreased
during the years that were not
sampled.ccccccccc
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a.

b.

c.

Figure 4-23. Notched
box and whisker plots of
alkalinity data collected
within the Refuge at a.
Into, b. Rim Canal, and c.
Interior sites. See Table
4-2 for a description of the
parts of the notched boxes
and whiskers.
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Turbidity. The median turbidity
values in the inflows to the Refuge have varied from 2.6 to 5.0
from WY90 to 98. Several of
these water years have had
median turbidity values significantly greater than the baseline
period. Except for WY98, there
has been at least one excursion
above the 29 NTU criterion (Figure 4-24a). The variation of turbidity values from year-to-year
in the rim canal generally follow
the same variation pattern of the
inflow turbidity. However, the
median values in the rim canal
are somewhat lower and there are
less excursions in the rim canal
due to particulate settling (Figure 4-24b).
ccccccccccccc

a.

b.

c.

Figure 4-24. Notched
box and whisker plots of
turbidity data collected
within the Refuge at a.
Into, b. Rim Canal, and c.
Interior sites. See Table
4-2 for a description of the
parts of the notched boxes
and whiskers.
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Water Conservation Area 2
Total phosphorus. TP loads discharged into Water Conservation Area 2 (WCA-2) for the baseline
period and in recent water years are presented in Figure 4-25. The variation in the magnitude of the annual
load is closely correlated with flow. The baseline period load was 86 metric tons, in comparison to loads
ranging from 10 metric tons in WY90, to 174 metric tons in WY93. Notched box and whisker plots of TP
concentration data from the inflow sources show a declining trend in median TP concentrations from
WY91 through WY98 (Figure 4-26a), but only the median TP concentration of 45 ppb in WY97 was
significantly lower than the median TP concentration of 62 ppb in the baseline period. The TP data for the
interior sites do not show the trend seen in the inflows, but the median TP concentrations at the interior
sites are all significantly lower than the corresponding inflow median TP concentration for the baseline
period and each water year except 1990 (Figure 4-26b). A number of individual samples collected at
interior sites immediately downstream from the S10 structures continue to have concentrations greater than
100 ppb. See Chapter 3 for a detailed discussion of the nutrient gradient in WCA-2.
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Figure 4-25. Annual flows and P loads to Water Conservation Area 2 from the baseline period through
WY98.
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a.

b.

Figure 4-26. Notched box and whisker plots of TP data collected within Water Conservation Area 2 at a. Into and b. Interior sites. See Table 4-2 for a description of
the parts of the notched boxes and whiskers.
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Total nitrogen. TN loads discharged into WCA-2 are presented in Figure 4-27. As with TP, the
magnitude of the TN loads is driven by the amount of flow. The baseline period TN load was 3009 metric
tons. The TN loads have varied from 264 metric tons in WY90 to 5243 metric tons in WY95. Notched box
and whisker plots of TN data from the inflow sources have remained relatively stable in the recent water
years. The TN median concentrations in the recent water years are all significantly lower than the baseline
period median concentration of 3.3 mg/L (Figure 4-28a). The TN data from the interior sites also
remained relatively stable in the recent water years with the TN median concentrations for these years all
being significantly lower than the baseline period concentration of 2.4 mg/L (Figure 4-28b). The baseline
period TN median concentration, and all median concentrations at the interior sites in the recent water
years, were significantly lower than the corresponding inflow TN median concentrations.
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Figure 4-27. Annual flows and nitrogen loads to Water Conservation Area 2 from the baseline period
through WY98.
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a.

b.

Figure 4-28. Notched box and whisker plots of TN data collected within Water Conservation Area 2 at a. Into and b. Interior sites. See Table 4-2 for a description of
the parts of the notched boxes and whiskers.
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Un-ionized ammonia.
Un-ionized ammonia has
been detected above the
0.02 mg/L criterion only
once since the baseline
period in the inflows to
WCA-2. The median unionized ammonia concentrations indicate an
increasing trend in the
recent water years (Figure 4-29a). The pH of
the inflows show a similar increase from WY92
through WY98 (Figure
4-33a) and, as pH is a
variable used to calculate
the un-ionized ammonia
concentration, it appears
the observed un-ionized
ammonia trend is pH
driven (Table 4-4). The
un-ionized
ammonia
data from the interior
sites also indicates an
increasing trend in the
median concentrations
from WY92 to WY97
(Figure 4-29b), although
the concentrations are
three to five times lower
than the inflow concentrations. The corresponding pH data presented in
Figure 4-33b) show the
same increase from
WY92 to WY98. The
un-ionized
ammonia
excursion at an interior
site in WY98 (0.08 mg/
L) is associated with a
pH of 9.5. This value
appears to be an outlier
when compared with the Figure 4-29. Notched box and whisker plots of un-ionized ammonia data collected within Water Conservation Area 2 at a. Into and b. Interior
other WCA-2 marsh pH
sites. See Table 4-2 for a description of the parts of the notched
data.

a.

b.

boxes and whiskers.
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Specific conductance.
The specific conductance at the inflow sites
to WCA-2 (Figure 430a) is closely correlated
with the year-to-year
variation in the rim canal
specific
conductance
data (Figure 4-19b). The
maximum specific conductance values of the
water entering WCA-2
exceeded the criterion of
1275 µmhos/cm in the
baseline period and in
eight of the nine water
years. Specific conductance median values of
the interior waters were
significantly lower than
the inflow medians in the
baseline period and in
four of the nine water
years (Figure 4-30b).

a.

b.

Figure 4-30. Notched box and whisker plots of specific conductance data collected within Water Conservation Area 2 at a. Into and b. Interior
sites. See Table 4-2 for a description of the parts of the notched
boxes and whiskers.
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a.

b.

Figure 4-31. Notched box and whisker plots of dissolved oxygen data collected within
Water Conservation Area 2 at a. Into and b. Interior sites. See Table 4-2 for
a description of the parts of the notched boxes and whiskers.
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Dissolved oxygen. The large majority of the water discharged into WCA-2 and the water at the
interior sites is less than the 5.0 mg/L criterion (Figures 4-31a and b). The diel nature of dissolved oxygen
concentrations in the northern part of WCA-2 is presented in Figures 4-32a, b, c, d and e. This data was
collected along the F transect as part of the Everglades Research Division’s P enrichment research
(McCormick, et al., 1996). Chapter 3 also provides a discussion of this work. The dissolved oxygen data
were analyzed in the same way as the data from the Z transect in the Refuge. Sites F1 to F5 are on a north
to south gradient of declining nutrient concentrations and corresponding aquatic plant communities that
transition from dense cattails (F1) to sawgrass prairies and open water sloughs (F5). The continuous
dissolved oxygen data were collected between October 27 and October 31, 1997. Site F1 had dissolved
oxygen concentrations less than 2 mg/L except in late afternoon for a few hours while, at the other end of
the gradient, site F5 did not have any dissolved oxygen concentrations less than 2 mg/L. Although Site F4
is further south than F3, it had a greater frequency of dissolved oxygen concentrations less than 2 mg/L.
Ground water has periodically been observed to rise and mix with surface water at the F4 site and other
sites in the northern part of WCA-2. Ground water effects on surface water dissolved oxygen
concentrations and specific conductance will be addressed in 1999 Everglades Interim Report.

a.

Figure 4-32. Frequencies of occurrence of hourly averaged dissolved oxygen concentrations at five
stations on the F transect, a nutrient gradient in WCA-2.
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b.

c.

Figure 4-32. (continued) Frequencies of occurrence of hourly averaged dissolved oxygen concentrations
at five stations on the F transect, a nutrient gradient in WCA-2.
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d.

e.

Figure 4-32. (continued) Frequencies of occurrence of hourly averaged dissolved oxygen concentrations
at five stations on the F transect, a nutrient gradient in WCA-2.
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pH. The same pattern of
pH decreasing from
WY90 to WY92, and
then increasing from
WY93 to WY98, in the
Refuge was observed in
the inflows to WCA-2
and at the interior marsh
waters (Figure 4-33 a
and b). There have been
no excursions above the
8.5 pH criterion since the
baseline period and no
excursions below the pH
6.0 criterion since WY94
at the inflow sites. The
WY98 pH excursion
mentioned previously as
being the cause of the
un-ionized
ammonia
excursion at an interior
site was the only pH
excursion since the baseline period. There have
been no excursions
below the pH 6.0 criterion since WY95.
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a.

b.

Figure 4-33. Notched box and whisker plots of pH data collected within Water
Conservation Area 2 at a. Into and b. Interior sites. See Table 42 for a description of the parts of the notched boxes and
whiskers.
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Alkalinity. The median
alkalinity concentrations
at the inflow sites were
slightly higher than the
median concentrations
for the baseline period
and in the recent water
years. One excursion
below the 20 mg/L criterion occurred during the
baseline period at an
interior marsh site (Figure 4-34a and b). There
does not appear to be a
correlation
between
alkalinity and pH at the
inflow sites, but the
changes in both pH and
alkalinity from year-toyear at interior sites track
rather closely except for
WY92.

a.

b.

Figure 4-34. Notched box and whisker plots of alkalinity data collected within
Water Conservation Area 2 at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes and
whiskers.
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Turbidity. The median
turbidity values at the
inflow sites have shown
a significant decrease
from 5.4 NTU in WY90
to 2.4 NTU in WY98.
However, WY98 is not
significantly
different
from the baseline value
of 2.2 NTU (Figure 435a). The interior sites
baseline median turbidity value of 1.1 was not
significantly
different
from the WY98 value of
1.0 (Figure 4-35b).
Although there are some
significant differences
between certain years,
the last six water years
have an average median
of 0.9 NTU.
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a.

b.

Figure 4-35. Notched box and whisker plots of pH data collected within Water
Conservation Area 2 at a. Into and b. Interior sites. See Table 42 for a description of the parts of the notched boxes and
whiskers.
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Water Conservation Area 3
Total phosphorus. TP loads discharged into Water Conservation Area 3 (WCA-3) for the baseline
period and in the recent water years are presented in Figure 4-36. The baseline period was 103 metric tons
in comparison to loads ranging from 46 metric tons in WY90 to 235 metric tons in WY95. Notched box
and whisker plots of TP concentration data from all the current sources show that the median
concentrations in WY91 to WY93 were significantly lower than the baseline median concentration, but the
increased medians in WY94 to WY97 were not significantly different. In WY98 the median was
significantly lower than the baseline median, but not significantly different than the two previous water
years Figure 4-37a). The data for the interior sites show a dramatic decrease in median TP concentration
from 29 ppb in WY90 to 6 ppb WY96. However, the median concentration increased significantly in
WY97 and WY98 to 8 ppb (Figure 4-37b).
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Figure 4-36. Annual flows and P loads to Water Conservation Area 3 from the baseline period through
WY98.
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a.

b.

Figure 4-37. Notched box and whisker plots of TP data collected within Water Conservation Area 3 at a. Into and b. Interior sites. See Table 4-2 for a description of
the parts of the notched boxes and whiskers.
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Everglades Agricultural Area Runoff to be Treated in STA-3/4. Of the total TP loads shown in
Figure 4-36, the amount contributed from the S7, S150, S8 and G200 sources is designed to be treated in
STA-3/4 (Figure 4-1). The Everglades Forever Act, (373.4592 (4) (d) 5., F.S.) requires that “The
construction of STA-3/4 shall not be commenced until 90 days after the interim report has been submitted
to the governor and the Legislature.” This requirement provides time for a mid-course review and
evaluation of data generated since the Act was passed (see Chapter 1 for a more detailed discussion).
STA-3/4 is the largest of the STAs, and is designed to treat the combined Everglades Agricultural Area
(EAA) runoff from S7, S150, G200 and S8 (minus G88 and G606 flows). A question periodically asked is
whether TP concentrations have declined enough from implementation of Best Management Practices in
the EAA to render STA-3/4 non-essential to the achievement of long-term compliance with water quality
standards.
The amount of TP in the combined flows from the above mentioned EAA sources from October
1978 through June 1998 has been evaluated by Walker (1998). The summary of flow-weighted TP
concentrations in the combined flows for this period indicate a tendency towards lower concentrations
since 1989 (Figure 4-38). The TP concentration data in Figures 4-39 and 4-40 also show a decline in the
proportion of samples with concentration values greater than 100 ppb and a corresponding increase in
samples with lower TP levels. In spite of this modest improvement it should be noted that, as of June 1998,
approximately 80% of the combined inflows from the four structures had TP concentrations greater than
50 ppb. It is this 80% of the combined EAA runoff that will be treated to less than 50 ppb by STA-3/4.
While the long-term standard for TP remains to be set by the Environmental Regulation Commission,
existing research suggests that the standard will be well below 50 ppb. These findings clearly demonstrate
that the fundamental need for constructing STA-3/4 as a water quality management system remains.
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Figure 4-38. TP concentrations in combined EAA Flows through S7, S150, S8 and G200. (From Walker,
1998)
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Figure 4-39. Percent of four TP concentration intervals in the combined EAA flows (12-month moving
averages. (From Walker, 1998)
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Figure 4-40. Percent of four TP concentration intervals in the combined EAA flows (3-year moving averages. (From Walker, 1998)
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Total nitrogen. TN loads discharged into WCA-3 are presented in Figure 4-41. The baseline
period load was 3300 metric tons. The TN loads varied from 1600 metric tons in WY90 to 7550 metric
tons in WY95. Notched box and whisker plots of median TN concentration data from the inflow sources
indicate that the concentrations in the recent water years were all significantly lower than the baseline
period median concentration of 2.2 mg/L (Figure 4-42a). There has been a steady increase in the median
TN concentration from 1.5 mg/L in WY90 to 1.9 mg/L in WY98. The median concentrations in WY97
andWY98 were significantly higher than the WY90 median concentration. The median TN concentration
data from the interior sites were also all significantly lower than the baseline period median TN
concentration. In contrast to the inflow source data, the median concentrations in the interior sites have
steadily declined from 1.5 mg/L in WY90 to 1.2 mg/L in WY98. The median concentrations from WY95
to WY98 are significantly lower than WY90 (Figure 4-42b).
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Figure 4-41. Annual flows and nitrogen loads to Water Conservation Area 3 from the baseline period
through WY98.
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a.

b.

Figure 4-42. Notched box and whisker plots of nitrogen data collected within Water Conservation Area 3 at a. Into and b. Interior sites. See Table 4-2 for a description of the parts of the notched boxes and whiskers.
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Un-ionized ammonia.
Un-ionized ammonia has
been detected above the
0.02 mg/L criterion since
the baseline period once
in 1998 at an inflow site
(Figure 4-43a). As with
the un-ionized ammonia
data in WCA-2, the minimum median concentration
in
WY92
corresponds with a minimum pH. Other than the
decreasing and increasing median concentrations before and after the
WY92 minimum median
concentration, there were
no significant longerterm trends. The interior
sites also show a
decreasing and increasing change in median
concentrations
around
WY92 (Figure 4-43b).
The median concentrations in WY96, WY97
and WY98 were significantly higher than the
baseline period median
concentration. There was
one excursion since the
baseline period above
the 0.02 mg/L criterion
in WY91.

a.

b.

Figure 4-43. Notched box and whisker plots of un-ionized ammonia data
collected within Water Conservation Area 3 at a. Into and b.
Interior sites. See Table 4-2 for a description of the parts of the
notched boxes and whiskers.
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Specific conductance.
The specific conductance at the inflow sites
to WCA-3 has been significantly lower in all
water years since the
baseline period. There
have been no excursions
above the 1275 µmho/
cm criterion since WY91
(Figure 4-44a). The
median specific conductance values were relatively stable in the recent
water years. Specific
conductance at the interior sites was both significantly less than and
greater than the baseline
median value of 523
µmhos/cm in the recent
water years, but there
were no long-term trends
(Figure 4-44b). There
have been no excursions
since the baseline period.
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a.

b.

Figure 4-44. Notched box and whisker plots of specific conductance data
collected within Water Conservation Area 3 at a. Into and b.
Interior sites. See Table 4-2 for a description of the parts of the
notched boxes and whiskers.
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Dissolved
oxygen.
Greater than 50% of the
water discharged into
WCA-3 and more than
75% of the water at the
interior sites is less than
the 5.0 mg/L criterion for
dissolved oxygen (Figures 4-45a and b).
Median dissolved oxygen concentrations have
been both significantly
less than and greater than
the
baseline
period
median concentration of
3.9, but no long-term
trend exists at either the
inflow or interior sites.

a.

b.

Figure 4-45. Notched box and whisker plots of dissolved oxygen data
collected within Water Conservation Area 3 at a. Into and b.
Interior sites. See Table 4-2 for a description of the parts of the
notched boxes and whiskers.
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pH. As was observed in
the Refuge and WCA-2,
pH in WCA-3 decreases
from WY90 to WY92
and then increases (Figures 4-46a and b). No
long-term trends exist
and the median pH at
both the inflow and interior sites in WY98, 7.23
and 7.21 respectively,
are not significantly different from the baseline
median pH values.
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a.

b.

Figure 4-46. Notched box and whisker plots of pH data collected within Water
Conservation Area 3 at a. Into and b. Interior sites. See Table 42 for a description of the parts of the notched boxes and
whiskers.
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Alkalinity. The median
alkalinity concentrations
at the inflow sites during
the baseline period and
in the recent water years
were significantly higher
than the median concentrations at the interior
sites for these same periods, with the exception
of WY91 (Figures 4-47a
and b). At the inflow
sites, the median concentrations were significantly lower than the
baseline period from
WY90 to WY96. At the
interior sites only WY96
through WY98 had significantly lower median
concentrations than the
baseline period.

a.

b.

Figure 4-47. Notched box and whisker plots of alkalinity data collected within
Water Conservation Area 3 at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes and
whiskers.
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Turbidity. The median
turbidity values at the
inflow sites have been
both significantly higher
and lower than the baseline period, but there has
been no long-term trend.
There have been 10
excursions above the 29
NTU criterion since the
baseline period (Figure
4-48a). At the interior
sites, median turbidity
values are less than the
inflow medians but the
data are more variable
(Figure 4-48b). There
have been three excursions since the baseline
period. The median turbidity value of 2.4 NTU
in WY90 was significantly greater than the
baseline period. Thereafter there was a significant decreasing trend
through WY96 to 0.79
NTU. The median values
in WY97 and WY98
were not significantly
different from the baseline period.
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a.

b.

Figure 4-48. Notched box and whisker plots of turbidity data collected within
Water Conservation Area 3 at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes and
whiskers.
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Everglades National Park
Total phosphorus. TP loads discharged into the Everglades National Park (Park) for the baseline
period and in the recent water years are presented in Figure 4-49. In contrast to the Refuge, WCA-2 and
WCA-3, the loads at the Park inflow sites do not change as dramatically with flow. However, a comparison
of Figures 4-49 and 4-50 does support the finding that higher TP concentrations were associated with
periods of low flow during and after the 1989-1990 drought. In comparison to the baseline period load of
15 metric tons, loads in the recent water years varied from 4.4 metric tons in WY90 to 21.5 metric tons in
WY95. The total load during this nine-year period was 108 metric tons and the average per year was 12
metric tons. Notched box and whisker plots of TP concentration data from the inflow sources show that the
median concentrations in WY90 and WY91 were significantly higher than the baseline period. A
decreasing trend in median concentrations from 19 ppb in WY90 to 5 ppb in WY96 is evident. The
medians in WY97 and WY98 were 7 ppb (Figure 4-50a). The baseline median of the interior sites was 7
ppb. The median TP concentrations at the interior sites have decreased from 8 ppb in WY92 to the MDL of
4 ppb or lower in WY96 through WY98. All TP Values less than the MDL were assigned a value of 4 ppb
for statistical and graphical purposes in this report, thereby providing a conservative estimate of low TP
concentrations. These last three water years are significantly lower than the baseline period (Figure 450b).
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Figure 4-49. Annual flows and TP loads to Everglades National Park from the baseline period through
WY98. Note that the scale used for P load is 0-50 rather than 0-250 used for other areas in
the Everglades Protection Area.
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a.

b.

Figure 4-50. Notched box and whisker plots of TP data collected within Everglades
National Park at a. Into and b. Interior sites. See Table 4-2 for a description
of the parts of the notched boxes and whiskers.
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As required by the Settlement Agreement (1991), the District’s “Water Quality Conditions
Quarterly Report” provides an update of TP concentrations discharged into the Park through Shark River
Slough and Taylor Slough. Shark River Slough has both interim and long-term TP discharge limits
calculated from equations that vary with inflow through the S12 structures and S333. Taylor Slough, which
receives inflow from S332 and S175, and the Coastal Basins, which receive inflow from S18C, have a
fixed TP limit of 11 ppb. The TP data from biweekly sampling at each structure are converted into 12month moving, flow-weighted, mean concentrations, and compared to the calculated limits. Results are
reported to the Settlement Agreement Technical Oversight Committee, composed of signatory agencies to
the Settlement Agreement (1991).
Total nitrogen. TN loads discharged into the Park for the baseline period and in the recent water
years are presented in Figure 4-51. The baseline period load was 1525 metric tons, while the loads varied
from 266 metric tons in WY90 to 3562 metric tons in WY95. The total load during this nine-year period
was 14,900 metric tons and the average per year was 1656 metric tons. Notched box and whisker plots of
TN concentration data from the inflow sources indicate that the median TN concentrations were
significantly lower than the baseline median concentration of 1.5 mg/L. The median concentrations in
WY95 to WY98 were significantly lower than WY90 (Figure 4-52a). The TN median concentrations at
the interior sites in recent water years essentially varied about the baseline period median of 1.32 mg/L,
with no significant differences (Figure 4-52b).
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Figure 4-51. Annual flows and nitrogen loads to Everglades National Park from the baseline period
through WY98.
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a.

b.

Figure 4-52. Notched box and whisker plots of nitrogen data collected within Everglades
National Park at a. Into and b. Interior sites. See Table 4-2 for a description
of the parts of the notched boxes and whiskers.
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a.

Un-ionized ammonia.
As was observed in
WCA-2 and WCA-3, a
minimum median unionized ammonia concentration occurred in
WY92 in the Park
inflows, which corresponded with a minimum inflow pH (Figures
4-53a and 2-56a). The
baseline period median
concentration
was
0.0003 mg/L, compared
with significantly greater
median concentrations in
WY96 through WY98
that appear not to be
influenced by varying
pH values. One excursion with a calculated
concentration of 0.022
mg/L occurred in WY97.
In contrast to the inflow
data, the interior sites
had minimum median
un-ionized
ammonia
concentrations in WY93
and WY94 that corresponded to the lowest
annual median pH values
observed (Figures 4-53b
and 2-56b). The median
concentrations at the
interior sites in WY96
through WY98 were also
significantly greater than
the baseline period of
0.0005 mg/L. With the
Figure 4-53. Notched box and whisker plots of un-ionized ammonia data exception of WY94, the
collected within Everglades National Park at a. Into and b.
interior site median conInterior sites. See Table 4-2 for a description of the parts of the
centrations were higher
notched boxes and whiskers.
than the inflow median
concentrations. In addition, the number of excursions increased from five in the baseline period, to 12 in recent water years. These
observations correlate with higher median pH values at the interior sites than at the inflow sites except in
WY93 and WY94.

b.
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Specific conductance.
Specific conductance at
the inflow sites to the
Park had a baseline
period value of 472
µmhos/cm. The range of
values in recent water
years was from 458
µmhos/cm in WY98 to
578
µmhos/cm
in
WY94. The data indicate
there have been no specific conductance excursions in inflows to the
Park (Figure 4-54a).
The median specific conductance at the interior
sites for the baseline
period was 460 µmhos/
cm, with median values
ranging
from
442
µmhos/cm in WY96, to
603
µmhos/cm
in
WY90. There have been
a number of excursions
at interior site P35, possibly due to upwelling of
groundwater, and one at
site EP in WY97, where
salinity intrusion from
Florida Bay occurs during dry periods (Figure
4-54b).
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a.

b.

Figure 4-54. Notched box and whisker plots of specific conductance data
collected within Everglades National Park at a. Into and b.
Interior sites. See Table 4-2 for a description of the parts of the
notched boxes and whiskers.
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a.

Dissolved oxygen. The
large majority of the
water discharged into the
Park is less than the 5.0
mg/L criterion (Figure
4-55a). The median dissolved oxygen concentration for the baseline
period was 3.9 mg/L.
The median concentration was 5.0 mg/L in
WY90, decreased to 3.1
in WY94, increased to
4.5 mg/L in WY97, and
then decreased again to
3.4 in WY98. The
median dissolved oxygen concentrations in
WY95 through WY97
were significantly higher
than the baseline median,
whereas the WY98
median
concentration
was significantly lower
than the baseline median.
In contrast to the inflow
data, the interior dissolved oxygen concentrations
have
been
significantly better since
WY92 except in WY97
(Figure 4-55b). The
interior sites had the
highest median concentrations in WY93 and
WY95. The median concentrations
decreased
significantly in WY96
through WY98. The disFigure 4-55. Notched box and whisker plots of dissolved oxygen data
solved oxygen data in
collected within Everglades National Park at a. Into and b.
WY98 were very similar
Interior sites. See Table 4-2 for a description of the parts of the
to the data from the basenotched boxes and whiskers.
line period and WY90.
At present, we do not
have an explanation for the cyclical nature of either the inflow or the interior dissolved oxygen data. This
cyclic pattern also can be observed in the Refuge (Figure 4-20), WCA-2 (Figure 4-31) and WCA-3 (Figure 4-45). We plan to address the causes for this cyclical pattern in next year’s report.

b.
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a.

pH. As mentioned in the
discussion of un-ionized
ammonia data, the pH of
the inflows to the Park in
WY92 was significantly
lower (pH 6.6) than the
baseline period (pH of 7.2)
and any other water year
(Figure 4-56a). In comparison to the baseline period,
pH in WY91 was also significantly lower. From
WY93 through WY98 the
system seems to have
shifted several tenths of a
pH unit higher. The
median values during this
period ranged from 7.32 in
WY95 and WY96, to 7.22
in WY98. The median pH
values of the inflows from
WY94 through WY97
were significantly higher
than the baseline period.
Excursions of both the
upper and lower pH criteria occurred in the inflows.
The median pH of the Park
interior waters was significantly greater than the
median pH of the inflows
except for WY93 and
WY94 during which the
medians decreased to 7.1
and 7.0, respectively (Figure 4-56b). The remainder
of the water year pH medians ranged from 7.5 to 7.7.
The
baseline
period Figure 4-56.
median pH was 7.5. There
have also been excursions
of both the upper and
lower pH criteria in the
interior waters.

b.

Notched box and whisker plots of pH data collected within
Everglades National Park at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes
and whiskers.
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Alkalinity. The median
alkalinity concentrations
in the waters discharged
into the Park have shown
little variation around the
baseline median concentration of 172 mg/L. In
recent water years, the
median concentrations
ranged from 171 to 192
mg/L. There have been
no excursions of the
alkalinity criterion of
<20 mg/L since one incident during the baseline
period (Figure 4-57a).
The interior site median
alkalinity concentrations
are lower than the inflow
median concentrations.
The baseline period
median of the interior
waters was significantly
lower than the median of
the inflows. In addition,
in four of the nine water
years the interior site
median concentrations
were significantly lower
than the corresponding
inflow median concentrations (Figure 4-57b).
We currently do not have
an explanation for this
observation.

a.

b.

Figure 4-57. Notched box and whisker plots of alkalinity data collected within
Everglades National Park at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes and
whiskers.
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Turbidity. Turbidity is
very low in both the
inflows and at the interior sites within the Park.
The median turbidity
value of the inflows during the baseline period
was 1.0 NTU and the
range of turbidity values
in the recent water years
was from 2.0 to 0.9 NTU
(Figure 4-58a). No turbidity excursions have
been observed at the
inflow sites. The median
turbidity value for the
baseline period at the
interior sites was 1.5
NTU. Although this
value was significantly
higher than the baseline
period inflow median,
there were no significant
differences between the
inflow and interior site
data in any of the water
years. The range of turbidity values at the interior sites in recent water
years was from 2.3 to 0.8
NTU. Five excursions of
the 29 NTU criterion
occurred at interior sites
after the baseline period
during which two excursions occurred (Figure
4-58b).
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a.

b.

Figure 4-58. Notched box and whisker plots of turbidity data collected within
Everglades National Park at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes and
whiskers.
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Nutrient Inputs to Florida
Bay from the Park
Nutrient inputs to Florida Bay, which is a part of the Everglades Protection Area, are of ecological
concern. Changes that have been observed in the ecology of Florida Bay during the past decade include the
mortality of seagrasses and the occurrence of algal blooms in the water column, which are common
symptoms of excessive nutrient inputs. While it is commonly thought that the primary cause of Florida
Bay's ecological changes is the long-term increase in the Bay's salinity that resulted from diversion of fresh
water away from Florida Bay (via canals north and east of the Park), nutrient loading may also be
contributing to the Bay's problems. Nutrients enter the Bay from wet and dry atmospheric deposition, the
Florida Keys, the Gulf of Mexico, and the Park. The major Florida Bay restoration plan currently being
implemented is to increase fresh water flow through the Park to the Bay. Thus, a perception is that
increased fresh water flow will carry with it more nutrients and negatively affect efforts to restore the Bay.
A large interagency effort, including both state and federal agencies, is under way to assess the
environmental history and status of Florida Bay, and understand effects of changing water management on
the Bay (Armentano, et al., 1997). This effort includes water quality monitoring and studies of fresh water
flow into the Bay, the exchange of Bay water with the Gulf of Mexico, and the Atlantic Ocean, and the
rates at which nutrients enter, exit and cycle within the Bay. Studies are also underway to determine the
effect of changing fresh water flow and salinity on nutrient availability, seagrass die-off, and algal blooms.
Some interim results from this interagency scientific effort are presented here. Since 1996, the
District has worked with the USGS and Everglades National Park, as well as funded university scientists,
to measure the flow of water, nitrogen and P into Florida Bay through Taylor River, one of the main creeks
that flows from Taylor Slough in the Park, into the Bay. In 1997 water and nutrient inputs to the Bay from
McCormick Creek to the west of Taylor River and Trout Creek to the east of Taylor River were also
measured. Because there are many other fresh water sources from the Everglades, including other creeks,
surface sheet-flow, and possibly ground water flow, the nutrient loads calculated from three creeks provide
only an estimate of the effect of increasing water flow on nutrient loading to the Bay. Data collected at the
mouth of Taylor River during six sampling periods are presented in Table 4-10. During each sampling
period, water samples were collected every three hours for ten days. Nutrient samples were analyzed by the
Southeastern Environmental Research Program Laboratory at Florida International University, Miami,
Florida.
Table 4-10. Mean water discharge and flow-weighted mean inorganic and total nutrient
concentrations collected at the mouth of Taylor River. (Rudnick et al, 1998)

Water flow (m3/s)
Nitrate+nitrite N (µg/L)
Ammonium N (µg/L)
TN (µg/L)
SRP (µg/L)
TP (µg/L)
TOC (µg/L)

Jan-96

May-96

Aug-96

Nov-96

Jan-97

May-97

0.61
14
38.4
845
<4
13.2
12,400

-0.52
13.5
85.7
824
<4
14.9
10,000

0.56
30.5
41.8
1188
<4
13.3
16,700

0.84
10.5
15.7
859
<4
9.6
14,200

0.65
45.5
61.6
701
<4
13.3
13,300

0.08
36.8
28
665
<4
42.6
15,200
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Fresh water discharges and salinity concentrations fluctuated seasonally in Taylor River.
Discharges into Florida Bay were high during the wet season, with peak flows of about one-half million
cubic meters of water per day (about 400 acre-feet) during June 1997 (Figure 4-59). A rapid decrease in
salinity reflected this seasonal inflow. During the wet season, salinity was near zero. However, from the
start of the dry season in November through May, salinity increased steadily. In May 1997 salinity was
about 30 parts per thousand, but with the start of summer rains again decreased quickly to near zero
(Figure 4-59).
P and nitrogen concentrations also followed seasonal patterns, but the patterns for these two
important nutrients differed. P concentrations were highest during the dry season, with TP concentrations
sometimes exceeding 30 µg/L (Figure 4-59). During the times when P concentrations were high, there was
almost no water flowing in Taylor River or there was reverse flow (Bay water flowing into the wetland).
Salinity levels were near that of seawater. These high P concentrations probably reflect the decomposition
of organic matter in the mangrove forest near Florida Bay, and do not indicate P enrichment from upland
EPA water. When water from the Park flowed into the Bay during the wet season, P concentrations
decreased to flow-weighted mean concentrations of about 13 µg/L during the wet seasons of 1996 and
1997.
Unlike P, nitrogen concentrations were highest during the wet season and lowest during the dry
season. This indicates that a likely nitrogen source of Taylor River is not only local decomposition, but also
the upstream waters of the Park. With increasing fresh water flow, increased inputs of nitrogen to Florida
Bay occurred (Figure 4-59).
A preliminary estimate of total nutrient loads to Florida Bay from the Park can be made using the
measurements of Taylor River, McCormick Creek, and Trout Creek. Assuming that other creeks that flow
into Florida Bay have similar nutrient concentrations as these three creeks, creeks contributed about 2.8
metric tons of TP and about 230 metric tons of total N to the Bay in 1997. These estimates are net exports
to the Bay, i.e. they take into account any periods of nutrient import from the Bay to the wetlands caused
by wind or tide reversing flow in the creeks.
The 2.8 metric ton TP input is probably insignificant to the Bay because it is far less than P inputs
from other sources, including the Florida Keys and atmospheric deposition (each with inputs of about 40
metric tons per year, as estimated by Rudnick et al, 1998). However, the 230 metric ton total N input from
Park creeks is probably significant to the Bay, being similar in magnitude to N inputs from the Keys and
atmospheric deposition (about 200 and 800 metric tons per year, respectively, as estimated by Rudnick et
al., 1998). Atmospheric deposition estimates were based on measurements of Hendry et al., (1981) in the
Florida Keys. Nutrient inputs to Florida Bay from the Gulf of Mexico, which includes some of the
nutrients that passed through Shark Slough, may greatly exceed all other inputs to Florida Bay. At this
time, nutrient inputs from the Gulf cannot be accurately estimated. Measuring these inputs is a high
priority of the interagency Florida Bay science program.
Based on these preliminary results, it appears unlikely that increasing fresh water flow to Florida
Bay as a restoration strategy will significantly affect the input of P to Florida Bay. However, it does appear
that nitrogen inputs to the Bay will increase with increased fresh water flow. The consequences of nitrogen
inputs are not certain. Much of Florida Bay already has high concentrations of nitrogen and it is not likely
to be affected by any further increase. These areas are generally much more sensitive to P inputs. However,
in western Florida Bay and in adjacent ocean waters, both N and P concentrations are low. Increased N

4-83

Chapter 4: Water Quality in the EPA

Everglades Interim Report

Water flow at mouth of Taylor River
(positive = flow into Florida Bay,
negative = flow from Florida Bay)
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Figure 4-59. Salinity (a), water flow (b), TP (c) and TN (d) in water at the mouth of Taylor River.
Positive values of water flow indicate flow into Florida Bay. Negative values of water flow
indicate flow from Florida Bay (Rudnick et al, 1998).

inputs to these regions could stimulate productivity, including the production of algal blooms. At this time,
however, it is premature to conclude that efforts to restore Florida Bay by increasing fresh water flow will
cause any harm to any part of the Bay or adjacent waters.

Spatial and Temporal Trends of Trace
Metals in the EPA
Over the past 18 years, trace metal sampling in the EPA was performed on a quarterly basis. Trace
metal data collected during this period were divided into the baseline period and the recent water years, as
has the other water quality constituent data, for the purpose of discussing spatial and temporal variations in
concentration. The five (5) trace metals that will be discussed in this section are: total cadmium, total
copper, total iron, total lead, total zinc.
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Notched-box and whisker plots for the five trace metals are provided as Figures 4-60 through 479. For those trace metals whose Class III criteria are calculated based on hardness, lines representing the
Class III criteria calculated from the lowest and highest hardness concentrations for each monitoring
period are provided on each plot. As explained in the Methods section, only trace metal concentrations
greater than the detection limit were used to create the notched-box and whisker plots.
Analytic changes explain some trace metal fluctuations
In June 1995, which is in WY96, the water quality monitoring laboratory at the District began
analyzing cadmium, copper, and zinc using inductively coupled plasma (ICP) spectrophotometers (Struve,
1998). This procedure allows for the simultaneous analyses of metals, and has lower detection capabilities
for some trace metals, e.g. zinc, than heated graphite furnace (HGA) atomic absorption spectroscopy
previously used by the laboratory. However, ICP is a less sensitive method than HGA for cadmium and
copper. Therefore, slight changes in cadmium, copper and zinc concentrations beginning WY96 may have
resulted from changes in analytical techniques rather than anthropogenic sources.
Human activities explain other trace metal fluctuations
Small quantities of the above trace metals occur naturally in air, water and soil. Anthropogenic
activity, however, can increase the concentration of these metals above their natural concentrations.
Cadmium levels in soil and surface water can be increased through the application of phosphate fertilizers
or sewage sludge (Forstner and Wittman, 1983). One of the largest sources of cadmium release to the
environment is through the burning of fossil fuels (i.e., coal or oil) or incineration of municipal waste
(Forstner and Wittman, 1983).
Copper is widely used as a fungicide because it can disrupt important microbial processes such as
nutrient cycling by inhibiting mineralization of nitrogen and P (Salomons and Forstner, 1984). The use of
copper-based fungicides and algicides can increase copper concentrations in the aquatic system. Another
source of copper is through the burning of fossil fuels (Salomons and Forstner, 1984) or incineration of
municipal wastes (CRC, 1998).
Iron is the second most abundant metal in the Earth’s crust. Elevated concentrations of iron found
in surface waters are usually associated with industrial activity. However, iron can readily be leached from
soils as a function of pH and redox potential.
Industrial activity and fossil fuel emission are the most common sources for elevated lead
concentrations in the environment. Mining and smelting operations can introduce lead into the aquatic
environment through runoff or atmospheric deposition (Forstner and Wittman, 1983; Salomons and
Forstner, 1984). Until recently, lead arsenate has been used as an insecticide. Its use has been eliminated in
favor of less harmful organic compounds. However, the largest source of lead in the environment is the
burning of fossil fuels.
Zinc is one of the most widely used metals in the world. It can be found in products ranging from
batteries to soap. Sources of zinc to the environment are domestic and industrial effluents, atmospheric
fallout, and agricultural activity.
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Loxahatchee National
Wildlife Refuge

a.

Cadmium. Median cadmium
concentrations
measured
at
inflow structures to the Refuge
during the recent water years
ranged from 0.1 µg/L in WY95
to 0.5 µg/L in WY96 (Figure 460a). No significant changes in
cadmium concentrations were
observed from the baseline
period, whose median concentration was 0.3 µg/L. Slightly
higher median concentrations
were observed for WY96
through WY98. The apparent
increase in cadmium may be
related to analytical procedures.c

b.

With the exception of WY94,
median concentrations of total
cadmium measured at rim canal
stations were comparable during
the monitoring periods (Figure
4-60b). No comparison could be
made for cadmium concentrations at interior stations (Figure
4-60c) because no trace metal
data were collected during the
baseline period. Sampling started
at interior stations in the Refuge
during WY1995. During the last
three water years, median concentrations at interior stations
ranged from 0.1 to 0.2 µg/
L.

c.

Figure 4-60. Notched
box and whisker plots of
total cadmium data collected within the Refuge at
a. Into, b. Rim Canal, and
c. Interior sites. See Table
4-2 for a description of the
parts of the notched boxes
and whiskers.
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Copper. Inflow sites exhibited
median copper concentrations
ranging from 1.3 to 3.3 µg/L during the recent water years (Figure 4-61a). During the baseline
period, the median copper concentration was measured at 4.2
µg/L. No significant changes in
copper concentrations were
observed between the baseline
period and recent water years.
At interior stations, no comparison could be made with the baseline period because trace metal
sampling began in WY95 (Figure 4-61b). However, concentrations exhibited a slight decrease
from WY95 through WY97. Rim
canal stations exhibited median
concentrations, ranging from 1.0
to 3.0 µg/L for the recent water
years, and 1.5 µg/L for the baseline period. No apparent trends
could be observed at either location in the Refuge (Figure 461c).
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a.

b.

c.

Figure 4-61. Notched
box and whisker plots of
total copper data collected
within the Refuge at a.
Into, b. Rim Canal, and c.
Interior sites. See Table
4-2 for a description of the
parts of the notched boxes
and whiskers.
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Iron. No significant changes
were observed for iron concentrations in the Refuge from the
baseline period to recent water
years (Figure 4-62a). Median
iron concentrations at inflow stations ranged from 0.06 to 0.41
mg/L during the recent water
years, compared to 0.23 mg/l for
the baseline period. Slightly
lower
concentrations
were
observed in the rim canal, where
median iron levels ranged from
0.06 to 0.20 mg/L (Figure 462b). Interior iron concentrations
were generally lower ranging
from 0.04 to 0.06 mg/L (Figure
4-62c).

a.

b.

A correlation of mean iron concentrations with mean turbidity (r
= 0.88) at inflow structures suggests that iron is associated with
the particulate fraction in the
water column. Iron concentrations at interior stations have also
exhibited a significant decrease
from the baseline period. This
decrease may be related to particulate removal (i.e., settling)
within the marsh.ccccccccccccc

c.

Figure 4-62. Notched
box and whisker plots of
total iron data collected
within the Refuge at a.
Into, b. Rim Canal, and c.
Interior sites. See Table
4-2 for a description of the
parts of the notched boxes
and whiskers.
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Lead. The median lead concentration during the baseline period
was approximately 5 times
higher than observed during
recent water years. During the
recent water years, median lead
concentrations ranged from 0.6
to 1.3 µg/L. Due to an insufficient number of samples with
concentrations above detection
limits no analysis regarding
changes in lead concentrations in
the Refuge was warranted (Figures 4-63a, b, c).cccccccccccccc
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a.

b.

c.
Figure 4-63. Notched
box and whisker plots of
total lead data collected
within the Refuge at a.
Into, b. Rim Canal, and c.
Interior sites. See Table
4-2 for a description of the
parts of the notched boxes
and whiskers.
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Zinc. The distribution of zinc
concentrations in the Refuge
from the baseline through recent
water years is shown in Figures
4-64a, b, c. After WY95 the
median zinc concentration in the
Refuge exhibited a significant
decrease. However, this decrease
is attributed to improved laboratory detection limits.cccccccccc

a.

b.

c.
Figure 4-64. Notched
box and whisker plots of
total zinc data collected
within the Refuge at a.
Into, b. Rim Canal, and c.
Interior sites. See Table
4-2 for a description of the
parts of the notched boxes
and whiskers.
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Water Conservation
Area 2
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a.

Cadmium. Median cadmium concentrations at
inflow structures and
interior stations ranged
from 0.2 to 1.5 µg/L during the recent water
years (Figures 4-65a, b,
c). Due to the limited
data set with concentrations greater than the
detection limit, no temporal trend could be
determined.

b.

Figure 4-65. Notched box and whisker plots of total cadmium data collecte
within Water Conservation Area 2 at a. Into and b. Interior sites
See Table 4-2 for a description of the parts of the notched boxe
and whiskers.
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Copper. Copper measured during the recent
water years in WCA-2
had ranges in median
concentrations from 1.0
to 4.7 µg/L at inflow
structures, and 0.8 to 1.9
µg/L at interior stations
(Figures 4-66a, b). A
slight increase in cadmium
concentrations
was observed in WY96,
which may be attributed
to a change in analytical
methodology.

a.

b.

Figure 4-66. Notched box and whisker plots of total copper data collected
within Water Conservation Area 2 at a. Into and b. Interior sites.
See Table 4-2 for a description of the parts of the notched boxes
and whiskers.
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Iron. Median iron concentrations measured at
inflow and interior stations were generally less
than 0.2 mg/L (Figures
4-66a, b). A significant
decrease in median concentrations was observed
at inflow and interior
sites. Iron was also found
to correlate well with
turbidity measurements
in the WCA. The
observed decrease may
have resulted from the
removal of particulate
material in the WCA.
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a.

b.

Figure 4-67. Notched box and whisker plots of total iron data collected withi
Water Conservation Area 2 at a. Into and b. Interior sites. Se
Table 4-2 for a description of the parts of the notched boxes an
whiskers.
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Lead. Median total lead
concentrations in WCA2 ranged from 0.7 to 4.4
µg/L at inflow structures, and 0.6 to 1.2 µg/L
at interior stations. Overall, no apparent trends
were observed within the
WCA (Figures 4-68a,
b).

a.

b.

Figure 4-68. Notched box and whisker plots of total lead data collected within
Water Conservation Area 2 at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes and
whiskers.
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Zinc. Zinc levels during
the recent water years
through WY95 were relatively similar to those
measured during the
baseline period (Figures
4-69a, b). In WY96, zinc
concentrations decreased
significantly.
This
decrease is attributed to
improved
laboratory
detection limits.
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a.

b.

Figure 4-69. Notched box and whisker plots of total zinc data collected withi
Water Conservation Area 2 at a. Into and b. Interior sites. Se
Table 4-2 for a description of the parts of the notched boxes an
whiskers.
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Water Conservation
Area 3

a.

Cadmium. Median cadmium concentrations in
WCA-3 ranged from 0.1
to 0.3 µg/L at inflow
structures, and from 0.1
to 0.5 µg/L at interior
stations (Figures 4-70a,
b). The median cadmium
concentration in recent
water years compared
well with the median
concentration measured
during
the
baseline
period. The high variability of the cadmium
data prohibited any
determination of trends.

b.

Figure 4-70. Notched box and whisker plots of total cadmium data collected
within Water Conservation Area 2 at a. Into and b. Interior sites.
See Table 4-2 for a description of the parts of the notched boxes
and whiskers.
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Copper. During the
baseline period, the
median copper concentration at inflow stations
was 1.5 µg/L and within
the range observed for
the recent water years
(i.e., 0.7 to 2.7 µg/L).
Interior stations generally exhibited a narrower range in median
concentrations.
No
apparent
trend
was
observed at either the
inflow sources or interior
marsh sites in the WCA
(Figures 4-71a, b).
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a.

b.

Figure 4-71. Notched box and whisker plots of total copper data collecte
within Water Conservation Area 2 at a. Into and b. Interior sites
See Table 4-2 for a description of the parts of the notched boxe
and whiskers.
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Iron. At inflow structures, the median iron
concentration for the
baseline period was
comparable to concentrations measured during recent water years.
No apparent trend was
observed for these structures (Figure 4-72a). A
significant decrease in
iron concentrations from
the
baseline
period
through recent water
years was observed at
interior marsh stations
(Figure 4-72b).

a.

b.

Figure 4-72. Notched box and whisker plots of total iron data collected within
Water Conservation Area 2 at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes and
whiskers.
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Lead. Median lead concentrations in WCA-3
ranged from 0.6 to 1.4
µg/L (Figure 4-73a). No
significant trends were
observed at either the
inflow structures or interior marsh stations.
However,
a
slight
increase in median lead
concentrations
was
observed at the marsh
stations for the last three
years of monitoring
(Figure 4-73b).
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a.

b.

Figure 4-73. Notched box and whisker plots of total lead data collected withi
Water Conservation Area 2 at a. Into and b. Interior sites. Se
Table 4-2 for a description of the parts of the notched boxes an
whiskers.
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Zinc. Zinc followed the
same trend in WCA-3 as
in the other regions of
the EPA (Figures 4-74a,
b). Relatively similar
median concentrations
were observed from the
baseline period through
WY95. After WY95,
median concentrations
decreased significantly.
These
observed
decreases are related to
improved
laboratory
detection limits.

a.

b.

Figure 4-74. Notched box and whisker plots of total zinc data collected within
Water Conservation Area 2 at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes and
whiskers.
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Everglades National
Park
Cadmium. Median cadmium concentrations in
the Park ranged from 0.1
to 0.5 µg/L at inflow
structures and 0.2 to 0.4
µg/L at interior marsh
stations (Figures 4-75a,
b). No significant trends
were observed in the
Park with respect to cadmium. However, slight
higher median cadmium
concentrations
were
observed after WY95.
These increases could be
related to the analytical
method
used
after
WY95.
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a.

b.

Figure 4-75. Notched box and whisker plots of total cadmium data collecte
within Water Conservation Area 2 at a. Into and b. Interior sites
See Table 4-2 for a description of the parts of the notched boxe
and whiskers.
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Copper. Inflow and interior
marsh
stations
exhibited median copper
concentrations ranging
from 0.9 to 2.4 µg/L
(Figures 4-76a, b). In
general, median concentrations in the Park
showed little variability
from the baseline period
through WY95. Starting
with WY96, slightly
higher copper concentrations were observed in
the Park. The change in
the analytical method for
copper
may
have
resulted
in
slightly
increased copper concentrations.

a.

b.

Figure 4-76. Notched box and whisker plots of total copper data collected
within Water Conservation Area 2 at a. Into and b. Interior sites.
See Table 4-2 for a description of the parts of the notched boxes
and whiskers.
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Iron. Iron concentrations
in the Park did not
exhibit a significant
change during the monitoring periods (Figures
4-77a, b). Median iron
concentrations
ranged
from 0.09 to 0.52 mg/L
from the baseline period
through WY98. Slightly
higher iron concentrations were observed in
the interior marsh stations compared with the
inflow structures.
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a.

b.

Figure 4-77. Notched box and whisker plots of total iron data collected withi
Water Conservation Area 2 at a. Into and b. Interior sites. Se
Table 4-2 for a description of the parts of the notched boxes an
whiskers.
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Lead. Median lead concentrations at inflow
structures to the Park
have varied from 0.7 to
2.4 µg/L (Figure 4-78a).
With the exception of an
outlier in WY98, median
concentrations of lead at
interior marsh stations
have been relatively constant, ranging from 0.7 to
1.0 µg/L (Figure 4-78b).
No significant changes
in lead concentrations
were observed in the
Park from the baseline
period through WY98.

a.

b.

Figure 4-78. Notched box and whisker plots of total lead data collected within
Water Conservation Area 2 at a. Into and b. Interior sites. See
Table 4-2 for a description of the parts of the notched boxes and
whiskers.
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Zinc. Zinc concentrations in the Park followed the same trend as
observed in the other
regions of the EPA (Figures 4-79a, b). Generally
higher
zinc
concentrations
were
observed from the baseline period through
WY95, after which zinc
concentration decreased.
This decrease is attributed to improved laboratory detection limits.
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a.

b.

Figure 4-79. Notched box and whisker plots of total zinc data collected withi
Water Conservation Area 2 at a. Into and b. Interior sites. Se
Table 4-2 for a description of the parts of the notched boxes an
whiskers.
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Pesticide Monitoring in the EPA
The District has maintained a
pesticide monitoring program in south
Florida since 1984. The pesticide
monitoring network includes sites
designated in the Everglades National
Park Memorandum of Agreement, the
Miccosukee Tribe Memorandum of
Agreement, the Lake Okeechobee
Operating Permit and the Non-ECP
Structure Permit. The program has been
dynamic over time, due to concerns that
arise about pesticide use, additional
sampling for new pesticides, and the
additional sampling sites in the network.
The current monitoring program consists
of analyses for 66 pesticides at 37 sites
within District boundaries (Figure 4-80).
Of the 66 pesticides for which tests have
been made over the course of this
program, 43 had at least one detection
(Appendix 4-5). Appendix 4-5 also
shows that the number of pesticide
detections and the detection percentage
for sampling events slowly have been
increasing over time. This trend is due to
eliminating pesticides that were never
detected, adding recently approved
pesticides to the analyses, and increasing
sampling in areas of suspected or known
pesticide use. Additionally, analytical
methods have improved so that lower
pesticide concentrations are now
detectable. The increase in detections
does not necessarily mean that pesticides
are becoming a bigger problem per se.
Rather, the increase demonstrates that
the pesticide monitoring program is a
flexible and effective tool for defining
where and what pesticides are being
transported from application sites to
adjacent water bodies and eventually into
the EPA.

S5A
L40-1

ACME1DS
G94D

S6
L3BRS
S190

S8
S140

S7

S38B

S142
G123
S9
S31

US41-25
S12C
G211
S331
S176
S178
S332
S177
S18C

Figure 4-80. Pesticide Monitoring Network
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This Report analyzes data collected from February 1992 through March 1998 at 24 monitoring
sites: 17 sites that discharge into the EPA, two sites that are interior to the EPA and five sites in the C111
Basin. (Figure 4-80). A summary of pesticide detections and the excursion categories for the four EPA
regions and the C111 Basin is presented in Tables 4-11 to 4-16. During this period 22 pesticides were
detected, with six being detected only once. Endosulfan, which is the sum of endosulfan alpha and beta,
was placed in Category A because it exceeds the Class III criterion of 0.056 µg/L on seven occasions: once
at L3BRS on 1/27/93 and on six occasions at S178 between 3/18/93 and 1/25/96. The toxicity limits for
aquatic invertebrates were exceeded one time each by the following pesticides: chlorpyrifos ethyl at S6 on
4/17/1996, ethion at S178 on 10/16/1997, and parathion methyl at S8 on 10/11/95. These pesticides were
also ranked in Category A.
It should be noted that the existing Florida Criteria for Surface Water Quality Classifications
(F.A.C. Section 62-302.530) does not list many contemporary pesticides such as ametryn, atrazine,
hexazinone, bromacil, norflurazon or simizine. These pesticides are the top six for number of detections
between 1992 and 1997 (Appendix 4-5). For pesticides not specifically listed, the acute or chronic toxicity
criteria under Surface Waters, Minimum Criteria (F.A.C. 62-302.500) are utilized. The acute and chronic
toxicity standards are calculated as one-third and one-twentieth, respectively, of the amount lethal to 50%
of the test organisms in 96 hours, where the 96-hour LC50 is the lowest value which has been determined
for a species significant to the indigenous aquatic community (F.A.C. 62-302.200). However, finding LC50
data for aquatic species indigenous to south Florida aquatic ecosystems can be difficult. DEP staff
currently are engaged in this process of searching for and reviewing appropriate toxicity studies for the
pesticides noted above, and intend to use such information and provide it to the District for use in
comparison against detected concentrations of these compounds.
Pesticide sampling event reports are distributed to a variety of public and private agencies after
each event. These reports provide a convenient format for communicating excursions of water quality and
toxicity criteria. Although several months can pass before the reports are distributed (lab turn-around,
quality control/quality assurance checks, report writing, etc.), the appropriate state agencies with pesticide
regulation/enforcement authority (FDACS, DEP) can and do investigate a particular incident to rectify any
discernible problems. In situations like the endosulfan problem in the C111 Basin, a working group was
convened. The group consisting of federal, state, local regulation/enforcement agencies, farming interests,
members of the local agricultural community and staff from the University of Florida (Cooperative
Extension Service, Institute of Food Agricultural Service). Through a series of meetings, including public
forums, the farming community was informed of the issues, and took actions to control endosulfan
applications. As a result of this process, the Class III criteria has not been exceeded since January 1996,
and the number of endosulfan detections has decreased. In addition, funding was secured for research into
alternative management practices, as well as enhancement of existing management programs.
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Table 4-11. Pesticide detections and excursion categories in inflows to the Refuge, February 1992 to
March 1998. Samples collected at S5A,L40-1, ACME1DS, G94D and S6.
Excursion Categories

Total # of
samples

Category C

Category B

Category A

(# of samples
<= PQL)

(# of samples
> PQL)

(# samples
exceeding criterion
or toxicity limit)

Alachlor

69

69

Ametryn

69

41

28

Atrazine

69

14

55

Bromacil

69

69

Chlorpyrifos ethyl

69

68

Diazinon

69

68

Diquat

69

69

Diuron

69

69

Endosulfan (alpha + beta)

69

68

Endosulfan sulfate

69

69

Ethion

69

69

Ethoprop

69

68

1

Hexazinone

39

34

5

Metalaxyl

69

69

Metolachlor

69

65

Metribuzin

69

69

Norflurazon

39

39

Parathion methyl

69

69

Prometryn

69

66

3

Simazine

69

67

2

2,4-D

69

68

1

Pesticide

a. exceeds toxicity levels for aquatic invertebrates.
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Table 4-12. Pesticide detections and excursion categories in inflows to WCA-2, February 1992 to March
1998. Samples collected at S7 and S38B.
Excursion Categories

Total # of
samples

Category C

Category B

Category A

(# of samples
<= PQL)

(# of samples
> PQL)

(# samples
exceeding criterion
or toxicity limit)

Alachlor

30

30

Ametryn

30

20

10

Atrazine

30

4

26

Bromacil

30

30

Chlorpyrifos ethyl

30

30

Diazinon

30

30

Diquat

30

30

Diuron

30

30

Endosulfan (alpha + beta)

30

30

Endosulfan sulfate

30

30

Ethion

30

30

Ethoprop

30

30

Hexazinone

15

15

Metalaxyl

30

30

Metolachlor

30

30

Metribuzin

30

30

Norflurazon

15

15

Parathion methyl

30

30

Prometryn

30

30

Simazine

30

29

2,4-D

30

30

Pesticide
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Table 4-13. Pesticide detections and excursion categories in inflows to WCA-3, February 1992 to March
1998. Samples collected at S8, L3BRS, S190, S140, G123 and S9.
Excursion Categories

Total # of
samples

Category C

Category B

Category A

(# of samples
<= PQL)

(# of samples
> PQL)

(# samples
exceeding criterion
or toxicity limit)

Alachlor

123

123

Ametryn

123

111

12

Atrazine

123

65

58

Bromacil

123

111

12

Chlorpyrifos ethyl

123

123

Diazinon

123

122

1

Diquat

123

122

1

Diuron

123

120

2

Endosulfan (alpha + beta)

123

122

Endosulfan sulfate

123

123

Ethion

123

123

Ethoprop

123

123

Hexazinone

63

55

Metalaxyl

123

123

Metolachlor

123

121

2

Metribuzin

123

120

3

Norflurazon

63

56

7

Parathion methyl

123

122

Prometryn

123

123

Simazine

123

123

2,4-D

123

122

Pesticide

a. Exceeds Class III surface water criterion of 0.056 µg/L.
b. Exceeds toxicity levels for aquatic invertebrates.
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Table 4-14. Pesticide detections and excursion categories at WCA-3 interior sites, February 1992 to
March 1998. Samples were collected at S142 and S31.
Excursion Categories

Total # of
samples

Category C

Category B

Category A

(# of samples
<= PQL)

(# of samples
> PQL)

(# samples
exceeding criterion
or toxicity limit)

Alachlor

33

33

Ametryn

33

25

8

Atrazine

33

18

15

Bromacil

33

33

Chlorpyrifos ethyl

33

33

Diazinon

33

33

Diquat

33

33

Diuron

33

33

Endosulfan (alpha + beta)

33

33

Endosulfan sulfate

33

33

Ethion

33

33

Ethoprop

33

33

Hexazinone

18

16

Metalaxyl

33

33

Metolachlor

33

33

Metribuzin

33

33

Norflurazon

18

18

Parathion methyl

33

33

Prometryn

33

33

Simazine

33

33

2,4-D

33

32

Pesticide
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Table 4-15. Pesticide detections and excursion categories in inflows to the Park, February 1992 to March
1998. Samples were collected at S332, S18C, US41-25, and S12C.
Excursion Categories

Total # of
samples

Category C

Category B

Category A

(# of samples
<= PQL)

(# of samples
> PQL)

(# samples
exceeding criterion
or toxicity limit)

Alachlor

116

116

Ametryn

116

115

1

Atrazine

116

100

16

Bromacil

116

116

Chlorpyrifos ethyl

116

116

Diazinon

116

116

Diquat

116

116

Diuron

116

116

Endosulfan (alpha + beta)

116

114

2

Endosulfan sulfate

116

115

1

Ethion

116

116

Ethoprop

116

116

Hexazinone

56

56

Metalaxyl

116

116

Metolachlor

116

116

Metribuzin

116

116

Norflurazon

56

56

Parathion methyl

116

116

Prometryn

116

116

Simazine

116

116

2,4-D

116

115

Pesticide
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Table 4-16. Pesticide detections and excursion categories in C111 Basin canals, February 1992 to March
1998. Samples were collected at G211, S331, S176, S177 and S178.
Excursion Categories

Total # of
samples

Category C

Category B

Category A

(# of samples
<= PQL)

(# of samples
> PQL)

(# samples
exceeding criterion
or toxicity limit)

Alachlor

95

95

Ametryn

95

95

Atrazine

95

86

Bromacil

95

95

Chlorpyrifos ethyl

95

95

Diazinon

95

95

Diquat

95

95

Diuron

95

95

Endosulfan (alpha + beta)

95

78

11

Endosulfan sulfate

95

74

21

Ethion

95

94

Ethoprop

95

95

Metalaxyl

95

95

Metolachlor

95

95

Metribuzin

95

94

Norflurazon

50

50

Parathion methyl

95

95

Prometryn

95

95

Simazine

95

95

2,4-D

95

95

Pesticide

9

1b

Hexazinone

a. Exceeds Class III surface water criterion of 0.056 µg/L.
b. Exceeds toxicity levels for aquatic invertebrates.
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Water Quality Status and Anticipated
Improvements
The status of compliance with water quality criteria in the Everglades Protection Area as of April
1998 is summarized as follows:
•

An excursion analysis was performed on constituents with numeric criteria (Tables 4-17 to 420).

•

Positive or negative trends of constituents in WY90-98 were evaluated based upon a
comparison with the baseline period (Tables 4-17 to 4-20).

•

TP and TN load changes and changes in constituent concentrations between the EPA regions
were compared to the baseline period (Table 4-21).

Excursion analysis
Three categories were developed to rank water quality constituents, including TP and pesticides,
that had excursions in the EPA. Table 4-3 is reproduced here as a guide to the excursion categories
presented in Tables 4-17 to 4-20. In these tables a diamond symbol (‹) is used for TP, since 50 ppb and 10
ppb are not Class III criteria. Comments on those water quality constituents that are in Category A are
provided in each table. Dissolved oxygen was placed in Category A because of the high excursion percent
in all EPA regions at both the inflow and interior sites. Specific conductance was assigned to Category A at
all inflow sources and in the Refuge rim canal, and to Category B at all interior sites. Alkalinity and pH
were place in Category A in the interior marshes of the Refuge. Unionized ammonia, pH, and turbidity
were assigned to Category B in the inflows to the Refuge, in the Refuge rim canal, and at the inflow and
interior sites in WCA-2, WCA-3 and the Park. TP was placed in Category A in all EPA regions except for
the Park and interior marshes of the Refuge, where it was placed in Category B.

Significant trends
Notched box and whisker plots were used to determine if any water quality constituents had
significant trends between 1990 and 1998, compared to the baseline period. At the inflow structures to the
Refuge, significant improvement trends were found for specific conductance, alkalinity and TP, as
compared to the baseline period. There were no significant trends in the rim canal. At the interior sites
improvement trends for TP and iron occurred, but there was a worsening trend for dissolved oxygen. At
WCA-2 inflow structures TN and total iron had improvement trends, while only total iron showed an
improvement trend at the interior sites. At WCA-3 inflow sites there were no significant trends, but
turbidity, TP, TN and total iron all had improvement trends at interior sites. The Park had improvement
trends in TP and TN at the inflow structures. There were no significant trends at any interior sites.
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Significant
Change?
(Y or N)

Category C

Trends

Category A

Excursions
Category B

Table 4-17. Characterization of water quality in Loxahatchee National Wildlife Refuge.

Comments on Concerns

INFLOW STRUCTURES
Physical Parameters
Specific Conductance
Dissolved Oxygen
pH
Total Alkalinity
Turbidity

0
0

0
0

0

Y+
N
N
Y+
N

STAs should further improve water quality
Low dissolved oxygen in canals, standard should be revised

Nutrients
Un-ionized Ammonia
Total Phosphorus

‹

0

N
Y+

STAs will further reduce phosphorus concentrations

Trace Metals
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Zinc

0

0
0
0
0

N
N
N
N
N

RIM CANAL STATIONS
Physical Parameters
Specific Conductance
Dissolved Oxygen
pH
Total Alkalinity
Turbidity

0
0

0
0

0

N
N
N
N
N

STAs should further improve water quality
Low dissolved oxygen in canals, standard should be revised

Nutrients
Un-ionized Ammonia
Total Phosphorus

‹

0

N
N

STAs will further reduce phosphorus concentrations

Trace Metals
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Zinc

0

0
0
0
0

N
N
N
N
N

0

N
YN
N
N

INTERIOR SITES
Physical Parameters
Specific Conductance
Dissolved Oxygen
pH
Total Alkalinity
Turbidity

0
0
0

0

Dissolved oxygen naturally low in marsh, standard should be revised
pH naturally low in marsh, standard should be revised
Naturally low alkalinity, standard should be revised

Nutrients
Un-ionized Ammonia
Total Phosphorus

‹

0

N
Y+

0
0
0
0
0

N
N
Y+
N
N

Trace Metals
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Zinc
+ = improving trend

- = worsening trend
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Significant
Change?
(Y or N)

Category C

Trends

Category A

Excursions
Category B

Table 4-18. Characterization of water quality in Water Conservation Area 2.

Comments on Concerns

INFLOW STRUCTURES
Physical Parameters
Specific Conductance
Dissolved Oxygen
pH
Total Alkalinity
Turbidity

0
0
0
0

0

N
N
N
N
N

STAs should further improve quality
Low dissolved oxygen in canals, standard should be revised

Nutrients
Un-ionized Ammonia
Total Phosphorus

‹

0

N
N

STAs will further reduce phosphorus concentrations

Trace Metals
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Zinc

0

0
0
0
0

N
N
Y+
N
N

INTERIOR SITES
Physical Parameters
Specific Conductance
Dissolved Oxygen
pH
Total Alkalinity
Turbidity

0

0
0
0

0

N
N
N
N
N

Low dissolved oxygen in canals, standard should be revised

Nutrients
Un-ionized Ammonia
Total Phosphorus

‹

0

N
N

STAs will further reduce phosphorus concentrations

Trace Metals
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Zinc
+ = improving trend

0

0

0
0
0

N
N
Y+
N
N

- = worsening trend
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Significant
Change?
(Y or N)

Category C

Trends

Category A

Excursions
Category B

Table 4-19. Characterization of water quality in Water Conservation Area 3.

Comments on Concerns

INFLOW STRUCTURES
Physical Parameters
Specific Conductance
Dissolved Oxygen
pH
Total Alkalinity
Turbidity

0
0

0

0

0

N
N
N
N
N

STAs should further improve quality
Low dissolved oxygen in canals, standard should be revised

Nutrients
Un-ionized Ammonia
Total Phosphorus

‹

0

N
N

STAs will further reduce phosphorus concentrations

Trace Metals
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Zinc

0

0
0
0
0

N
N
N
N
N

INTERIOR SITES
Physical Parameters
Specific Conductance
Dissolved Oxygen
pH
Total Alkalinity
Turbidity

0

0
0
0

0

N
N
N
N
Y+

Low dissolved oxygen in canals, standard should be revised

Nutrients
Un-ionized Ammonia
Total Phosphorus

‹

0

N
Y+

STAs will further reduce phosphorus concentrations

Trace Metals
Total Cadmium
Total Copper
Total Iron
Total Lead
Total Zinc
+ = improving trend

0

0

0
0
0

N
N
Y+
N
N

- = worsening trend
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Significant
Change?
(Y or N)

Category C

Trends

Category A

Excursions
Category B

Table 4-20. Characterization of water quality in the Park.

Comments

INFLOW STRUCTURES
Physical Parameters
Specific Conductance
Dissolved Oxygen
pH
Total Alkalinity
Turbidity

0
0

0
0

0

N
N
N
N
N

STAs should further improve quality
Low dissolved oxygen in canals, standard should be revised

Nutrients
0
‹

Un-ionized Ammonia
Total Phosphorus

N
Y+

Trace Metals
Total Cadmium
Total Copper
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Load and concentration changes in the EPA
The changes in 1) TP and TN loads and in median concentrations and 2) in median concentrations
or values of the other constituents that had excursions were analyzed following the water flow from north
to south through the EPA (Table 4-21). When comparing the TP loads discharged into the EPA between
the baseline and recent water years, it appears that the Refuge is the only region to have received a slightly
higher load in the recent water years. This increase in TP loads will be rectified by ECP implementation,
which is expected to substantially reduce TP loads. TN loads have increased slightly in WCA-3 and the
Park in recent water years. Both the TP and TN load data show that the Refuge and conservation areas
have been removing TP and TN prior to its discharge southward. The TP and TN median concentration
data also indicate the assimilation of nutrients by WCA-2 and WCA-3. The calculated un-ionized
ammonia concentration at the Refuge interior marsh sites is 100 times lower than the calculated
concentration of the inflow, due to the large decrease in pH that exists between the inflows and the raindriven waters of the interior marsh. Specific conductance has shown some large decreases in the Refuge,
WCA-2 and inflows to WCA-3. The Park has had specific conductance increases at both the inflows and
interior sites. There are no trends in the EPA for dissolved oxygen or pH. The Refuge pH is a natural
condition that is significantly lower than the other marshes of the EPA. Alkalinity has consistently
decreased between the baseline period and recent water years in each region and also between regions in
both periods. Turbidities are higher in the recent water years in inflows to the Refuge and WCA-2. The
Refuge rim canal reflects the higher inflow turbidity, with some decrease due to particulate settling in the
canal. The marsh site turbidity range of 1 to 2 NTU most likely reflects a natural condition.

Anticipated improvements
The positive changes in water quality within the EPA described in this Report are probably just
beginning. There have been major reductions in TP entering the EPA from the Everglades Agricultural
Area through implementation of Best Management Practices (see Chapter 5). The ENR project
demonstrated the effectiveness of STA technology by retaining an average of 81% of the inflow TP load
from WY95 through WY98 (see Chapter 6). This retention reduced the total TP load discharged to the
Refuge by an average of 15% over the same time period. Through monitoring and regulatory action
programs (see Chapter 11), the District’s Everglades Stormwater Program, (required by the Act), will be
further improving water quality in the drainage basins of all the remaining structures that discharge into the
EPA.
The STAs will have the biggest impact on reducing TP and, to a lesser extent, TN. There will also
be water quality improvements in turbidity and un-ionized ammonia in the EAA waters treated in the
STAs. It is also expected that low dissolved oxygen concentrations in the waters from the EAA canals will
be improved when passed through the STAs. The relationship between excessive nutrients, alteration of
natural aquatic plant, microbial and animal communities and dissolved oxygen levels lower than natural
background conditions is reasonably well understood, and is being further documented by ongoing District
research efforts. The continuous dissolved oxygen data from nutrient gradient studies in the Refuge and
WCA-2 presented in this chapter indicate how the marsh systems may respond as nutrient levels continue
to be lowered by BMPs and STAs. The key question to be addressed is, “How long will it take to meet the
current water quality criteria?”
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Table 4-21. Changes in total phosphorus (TP) and total nitrogen (TN) loads and in constituent
concentrations between the four EPA regions.
Median Concentrations/Units

Loads (metric tons)
TP
TN
(µg/L) (mg/L)

Unionized
Ammonia
(mg/L)

Specific
Dissolved
Conductance Oxygen
(umhos/cm)
(mg/L)

TP

TN

Baseline avg.

106

3504

95.5

4.3

0.0036

1234

3.1a

7.25a

279

2.5

WY90-98 avg.

114

3132

67.5

2.5

0.0014

1002

3

7.13

228

3.7

Baseline avg.

n/a

n/a

58.5

2.8

0.00063

992

4.1

7.3

222

1.5

WY90-98 avg.

n/a

n/a

59.2

2.2

0.00068

924

3.5

7.2

220

3.2

Baseline avg.

n/a

n/a

12

2.4

0.000043

160

5.6

6.47

44

1.1

WY90-98 avg.

n/a

n/a

7.4b

1.1c

0.000024c

145d

3.4d

6.66d

31d

1.2d

Baseline avg.

86

3009

62

3.3

0.00098

1104

3.7

7.3

293

2.2

WY90-98 avg.

80

2570

66

2.4

0.00095

924

3.5

7.2

246

3.4

Baseline avg.

n/a

n/a

16

2.4

0.00041

944

4.2

7.3

230

1.1

WY90-98 avg.

n/a

n/a

18

1.8

0.00026

863

3.5

7.2

221

1.2

Baseline avg.

136

3788

44

2.2

0.00078

804

3.9

7.3

229

2

WY90-98 avg.

119

3879

38

1.7

0.00058

649

3.9

7.2

206

2.1

Baseline avg.

n/a

n/a

11

1.7

0.00027

523

3.9

7.2

176

1

WY90-98 avg.

n/a

n/a

12

1.4

0.00027

527

3.7

7.1

170

1.3

Baseline avg.

15

1525

10

1.5

0.00031

472

3.9

7.2

172

1

WY90-98 avg.

12

1656

10

1.2

0.00034

517

4

7.2

179

1.3

Baseline avg.

n/a

n/a

7

1.3

0.00049

460

5

7.5

163

1.5

WY90-98 avg.

n/a

n/a

5.4

1.3

0.00065

520

5.3

7.5

160

1.5

pH
(units)

Alkalinity Turbidity
(mg/L)
(NTU)

Refuge
Inflows

Rim Canal

Interior Sites

WCA-2
Inflows

Interior Sites

WCA-3
Inflows

Interior Sites

Park
Inflows

Interior Sites

a.
b.
c.
d.

All dissolved oxygen and pH data may have upward bias due to sampling during daylight hours only.
Only five years data.
Only two years data
Only four years data.

Recommendations for Modifying
Class III Criteria
While many of the District’s water quality concerns are substantive and require the specific
restoration programs discussed in other chapters of this Report, some of the problems can be rectified by
adopting more appropriate water quality criteria. Specifically, dissolved oxygen throughout the EPA, and
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alkalinity and pH in the Refuge marshes are three water quality constituents for which evidence suggests
that the current criteria are not representative of natural conditions, i.e. inappropriate criteria are forcing
natural variations in water quality to be defined as excursions.

Dissolved Oxygen
When evaluating both baseline period and recent water years excursion data, it was apparent that
the minimum dissolved oxygen criterion was the one most frequently exceeded, and that the excursions
occurred system-wide and throughout the year.
The nature of dissolved oxygen in water is one of continuous change over a temporal scale on the
order of minutes. The concentration of dissolved oxygen in a water body is influenced by water
temperature, the amount of salts dissolved in the water, the amount of oxygen transferred from air to the
water, and the balance between the amount of oxygen produced by photosynthesis of aquatic plants and
that consumed through respiration by aquatic animals, plants and microbes.
In a natural marsh system photosynthetic production of oxygen is the prime cause of the daytime
increase in dissolved oxygen concentration. Although plants respire while they photosynthesize, the
oxygen produced through photosynthesis generally exceeds their respiratory needs. In highly productive
systems more oxygen can be produced than can be held in a dissolved state in the water column. In this
state, the water is considered to be supersaturated and oxygen bubbles may be released from the water. As
daylight wanes, photosynthesis ceases and respiration processes consume the dissolved oxygen in the
water column. The dissolved oxygen concentration decreases throughout the night, usually reaching a
minimum about dawn. The rate of decrease of dissolved oxygen concentrations during the night, and the
minimum concentration are directly related to the nighttime respiration rate. Respiration rate, in turn, is a
function of aquatic community type and the amount of decomposing vegetation present, i.e. a densely
vegetated marsh community can consume all of the dissolved oxygen present before dawn.
When the results of the photosynthetic and respiration processes are measured as dissolved oxygen
concentrations over short time intervals (for a period of 24 hours or more) and the data are then plotted in
time order, the resulting graph is called a diel curve. Analysis of diel curves provides insight into the nature
of an aquatic community and allows for comparisons between different communities and similar
communities subjected to various levels and types of environmental stress.
The Florida Class III fresh water quality criterion states that dissolved oxygen “shall not be less
that 5.0 mg/L. Normal daily and seasonal fluctuations above these levels shall be maintained.” This
criterion, as well as those promulgated in the other states, follows EPA guidelines for dissolved oxygen.
As can be seen in the excursion summary in Tables 4-4 through 4-7 and Appendix 4-4, dissolved
oxygen values less than 5.0 mg/L have occurred in wide-spread areas within the EPA. Since these
excursions are in areas documented to be impacted by agricultural and suburban stormwater runoff, as well
as in areas considered least impacted by human activities within the EPA, it is obvious that the dissolved
oxygen criterion is inappropriate for all of the waters in the EPA.
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Use of Diel Curves to Determine a
Dissolved Oxygen Criterion
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Figure 4-81. Diel DO curves at the WCA-2A 217 Gauge site.
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A number of researchers have
developed dissolved oxygen diel
curves from data collected in a
variety of aquatic communities in the
EPA. As part of a marsh community
metabolism study, McCormick et al.
(1997) presented diel curves
representing three minimally nutrient
impacted sites in WCAs 1 (A3), 2A
(217 gauge) and 3A (3-4 gauge), and
a nutrient enriched site in WCA-2A
(B2), using data collected between
1979 and 1985. Figure 4-81 presents
diel curves from four months in
1983-84 at the WCA-2A217 gauge
location. High photosynthetic rates
and high respiration rates in May
1983 produced dissolved oxygen
daily variations of 8 to 9 mg/L, and
nighttime concentrations of zero for 7
to 8 hours. In August and September
daily variations ranged from 5 to 7
mg/L, with only August 23 having a
nighttime low of zero for four hours.
By February 1984 the minimum
dissolved oxygen values were 4.3,
and daily variations ranged from 5.5
to 7.5 mg/L. These four graphs
demonstrate that variability in
dissolved oxygen concentration has a
daily component and a seasonal
component.
The
daily
range
(maximum and minimum values)
reflects the magnitude of the
photosynthesis and respiration rates
which, in turn, are a function of daily
water temperature changes, light
intensity, nutrient availability and
varying
short-term
weather
conditions. The seasonal component
is influenced predominantly by
longer-term temperature change,
rainfall, hours of daylight and plant
growth cycles. Representative diel
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graphs from the other sites studied by McCormick et al. (1997) are presented in Appendix 4-6 to
demonstrate the variability of dissolved oxygen inherent in EPA marsh surface waters. Note that WCA-2
(B-2), the nutrient impacted site, has little daily and seasonal variation with dissolved oxygen
concentrations consistently less than 2 mg/L. Belanger and Platko (1986) also investigated dissolved
oxygen dynamics in a nutrient-enriched cattail site, a sawgrass site, and a slough in WCA-2A. Their
observation was that diel oxygen variation was greatest in the slough, slightly less in the sawgrass site, and
very low in the cattail site. The cattail site was nearly anaerobic from July through September.
In their studies to support
derivation of a Class III P criterion
for the Refuge, McCormick et al.
(1996, 1997, 1998) established
surface water quality transects in the
vicinity of pump station S6 (Figure
4-82). The transects align with a
steep gradient of changing water
quality characteristics that extends
from the L7 rim canal through the
peripheral marsh bordering the canal,
into the interior marsh about 4.5 km
from the canal. Dissolved oxygen
data collected in 1996 and 1997
averaged less than 5mg/L at all sites
along
the
transects.
Oxygen
concentrations were lowest at marsh
sites near the canal, and the authors
suggested that sediment respiration
was the cause. Diel oxygen
concentration measurements made
the week of June 5, 1997 along
transect Z are presented in Figure 483. The higher nutrient content
waters within the peripheral marsh
had the lowest dissolved oxygen
concentrations and were anaerobic
during most of the nighttime hours.
In contrast, the Z3 and Z4 sites had
minimum concentrations between 0.5
and 2.5 during this same period. The
daily range of oxygen variation was
about 4 mg/L at Z1, while the other
sites had daily ranges up to 9 mg/L.
Additional diel curves developed
during this study can be found in
Appendix 4-6.

S5A
Pump
Station
5 km

X1

S6 X0 X2X3 X4
Z2
Pump
Y4
Z0 Z1
Station
Z3 Z4
S10E

S10D
S10C

S10A

Figure 4-82. Loxahatchee National Wildlife Refuge research an
monitoring stations.
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Figure 4-83. Diel DO curves along Refuge Transect Z.
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The results from the Refuge are
similar to the diel curves generated in
WCA-2A in that the daily minimum
oxygen concentration, the length of
time the concentration is at the
minimum, and the magnitude of the
daily range are all a function of
aquatic community type, which in
turn is the result of the long-term
concentrations of nutrients present,
changes in hydroperiod and physical
manipulation of the landscape. No
single number is an appropriate
criterion for minimum dissolved
oxygen in the EPA. Based on the
variation
in
diel
oxygen
concentrations between different
aquatic communities, as well as the
variation within an individual
community over time (i.e. seasonal
effects), it appears that the three
aforementioned components of the
diel curve must be considered when
establishing a dissolved oxygen
criterion in the EPA.
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Alkalinity and pH in the Refuge
Alkalinity and pH data collected in the Refuge since December 1993 include a number of values
that are below the minimum pH criterion of 6.0 and the alkalinity criterion of 20 mg/L (Figure 4-84). The
spatial distribution of data exceeding the criteria is presented in Figure 4-85 for pH, Figure 4-86 for
alkalinity and Figure 4-87 for the area containing excursions of both pH and alkalinity. These data are also
summarized by site (in Table 4-22) for percent pH, alkalinity and joint pH, and alkalinity excursions. Sites
LOX8, LOX11 and LOX13 have the highest pH excursion percent because they are located in the naturally
low pH waters of the interior marsh. Similarly, LOX5, LOX8, LOX9, LOX11 and LOX13 have alkalinity
excursions over 90 percent because alkalinity is also naturally low at these sites. The LOX8, LOX11 and
LOX13 sites also have the highest joint excursion percentages, reflecting a duality of natural purity of the
interior marsh water.

500

Total Alkalinity (mg/L)

20

Total Alkalinity (mg/L)

400

15

10

5

300
0
5.0

6.0

7.0

8.0

pH

200

100

0
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6.0

7.0

8.0

9.0

10.0
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Figure 4-84. Relationship between pH and alkalinity in the Loxahatchee National Wildlife Refuge
marshes.
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L O X 14
L O X 15
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LO X13

LO X16
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Figure 4-85. Percent exceedances from
Class III Standard for pH within the Refuge.

The penetration of rim canal water
into the interior marsh can be visualized from
examination of the contours in Figures 4-85,
4-86 and 4-87. The contours represent the
percentage of individual values less than the
respective pH and alkalinity criteria. If we
assume that the natural condition for the softwater, rainfall-driven, interior marsh water is
pH ≥ 5 (lowest recorded value was 5.18 at
LOX8) and alkalinity is ≥ 6.5 mg/L (lowest
recorded value was 6.9 mg/L at LOX5),
revised minimum pH and alkalinity criteria
that accommodate these values would
eliminate the necessity for investigating,
documenting and reporting naturally
occurring low pH and alkalinity water quality
criteria excursions in the Refuge, an
Outstanding Florida Water.

Figure 4-86. Percent exceedances from
Class III Standard for total alkalinity within
the Refuge.
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Figure 4-87. Percent exceedances from
Class III Standard for total alkalinity and pH
within the Refuge.
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Table 4-22. Percent excursions from Class III criteria for pH, alkalinity and the
combination of pH and alkalinity for Refuge sampling stations.

Percent Exceedances from Class III
Standards
Station Number

Number of
Samples

Alkalinity
and pH

pH

Alkalinity

LOX3
LOX4
LOX5
LOX6
LOX7
LOX8
LOX9
LOX10
LOX11
LOX12
LOX13
LOX14
LOX15
LOX16
S5AD
S6D

26
28
27
38
37
36
32
29
38
39
39
39
40
38
19
22

3.8
0.0
11.1
0.0
2.7
27.8
12.5
0.0
26.3
0.0
23.1
0.0
0.0
2.6
0.0
0.0

3.8
0.0
11.1
2.6
5.4
27.8
15.6
0.0
28.9
0.0
25.6
2.6
0.0
10.5
0.0
0.0

73.1
0.0
92.6
0.0
59.5
94.4
90.6
0.0
97.4
2.6
97.4
5.1
2.5
18.4
0.0
0.0

Ongoing RAM-3 and RAM-4 Activities
The Department and the District are continuing in their efforts to evaluate and address water
quality standards and classifications issues in the EPA as required by the Act. In addition to the evaluation
of existing water quality standards for constituents such as dissolved oxygen, alkalinity and pH in the EPA
as described in this section, other ongoing projects include:
•

Planned biological assessments of main canals within the EAA and EPA since biological
assessments to date have been conducted almost exclusively in EPA marshes;

•

Ongoing evaluations in support of determinations of appropriate classifications of canals in
the EAA and adjacent to the EPA;

•

Ongoing evaluations of appropriate standards for EAA canals;

•

Ongoing search for and evaluation of appropriate toxicity studies for herbicides and pesticides
for comparison with detected EAA and EPA concentrations of those compounds.

Programs to resolve water quality concerns and meet Class III Water Quality Criteria
While the water quality concerns in the Everglades Protection Area are numerous, so are the
efforts to meet Class III water quality criteria both within and external to the EPA. Through the
combination of Stormwater Treatment Areas (Chapter 6), Best Management Practices (Chapter 5), and
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Supplemental Technologies (Chapter 8), the District has a program to improve water quality runoff from
the Everglades Agricultural Area. Similarly, as part of the Everglades Stormwater Management Program
(Chapter 11) and the Central & Southern Florida Flood Control System Restudy effort (Chapter 10), the
District is working on improving water quality discharges into the Everglades from the ACME, North
Springs, C-11 West, C-111, and Lower Western Basins. As a result of these efforts, water quality concerns
at every discharge point into the Everglades Protection Area will be addressed.

Future Water Quality Concerns
While the District’s primary focus is on water quality concerns relating to P, mercury, and
pesticides, other water quality concerns, such as nitrogen, specific conductance or trace metals, may arise
as the District continues to analyze its water quality data, and as scientific knowledge of the EPA develops.
In the event that additional parameters of concern are identified, the Everglades Forever Act requires the
District to address the concerns through the long-term compliance effort, and to ensure that all water
quality standards are met by December 31, 2006. At this time water quality data do not indicate that
parameters other than those discussed in this chapter warrant consideration.

Findings on Water Quality in the
Everglades Protection Area
•

The pesticide endosulfan exceeded its Class III numeric criterion in the EPA seven times,
while 3 other compounds exceeded toxicity limits on one date.

•

With few exceptions, water quality in the EPA is in compliance with existing State water
quality standards and numeric criteria.

•

The recent water years were substantially wetter than the baseline period with respect to
rainfall, flows and water levels. Some of the apparent improvements in water quality
(especially at interior sites) that were discussed, may be related to hydrologic effects rather
than water quality improvement projects such as BMPs.

•

Excursions of water quality from numeric criteria were placed in Category A or B depending
on severity:

•

•

Dissolved oxygen, specific conductance, alkalinity, and pH were constituents placed in
category A within some regions of the Everglades Protection Area.

•

Based on a 10 ppb default standard and a 50 ppb interim criteria specified in the Act, total
phosphorus is in Category A in all EPA regions except for the Park and interior areas of
the Refuge, where TP is in Category B.

Trends in water quality include:
•

In the recent water years, the inflow flow-weighted mean TP concentrations to the Refuge,
WCA-2, and WCA-3 have generally been lower than the baseline period, but above 50
ppb most of the time. The Refuge and WCA-3 interior sites also showed improvement
trends in TP concentration.
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•

Inflow water quality to the Refuge showed improvement trends in recent years for specific
conductance and alkalinity.

•

Water quality for WCA-2 was relatively unchanged compared to the baseline period.

•

For WCA-3, interior sites showed improvements in turbidity, TN, and total iron, while no
obvious trends were seen in water quality of the inflows.

Findings on nutrient loading in the Everglades Protection Area include:
•

Nutrient loads to the Park in recent years are similar to the levels seen in the baseline
period.

•

TP concentrations for tributaries to STA-3/4 have decreased over the last eight years, but
long-term average concentrations are still well above 50 ppb interim level, and are far
greater than any level that may be reasonably anticipated as a TP criterion for the EPA.

•

The ENR Project has met its water quality objectives and retained about 81% of inflowing
TP. This treatment has reduced loading to the Refuge by about 15%.

•

P inputs to Florida Bay via creeks from the Park are small; nitrogen inputs appear to be
more significant for the Bay ecosystem.

Finding & Recommendation: Water quality criteria for dissolved oxygen, pH and alkalinity
are not appropriate for unimpacted waters of the Everglades Protection Area, and should be
reviewed by the Florida Department of Environmental Protection.
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Summary
A significant component of the South Florida Water Management District (District) Everglades
restoration efforts is to improve the quality of water entering the Everglades Protection Area (EPA).
Phosphorus (P) has been identified as the nutrient most responsible for the changes occurring in the
downstream natural areas (Chapter 3). Best Management Practices (BMPs) are operational or structural
improvements implemented at the source that reduce the amount of P being discharged into the District's
water management system and subsequently discharged to the EPA. Agricultural and urban Best
Management Practices are the source-control cornerstones to improving water quality entering the EPA,
because Everglades Agricultural Area (EAA) basin runoff has been identified as the highest P load
contributor to the EPA. As a consequence of this P loading, a substantial amount of BMP research,
implementation and education has occurred. The objective of this chapter is to summarize past and current
BMP research, implementation and education programs and to characterize their association with P
discharges from the EAA Basin.
A literature search identified thirty-three references on BMP research, implementation, and
education. They were reviewed and multiple references from the same project were combined into a single
“BMP initiative.” Sixteen such documented initiatives were identified between 1979 and 1997 addressing
BMPs in the EAA Basin. The initiatives address water, fertilizer, sediment, and pasture management, as
well as urban practices and chemical treatments.
The sixteen initiatives can be categorized into 12 BMP research projects, one regulatory initiative,
and three educational programs. Three of the twelve research initiatives were performed at limited scales
involving water, fertilizer, and sediment management. Four other research initiatives address similar BMPs
but only at a farm, or sub-basin, scale. The remaining five research initiatives may lead to the development
or identification of future BMPs. Water, fertilizer, sediment, and pasture management, as well as urban,
BMPs have been implemented basin-wide through the regulatory initiatives (Rules 40E-61 and 40E-63 of
the Florida Administrative Code). Three additional initiatives were undertaken to educate agricultural and
urban communities within the EAA on BMP implementation and how to document effectiveness.
Research, implementation, and education on BMPs have been underway since 1985 to reduce P
loading from the EAA. These research activities have been funded by at least ten private and public
entities. The potential of selected BMPs to reduce total P discharge from agricultural areas was first
apparent from District sponsored plot scale field studies initiated in 1985. Limited water and fertilizer
management practices were among the first BMPs tested. The plot scale studies demonstrated that these
particular BMPs were effective in reducing P export from the EAA organic soils. Subsequently, on-going
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farm scale studies initiated in 1992 also show varying degrees of effectiveness in reducing P runoff from
the implementation of combinations of water, fertilizer and sediment management practices.
The most significant measure of the effectiveness of BMPs to date is the collective EAA Basin P
reduction measurements resulting from the implementation of the Everglades BMP Regulatory Program.
Due to BMP implementation through the Everglades BMP Regulatory Program, the total P load from the
EAA has declined in recent years compared to loads measured during a 10-year pre-BMP period (Water
Years 1979 through 1988). Over the last three years, cumulative measured P loads attributable to the EAA
have been reduced by 55 percent as compared to the calculated load that would have occurred during the
pre-BMP period (adjusted for hydrologic variability). The pre-BMP period load calculations are a result of
a complex regression equation developed from actual measured loads during the pre-BMP period.
Best management practices implemented to date have been documented to be effective at the farm
level. Research data and the Everglades BMP Regulatory Program demonstrate appreciable reductions in
the load and concentration of total P conveyed to the EPA attributable to the EAA. This reduction in load
and concentration of total P conveyed to the EPA is an effect of BMP implementation. Experience and
information is being gained on the performance of existing BMPs, and may allow improvements in
effectiveness. Recent research initiatives on processes such as suspended particulate transport by water and
wind, and crop variety experiments may also facilitate additional load reductions. Further declines in P
load and concentration are probable.

Background
The 1994 Everglades Forever Act (Act) provides for Everglades restoration through research, land
acquisition, construction, and regulation. The Everglades Program Management Plan (SFWMD/DEP,
1997) describes action plans to carry out the provisions of the Act (see Chapters 1 and 12). One of the
seven primary elements of the Everglades Program is research and monitoring to evaluate the ecological
and hydrologic needs of the EPA. The Act mandates that the effectiveness of BMPs for reducing P loads be
assessed, and possible impacts associated with water-quality parameters other than P be identified and
reduced.
The District developed a database in 1996 to capture data on existing BMP research (including
District sponsored BMP research that began in 1985). Data from BMP research projects being conducted
by private companies, the Everglades Agricultural Area Environmental Protection District (EAA-EPD),
the District, and various other federal and state agencies is compiled in the database as it becomes
available.
The Act also requires that the District conduct research in cooperation with the EAA landowners
to identify water quality parameters that are not being significantly improved by either the Stormwater
Treatment Areas (STAs) or BMPs, and to identify further BMP strategies needed to address these
parameters. As a result of research in this area, the Florida Department of Environmental Protection (DEP)
and the District in 1996 identified specific conductance, particulate P, ametryn, and atrazine as additional
constituents of concern. The District amended Rules 40E-61 and 40E-63 in 1997 to define and implement
a comprehensive program of research, testing and implementation of BMPs for all other applicable water
quality parameters (initially for the four previously mentioned). The EAA-EPD is sponsoring this
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University of Florida/Institute of Food and Agricultural Sciences (U of FL/IFAS) farm-scale research.
Annual review of data, including a public workshop, will determine if the current research is meeting the
overall objective of the Rules and the program will be adjusted accordingly.
Research and monitoring associated with evaluating the ecological and hydrological needs of the
EPA, STA optimization, and BMP effectiveness is targeted for completion no later than December 31,
2001. Results from this research and monitoring will allow DEP to propose a P criterion in the EPA, and to
evaluate existing state water quality standards and classifications applicable to the EAA canals (see
Chapters 12).

Study Approach
This chapter represents an interim status report on BMP effectiveness in the EAA. The objective
of this chapter is to summarize past and current BMP research, implementation, and education programs
and characterize their association with P discharges from the EAA Basin. To accomplish this objective
District staff (1) developed a statement of work describing the purpose and outlining tasks, (2) selected a
contractor to assist the District and provide a third-party perspective, and (3) incorporated elements of the
contractor's final work product into this document.
The statement of work consisted of four elements:
1. A literature search was performed to identify relevant reference material published between May
1979 and December 1997;
2. Reports deemed pertinent to evaluating the effectiveness of on-farm BMPs were selected for
further review;
3. The documents were reviewed, combined into a single “BMP Initiative” when appropriate
(multiple references for the same project), and then summarized; and
4. A chronology of the summarized initiatives was prepared and incorporated into a time series of
total P load and concentration in water discharged from the EAA.
HydroScience Water Resource Consultants, Ltd. in association with ENTEL Environmental
Companies, Inc. provided a BMP effectiveness status report for the District under Contract No. C-E9605
(January - May 1998).
Representatives of the District, DEP and the contractor's project team met to discuss the statement
of work, an initial list of reference material prepared by the District, and organization of the final report. A
list of pertinent reference material was finalized and summaries for the identified initiatives prepared. A
chart, which illustrated the chronology of BMP-related research projects, implementation/regulatory
programs, and education projects, was developed. This chart associated the BMP programs chronology
with trends in P load and concentration. A comprehensive report was then prepared that included the
aforementioned products, described the work performed, and documented findings. Elements of the final
work product from the District's Contract No. C-E9605 has been incorporated into this chapter.
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The criteria considered for including a BMP study or program in the review process were that the
program or study:
•

Was conducted or initiated during the period May 1979 to December 1997;

•

Was performed in, or addresses, the Everglades Agricultural Area;

•

Presents findings that were, or potentially may be, implemented as BMPs; and

•

Documents or contains data and/or analyses that are available for review.

Numerous sources were searched for publications pertaining to water quality and best
management practices in the EAA. More than 70 such publications are available for review at the District's
main library and the Everglades Regulation Division library. A number of publications also were reviewed
at the U of FL/IFAS library in Belle Glade, although copies of these references pertinent to this study are
on file at the District libraries. Remote-access, computerized searches were performed using Telnet on the
Florida universities Library User Information System and search engines LYCOS, HotBot, and AltaVista
on the Internet. Reference materials, which met the criteria described above, was reviewed and is
summarized in this chapter.
The literature search identified thirty-three references. They were reviewed and multiple
references from the same project were combined into a single “BMP initiative.” Table 5-1 lists select
information for each initiative including the BMPs addressed, extent and period of implementation, and
review-summary index number. The research, implementation, and education initiatives address water,
fertilizer, sediment, and pasture management, as well as urban practices and chemical treatments. Four
references address an initiative to implement and monitor two regulatory programs. Four references
describe 3 education initiatives. The remaining 25 references describe 12 research initiatives, 7 of which
included published results that have led to basin-wide or farm-level BMP implementation, and 5 which
may provide results to develop future BMPs. This process resulted in sixteen summarized BMP initiatives.
At least 10 private and/or public entities participated in the BMP research projects since 1985.
A summary of each of the sixteen BMP initiatives was developed. These are provided as an
Appendix (Appendix 5) to this report. Fifteen categories of information are provided in each initiative
summary:
•

Summary Reference No.: Sequence number cross-referenced to Table 5-1 and Figure 5-10.

•

Citation No.: Bibliographic-sequence number cross-referenced to the Literature Cited
section of the report that identifies the source of information summarized.

•

Project Type: Denoted by “Program Implementation” in which BMPs are implemented
through a referenced program, “Research” from which study results have resulted in, or may
likely result in, a BMP; and “Education” which demonstrates BMP implementation.

•

Title: Short description of the project, program, or initiative.

•

Author / Affiliation: Lead author(s) identified in referenced citations.

•

Agency / Funding Source: Entity(ies) identified as contributing funding to the research effort
or program development.
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Initiatives undertaken between 1979 and 1997 to address Best Management Practices in the
Everglades Agricultural Area.
Best Management Practice*

Initiative
Summary

Chapter 5: Effectiveness of BMPs

No.***

Water
Mgmt

Fertilizer
Mgmt

Sediment
Mgmt

Pasture
Mgmt

1

I

I

I

I

2

R

R

3

R

4

Chemical
Trtmt

Urban

Extent** of
Implementation

I

Basin

Precursor
Precursor

Sediment Control Research

1992 - 1995

Farm

Modified Pump Practices

1991 - 1994

R

Farm

1993 - 1995

-R
R

Farm
Potential
Farm

Sediment Control
Demonstration
Farm Scale BMP
Implementation
Sediment Trapping in
Rock Pit
Procedural Guide to BMPs

Precursor

R

6
7

R
--

R
--

8
9

E

E

E

Basin

10

E

E

E

Farm

11

E

E

E

12

E

E

Farm

R

13

Potential

R

Potential

14

R

15

Potential

R

16

Potential
R

*Key:

Implementation
Period

Rule 40E-61, F.A.C.
Rule 40E-63, F.A.C.
Plot Scale BMP Testing
(limited BMPs)
Water Management Study

R

5

Program / Study

1989 - present
1992 - present
1985 - 1991
1990 - 1991

1992 - present
1997 - present
1993 - present

BMP Workbook
and Training
BMP Demonstration
and Education
Reduction by Precipitation
and Coagulation
Leaf Phosphorus Variability

1993 - present

Chemical Dosing and
Vegetative Treatment
Sugarcane Water Tolerance

1992 - 1996

1996 - present
1992
1992 - 1995

1996 - present

Potential

Wind Erosion BMP
1997 - present
Evaluation Tool
**Key: Basin = Basin-wide extent of implementation
Precursor = Work that led to implemented BMPs
Farm = Farm-level extent of implementation
Potential = Work that may lead to future BMPs

I = BMP implemented through referenced program
R = BMP research project
E = BMP education project or program

***Reference number for narrative descriptions of initiatives in Appendix 5.

•

Research Funding: Estimated amount of funds (by source) contributed and/or budgeted
between May 1979 and September 1998 for BMP-related research. Does not include in-kind
support or services, which have been provided by private entities on several initiatives.
Information that was unavailable or could not be verified by a mail survey is identified as “Not
Available.”

•

Objective: Description of what the initiative planned or plans to accomplish.

•

Period of Implementation: The period of time during which the initiative was performed.
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•

Study / Program Area: Denoted by “Basin Scale” for work addressing the entire Everglades
Agricultural Area, “Plot Scale” for work performed on small acreage areas, and “Farm Scale”
for work on sub-basin sized areas that are significantly larger than plots.

•

BMPs Addressed: Denoted by practices that address water management, fertilizer
management, sediment management, pasture management, chemical treatment, and urban
management.

•

Research / Program Design: Description of the approach used to perform the initiative.

•

Major Findings: Description of key results published for the initiative.

•

Extent of BMP Implementation: Denoted by “Basin-Wide” for BMPs implemented
throughout the Everglades Agricultural Area, “Precursor” for small-scale research studies that
provided information on BMPs that were then implemented basin-wide, “Farm Level” for
BMP research and implementation on some farms within the EAA, and “Potential Precursor”
for small-scale research studies that may provide information resulting in future BMPs.

•

Summary: Assessment of the contribution an initiative has made to an understanding of
BMPs and their effect on the load and concentration of P discharged from the EAA to the
Everglades Protection Area.

BMP Initiatives
Research, implementation, and education BMP projects intended to reduce the discharge of total P
from the EAA have been underway since the first initiative began in 1985. Nine of the 16 initiatives had
begun by 1992. Though each BMP initiative is listed in Table 5-1 and summarized in Appendix 5, the
relative significance and limitations of some initiatives will be discussed in more detail in this section.
Table 5-2 is a listing of all the BMP initiatives and their estimated or reported percent P load
reductions for each individual BMP or combination of BMPs at the farm or basin level. Limited BMP
performance information that has been derived directly from data analysis is currently available. On-going
farm scale research, basin scale implementation and education programs are somewhat limited in being
able to describe individual BMP performance since similar combinations of BMPs have been implemented
basin wide through Rule 40E-63, Everglades BMP Regulatory Program.
Three substantial initiatives are described below: A. Plot Scale BMP Testing; B. Everglades
BMP Regulatory Program, Rule 40E-63; and C. Farm Scale BMP Research.

A. Plot Scale BMP Testing
(Appendix 5: Summary Reference No. 2)
The ability of selected BMPs to reduce total P discharge from agricultural areas was first shown
from plot scale field studies initiated in 1985. This plot scale research was sponsored by the District and
contracted to the U of FL/IFAS. Project funding was provided primarily by the District with substantial
monetary and in-kind contributions from Fruit and Vegetable Growers Association and the Florida Sugar
Cane League. Four specific conditions were tested on 1.4-acre plots: (1) sugarcane vs. drained fallow
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Education

Calibrated Soil Test

Prevention of misplaced fertilizer

Split Application and Slow Release fertilizer

Slow vs. Fast drainage

Minimizing water table fluctuations

Retention of drainage

Rice vs. Flooding fallow

Use of aquatic cover crops

Sediment Control

Sugarcane Genetics

Chemical Treatment

Pasture Management

Urban

Collective BMPs (no separation of types)

Rule 40E-61, F.A.C.
Rule 40E-63, F.A.C.

Banding at a reduced rate vs. Broadcast

Initiative

Research

Type of Initiative

Best Management Practice initiatives' total P load reduction findings or estimates.

Implementation

Table 5-2.
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--

--

--

--

--

--

--

--

--

--

--

--

--

--

55%
(Basin)

Plot Scale BMP
Testing
15%
(does not include
sediment BMPs)
Water Management
Study
Sediment Control
Research
Plot and
Demonstration
Modified Pump
Practices
Sediment Control
Demonstration
Farm Scale BMP
----Implementation
Sediment Trapping in
Rock Pit
Reduction by
Precipitation and
Coagulation
Leaf Phosphorus
Variability
Chemical Dosing and
Vegetative Treatment
Sugarcane Water
Tolerance
Wind Erosion
Evaluation Tool
Procedural Guide to
BMPs
(includes sediment *0-40% *0-25% *0-15% *0-10%
BMPs)
BMP Workbook and
Training
BMP Demonstration
and Education

30%

*20-60%
(Basin)

38%

57%

17-68%

^
^
--

--

--

--

--

4-40%
(Farm)

-^
^
^
^
^
^

*0-50% *15-90%

*5-20% *5-50%

*20-60%
(Basin)
^
^

KEY: * Percent total P load reduction was based upon professional judgment estimation - not directly substantiated with data
^ Research or educational program was not conducted in such a manner to determine % total P load reduction
- - Individual BMP percent total P load reductions have not been or may not be possible to determine from data since combinations of BMPs have been
implemented
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fields; (2) broadcast fertilization on cabbage crop vs. banding at a reduced rate; (3) fast vs. slow drainage
rates for sugarcane; and (4) rice vs. flooding fallow following vegetable production. Three of the four
conditions tested were identified as BMPs (drainage rate for sugarcane – reduce pumped volumes while
removing water quickly and uniformly, banding fertilization on cabbage, and off-season rice production)
that reduced total P loads. No reduction in total P load was observed for the fourth tested condition that
compared drainage from sugarcane and continuously fallow plots. Although effectiveness was
demonstrated for a few specific BMPs at the plot scale, the study clearly indicated at its conclusion in 1991
the need for additional research to characterize impacts of BMP implementation at the farm scale. It was
estimated, using best professional judgment that from 20 to 60 percent (%) TP reductions can be achieved
from pre-BMP (without BMPs) levels at the basin level, and drainage rate and volume BMPs could be
responsible for about a 20% loading reduction. These original basin reduction estimates did not include
the effectiveness to be gained from sediment control BMPs.
After the conclusion of the plot scale study, farm-scale BMP research was initiated in 1992 on
water and fertilizer management strategies (primarily sponsored by the EAA-EPD). Prior to gaining any
BMP performance information from these farm scale projects, the District was required to begin the
implementation of Rule 40E-63, Everglades BMP Regulatory Program.

B. Everglades BMP Regulatory Program, Rule 40E-63
(Appendix 5: Summary Reference No. 1)
(Note: This section provides a limited summary of the Everglades BMP Regulatory Program. For
additional information, the District’s Everglades Regulation Division publishes an annual status report
which provides in greater detail an explanation of the program’s various components and data evaluation.
For a copy, contact the District’s Regulation Department, 3301 Gun Club Road, West Palm Beach, FL
33406.)
Background
In 1987 the state enacted the Surface Water Improvement and Management, or SWIM Act. The
SWIM Act required Florida's water management districts to develop plans that contain strategies to either
protect undisturbed “natural” water bodies or restore impacted areas. The Everglades SWIM plan
development was the fourth such endeavor undertaken by the District. In 1991 the Florida legislature
passed the Everglades Protection Act which further defined the scope of the Everglades SWIM Plan. The
Everglades Protection Act was revised during the 1994 Florida legislative session. The resulting act,
renamed the Everglades Forever Act (EFA), replaced the Everglades SWIM Plan and mandated a specific
Everglades Program (see Chapters 1 and 12).
The Everglades Program is based upon a comprehensive approach to restoration and protection by
proposing strategies for improving water quantity, timing, and distribution deliveries (hydroperiod), water
quality in tributary water, and the removal and long-term management of exotic species. The Everglades
Program is arguably the most publicly discussed and debated effort the District has undertaken in recent
years. One of the most fundamental issues surrounding the Everglades restoration initiative, is the extent
to which the Everglades’ impacts are due to changes in hydroperiod versus changes in water quality.
Although this discussion continues (see Chapters 2 and 3), the District has proceeded with efforts
intended to begin improving tributary hydroperiod and water quality. One such undertaking is the
Everglades Best Management Practices (BMP) Program. The Everglades BMP Program is a regulatory
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permitting effort. BMP implementation programs are the cornerstone of the overall Everglades restoration
initiative because they address issues at the source rather than downstream.
The largest tributary to the Everglades is the EAA. The EAA is 718,400 acres of highly
productive agricultural land comprised of rich organic (muck) soils, located between Lake Okeechobee to
the north and the Everglades to the south. Draining the area now known as the EAA began as a federal
government project during the early 1900’s in an effort to promote agricultural development and urban
settlement of the sparsely populated south Florida peninsula. Today, 553,000 acres within the EAA are
tributary to the northern Everglades; drainage from the remaining 165,400 acres discharges north into Lake
Okeechobee. The EAA is comprised of approximately 505,000 acres of agricultural production: 82% sugar
cane, 9% vegetables, 6% sod, 2% livestock, 1% rice and other crops. The remaining 48,000 acres (9%) are
urban areas, roadways, canals and levees, and other land uses.
The central drainage system for
this region consists of five major canals and
eleven large pump stations and water
control complexes operated by the District
(Figure
5-1).
Landowner
water
management is controlled by over 300
privately owned and operated water control
structures, which range from gated culverts
to 200,000 gpm pump stations, and are
authorized to connect to the District’s
primary canals. The private water control
structures serve approximately 220
drainage basins (ranging from 27 to 22,900
acres) which primarily include farms but
also contain municipalities, residential,
commercial, and industrial properties.
During 1991 and 1992 the District
developed the Everglades BMP Regulatory
Program for the EAA as directed by the
Everglades Protection Act. The BMP
program was developed through a series of
public
workshops
and
round-table
discussions. The two year effort resulted in
Chapter 40E-63, Florida Administrative
Code (F.A.C.) which describes the intent,
requirements, and compliance components
of the Everglades BMP Regulatory
Program.

Figure 5-1.

District water control structures within the
40E-63 boundaries

Program Implementation
The goal of the BMP Regulatory Program is a 25% annual total P reduction from the EAA as
compared to a pre-BMP implementation base period, October 1, 1978 – September 30, 1988 (complete
Water Years 80 – 88). This chapter contains information from Water Years 1997 and what has been
5-9
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determined thus far for 1998 (May 1, 1997 – April 30, 1998). Water Years 1996, 1997, and 1998 represent
the first three years that all lands within the EAA were required to have BMPs fully implemented. P load in
the runoff attributable to the EAA has shown a three-year trend reduction of 55%.
Each landowner has submitted a plan of on-site BMPs to reduce P leaving their property. Typical
BMP plans incorporate improved practices of fertilizer application, improved water management including
detention, and control of soil erosion. The BMP program includes follow-up verification of the approved
BMP plans on two levels: (1) Annual BMP implementation report and (2) BMP field verification. Annual
reports summarize the initial implementation of BMPs and the on-going maintenance and documentation.
BMP field verifications are conducted to ensure that the BMPs as approved by permit and reported in the
annual BMP reports have been implemented. Site verifications allow District staff to work with the
landowners by discussing BMP strategies and communicating areas of concern (if any). The BMP site
verifications conducted thus far indicate that the permittees have implemented their respective BMP plans
and are taking a proactive approach to reviewing and improving their plans where possible. One hundred
and sixty-four BMP site verifications were conducted through Water Year 1997, and totaled 427,542 acres.
The Everglades BMP Program for the EAA is unique in that its goal is to achieve a 25 percent
reduction in P for the entire EAA Basin as a whole -- not for each individual internal drainage basin. The
District will determine if a 25 percent overall reduction has occurred by comparing P discharges for any
12-month period with a pre-BMP period of record. The first annual compliance period was May 1, 1995
through April 30, 1996. Additional discussion on the annual compliance computation is presented within
the District’s Everglades BMP Program annual status reports (Everglades Regulation Division).
In the event that the 25% annual basin reductions are not met, additional drainage basin BMPs will
be required for specific landowner drainage basins. During the 40E-63 rule development process, much
discussion was spent on the determination of which landowner drainage basins would implement
additional BMPs if the 25% basin compliance was not met. The District initially proposed that all drainage
basins would be treated equally – jointly sharing the credit for reductions as well as jointly sharing the
responsibilities for not meeting the basin 25% reduction target. Several landowners represented at the rule
development workshops preferred to be able to demonstrate P levels discharged from individual properties.
In doing so, it was felt that basins that were contributing the highest P levels to the Everglades should be
identified, and thus targeted to implement additional BMPs (in contrast to requiring all areas to comply
with this requirement). As a result, Rule 40E-63, F.A.C., requires water quality monitoring to be conducted
at each landowner drainage basin. However, this water quality monitoring will only be used for individual
permit compliance if the basin 25% reduction target is not achieved. In the event that the 25% reduction
target is not achieved, the landowner drainage basins with the highest measured unit area P discharged (lbs/
acre) would be identified and targeted for implementation of additional BMPs. This phased approach
would continue until the EAA Basin again meets the annual 25% P reduction target level.
Permitting
Rule 40E-63 states that owners/operators of the private water control structures and owners/lessees
of land served by the structures within the EAA were to apply for permits. Rule 40E-63 required each
permit application to contain (a) a BMP plan and (b) a water quality monitoring plan. The minimum
requirements and review process for these plans are discussed below. Rule 40E-63 set several milestones
as follows:
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July 1993
Winter 1994
January 1, 1994
January 1, 1995
May 1, 1995-April 1, 1996
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Rule Development
Begin Early Baseline water quality monitoring
Governing Board final actions on permit applications
Begin Non-Early Baseline water quality monitoring
Required BMP implementation for Early Baseline Farms
Required BMP implementation for Non-Early Baseline Farms
First annual 25% basin reduction compliance determination

Part of each permit application, as mentioned above, requires the landowner to submit a proposed
plan of on-site BMPs. Acceptable BMPs include operational programs or physical enhancements designed
to reduce P leaving their property.
The District was faced with the tasks of (a) establishing a base level of BMPs for each permit area
and (b) ensuring consistency with BMP plans between different landowners. To accomplish both of these
tasks a system of BMP “equivalents” was developed. The intent was to assign “points” to BMPs within
three basic categories: fertilizer techniques, water management, and sediment control (Table 5-3). At the
time, some limited BMP research has been conducted within the EAA region, however no specific P
reduction levels had been quantified for individual BMPs. The BMP list and points assigned to each BMP
were based almost solely upon best professional judgment of District’s Everglades Regulation Division
staff.
Twenty-five BMP equivalents or points were set as the minimum target BMP level. Utilizing the
BMP equivalents approach allowed flexibility of each landowner to develop a BMP plan which was best
suited for site specific geographic and crop conditions. Table 5-4 compares "BMP equivalent” plans for
four different landowner permit basins, showing the flexibility of this approach. Even though each basin
had different land uses, soil types, and drainage capacities, point-equivalent BMP plans were successfully
developed and accepted.
Rule 40E-63 water quality monitoring is being conducted at two levels:
1. EAA Basin-level by the District.
2. Landowner-level permit monitoring of private water control structures within the EAA.
The primary means to determine the Rule 40E-63 program success is through District collection
and analysis of water quality monitoring conducted at the EAA Basin-level. Total phosphorus (TP) and
flow measurements are recorded at District pump stations and water control complexes: S-2, S-3, S-352,
S-5A, S-6, S-7, S-150, S-8, G-88, G-136, G-200, and G-250 (Figure 5-1). The P levels measured at these
District structures collectively determine primary compliance for all permits. The results of the EAA
Basin-level monitoring is presented and discussed later in this section.
A secondary method of program compliance measurement is through permittee-level water quality
monitoring conducted at the individual drainage basins. Permit applications were required to contain
individual water quality monitoring plans. However, the permittee-level monitoring will only be used if
the EAA Basin does not meet the 25% reduction requirement. The permittee water quality
monitoring results are not used to calculate the P reduction at the EAA Basin-level. The EAA Basinlevel monitoring is conducted by the District at District structures.
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Best Management Practices summary and “BMP Equivalent” points.

BMP
WATER DETENTION
½ Inch Detained
1 Inch Detained
FERTILIZER
APPLICATION CONTROL

PTS

DESCRIPTION

5
10

• increased detention in canals, field ditches, soil profile, fallow fields,
aquatic cover crop fields, prolonged crop flood;
• measured on an annual average basis – rainfall vs. runoff

2½

Uniform and controlled boundary fertilizer application (e.g. direct
application to plant roots by banding or side-dressing; pneumatic
controlled-edge application such as AIRMAX)

2½

• formal spill prevention protocols (handling and transfer)
• side-throw broadcast spreading near ditch banks

5

avoid excess application by determining P levels needed

2½

avoid excess application by determining P levels needed

FERTILIZER
CONTENT CONTROLS
Fertilizer Spill Prevention
Soil Testing
Plant Tissue Analysis
Split P Application

5

apply small P portions at various times during the growing season vs.
entire application at beginning to prevent excess P from washing into
canals (rarely used on cane in EAA)

Slow Release P Fertilizer

5

avoid flushing excess P from soil by using specially treated fertilizer
which breaks down slowly thus releasing P to the plant over time
(rarely used in EAA)
EACH SEDIMENT CONTROL MUST BE CONSISTENTLY
IMPLEMENTED OVER THE ENTIRE ACREAGE

SEDIMENT CONTROLS

• leveling fields
• ditch bank berm
• sediment sump in canal
• strong canal cleaning program
• field ditch drainage sump
• slow field ditch drainage near pumps
• sump upstream of drainage pump intake

• cover crops
• raised culvert bottoms
• veg. on ditch banks
• other BMP

Any 2

2½

Any 4

5

Any 6

10

Pasture Management

5

reduce cattle waste nutrients in surface water runoff by “hot spot”
fencing, provide watering holes, low cattle density, shade, pasture
rotation, feed & supplement rotation, etc.

Improved Infrastructure

5

uniform drainage by increased on-farm control structures

Urban Xeriscape

5

lower runoff & P by using plants that require less of each

Det. Pond Littoral Zone

5

vegetative filtering area for property stormwater runoff

OTHER

Other BMP Proposed

TBD

proposed by permittee and accepted by SFWMD
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Example of “BMP Equivalent” plans for four different landowner basins.

BASIN 'B'
(Sugar Cane & Vegetables,
medium soils)

BASIN ‘A’
(Sugar Cane, deep soils)
BMP

Points

BMP

Points

Water Detention – 1 ½ inch

15

Water Detention -- 1 inch

10

Fertilizer -- Soil Testing

2½

Fertilizer -- Soil Testing

2½

Fertilizer -Spill & Misapplication
Prevention Program

2½

Fertilizer -Spill & Misapplication
Prevention Program

2½

5

Fertilizer – Pneumatic

5

Sediment Controls -- any 4

5

Fertilizer – Banding

TOTAL

TOTAL

25

BASIN 'C'
(Sod, medium soils)
BMP

25

BASIN 'D'
(Citrus, shallow soils)
Points

BMP

Points

Water Detention -- 1 inch

10

Water Detention -- ? inch

Fertilizer -- Soil Testing

2½

Fertilizer -- Soil Testing

2½

Fertilizer -Spill & Misapplication
Prevention Program

2½

Fertilizer -Spill & Misapplication
Prevention Program

2½

Sediment Controls – any 6

10

Sediment Controls -- any 4

5

Other -Improved Infrastructure

5

Other -Low volume drip irrigation

5

TOTAL

5

TOTAL

25
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The permit-level monitoring plans consist of flow measurements, collection and composite of
discharge water samples, and analysis for TP within a maximum time frame. The landowner has options
for flow measurement determination as discussed further within the District’s Everglades BMP Program
annual status reports (Everglades Restoration Division). Calibrated flow measurements require
certification by a registered professional engineer and review and acceptance by the District. Exceptions to
a certified pump calibration were allowed for small landowners (less than 320 acres). These landowners
were allowed to use the pump manufacturer’s rated capacity and operation time log to estimate flow.
Water quality samples are required to be collected by automatic samplers. Exceptions to automatic
samplers were allowed for small landowners (less than 320 acres). These landowners are allowed to take
daily grab samples over a three-week composite period. All field water quality monitoring is required to be
collected under a Comprehensive Quality Assurance Plan approved by the Florida Department of
Environmental Protection (DEP). In addition, any laboratory which analyzes TP for the permit monitoring
program is required to be certified by the Florida Department of Health and Rehabilitative Services (HRS)
for the analysis of TP.
Post Permit BMP Activities
Figures 5-2 through 5-7 represent the spatial distribution of landowner implemented BMPs.
These distributions show how clearly that most of the drainage basins in the EAA have selected the same
individual BMPs to fulfill the BMP plan minimum 25 point criteria. Although there are many specific
BMPs as listed in Table 5-3 of this chapter, Figures 5-2 through 5-7 group the BMPs by six major types:
•

Basic fertilizer BMP (soil testing and spill prevention programs).

•

Advanced fertilizer BMPs (controlled application {banding, pneumatic} split applications,
slow release fertilizer).

•

Rainfall detention (various amounts – 1/2, 1 inch).

•

Sediment controls.

•

Urban practices (e.g. NPDES).

•

Pasture management.

After the BMP permit plans are approved, Rule 40E-63 requires follow-up post-permit verification
of the approved BMP plans on two levels: 1) BMP implementation reports and 2) BMP field verification.
Annual BMP implementation reports are required by Rule 40E-63 to be submitted to the District; they are
to summarize not only the initial implementation of BMPs, but ongoing BMP maintenance and
documentation.
District Everglades Regulation Section staff conduct BMP site verifications on an eighteen month
rotational basis to allow examination of BMPs implemented in both wet and dry seasons. Field verification
procedures begin with generating a database driven BMP checklist specific to the permit drainage basin.
The checklist consists of all BMPs selected by the permittee to be implemented. The checklist is mailed to
the permittee prior to the verification to assist the landowner in preparing his documentation for the
inspection. The verifications involve a combination of visual field observations and a review of office
records. During the office review the District staff focuses on records that document soil test results,
fertilizer recommendations and applications, BMP training of farm personnel, pump logs and any other
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Figure 5-2.

Location of Basic Fertilizer Best Management Practices in the EAA.

Figure 5-3.

Location of Advanced Fertilizer Best Management Practices in the EAA.
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Figure 5-4.

Location of Detention Best Management Practices in the EAA.

Figure 5-5.

Location of Sediment Control Best Management Practices in the EAA.

5-16

Everglades Interim Report

Chapter 5: Effectiveness of BMPs

Figure 5-6.

Location of Urban Best Management Practices in the EAA.

Figure 5-7.

Location of Pasture Management Best Management Practices in the EAA.
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material that supports BMP implementation. While in the field, District staff note any visual evidence that
the selected BMPs have been implemented. This evidence may range from spoil on canal banks indicating
canal cleaning was performed, fertilizer banding or land leveling equipment operating, and maintenance of
vegetation on ditch banks to reduce sedimentation, to any other observable evidence that supports BMP
implementation.
The verifications are a “spot-check” of the landowner’s implemented BMPs. This spot check is a
snapshot in time of how and when BMPs were implemented for that particular field and land use. The
District knows which types of BMP have been chosen by the landowner for each particular land use and
location so a verification can be conducted. However, the interpretation of a BMP by one landowner may
be drastically different than that of a neighboring landowner. Data on how specifically each BMP was
implemented and operated on each field over the history of the program does not exist and is therefore
unavailable to the District. Pre-BMP data is also not available to the District for the 200+ drainage basins
within the EAA.
Site verifications allow District staff to work with the permittees by discussing BMP strategies and
communicating areas of concern (if any). The BMP site verifications conducted thus far indicate that the
permittees have implemented their respective BMP plans and are taking a proactive approach to reviewing
and improving their plans where possible. At the farm level, neither implementation of additional BMPs
nor examination and enhancement of existing BMPs are required until basin level compliance fails to be
met.
Permit or Farm-Level Phosphorus Data
Annual average flow-weighted total P concentrations (parts per billion, ppb) and P load exports
(pounds per acre, lbs/ac) have been calculated from the daily permit water quality monitoring data reported
during WY97. Figures 5-8 and 5-9 present the spatial distributions of P concentrations and P load
discharges by permit drainage basin.
This on-farm or permittee-level water quality monitoring will only be used if the EAA Basin does
not meet the 25% reduction requirement. The permittee water quality monitoring results are not used to
calculate the P reduction at the EAA Basin-level. The EAA Basin-level monitoring is conducted by the
District at District structures. In fact, the permittee-level water quality monitoring cannot be used to
determine the measure of P discharged to the Everglades. The surface water discharged from any one of
the given 219 defined drainage basins may be withdrawn as irrigation or freeze protection water by another
farm. On an annual basis, there exists a tremendous amount of recycling of water within the EAA prior to
any discharge to the Everglades. This conclusion is based upon the fact that the average annual cumulative
total volume of water discharged from the 300+ permittee or farm-level pump stations is approximately
twice the volume released from the SFWMD water control structures surrounding the EAA. The permitlevel water quality monitoring does have a utility of allowing relative comparison between permit basins.
EAA Basin-wide BMP implementation was mandated to begin in 1994 and was required to be
completed on all land areas by January 1995 (Rule 40E-63). Prior to this period (1990-1993) an increasing
percentage of landowners had implemented various BMPs because they were practical and/or for the
purpose of conducting demonstrations to investigate their performance.
To date, very little BMP research has quantified specific P load reductions for individual BMPs.
The P discharge compliance data (multiple BMPs implemented) submitted by growers in combination with
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WY97 Spatial distribution of permit drainage basin phosphorus concentrations.
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WY97 Spatial distribution of permit drainage basin total phosphorus loads.
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the limited spatial variation in site-specific BMP information, makes verifying the “25-point” rating
system and characterizing the utility of the compliance data virtually impossible at this point in time. Since
the basin has out performed the original 25% target goal reduction, explaining individual BMP
performance is not a compliance requirement within Rule 40E-63, F.A.C. The compliance water quality
and BMP information could be used to identify drainage basins that do not appear to be performing as well
as other similar basins. With this in mind, assisting permittees that voluntarily would like to investigate
the lesser BMP performances on their properties appears to offer potential for further reductions.
The P contributions from the urban areas within the EAA has not been investigated. A significant
amount of research has been conducted over the years on urban BMPs, though not specifically within the
EAA Basin. The District plans to initiate cooperative research in these areas which may result in the
selection and implementation of additional urban BMPs. Further basin reductions could also result from
this work.
EAA Basin-Level Phosphorus Reduction Calculations
The Everglades Forever Act mandates a specific method to measure and calculate the annual EAA
export of P in surface water runoff from the EAA lands (farms, cities, and industry). Calculating a single
year's P reduction requires more than simply comparing the average annual amount from the 10-year base
period to a current year's value. Because rainfall and surface-water discharges vary with time and location
throughout South Florida, an adjustment for these variations is made in the calculations. These hydrologic
variabilities could be large enough to mask the measured effectiveness of the BMPs in reducing P loads. In
a dry year, for example, the TP discharged from the EAA may be very low, which leads to the question of
whether this is because of the BMPs or less rain? The hydrologic adjustment attempts -- to the greatest
extent practicable -- to factor out annual rainfall variations so a direct comparison can be made between
any current year’s P load and that of the pre-BMP base period.
Methodology was developed during the 1991-1992 rulemaking effort to develop the Everglades
Regulatory Program (Chapter 40E-63, F.A.C.) and is described in greater detail in the District’s Everglades
BMP Program annual status reports (Everglades Regulation Division, District). Entities represented at the
workshops included state and federal agencies, agricultural industry, environmental organizations, Native
American nations of Florida, and interested members of the general public.
In brief, the methodology compares the current year’s measured P load in runoff that is attributable
to the EAA farms, cities, and industry with BMPs in place, with a statistical prediction of what the P load
would have been without the BMPs in place if the annual rainfall and distribution measured for a current
year had occurred during pre-BMP base period. The statistical prediction equation (r2=0.91) was
developed using the EAA measured loads during a 10-year pre-BMP period. The annual P percentage
reduction is computed by comparing the current year's TP load with the predicted average annual load for
what the base period would have been had the current year's rainfall pattern occurred during the pre-BMP
base period.
Water Years 1996, 1997, and 1998 represent the first three years during which all lands within the
EAA were required to have BMPs fully implemented. P load in the runoff attributable to the EAA has
shown a cumulative three-year reduction of 55% (Figure 5-10).
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Figure 5-10. Chronologies of BMP initiatives and TP load and concentration.
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The trend of P load reduction represents a decrease of P from the combined surface water runoff
attributable to the EAA farms, cities, and industry. The calculation does not equate to a 55% reduction
of the total P in surface water entering the WCAs from the District operated pump stations and
water control structures located at the EAA southern boundary. The sum total of P entering the
WCAs through the District operated pumps and gates within the EAA originates from the combination of
EAA surface water runoff, Lake Okeechobee environmental and urban water supply releases, C-139 Basin
surface water runoff, and stormwater treatment area (see Chapter 4).
Further, the annual flow-weighted P concentrations attributable to the EAA (total load divided by
total flow) shows a similar reduction trend; 173 ppb pre-BMPs as compared to the recent 3-year
average 105 ppb with BMPs (Figure 5-10).

C. Farm Scale BMP Research
(Appendix 5: Summary Reference No. 7)
In 1992, after the conclusion of the plot scale study and after the initiation of the Everglades BMP
Regulatory Program, farm scale BMP research began on water and fertilizer management strategies. Note
that plot scale and demonstration studies on sediment control BMPs were also initiated in 1992 by United
States Sugar Corporation (Appendix 5: Summary Reference No. 4). The ability of a combination of
selected BMPs to reduce TP discharge from agricultural areas has been shown from these farm-scale
studies. This farm-scale research was sponsored primarily by the EAA-Environmental Protection District
and contracted to the U of FL/IFAS. Project funding was provided primarily by the EAA-EPD with
supplemental monetary contributions from the Florida DEP (Environmental Protection Agency 319 Funds)
and the District.
Objective
The objectives of the farm scale research have evolved over time. The study was initiated in 1992
and has continued to this date. Originally the project’s focus was to measure baseline and post-BMP
implementation P loads from different types and sizes of farms (ten farms ranging in size from 320 to
4,500 acres), and to evaluate P load response to weather. During more recent phases of the project the
scope of work has been expanded to include the evaluation of particulate P transport and the
characterization of other water-quality parameters, notably particulate P, specific conductance, atrazine
and ametryn.
Project Design
Work has progressed in annual phases. Crop production on the selected plots varies from
monocultures of sugarcane and vegetables to multicultures of vegetables, rice, sod and sugarcane.
Consideration was taken to insure proper implementation and maintenance of BMPs, not only to address
the BMPs effectiveness, but also to prevent crop damage and/or loss that may result. Baseline TP
concentrations, absolute loads, unit area loads and net loads are developed for the ten plots over a period of
several years. During Phases I and II, monitoring systems were installed and BMPs were implemented.
Hydraulic BMPs alter hydraulics and drainage practices for irrigation/drainage systems and were
implemented first at four research plots because of these far-ranging effects. EAAMOD, a parametric
water- and P-transport model of subsurface flow, was reviewed and modified for hydraulic conditions in
the EAA. During Phase III, a particulate P transport study was conducted by sampling several matrices
including discharge water, suspended solids, surficial sediments, bed sediment, aquatic weeds and detritus.
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The particulate transport study continued during Phase IV with the formulation of sediment-control BMPs.
An unsteady, open-channel flow model (DUFLOW) was modified to allow input of subsurface drainage,
and used to simulate water and particulate transport. During Phase V, two distinct philosophies emerged
regarding the implementation of BMPs under prevailing hydraulic conditions. The first focuses on small
rainfall events during which off-farm pumping may be considered as optional. The second focuses on the
few major events, that contribute the majority of the TP loading. By Phase VI the hydraulic BMPs were
implemented in combination with crop rotation, fertilizer management and sediment management at
several test plots. Research was initiated in late 1997 to characterize other water-quality constituents
pursuant to requirements of Part III, Chapter 40E-63, F.A.C. In-situ monitoring is conducted at all sites
using a Hydrolab Datasonde 3, multi-parameter water-quality probe to measure temperature, dissolved
oxygen, pH, conductivity, and turbidity. EAAMOD-Field version 13.0 was released. During Phase VII,
EAAMOD-Farm (incorporation of EAAMOD-Field into DUFLOW) will be calibrated using project data.
Lysimeter studies will begin at a project site to study: (1) the effects of higher water tables on three
different sugarcane varieties; (2) the effects of growing rice in rotation with vegetables on soils, crops,
fertilizer requirements and P balances; (3) the effects of storing rice and fallow field drainage water on
sugarcane and sugarcane fertility; and (4) the feasbility of using high P water as fertigation.
Major Findings
Phase I - The highest P concentrations were documented at two research farm sites located in the
northeast section of the EAA. These findings emphasize the influence of soil type and rainfall intensity and
volume on P concentrations.
Phase II - Pump calibrations vary widely based on different methods and different persons using
the same method. Baseline P-loading data documented major differences between stations. Little
difference was observed in P concentrations between time and flow-weighted composite samplers;
however, grab samples and incomplete composite samples yield major discrepancies that can affect
calculated P loads.
Phase III - Baseline TP concentrations and unit-area loadings appear to be strongly dependent on
geographic location, crop rotation and water-management strategy. The indices calculated for the BMP
sites indicate that TP loads were reduced by 4 to 40%. Changes in pumping volumes resulted in both
increased and decreased P loading at different farms; as such, the hydraulic BMPs need to be fine-tuned.
Different crops appear to be either a net sink for, or source of, P; however, water management appears to
affect this observation.
Phase IV - Preliminary results of the particulate transport study indicate that the majority of
particulate P discharged during pumping originates from indigenous aquatic growth. The DUFLOW
modeling clearly demonstrated the potential benefits of reducing main-channel velocities and erodible
mass, and illustrated that sediment traps may have only a short-term effectiveness.
Phase V - Water table depth increased from 21 inches prior to BMP implementation to 18 inches
in 1996, with a concurrent reduction of P loading that is attributed, at least partly, to reduction in pumping.
Phase VI - Major reductions in TP are reported at the farm level through the implementation of
BMPs. The research results for new BMPs focusing on particulate transport and water management show
the potential for greater TP loading reduction.
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Phase VII – Comparison of P load to rainfall volume ratios for farms and the EAA Basin show
that that farm values are consistently higher, but the water year trends for each parameter appear to closely
follow the District’s basin figures. Farm monitoring can yield an excellent indication of what is occurring
at the EAA Basin level.
Summary of Farm-Scale Research
This research represents the most comprehensive, on-going research program regarding the
effectiveness of BMPs in the EAA. It is expected that results will be used to update the U of FL/IFAS
BMP procedural guide’s (Circular 1177) estimates of individual BMP P reduction potential. Although
studies have progressed from the plot to farm scale, the ability to extrapolate results to basin-wide
projections of effectiveness has not been demonstrated. Distributed-parameter, physics-based models such
as EAAMOD and DUFLOW are cumbersome to apply at the farm scale and may be impractical to apply
basin-wide. However, they have contributed to an emerging understanding of dissolved- and particulate-P
source, distribution and transport. This knowledge should facilitate the development of more effective onfarm sediment-management BMPs, and help to explain the cumulative effect of farm-level BMPs on P
discharge from the EAA Basin.
From the previous descriptions of some of the on-going BMP initiatives, it is evident that existing
BMPs are continuously being refined as experience and information is gained from implementation and
research.

Relationship of BMP Initiatives to Trends
in Basin TP Load and Concentration Data
Data collected by the District are used to characterize the load and concentration of TP attributable
to the EAA and conveyed to the EPA. The basin load and concentration data measured and adjusted in
compliance with Rule 40E-63, F.A.C. and the Act for all the water years of record is contained in the
District’s annual Everglades BMP Program reports. The complex mathematical equations, and basin
tributary sources and flow patterns are described completely in the reports.
The load and concentration of total P discharged from the EAA has declined in recent years
compared to a 10-year pre-BMP period (Water Years 80 through 88). Over the last three years, cumulative
P loads from the EAA have been reduced by 55 percent as compared to the calculated load, that would
have occurred during the pre-BMP period had the last three year’s rainfall occurred during the pre-BMP
period (adjustment for hydrologic variability). The pre-BMP load calculations are a result of a complex
regression equation developed from actual measured loads. Monitoring records describe an apparent trend
of declining load and concentration beginning about 1992, nearly concurrently with the heightened activity
regarding BMPs (Figure 5-10). The 3-year trend lines in Figure 5-10 facilitate describing longer-term
trends and tend to smooth the year-to-year variability.
Notable reductions in load and concentration are apparent since water year 1989, which the end of
the pre-BMP period used to characterize the affect of rainfall on TP loads. The Everglades BMP program
(Chapter 40E-63, F.A.C.) required load-reduction compliance monitoring to begin in water year 1996. The
first three years of required BMP implementation resulted in a 55% reduction in cumulative P compared to
the pre-BMP period.
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Other Water Quality
Parameters of Concern
The Act requires that the District conduct research in cooperation with the EAA landowners to
identify water quality parameters that are not being significantly improved by either the STAs or BMPs,
and to identify further BMP strategies needed to address these parameters. As a result of research in this
area, in 1996, DEP and the District identified specific conductance, particulate P, Ametryn, and Atrazine as
additional constituents of concern. The District amended Rules 40E-61 and 40E-63 in 1997 to define and
implement a comprehensive program of research, testing and implementation of BMPs for all other water
quality parameters (initially for the four previously mentioned). The EAA-EPD is the primary sponsor of
this University of Florida/Institute of Food and Agricultural Sciences farm-scale research. Annual review
of data, including a public workshop, will occur to determine if the current research is meeting the overall
objective of the Rules. If changes are deemed to be necessary, the program will be adjusted accordingly.

New BMP Initiatives and
Recommendations
Existing BMPs continue to be refined. Nevertheless, research initiatives, which may provide
results that identify new BMPs, previously referred to as potential precursors (defined under Extent of
BMP Implementation on Page 6), are also underway. Further basin P reductions may be possible from the
identification and implementation of additional refined BMPs.
The research initiatives potentially identifying new BMPs are discussed briefly below.
•

Defining the particulate P transport process and particulate characteristics. A significant
amount of P being discharged into the District's system is in the particulate form.
Understanding the transport process and particulate characteristics may identify modified or
new sediment control BMPs, which could result in further basin P reductions.

•

Develop wind erosion, sediment transport method. Develop a method that can be used to
evaluate BMPs that address sediment transport by wind erosion and effectively predict loss of
soils typical of the EAA.

•

Sugarcane variety experiments. 1.) Identify varieties of sugarcane which utilize P more
efficiently, thereby, potentially reducing the amount of P applied and/or available for transport
off-site. 2.) Identify sugarcane varieties that are more tolerant of higher water levels thus
reducing soil oxidation (a process that releases P into runoff).

These on-going research initiatives have potential to reveal new BMPs that could result in further
basin load reductions. U.S. Environmental Protection Agency/DEP, EAA-EPD, District, U.S. Department
of Agriculture Natural Resources Conservation Service and Agricultural Research Service, and private
companies are participating in these efforts.
The District is also in the process of augmenting the water quality data and limited BMP
information available for the C-139 Basin. The C-139 Basin has discharged some of the highest P
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concentrations to the EPA and is the next largest contributing basin of P load to the EPA after the EAA.
Some BMPs implemented and under investigation in the EAA may be applicable to the C-139 Basin.
However, land uses and soil types are different from the EAA so BMP knowledge, experience, and results
may not be directly transferable to the C-139 Basin. BMP research would provide site-specific
information.
The new BMP initiatives (previously discussed) that are already under way have a potential to
improve the water quality of runoff from the EAA and C-139 Basins. Review of the past and present BMP
initiatives have identified additional areas that may be worth investigating. These areas were already
mentioned in this chapter but are being repeated under this section as observations/recommendations.
•

Gain an understanding of the cumulative effect of farm-level BMP plans on basin-wide P
discharge. Small scale, physics-based research regarding transport is helping to explain the
association but the models are cumbersome to apply at the farm scale (Appendix 5:
Summary Reference No. 7). The development and application of a basin-wide transport
model may be impractical.

•

A relative comparison of compliance data submitted by growers regarding water and P
discharges and BMPs may be useful for identifying and assisting voluntary landowners with
improving their BMP plan performance.

•

There is a need to further evaluate how the observed trend in basin-wide P load is associated
with variations in the volume of water discharged from the basin and in-source concentrations.
Even though the EAA Basin recycles a significant amount of water, this may help to
characterize the basin-wide effectiveness of water management BMPs considered in the
Everglades BMP Regulatory Program.

•

Continued investigation of how antecedent rainfall conditions, timing of management
practices and type of rainfall events relate to water quality could lead to additional adjustments
in water management practices, though it is not clear what further reductions are attainable.

•

Investigate the urban area P contributions to the basin and identify and implement urban
BMPs as appropriate.

Conclusions
Best management practices implemented to date have been shown to reduce P export at the farm
level. Research data and the Everglades BMP Regulatory Program demonstrate appreciable reductions in
the load and concentration of TP conveyed to the EPA from the EAA. This reduction in load and
concentration of total P is attributable to BMP implementation.
Further declines in P load and concentration are probable as experience and information continue
to be gained from the implementation of existing BMPs, and from recent research initiatives regarding
processes such as suspended particulate transport by water and wind, and crop variety experiments.
Because the measurements for water year 1997 represent only the third full water year of required
best management practices (BMP) implementation throughout the EAA, it is too early to predict the long-

5-27

Chapter 5: Effectiveness of BMPs

Everglades Interim Report

term reductions of P to the Everglades that may be the result of BMPs. As the number of annual
calculations increase, the staff will have increased confidence to quantify a specific level of long-term
phosphorus reduction in the runoff attributable to BMPs. However, given the encouraging preliminary
BMP program measurements and the performance of the initial District stormwater treatment areas (ENR
Project), there is increased confidence that the Everglades Forever Act’s interim goal of achieving 50
ppb phosphorus concentration through the combination of existing landowner BMPs and
downstream stormwater treatment areas will be met.

Costs Associated with BMP Research
Research funding has been contributed by a least ten private and public entities. The various
participants in the reviewed research initiatives were contacted to report the amount of funds expended.
The funding listed pertains only to the BMP research cost component; it does not include the costs
associated with implementation and maintenance of the practices. Refer to Table 5-5 provided by the
participating parties. The total research funding listed for all parties to date is over $8 Million. Many of the
existing research projects are anticipated to continue through 2001.

Findings on the Effectiveness of
Agricultural BMPs
•

Sixteen initiatives between 1979 and 1997 provided information to support the Everglades
Agricultural Area BMP program.

•

BMP implementation has resulted in loading reductions in full compliance with the 25%
mandated in the Act. The cumulative load of phosphorus discharged from the Everglades
Agricultural Area over the last three years is 55% lower than the load that would have
occurred without BMPs.

•

The documented reduction in phosphorus conveyed to the EPA from the Everglades
Agricultural Area, compared to that recorded from 1979 to 1988, is attributable to
implementation of the Everglades BMP Regulatory Program, as well as research and
educational programs.

•

Through continuing research, monitoring and refinement, further declines in phosphorus load
and concentration from the Everglades Agricultural Area are probable.
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Research initiatives & estimated amount of funds expended.

Research Initiative
Period of Study
Lead Researchers
Agricultural BMPs for P Loading in the EAA Plot Scale
1985 - 1991
Izuno, Bottcher, and others (UF-IFAS)
Water Management Study of Wetherald I and Mott
No. 1 Plantations
1990 – 1991
Environmental Services & Permitting
Phosphorus Reduction and Sediment BMP
Research
1992 – 1995
H. Andreis (United States Sugar Corporation)
Phosphorus Reduction and Modified Pumping
Practices
1991 – 1994
Hutcheon Engineers
Sediment Control Demonstration Project
1993 – 1995
Hutcheon Engineers
Implementation and Verification of BMPs for
Reducing Phosphorus Loading & Other Water
Quality Parameters - Farm Scale
1992 – present
Izuno, Rice and others (UF-IFAS)
EAA Sediments and Effectiveness of Soil Sediment
Trapping in Rock Pit Diversions
1997 – present
Izuno & Rice (UF-IFAS)
Reduction of Phosphorus Concentrations by
Precipitation, Coagulation & Sedimentation
1992
Anderson & Ceric (UF-IFAS) & Hutcheon Engineers
Variability of Leaf Phosphorus Among Sugarcane
Genotypes Grown on Everglades Histosols
1992 – 1995
Glaz (USDA-ARS); Deren & Snyder (UF-IFAS)
Nutrient Management System – Chemical Dosing &
Vegetative Treatment
1992 – 1996
Bion Technologies
Researching the Water Tolerance of Sugarcane
1996 – present
Glaz (USDA-ARS)
Wind Erosion BMP Evaluation Tool for the EAA
1997 - present
USDA Natural Resources Conservation Service

Funding Source
South Florida Water Management District
Florida Sugar Cane League
Florida Fruit & Vegetable Growers Assoc.

Total Research
Funding
(approx.)
$1.52 Million
Not Available
Not Available

3

United States Sugar Corporation

Not Available

4

United States Sugar Corporation

Not Available

5

Florida Sugar Cane League

Not Available

6

EAA-Environmental Protection District

$260,478

7

EAA-Environmental Protection District

$4.16 Million

DEP/US EPA Chapter 319 (WM631)

$765,000

South Florida Water Management District
(C-E8616)
DEP/US EPA Chapter 319 (WM572)

$50,000

EAA-Environmental Protection District

$50,000

12

Florida Sugar Cane League

Not Available

13

USDA Agricultural Research Service
UF-IFAS
Florida Sugar Cane League
Florida Crystals
Sugar Cane Growers Cooperative

$115,000
$75,000
Not Available
Not Available
$187,000

USDA Agricultural Research Service
United States Sugar Corporation
Florida Sugar Cane League
South Florida Water Management District
(C-8511)
USDA Natural Resources Conservation
Service

$730,000
Not Available
Not Available
$25,000

Summary
No.
2

8

14

15

16
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Chapter 6: Effectiveness and Optimization of Stormwater Treatment
Areas for Phosphorus Removal
Michael J. Chimney and M. Zaki Moustafa

Summary
The biotic integrity of the Everglades is endangered due to urban and agricultural development, a
disruption of the system's hydroperiod and the introduction of nutrient-rich agricultural runoff. Everglades
periphyton and plant communities are known to be sensitive to phosphorus (P) availability. Reducing the
amount of total P (TP) being delivered to the Everglades in agricultural runoff is central to the District's
restoration program, which includes building a system of large treatment wetlands referred to as
Stormwater Treatment Areas (STAs). The Everglades Forever Act requires the District to initiate a
research and monitoring program to optimize the nutrient removal performance of the STAs. The STA
Optimization Research and Monitoring Program described in this section of the Everglades Interim Report
will provide the information necessary to fulfill this mandate. This research program consists of: (1)
practical experience gained from operating the Everglades Nutrient Removal (ENR) Project and analyzing
ENR Project performance data; (2) experiments conducted in the ENR Project test cells; (3) analysis of
data from other wetlands; and (4) simulation of nutrient removal efficiency under different operating
scenarios using a wetland nutrient fate and transport model, the Wetland Water Quality Model, being
developed by the District.
The ENR Project is almost completely vegetated with either emergent, floating or submersed
aquatic plants. Cattail is the dominant emergent species and has the greatest coverage, but large areas
throughout the project are also colonized by a variety of other plant species. The vegetation that exists
today is more species diverse than was envisioned in early conceptual plans and has proven to be dynamic,
i.e., the relative abundance of vegetative cover is still changing and some Treatment Cells have actually
lost a portion of their cattail coverage. However, changes in the vegetation of the Project have not had an
observable impact on the nutrient removal efficiency of the wetland.
Water loading to the ENR Project through the Inflow Pump Station varied by a factor of two
among operational years (95,767 to 197,897 ac-ft). The combined volume of water from the Inflow and
Seepage Return Pumps accounted for 84 to 90% of the total inflow water budget each operational year;
rainfall and surficial seepage from WCA-1 accounted for the remainder of inflow to the system. The
average hydraulic retention time in the ENR Project ranged from 17 to 24.9 days over the four years of
operation.
The ENR Project is achieving its performance objectives based on an evaluation of 48 months of
operational data (August 1994 through July 1998). All 12-month, rolling, flow-weighted TP
concentrations at the project outflow were well below the mandated 50 µg P/L (cumulative outflow TP
concentration = 22 µg P/L), and all 12-month rolling, TP load reduction estimates (inflow versus outflow)
were greater than the 75% goal (cumulative total P load reduction = 82%). Since the start of operations, the
ENR Project has removed 62.9 metric tons of P from Everglades Agricultural Area runoff that otherwise
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would have been pumped into Water Conservation Area 1 and had a cumulative TP settling rate of 18.5 m/
yr. Based on these results, from early in the lifespan of the Project the STA design settling rate of 10.2 m/yr
appears to have been a reasonable, possibly conservative estimate.
Results from the ENR Project have validated the premise that treatment wetlands (i.e., STAs)
constructed on former agricultural land can effectively remove TP from Everglades Agricultural Area
runoff and achieve the interim outflow concentration limit of 50 µg P/L specified in the Act. However, due
to design limitations, the ENR Project could not be operated in a pulsed-flow mode that fully mimics the
flows that will occur in the STAs during storm events. Evaluation of treatment efficacy under storm-driven
operating conditions will come from test cell research and modeling efforts.
Effluent from the ENR Project has been in compliance with most Class III water quality standards.
However, dissolved oxygen concentrations at the project inflow, outflow and the Water Conservation Area
1 reference site are frequently below the 5 mg/L standard. This pattern is typical of conditions found in
productive Everglades marsh habitats.
The upper 5 cm layer of sediment in Treatment Cell 1 has become P enriched; mean P
concentrations increased from 251.6 mg P/kg in pre-construction samples to 650.0 mg P/kg by 1996;
81.7% of the material in this layer was organic. These data support the contention that the primary P
removal mechanism in the ENR Project and the STAs is the deposition and burial of P-rich organic
materials in the sediments.
Research will be conducted in the ENR Project test cells to examine how hydrologic conditions
(hydraulic residence time and depth) may influence STA performance. Modifications to the test cells
needed to conduct these experiments have been completed and preliminary water quality sampling was
initiated in late FY98. Experimentation will begin shortly after the test cells have been characterized.
Data from other wetlands (e.g., the Water Conservation Areas, Iron Bridge and Boney Marsh)
have provided the District with insight into the long-term treatment performance that might be expected
from subtropical wetlands and were used to help establish design criteria for the ENR Project and STAs.
The Wetland Water Quality Model recently has undergone preliminary calibration tests using data
from Water Conservation Area 2A and the ENR Project. While results from the calibration runs for the
hydrodynamic submodel have been very encouraging, an evaluation of the water quality submodel output
indicated that further developmental work is needed before the full model can accurately simulate all the
biological and chemical processes that remove nutrients in wetlands.
STA-6 Section 1 is the first component of the District's Everglades Construction Project that has
been completed; operation began in December 1997. All but one weekly TP measurement at the outflow
from this STA during the first seven months of operation have been below the 50 µg P/L interim goal
established for the project.
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Background and Issues
Everglades Impacts and Stormwater Treatment Areas
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The biotic integrity of the
Everglades is endangered due to urban
and
agricultural
development,
a
disruption of the system's hydroperiod
and the introduction of nutrient-rich
agricultural
runoff.
Everglades
periphyton and plant communities are
known to be sensitive to phosphorus (P)
availability. Reducing the amount of total
P (TP) being delivered to the Everglades
in agricultural runoff is central to the
District's restoration program, which
includes building a system of large
treatment wetlands referred to as
Stormwater Treatment Areas (STAs)
(Figure 6-1). The Everglades Forever
Act (Act) requires the South Florida
Water Management District (District) to
initiate a research and monitoring
program to optimize the nutrient removal
performance of the STAs. The STA
Optimization Research and Monitoring
Program described in this section of the
Everglades Interim Report will provide
the information necessary to fulfill this
mandate. Regional environmental issues
and Act requirements are treated more
fully in Chapter 1 of this report.

Everglades Nutrient Removal
Project – A Prototype STA
Figure 6-1.

Location of the Everglades Nutrient Removal

The
Everglades
Nutrient
Project in relation to the Everglades Agricultural
Removal (ENR) Project is a 1,545 ha
Area in south Florida.
(3,819 acres) treatment wetland built by
the District on land previously farmed for sugar cane, corn and rice. The ENR Project serves as a prototype
STA, and will be incorporated into STA-1W (Figure 6-1) which is currently under construction. The
history of events leading up to the decision to construct this facility are summarized in SFWMD (1989,
1991). The project site is located 25 km (15.5 miles) west of the city of West Palm Beach in Palm Beach
County and borders the northwest corner of WCA-1(26o 38' N and 80o 25' W). The soils at this location
consist of a 0.8 to 1.8-m layer of poorly drained, highly organic peat (predominately Okeechobee muck)
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with a near-surface water table that overlies a hard carbonate rock shelf (caprock). Beneath the caprock is a
deep deposit of silty, clay-like sands with interbedded layers of limestone (Jammal & Associates, Inc.,
1989). Surface ground elevations within the ENR Project site range from 7.1 to 10.9 m NGVD (National
Geodetic Vertical Datum). The initial basis of design for the project was derived from the observation that
cattail in nutrient enriched areas of WCA-2A had a phosphorus retention capacity of 1.67 g P/m2/yr
(SFWMD, 1989, 1991). Based on the assumption that the ENR Project would have a footprint of 1,497 ha
(3,700 acres) and that future annual water and P loadings to the Project would be similar to historic
discharges from the EAA, it was projected that this treatment wetland would remove 25 metric tons (mt) P/
yr from runoff entering WCA-1. Subsequent design criteria, assumptions and performance goals
developed from ENR Project conceptual designs are summarized in Table 6-1. Note that early designs
considered the impact on the Project of having the EAA both with and without Best Management Practices
(BMPs) in place. The ENR Project was built in two phases: Phase I was completed in July 1989 with
flooding of the first 384 ha (950 acres) for the Project; Phase II, which included constructing the
containment levees, pump stations and other major structural elements associated with the project, began
in June 1991 and was completed by September 1993. Due to delays associated with obtaining regulatory
discharge permits, flow-through operations did not begin until August 1994. An “operational year” for the
ENR Project is defined as beginning on August 1 and running through July 31 of the following calendar
year. The period of record for ENR Project operations covered in this Report extends from August 1994
through July 1998, which encompasses the first four operational years. Additional information about the
design of the ENR Project is provided in Burns & McDonnell (1989, 1992c), CH2M Hill (1991), SFWMD
(1991), Goforth et al. (1994) and Guardo et al. (1995).
The ENR Project is a once-through treatment system and has the capacity to process
approximately 39 to 60% of the annual runoff that would otherwise be pumped directly into WCA-1 via
the S-5A pump station (range of processing estimates based on ENR Project design inflow pumping rates
(Table 6-1) and the mean annual discharge at S-5A for water years 1979 to 1988 [314,750 ac-ft; Burns &
McDonnell, 1992b]; see Light and Dineen [1994] for a discussion of the water conveyance system and
hydrology of the region). It was anticipated during design that the Project would be operated in a pulsed
flooding mode with a range of water depths between 30 and 91 cm and a minimum hydraulic retention
time (HRT) of 10 to 13 days (Burns & McDonnell, 1989; CH2M Hill, 1991; SFWMD, 1991). The primary
source of inflow water to the ENR Project is the S-5A basin (595.7 km2), which drains the northeastern
portion of the EAA (Figure 6-1). Water is delivered to the ENR Project’s Inflow Pump Station (G250) via
a supply canal that is connected to the West Palm Beach Canal. Water is pumped through the Inflow Pump
Station, which has six electric pumps with a combined capacity of 17 m3/sec (600 cfs), into the Buffer Cell
(54 ha) and then distributed via gravity flow to two parallel treatment trains that are separated by an
interior, transverse levee (Figure 6-2). The Eastern Flow-way is comprised of Treatment Cells 1 (527 ha)
and 3 (404 ha); the Western Flow-way is comprised of Treatment Cells 2 (413 ha) and 4 (147 ha). The
direction of flow is from Treatment Cell 1 to 3 and from Treatment Cell 2 to 4. The Western Flow-way
(560 ha) is 40% smaller than the Eastern Flow-way (931 ha). Treatment Cells 1 and 3 have an aspect ratio
(length to width) of approximately 3:1, while the aspect ratio of Treatment Cells 2 and 4 is about 2:1. The
Buffer Cell provides hydraulic dampening of inflow water velocities, allows for independent water
delivery to each treatment train and promotes initial treatment of inflow water (e.g., removal of much of
the suspended particulate load from the inflow water). Sixty-seven percent of the water pumped into the
Buffer Cell was designed to enter the Eastern Flow-way via 10, 72-inch culverts in the G252 levee, while
the remaining 33% of the flow would enter the Western Flow-way via five, 72-inch culverts at the G255
structure. A distribution canal was built along the north side of the Buffer Cell to assist in conveying water

6-4

Everglades Interim Report
Table 6-1.

Chapter 6: Effectiveness of STAs

Design criteria, assumptions and performance goals for the Everglades Nutrient
Removal Project with and without the use of Best Management Practices in the
Everglades Agricultural Area.

Wetland Treatment Areaa
Expected Total Phosphorus Removal

1,497 ha
a

Inflow Total Phosphorus Concentration
No BMPs =
BMPs =

(= 3,700 acres)
2

1.67 g P/m /yr
a

190 µg P/L
134 µg P/L

(= 190 ppb)
(= 134 ppb)

Inflow Pumping Rate (25 mt P/yr removal target)a
16.99 m3/sec

Design maximum =

(= 170 cfs; = 123,159 ac-ft/yr)

3

7.36 m /sec

(= 260 cfs; = 188,360 ac-ft/yr)

2.8 cm/day
4.2 cm/day

(= 1.1 in/day)
(= 1.7 in/day)

No BMPs (@ 190 µg P/L & 85% efficiency) = 4.81 m /sec
BMPs (@ 260 µg P/L & 78% efficiency) =

(= 600 cfs; = 434,678 ac-ft/yr)

3

Hydraulic Loading Ratea
No BMPs (@ 170 cfs & 3,700 acres) =
BMPs (@ 260 cfs & 3,700 acres) =

Total Phosphorus Removal Rate (50 µg P/L outflow target)a
No BMPs (@ 190 V 50 µg P/L; 170 cfs) =

1.42 g P/m2/yr

(= 21.3 mt P/yr; = 46,901 lbs P/yr)

BMPs = (@ 134 V 50 µg P/L; 260 cfs) =

1.30 g P/m2/yr

(= 19.5 mt P/yr; = 43,039 lbs P/yr)

Total Phosphorus Removal Efficiency (50 µg P/L outflow target)a
No BMPs (@ 190 V 50 µg P/L; 170 cfs) =
74%
BMPs (@ 134 V 50 µg P/L; 260 cfs) =
63%
Water Depth
Normal operating rangeb =
a

Normal operating range =
a,b

Design maximum

=

Hydraulic Retention Time

39.6 to 91.4 cm

(= 1.3 to 3.0 ft)

30.5 to 91.4 cm

(= 1.0 to 3.0 ft)

137.2 cm

(= 4.5 ft)

>13 days

b

10 - 20 daysa
a. CH2M Hill (1991) summarized from various design documents and memoranda
b. SFWMD (1991)

from the Inflow Pump Station to G255. Treatment Cells 1 and 2 were intended to remove the bulk of the
nutrient load entering the ENR Project (the Buffer Cell also acts in this capacity), while Treatment Cells 3
and 4 would accomplish the final polishing of the water to lower nutrient concentrations. Water is
discharged from the ENR Project at the Outflow Pump Station (G251), which has six electric pumps with a
combined capacity of 12.7 m3/sec (450 cfs), by pumping it over the L-7 levee into WCA 1. A perimeter
canal collects groundwater seepage from along the western and northern boundaries of the ENR Project
and returns it to a separate set of Seepage Return Pumps located at the Inflow Pump Station (three electric
pumps with a combined capacity of 5.7 m3/sec [200 cfs]) where it is pumped back to the headwaters of the
project.
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Site plan for the Everglades Nutrient Removal Project showing the location of stage, flow
and water quality monitoring sites.
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Treatment Cells 1 and 2 and the Buffer Cell have been allowed to revegetate naturally; the
dominant emergent macrophyte in each cell is cattail (Typha domingensis and T. latifolia). The plant
community in Treatment Cell 3 is a mixture of naturally recruited cattail and areas (131 ha) that were
planted with species common to south Florida, i.e., arrowhead (Sagittaria latifolia and S. lancifolia),
Spikerush (Eleocharis interstincta), Maidencane (Panicum hemitomon), Pickerelweed (Pontederia
cordata) and Sawgrass (Cladium jamaicense), and is referred to as a “mixed-marsh” plant community.
Treatment Cell 4 has been actively maintained as a periphyton/submersed macrophyte community
dominated by Coontail (Ceratophylum demersum) and Southern Naiad (Najas quadalupensis) through the
selective use of herbicides to remove emergent and floating macrophytes. Areas in Treatment Cells 1, 2
and 3 that were not initially colonized by emergent species during project construction also support dense
stands of submersed macrophytes (principally C. demersum and N. quadalupensis). Water Hyacinth
(Eichhornia crassipes) and Water Lettuce (Pistia stratiotes) first appeared in northern areas of the project
during construction (S. Newman, SFWMD, pers. obs.) and are becoming an increasingly important
component of the plant community throughout the project (SFWMD, 1995a, 1996, 1997a, 1998a).
As noted above, the original performance goal for the ENR Project (removal of 25 mt P/yr) was
predicated on the amount of land available (1,497 ha) and an expected TP removal rate of 1.67 g P/m2/yr.
Design calculations accounted for the presence/absence of BMPs in the EAA on the inflow pumping and
hydraulic loading rates (HLR) needed to achieve this target (see Table 6-1). Subsequent performance
expectations for the Project focused more on achieving an effluent concentration of 50 µg P/L (= 50 parts
per billion [ppb] P) rather than removing a specified TP mass. Assuming the same inflow TP
concentrations and hydraulic loading rates, slightly lower TP removal rates than the original estimate were
required to meet the outflow concentration target (1.30 – 1.42 g P/m2/yr; Table 6-1). The current, primary
performance objective for the ENR Project is to reduce the amount of total phosphorus (TP) discharged
from the Outflow Pump station into WCA-1 by up to 75% relative to the inflow load and is mandated by
specific condition 5 of the Florida Department of Environmental Protection (DEP) operating permit
#502232569. The secondary performance objective, also mandated by the operating permit, is to discharge
water with an annual, flow-weighted TP concentration no greater than 50 µg P/L.

Stormwater Treatment Area Optimization Research and Monitoring Program
The STA Optimization Research and Monitoring Program will assist in developing an operational
strategy that maximizes performance of the STAs independent of other technologies (i.e., the District's
Supplemental Technology Research Program is examining other treatment technologies that may be used
in concert with the STAs to enhance overall nutrient removal performance; see Chapter 8 of this Report).
Information is being compiled from four distinct research efforts: (1) practical experience gained from
operating the ENR Project and analysis of ENR Project performance data; (2) experiments conducted in
the ENR Project test cells; (3) analysis of data from other wetlands; and (4) simulation of nutrient removal
efficiency under different operating scenarios using a nutrient fate and transport model for wetlands, the
Wetland Water Quality Model, currently under development by the District. An annotated list of the
research and monitoring activities being conducted in the ENR Project in support of this research program
is provided in Table 6-2 and sampling locations associated with these efforts are identified in Figure 6-2.
The objective of this section of the Interim Report is to summarize key findings from research and
monitoring efforts relative to P removal performance and/or compliance with water Class III quality
standards. Discussion of ENR Project data is focused on considering the entire wetland as the best
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predictor of future STA performance. Subsequent reports will include analyses of individual treatment cell
performance and parameters other than P.

Everglades Nutrient Removal Project
Vegetation Coverage
Data Collection and Analysis
A vegetation monitoring program, required under the DEP operating permit for the ENR Project,
has been implemented to document both the spatial and temporal changes that occur in the plant
community within the treatment cells. Aerial photographs of the entire site are taken routinely at a scale of
1:6,000 using high-contrast, infrared film. The ENR Project was initially photographed quarterly from
October 1993 to October 1994; starting in 1995, the overflight schedule was changed to semi-annual. The
photographs acquired from each overflight (approximately 40 overlapping, separate images) are digitized
to generate electronic images. These images are then rectified to known geographic markers to produce a
composite image suitable for use as a GIS background image. Vegetation is classified into distinct
“coverage types” through an interpretation of the photographs and verified by ground-truth surveys
conducted after each overflight. A map has been generated for each overflight on which the different
vegetation coverage types (Table 6-3) are color-coded. The minimum mapping unit was established by
superimposing a grid scaled to represent blocks of 25m x 25m (625m2) over the background image. The
coverage type assigned to each grid block represents the dominant species within that grid element.
Changes in the areal extent of each vegetation coverage type have been documented over time.
Status of Research and Monitoring
Eleven photographic overflights of the ENR Project have been conducted as of this writing
(October 1993; February, May and October 1994; May and November 1995; April and November 1996;
May and October 1997; April 1998). Annual reports on the status of the vegetation are provided in
SFWMD (1995a, 1996, 1997a, 1998a). As of April 1998, 53.6%, 65.0% and 87.8% of the surface area of
Treatment Cells 1, 2 and 3, respectively, was vegetated with either emergent or floating aquatic
macrophytes; the Buffer Cell was 95.8% vegetated (Table 6-3). Much of the remaining area in Treatment
Cells 1, 2, and 3 has been colonized by submersed aquatic vegetation. Cattail is the dominant emergent
macrophyte species throughout the ENR Project (Figures 6-3 and 6-4). Sawgrass, Pickerelweed,
Spikerush, Arrowhead and coverage types composed of a mixture of species also are important
components of the vegetation community in Treatment Cell 3, while Treatment Cell 4 has been maintained
as a periphyton/submersed macrophyte habitat.
Cattail reached its maximum areal coverage in Treatment Cell 1 by May 1995 (227.6 ha) and in
Treatment Cell 2 by November 1995 (341.9 ha; Figure 6-3 and SFWMD, 1996). Cattail coverage then
decreased during the last half of 1995 and throughout 1996 in Treatment Cell 1 and throughout 1996 and
1997 and into 1998 in Treatment Cell 2. This loss was attributed to strong windstorms, which uprooted
large mats of cattail in slightly deeper areas of these cells. Treatment Cell 1 next experienced a small
increase in cattail coverage between November 1996 and May 1997, which coincided with a period when
lower water depths were maintained in this cell than in previous years. Conversely, cattail loss accelerated
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Annotated list of activities conducted in the Everglades Nutrient Removal Project to support
the STA Optimization Research and Monitoring Program.

Vegetation Coverage
• Semi-annual photographic overflights are made of the entire project using high-contrast infrared film; resulting
photographs (~40) are digitized and vegetation is mapped using 20 different coverage categories; coverage data
from overflights are compiled into a master GIS database.
Meteorological Data
• Two automated weather stations provide continuous measurement of temperature, humidity, wind speed, wind
direction, barometric pressure, and incident light (both photosynthetically active radiation and pyranometer
sensors); data radio-relayed back to the District headquarters daily.
Rainfall Quantity
• A network of seven automated tipping-bucket gauges located throughout the project measures total daily
precipitation; data radio-relayed back to the District daily.
Rainfall Quality
• One automated wet/dry deposition collector provides weekly composited samples that are analyzed for nutrients,
carbon, major cations and anions, suspended and dissolved solids and selected metals.
Evapotranspiration
• Experimental lysimeters (open-water/periphyton, mixed marsh vegetation and cattail) were operated for 2 to 3 years
to establish empirical relationship between daily ET rates, vegetation coverage type and meteorological conditions;
ET now generated using these equations and current weather data.
Groundwater
• A network of 14 shallow wells (10-20-m deep) distributed along the perimeter and interior levees is sampled
quarterly for groundwater; samples are analyzed for nutrients and major cations and anions.
Stage
• A network of 28 automated stage recorders located throughout the project monitors water elevation at continuous 5minute intervals; data radio-relayed back to the District daily.
Flow
• Flow at the Inflow, Outflow and Seepage Return pumps is monitored continuously using pump RMP/ discharge
rating curves developed for each structure; data radio-relayed back to the District daily.
• Flow through all 35 interior culverts connecting treatment cells is monitored continuously using ultrasonic velocity
meters; data radio-relayed back to District headquarters once a day.
• Seepage through 21 culverts along the L-7 levee was monitored biweekly for 2 years; regression equation
developed to predict flow based on stage differences between WCA 1 and the ENR Project.
Surface Contour Map
• A topographic survey was conducted and used to produce a detailed surface contour map (0.5-ft contour intervals)
of the project and develop a stage-volume equation for each treatment cell.
Hydrolab® Network
• A network of 15 recording Hydrolab® sondes located throughout the project monitors temperature, pH, conductivity,
and dissolved oxygen concentration in surface water at continuous 15-minute intervals; data radio-relayed back to
District headquarters once a day.
Treatment Cell 1 & 4 Monitoring
• Sampling programs were conducted during the first two years of project operation to monitor a number of physical
and chemical parameters in the water column, sediments, porewater, and macrophytes along the nutrient gradient
in Treatment Cells 1 and 4.
Fauna and Flora Surveys
• Informal lists have been compiled of the fish, bird and plant species found within the project.
Water Quality
• Water quality samples are collected on a weekly/biweekly basis from 23 locations within the project; samples
analyzed for nutrients, major cations and anions, carbon, suspended and dissolved solids, select metals and other
constituents; details of sampling program are provided in Appendix 6-1.
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Summary of vegetation areal coverages in Everglades Nutrient Removal Project Treatment
and Buffer Cells derived from photographic overflight data collected April 1998.
Cell 1

Coverage Types
Open Water/Submersed Vegetation
Cattail (Typha spp.)
Sawgrass (Cladium jamaicense)
Primrose Willow (Ludwigia sp.)
Willow (Salix sp.)
floating aquatics
Bulrush (Scirpus californicus)
fern-emergent mix
Spikerush (Eleocharis interstincta)
Pickerelweed (Pontederia cordata)
Wild Taro (Colacasia esculenta)
Arrowhead (Sagittaria latifolia)
Arrowhead (Sagittaria lancifolia)
misc. grasses
Leather Fern (Acrostichum sp.)
Smartweed (Polygonum sp.)
shrub mix
algae/macrophyte complex
misc. spp. mix 1
misc. spp. mix 2
misc. spp. mix 3
TOTALS

ha

a

243.0
179.8
31.7
6.4
16.1
<0.1
0.4

4.0
5.9
26.2
10.4

524.2

%
46.36
34.30
6.05
0.00
1.23
3.08
0.01
0.08
0.00
0.00
0.00
0.00
0.00
0.77
1.33
0.00
5.00
0.00
1.99
0.00
0.00
100.0

Cell 2
ha
145.1
230.0

0.1
33.8

3.6
0.3
1.0
0.6

414.3

%
35.02
55.50
0.00
0.00
0.03
8.15
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.86
0.00
0.07
0.24
0.00
0.14
0.00
0.00
100.0

Cell 3
ha
49.7
178.9
24.4
2.9
5.7
1.5

10.4
11.8
0.4
3.8
3.6
4.2

30.9
60.3
17.3
405.7

%
12.25
44.10
6.02
0.71
1.40
0.38
0.00
0.00
2.56
2.91
0.09
0.93
0.90
1.03
0.00
0.00
7.61
0.00
14.85
4.26
0.00
100.0

Cell 4
ha
48.5
5.0

0.5

<0.1

0.3

91.0
1.5

146.9

%
33.01
3.42
0.00
0.00
0.00
0.33
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.22
0.00
0.00
0.00
61.95
1.05
0.00
0.00
100.0

Buffer Cell
ha
2.3
24.1
1.4
2.4
22.1

0.1
0.8
0.5

53.8

%
4.21
44.85
2.63
0.00
4.44
41.16
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.23
1.58
0.00
0.90
0.00
0.00
100.0

a. 1 hectare = 2.471 acres

in Treatment Cell 2 between May 1997 to April 1998 when water depth was increased in the Western
Flow-way. The spread of cattail throughout Treatment Cell 3 also has slowed markedly from the rate
observed in 1994 and 1995 (Figures 6-3 and 6-4), but is still expanding and has not yet reached a steadystate condition. Cattail now has to compete for space with floating and submersed macrophytes, which
may slow or inhibit altogether, the expansion of existing cattail stands and reinvasion into areas of the ENR
Project once occupied by this species.
Because Treatment Cell 3 was partially planted (131 of 404 ha were planted), it has a more diverse
plant community than Treatment Cells 1 and 2 and the Buffer Cell (Table 6-3). The District does not intend
to manage the plants in Treatment Cell 3, but rather will allow the community to develop in a natural
manner. As noted above, Treatment Cell 4 is actively managed to control the spread of emergent and
floating vegetation through the selective use of herbicides. The District will continue to maintain
Treatment Cell 4 as an open-water/submersed macrophyte habitat in order to be able to compare the
treatment performance of this type of wetland habitat against the mixed-marsh plant community
established in Treatment Cell 3.
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Comparison of areal coverage of cattail, other emergent macrophytes, floating
macrophytes, and open water/submersed vegetation in Everglades Nutrient Removal
Project Treatment Cells 1, 2, 3, and 4 from October 1993 to April 1998.

The conceptual model originally developed for operation of the ENR Project and the STAs was
predicated on a wetland plant community, which when fully developed would closely resemble that found
in nutrient impacted areas of the WCAs, i.e., a community almost entirely dominated by dense cattail
stands. The vegetation community that has developed in the ENR Project is considerably more diverse (see
Table 6-3). Notably, it was not anticipated during project design that large stands of submersed aquatic
vegetation with associated periphyton would develop nor that the composition of the plant community
would be as dynamic as it has proven to be, especially the loss of cattail in Treatment Cells 1 and 2. As of
April 1998, cattail occupied only 43.8% of the combined surface area in Treatment Cells 1, 2, and 3,
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Comparison of relative areal coverage of cattail, other emergent macrophytes, floating
macrophytes, and open water/submersed vegetation in Everglades Nutrient Removal
Project Treatment Cells 1, 2, 3, and 4 from October 1993 to April 1998.

(reduced from a maximum of 50.7% in November 1995) and it is thought unlikely that this will change
appreciably in the near future. Despite these differences, the ENR Project has met or exceeded all
mandated performance objectives throughout its operational history as noted below. This suggests that
other plant species (e.g., submersed and floating macrophytes and/or periphyton) were also important in
removing nutrients from the water and that the performance of the STAs may not be dependent solely upon
the abundance of cattail.
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Water Budget
Data Collection and Analysis
A water budget was computed for the ENR Project based on: (a) daily flow measurements at the
Inflow, Seepage Return and Outflow Pumps; (b) total daily rainfall measured at a network of automated,
tipping-bucket gauges located throughout the project; (c) daily estimates of surficial seepage entering the
ENR Project from WCA-1 along the L-7 levee; and (d) continuous evapotranspiration (ET) measurements
made at three automated lysimeters (Table 6-2, Figure 6-2). Flow at the pump stations was computed from
a pump revolutions per minute/flow-rating curve developed for each pump station and expressed as a daily
delivery rate (m3/sec). Rainfall was spatially averaged over the entire ENR Project utilizing Thiessen
weighting coefficients developed for each rain gauge station in the network and expressed as a total daily
volume:

V rain = R × A

(6.1)

where:
Vrain
R
A

=
=
=

daily total volume of rainfall over the entire ENR Project (m3/day);
depth of daily rainfall spatially averaged over the entire ENR Project (m); and
surface area of the ENR Project (m2).

Seepage emerged along the toe of the L-7 levee (i.e., surficial seepage) and entered the ENR
Project through 21 culverts as surface flow. Biweekly discharge measurements were made at each culvert
from August 1994 through June 1996 (= a total of 42 separate measurement events). A regression
relationship was developed between the total volume of flow passing through these culverts, the stage in
WCA-1, and the difference in stage between WCA-1 and the Eastern Flow-way of the ENR Project (all
stage measurements referenced to m NGVD) (R2 = 0.93). Daily surficial seepage was calculated using this
model and expressed as a delivery rate:

Q seep = 0.217W

1.311

× ∆h

2.025

(6.2)

where:
Qseep
W
∆h

=
=
=

daily surficial seepage entering the ENR Project (m3/sec);
stage in WCA-1 above 4.57 m NGVD (m);
difference in stage between the eastern Treatment Cells of the ENR Project and
WCA-1 (m).

Additional information on the instrumentation used to collect hydrologic data, water budget
computation methodologies and data summaries is provided in Abtew and Cadogan (1995), Abtew et al.
(1995a, 1995b), Guardo et al. (1995, 1996), Abtew (1996), Abtew and Mullen (1997), and Abtew and
Downey (1998). Because ET is not involved in the transport of materials in aquatic systems, it was not
included as a term in the P mass balance budget computed for the ENR Project and will not be considered
further in this Report. ET is, however, a component of the overall water budget developed for the project
by the District (see above references).
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Status of Research and Monitoring
Daily total inflows to the ENR Project (Inflow Pumps + Seepage Return Pumps + rainfall +
surficial seepage) varied greatly over the period of record (~ 0 to 2.5 hm3x106) and often changed
dramatically within short periods of time (Figure 6-5). This reflected the highly managed nature of the
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Figure 6-5.

Daily total inflow (Inflow Pumps + Seepage Return Pumps + rainfall + surficial seepage) and
outflow at the Outflow Pump Station during the first four operational years in the Everglades
Nutrient Removal Project (August 1994 through July 1998).

wetland. No consistent seasonal pattern for daily inflow was detected among operational years. Variation
in daily outflow at the Outflow Pump Station generally followed that observed for total inflow. Water
loading rates for the Inflow Pumps during each operational year (2.6, 4.3, 2.3 and 3.0 cm/day; Table 6-4)
and for the entire period of record (3.1 cm/day; Table 6-4) were comparable to ENR Project design
assumptions (2.8 and 4.4 cm/day; Table 6-1). Total water volumes delivered through the Inflow Pumps
varied by a factor of 2 among operational years (95,767 ac-ft in operational year 4 versus 197,897 ac-ft in
operational year 2; Table 6-4). The combined flow through the Inflow Pumps and the Seepage Return
Pumps accounted for 84 to 90% of the total water volume delivered to the project each operational year
(Table 6-4) and comprised most of the water load each month (Figure 6-6).The average hydraulic
retention time (HRT) for the entire ENR Project was estimated to be 17 days for the period August 1994 to
August 1996, 24.5 days for the period August 1996 to August 1997 and 24.9 days for the period August
1997 to August 1998 (Abtew and Mullen, 1997; Abtew and Downey, 1998). These values were
comparable to anticipated HRTs (Table 6-1). However, on a short-term basis, HRT in the ENR Project can
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Inflow and outflow water loads, inflow total phosphorus load, and total phosphorus load
reduction in the Everglades Nutrient Removal Project.

Inflow Sources

Inflow Water Load
cm/day
ac-ft
%

Outflow Water Load
cm/day
ac-ft
%

TP Load
%
g/m2/yr

TP Reduction
g/m2/yr %

Entire Operational Period - 08/18/94 to 07/31/98
Inflow Pumps
3.08 506,506
Seepage Return Pumps
0.67 109,755
Rainfall
0.44
73,033
Dry Deposition
--L-7 Surficial Seepage
0.12
19,096
Outflow Pumps
--Evapotranspiration
--TOTALS
4.31 708,390
First Operational Year - 08/18/94 to 07/31/95

71.5
15.5
10.2
-2.8
--100.0

-----3.04
0.36
3.40

----------499,890
89.5
58,957
10.5
558,847 100.0

1.26
91.3
0.05
3.6
0.03
2.0
0.03
2.2
0.01
0.9
----1.38 100.0

--------------1.13 82.3

Inflow Pumps
2.58 112,472
Seepage Return Pumps
0.72
31,401
Rainfall
0.48
20,962
Dry Deposition
--L-7 Surficial Seepage
0.10
4,564
Outflow Pumps
--Evapotranspiration
--TOTALS
3.88 169,399
Second Operational Year - 08/01/95 to 07/31/96

66.5
18.6
12.4
-2.6
--100.0

-----2.59
0.36
2.95

----------112,894
87.7
15,780
12.3
128,674 100.0

1.21
89.6
0.06
4.1
0.03
2.0
0.05
3.4
0.01
0.9
----1.36 100.0

--------------1.13 83.1

Inflow Pumps
4.32 197,897
Seepage Return Pumps
0.55
25,051
Rainfall
0.41
18,758
Dry Deposition
--L-7 Surficial Seepage
0.11
5,074
Outflow Pumps
--Evapotranspiration
--TOTALS
5.39 246,780
Third Operational Year - 08/01/96 to 07/31/97

80.1
10.2
7.6
-2.0
--100.0

-----4.21
0.35
4.56

----------193,006
92.3
16,085
7.7
209,092 100.0

1.75
91.9
0.05
2.7
0.04
2.3
0.05
2.4
0.01
0.7
----1.91 100.0

--------------1.56 81.9

Inflow Pumps
2.27 100,369
Seepage Return Pumps
0.61
26,985
Rainfall
0.37
16,292
Dry Deposition
--L-7 Surficial Seepage
0.07
3,217
Outflow Pumps
--Evapotranspiration
--TOTALS
3.32 146,863
Fourth Operational Year - 08/01/97 to 07/31/98

68.4
18.4
11.1
-2.1
--100.0

-----2.24
0.36
2.60

----------98,752
86.0
16,011
14.0
114,763 100.0

0.75
89.7
0.04
5.2
0.02
1.9
0.02
2.1
0.01
1.0
----0.84 100.0

--------------0.69 81.8

Inflow Pumps
Seepage Return Pumps
Rainfall
Dry Deposition
L-7 Surficial Seepage
Outflow Pumps
Evapotranspiration
TOTALS

65.9
18.0
11.7
-4.3
--100.0

-----3.11
0.36
3.47

----------95,238
89.6
11,081
10.4
106,320 100.0

1.31
93.5
0.05
3.4
0.02
1.4
<0.01
<0.1
0.02
1.6
----1.40 100.0

--------------1.15 82.3

3.03
0.83
0.54
-0.20
--4.60

95,767
26,318
17,021
-6,241
--145,347
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be quite variable depending on the operation of the Inflow Pumps. Guardo (1998) calculated HRTs for the
entire project on a monthly basis that ranged from 11.4 to 48.2 days for the period August 1994 to August
1996. Water loads associated with the Inflow Pumps, Seepage Return Pumps, Outflow Pumps, rainfall and
surficial seepage were used to calculate the P mass balance budget described later in this chapter.

1.0
0.9

Relative Water Loading

0.8
0.7
0.6
0.5
0.4
Surficial Seepage

0.3

Rainfall
Seepage Return Pumps

0.2
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1994
Figure 6-6.

1995

1996

1997

1998

Monthly relative water loads to the Everglades Nutrient Removal Project associated with the
Inflow Pumps, Seepage Return Pumps, rainfall, and surficial seepage from August 1994
through July 1998.

Phosphorus Mass Balance Budget and Water Quality Standards
Data Collection and Analysis
A list of the sample type, sampling frequency and sample location for all water quality parameters
that have been monitored in the ENR Project as a requirement of the DEP operating permit is presented in
Appendix 6-1. An annotated list of the research and monitoring activities in the ENR Project that supplied
data to support the calculation of a P mass balance budget is provided in Table 6-2. Sampling locations in
the ENR Project are indicated in Figure 6-2. Water quality samples for TP analysis were collected as
follows: (a) flow-proportioned composite samples were collected on a weekly basis using autosamplers at
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the Inflow, Outflow and Seepage Return Pumps; (b) composite rainfall and dry deposition samples were
collected separately at a single wet/dry deposition sampler located along the G252 levee on a weekly basis;
and (c) seepage entering the ENR Project from WCA-1 was sampled on a quarterly basis at three shallow
wells (~ 10 to 20 m deep) located along the L-7 levee. All TP samples were acid preserved in the field and
analyzed following standard laboratory protocols (EPA method 365.3). Additional information on general
field sampling and laboratory procedures is provided in SFWMD (1995c). Details on the ENR Project
water quality sampling program can be found in SFWMD (1995a, 1996, 1997a, and 1998a).
The performance of the entire ENR Project relative to its ability to remove nutrients from surface
water was evaluated by examining (a) the difference in flow-weighted mean TP concentrations measured
in autosamplers at the Inflow and Outflow Pump Stations and (b) the reduction in TP load calculated as the
difference between the mass exported from the project at the Outflow Pump Station relative to the total
mass entering the ENR Project from all hydrologic sources. Flow-weighted mean nutrient concentrations
were computed on an individual monthly and a 12-month, rolling, basis by first weighting each flowproportioned sample value by the corresponding flow:
n

∑ ( C1 Q1 + C2 Q2 + …Cn Qn )

=1
X in, X out = i------------------------------------------------------------------------n
∑ ( Q1 + Q2 + …Qn )

(6.3)

i=1

where:
Xin, Xout

= flow-weighted mean TP concentration at the ENR Project Inflow or Outflow Pump

Station (g/m3);
C1, C2, Ci = TP concentration in the ith flow-proportioned sample at the ENR Project Inflow or
Outflow Pump Station (g/m3); and
Q1, Q2, Qi = total flow associated with the ith flow-proportioned sample collected at the ENR
Project Inflow or Outflow Pump Station (m3).
The P mass balance budget calculated for the ENR Project incorporated daily TP loads associated
with the Inflow, Outflow and Seepage Return Pumps, rainfall, surficial seepage and atmospheric dry
deposition. Daily TP loads were calculated by multiplying daily water volumes derived from the water
budget by the corresponding TP concentration in autosampler or rainfall samples collected during that time
period:

L in =

∑ ( Cin Qin + Csrp Qsrp + Cseep Qseep + Crain Qrain + D )

(6.4)

∑ ( Cout Qout )

(6.5)

L out =
where:
Lin
Lout

= daily TP load entering the ENR Project (kg/day);
= daily TP load leaving the ENR Project at the Outflow Pump Station (kg/day);
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Cin

=

Inflow Pump Station flow-proportioned TP concentration (kg/m3);

Cout

=

Outflow Pump Station flow-proportioned TP concentration (kg/m3);

Csrp

=

Seepage Return Pump flow-proportioned TP concentration (kg/m3);

Cseep

=

surficial seepage mean TP concentration (kg/m3);

Crain

=

rainfall TP concentration (kg/m3);

Qin

=

daily Inflow Pump Station flow (m3/day);

Qout

=

daily Outflow Pump Station flow (m3/day);

Qsrp

=

daily Seepage Return Pump flow (m3/day);

Qseep

=

daily surficial seepage flow (m3/day);

Vrain
D

=
=

daily volume of rainfall deposited over the entire ENR Project (m3/day); and
TP load associated with dry deposition over the entire ENR Project (kg/day).

The daily TP load associated with dry deposition was calculated as:

(M ⁄ B) × A
D = --------------------------∆t

(6.6)

where:
D
M
B
∆t

=
=
=
=

TP load associated with dry deposition over the entire ENR Project (kg/day);
TP mass in dry deposition bucket (kg);
size of opening at top of bucket (0.0638 m2); and
number of days over which the sample was collected.

It was assumed that the entire surface area of the marsh was involved in nutrient removal. The
mean TP concentration based on all quarterly water quality samples collected from the L-7 levee wells (48
µg P/L) was used in daily TP load calculations for surficial seepage coming from WCA-1. Total P load
reduction was computed using daily total inflow TP loads (Inflow Pumps + Seepage Return Pumps +
rainfall + surficial seepage + dry deposition) versus loads at the Outflow Pump Station on a monthly and a
12-month, rolling, basis and expressed as a percent:

( ∑ L in – ∑ L out )
L reduction = ------------------------------------------ × 100
∑ Lin

(6.7)

Nutrient removal in a wetland is presumed to be in direct proportion to the chemical and biological
activity at a given location (Kadlec and Newman, 1992). The net apparent settling rate constant (settling
rate) is a proportionality term in the equation that relates the nutrient removal rate to wetland surface area
and surface water nutrient concentrations (Kadlec and Newman, 1992; Kadlec and Knight, 1996). For the
design situation in which inflow water volume and TP concentration are known and considered to be fixed,
the value used for the TP settling rate determines the size that an STA needs to be to achieve a specified
level of nutrient reduction. Settling rate constants were employed in the modeling work that predicted TP
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deposition in the ENR Project (Burns & McDonnell, 1992c) and in the sizing equation used to design the
STAs (Burns & McDonnell, 1992a, 1994). Total P settling rates were calculated for the ENR Project on a
monthly and cumulative basis using water volume and flow-weighted TP concentration data as follows:

k =

( Q inflow + Q outflow ) ⁄ 2
C inflow
ln  -------------------  ×  -------------------------------------------------------  × ( 365.25 ⁄ ∆t )
 C outflow  

A

(6.8)

where:
k
=
Cinflow =

TP settling rate (m/yr),
flow-weighted influent TP concentration to the ENR Project (kg/m3),

Coutflow =

flow-weighted TP concentration at the Outflow Pump Station (kg/m3),

Qinflow =

water mass entering the ENR Project (m3), and

Qoutflow =

water mass leaving the ENR Project at the Outflow Pump Station (m3).

Status of Research and Monitoring
Phosphorus Mass Balance Budget
The flow-weighted TP concentration at the Inflow Pump Station for the entire period of record
(i.e., the cumulative flow-weighted concentration) was 110 µg P/L, which was comparable to the
anticipated inflow concentration in runoff from the EAA with BMPs (134 µg P/L; Table 6-1). The flowweighted TP concentration at the Outflow Pump Station during the same period was 22 µg P/L, which
represented an 80% concentration reduction through the system. Surficial seepage and rainfall comprised
13.0% of measured inflow to the ENR Project over the entire period of record but carried only 3.1% of the
TP load (Table 6-4) and undoubtedly diluted the TP concentration in inflow waters to some extent. In
addition, residual errors in balancing inflows with outflows were 3.9 to 7% of the annual water budgets
(Guardo et al., 1996; Abtew and Mullen, 1997) and, in part, may represent unmeasured inflow seepage.
However, on a volume basis relative to the overall water budget, dilution due to the volume of seepage
(both measured and potentially unmeasured) and rainfall could account for only a small fraction of the
80% TP concentration reduction observed in the ENR Project.
Monthly flow-weighted TP concentrations ranged from 57 to 201 µg P/L at the Inflow Pump
Station and from 9 to 39 µg P/L at the Outflow Pump Station (Figure 6-7). Twelve month, rolling, flowweighted TP concentrations at the Inflow Pump Station declined on a rather consistent basis from a high
value of 132 µg P/L in August 1995 to 86 µg P/L by November 1997, which represented a 35% decrease in
concentration. TP concentrations at the Outflow Pump Station also exhibited a similar, although much
smaller decline, during the same period; outflow TP concentrations declined from 24 to 20 µg P/L, which
represented only a 17% decrease in concentration. Inflow TP concentrations in the following months
increased, but by July 1998 concentrations returned to levels consistent with the trend described above.
Based on the 12-month, rolling and cumulative data, the ENR Project achieved its secondary performance
objective of reducing outflow TP concentrations to a long-term average less than 50 µg P/L during its first
four operational years.
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Monthly and 12-month, rolling flow-weighted total phosphorus concentrations at the
Everglades Nutrient Removal Project Inflow and Outflow Pump Stations from August 1994
through July 1998.

TP loading to the ENR Project from the Inflow Pumps over the entire period of record (1.26 g P/
and in each operational year (1.21, 1.75 0.75 and 1.31 g P/m2/yr; Table 6-4) was somewhat less
than the anticipated TP loading that could be calculated using early design assumptions that the EAA had
BMPs (2.08 g P/m2/yr; CH2M Hill [1991]). On a cumulative basis, the project has removed 62.9 metric
tons of TP from all inflow sources relative to the TP mass discharged at the Outflow Pump Station. For
each of the four operational years, the project removed 16.6, 24.2 10.2 and 11.9 metric tons of TP,
respectively, which is below the original removal goal of 25 mt P/yr. Despite the fact that the ENR Project
was not loaded as heavily as anticipated, all 12-month rolling load reduction estimates ranged from 78 to
85% (Figure 6-8), and the cumulative reduction was 82%. This exceeded the DEP operating permit (up to
75% reduction) and project design assumptions (Table 6-1). The project has achieved its primary
performance objective for long-term TP load reduction during its first four operational years.

m2/yr)

Monthly TP settling rates for the ENR Project ranged from 1.6 to 43.6 m/yr (Figure 6-9). The
corresponding cumulative TP settling rate was 18.5 m/yr, which exceeds the design criteria for the STAs
(10.2 m/yr; Burns and McDonnell, 1994). The performance of the ENR Project, as reflected in its
cumulative TP settling rate over the first four operational years, suggests that the TP settling rate used to

6-20

Total Phosphorus Load Reduction (%)

Everglades Interim Report

100

Chapter 6: Effectiveness of STAs

monthy TP load reduction
rolling 12-month TP load reduction

90
80
70
60
50
40
30
20
10
0
A SON D J FMAM J J A S ON D J FMAM J J A SOND J FMAM J J A S OND J FMAM J J

1994
Figure 6-8.

1995

1996

1997

1998

Monthly and 12-month rolling total phosphorus load reduction estimates for the Everglades
Nutrient Removal Project from August 1994 through July 1998.

design the STAs has a conservative margin to accommodate any decrease in the settling that may occur as
the Project matures over the longer-term.
Results from the ENR Project over the first four operational years have validated the premise that
treatment wetlands (i.e., STAs) constructed on former agricultural land can effectively reduce TP levels in
EAA runoff and achieve the interim outflow concentration limit of 50 µg P/L. However, due to design
limitations, the ENR Project could not be operated in a pulsed-flow mode that fully mimicked the flows
that will occur in the STAs during storm events. Evaluation of treatment efficacy under pulsed-flow
operating conditions will come from test tell research and modeling efforts described below.
Water Quality Standards
Results from the water quality monitoring program for other parameters required by the DEP
operating permit for the ENR Project (Appendix 6-1) have been reported in SFWMD (1995a, 1996,
1997a, and 1998a). For many parameters, the District has been able to demonstrate during the first four
operational years that constituent levels in outflow waters were at undetectable levels and/or did not violate
Florida Class III water quality standards. Subsequently, DEP has eliminated these parameters from the

6-21

Chapter 6: Effectiveness of STAs

Everglades Interim Report

Total Phosphorus Settling Rate (m/yr)

45
monthly settling rate
cumulative settling rate

40
35
30
25
20
15
10
5
0
A SON D J FMAM J J A S ON D J FMAM J J A S OND J F MAM J J A SON D J FMAM J J

1994
Figure 6-9.

1995

1996

1997

1998

Monthly and cumulative total phosphorus settling rates for the Everglades Nutrient Removal
Project from August 1994 through July 1998.

monitoring program (see indicated parameters in Appendix 6-1). Dissolved oxygen concentrations at the
Inflow, Outflow, and WCA-1 sampling stations were frequently below the 5 mg/L standard. This is
indicative of low background dissolved oxygen concentrations normally found in productive Everglades
marsh habitats (see Chapter 4). Ametryn and atrazine were the only organic compounds routinely found at
concentrations above the detection limit. Levels for both chemicals at all sampling stations were
characteristic of water-borne contamination in areas of intense agricultural activity. Neither chemical is
used within the ENR Project. Outflow concentrations for only three other parameters exceeded permit
requirements during the four year period of record: specific conductance (one sampling date), silver (two
sampling dates), and total coliform bacteria (one sampling date).
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Phosphorus Storage in Sediments
Data Collection and Analysis
Short-term P removal mechanisms postulated for the ENR Project and the STAs include (a)
settling out of particulate material from the water column; (b) precipitation of calcium (Ca)-, aluminum
(Al)- and iron (Fe)-phosphate salts; (c) sorption to a variety of substrates; and (d) direct uptake by
periphyton and macrophytes. The long-term removal mechanism is the continuous accretion and burial in
the bottom sediments of all these materials. The same processes have been demonstrated to be important
for nutrient removal in other natural and treatment wetlands (e.g., Richardson, 1985; Kadlec and Newman,
1992; Mitsch et al., 1995; Reed et al., 1995; Kadlec and Knight, 1996). A series of sediment cores (30-cm
deep) were collected from throughout the ENR Project site (1990) and analyzed to document soil
conditions before the wetland was constructed (Reddy and Graetz, 1991). Subsequently, sediment cores
(30-cm deep) were collected at a number of locations in Treatment Cell 1 during January 1995 and 1996
(post-operation) and analyzed in 0-5, 5-10 and 10-30 cm sections. The top portion of these cores (0-5 cm
sections) contained material newly deposited since the ENR Project started operation. Data from the top
sections of post-operation sediment cores were compared to pre-construction soil conditions from the same
area to determine if newly deposited sediment in the ENR Project was acting as a storage sink for P.
Besides routine physical and chemical soil analyses, pre-construction sediment cores and cores
collected and in 1996 were subjected to a series of sequential extractions with acid and alkaline reagents in
a process known as inorganic P fractionation. This series of analytical procedures quantifies the different
pools of P in sediments according to the following scheme: (1) labile inorganic P (Pi) that is loosely bound;
(2) non-labile Pi associated with Fe and Al; (3) non-labile Pi associated with Ca; and (4) residual organic P.
Evaluation of Pi fractionation data indicates how much sediment P is bound to organic versus inorganic
compounds and what portion of the Pi is potentially available for recycle back to the water column.
Status of Research and Monitoring
Inspection of bulk density data indicated that the 0-5 cm layer of sediment in Treatment Cell 1 in
1965 and 1996 was much less dense than in the pre-construction cores; median post-operation bulk
densities (0.150 and 0.140 g/cm3) were approximately one-half the pre-construction median bulk density
(0.286 g/cm3; Figure 6-10, Panel A). This would be expected, as newly deposited material in wetlands is
usually very flocculent. Correspondingly, the median sediment P content of the newly deposited material
in 1995 and 1996 (465.0 and 650.0 mg P/kg) was much higher then in pre-construction samples (251.6 mg
P/kg; Figure 6-10, Panel B). This reflected the highly organic, nutrient-rich nature of the new material and
suggested that on a weight:weight basis, the new sediment being deposited in the ENR Project was indeed
acting as a storage sink for P. However, when sediment P content was corrected for bulk density, the
resulting pre-construction median P content (73.3 µg P/cm3) was almost identical to the post-operation
values (75.6 and 73.9 µg P/cm3; Figure 6-10, Panel C), i.e., the increase in the weight: weight P content
was offset by the corresponding decrease in bulk density. However, as new sediment is continuously
deposited on the floor of the ENR Project, the material directly underneath will be compressed thus
increasing its bulk density and subsequently its weight:volume P content. Sediment P enrichment may be
better explained on a weight:weight basis; however, expressing sediment P content on a weight:volume
basis is useful when considering total nutrient total storage and nutrient availability (Reddy and Wang,
1998).
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Figure 6-10. Sediment bulk density and phosphorus content in Everglades Nutrient Removal Project
Treatment Cell 1 during pre-construction (0-30 cm depth) and post-operation in January
1995 (0-5 cm depth) and January 1996 (0-5 cm depth). Panel A-sediment bulk density;
Panel B-sediment P content; Panel C-sediment P content corrected for bulk density. Top
and bottom of box = 25th and 75th percentiles, respectively; mid-line in box = 50th percentile;
ends of vertical lines = 10th and 90th percentiles, respectively; open circles = observations
outside of the 10th and 90th percentiles; closed squares = mean values.
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Results of the inorganic Pi
fractionation analyses indicated
that only 18.4% of P in the 0-5 cm
sediment layer of Treatment Cell 1
during 1996 was associated with
inorganic compounds (KCl-Pi =
2.8%; NaOH-Pi = 6.0%; HCl-Pi =
9.6%), the rest (81.7%) was bound
to organic forms (Figure 6-11).
Similarly, Reddy and Graetz (1991) 5 2 .6 %
found that 79% to 88% of P in preconstruction sediments from the
ENR Project was organically
bound. The many different
compounds that comprise this
organic fraction exhibit varying
degrees of resistance to aerobic and
anaerobic decomposition. The low
percentage of non-liable Pi (Fe-Al
and Ca bound P = 15.6% of total P) Figure 6-11.
in
post-operation
sediments
suggests
that
this
storage
mechanism will not be important in
controlling P levels in the STAs
(Reddy and Graetz [1991] reached
the same conclusion). Ultimately,
the success of the ENR Project and
the STAs in removing P may
depend on the ability of these
wetlands to sequester non-liable
organic compounds in their
sediments.
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Proportion of labile and non-labile phosphorus pools in
sediment (0-5 cm depth) from Everglades Nutrient
Removal Project Treatment Cell 1 collected January
1996 as determined by inorganic P fractionation
scheme (KCL-Pi = labile inorganic P; NaOH-Pi = nonlabile iron and aluminum bound inorganic P; HCl-Pi =
non-labile calcium bound inorganic P; NaOH-Po =
alkali-extractable organic P; Residual Po = highly
resistant organic P). Proportions based on the mean
weight:weight P content for each phosphorus pool
calculated from all sediment samples.

Test Cell Research
The District has developed a research program to examine how hydrologic conditions may
influence STA performance; i.e., what water management scenarios will promote maximum TP removal
efficiency and conversely, under what hydrologic conditions will TP removal efficiency fail to meet
minimum requirements. Research to address these questions will be conducted in the ENR Project test
cells1. The test cells are small, shallow impoundments approximately 0.2 ha in size (~ 0.5 acre) that have
1.

This research program will be conducted in 10 of the 30 test cells. The remaining 20 test cells have been
reserved for demonstrations of supplemental treatment technologies for enhancing STA performance
that will be conducted by the District in cooperation with the DEP and the Everglades Technical
Advisory Committee (ETAC). See Chapter 8 of this report for details on the supplemental treatment
technology research program.

6-25

Chapter 6: Effectiveness of STAs

Everglades Interim Report

been constructed within the boundaries of the larger ENR Project and are arranged into banks of 15 cells
each; one bank is located within Treatment Cell 1 and another within Treatment Cell 3 (Figure 6-2). The
bottom and sides of each test cell are fully lined and, therefore, hydrologically isolated from adjacent test
cells and the surrounding treatment cell; HLR and depth can be controlled in each test cell, independent of
the other cells. Inflow water for each bank of test cells is obtained from the treatment cell. Based on water
quality data collected from the ENR Project, it is anticipated that inflow TP concentrations at the northern
bank of test cells will range between 60 and 150 µg P/L and represent “high” TP conditions, while inflow
TP concentrations at the southern test cells will range between 30 and 50 µg P/L and represent “low” TP
conditions. It is felt that the test cells are of sufficient size to faithfully replicate most of the important
biological and hydrological processes that will mediate nutrient removal in the larger STAs. Therefore, the
relationship between performance and operating conditions observed in the test cell experiments will be
directly transferable to operation of the STAs.
Hydraulic factors that are generally thought to have the greatest potential impact on STA
performance and that can be controlled operationally, are water depth, hydraulic loading rate (HLR) and
the HRT. Experiments in the test cells will be based on manipulating HLR and water depth to address the
following questions:
•

Low HLR experiments: What is the maximum nutrient removal efficiency that can be
achieved at low hydraulic loading rates (and subsequently long retention times), i.e., to what
level can the STAs ultimately reduce outflow TP concentrations when water is moved slowly
through these systems?

•

High HLR experiments: At what point along a gradient of increasing higher hydraulic loading
rates (and subsequently shorter retention times) will TP removal efficiency fall below
acceptable levels, i.e., when will STA outflow TP concentrations fail to meet a specified target
level when water is flushed rapidly through these systems?

•

Water depth experiments: How will STA treatment performance be impacted by holding the
STAs in a “deep” water condition for long periods of time or by repeatedly cycling these
systems between shallow and deep water conditions, situations which may occur during severe
storm events and/or normal operations?

These experiments are described in greater detail in SFWMD (1998b). Information gained from
this research will provide the District with a set of guidelines that will help tailor STA operations to
maximize nutrient removal and correspondingly avoid situations that would promote poor system
performance.
Preliminary water quality sampling to document the baseline physical and chemical conditions
within each cell was initiated in the north bank of test cells in September 1998 and in the south bank of test
cells in November 1998. The experiments described above will begin after this preliminary sampling and
the establishment of that the operating characteristics of each test cell within acceptable limits.
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Analysis of Data from Other Wetlands
The District evaluated data from regional constructed and natural wetlands such as the WCAs,
Iron Bridge (Orlando) and Boney Marsh (Kissimmee) to gain insight into the long-term treatment
performance that might be expected from subtropical wetlands and to help establish design criteria for the
ENR Project and the STAs (see Kadlec and Newman, 1992; Walker, 1995). The logical extension of this
effort has been to assess operational data from the ENR Project relative to the performance of other
constructed treatment wetlands. These comparisons will provide additional points of reference for judging
the success of the project in addition to the DEP mandated performance objectives. Data for these analyses
have come from two sources: the Boney Marsh database maintained by the District (Moustafa et al., 1996,
1998; Moustafa, 1997, 1998) and the U.S. Environmental Protection Agency’s North American Wetlands
for Water Quality Treatment database (Knight et al., 1993; Knight, 1994). Boney Marsh was a small
treatment wetland (48 ha) built by the District on the Kissimmee River floodplain in Highlands County,
Florida and operated from 1976 to 1987 (Davis, 1981; Mierau and Trimble, 1988) to evaluate the
effectiveness of overland flow as a means of improving water quality. The USEPA wetlands database
contains site description and performance information from 454 wetland treatment systems located
throughout North America. Results from some of our analyses are summarized below.

Comparison of Operational Parameters
A summary of key operational characteristics for the ENR Project, Boney Marsh and the USEPA
wetlands is presented in Table 6-5 (nine free surface-water wetlands in the USEPA database were found to
have all the requisite information needed for our analysis [e.g., water depth, inflow and outflow TP
concentrations and mass loadings, surface area, etc.] and each site had been monitored for at least one
month). Mean flow-weighted influent and effluent TP concentrations in Boney Marsh and the ENR Project
(influent = 0.06 and 0.11 mg P/L, respectively; effluent = 0.02 mg P/L for both) were well below mean
concentrations in the USEPA wetlands (influent = 3.76 mg P/L; effluent = 1.81 mg P/L). In addition, the
maximum monthly influent and effluent TP levels in the USEPA wetlands (21 and 15 mg P/L) were one to
two orders of magnitude greater than in either Boney Marsh or the ENR Project. These differences reflect
dissimilarities in the source waters (Kissimmee River water and agricultural runoff versus domestic waste).
Although all systems experienced approximately the same mean monthly HLR (means ranged from 2.5
and 3.0 cm/day), due to their higher inflow TP concentrations, the mean TP mass loading rate to the
USEPA wetlands (32.16 g P/m2/yr) was substantially greater than in either Boney Marsh or the ENR
Project (0.54 and 1.17 g P/m2/yr, respectively). Monthly HRT ranged from 6.9 to 91.9 days in Boney
Marsh, from 11.4 to 50.6 days in the ENR Project and from 1.2 to 209.2 days in the USEPA wetlands.
Despite the large differences in TP mass loading and HRT, mean monthly TP retention values were similar;
removal efficiency ranged from 61.2% in the USEPA wetlands to 81.6% in the ENR Project.

Nutrient Removal Efficiency
The average nutrient concentration in lakes has been shown to be a function of nutrient and water
loading rates, the within-lake nutrient loss rate and basin morphometry (Vollenweider, 1969, 1975). It
seemed reasonable to assume that the same factors also influence nutrient levels in wetlands. The
relationship that water depth, HLR and P loading rate had with P load reduction was examined by
constructing response surface diagrams (referred to as nutrient removal efficiency diagrams; Moustafa
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Summary statistics for key operational parameters from Boney Marsh, selected wetlands
from the U.S. Environmental Protection Agency's wetlands database and the Everglades
Nutrient Removal Project.

Minimum Values

Mean Values

Maximum Values

BM USEPA ENRP
BMa USEPAb ENRPc (+ SE) (+ SE) (+ SE)

BM

USEPA ENRP

Inflow TP (mg P/L)d

0.03

0.05

0.06

0.06
(0.01)

3.76
(0.32)

0.11
(<0.01)

1.09

21.00

0.20

Outflow TP (mg P/L)d

0.01

0.01

0.01

0.02
(<0.01)

1.81
(0.23)

0.02
(<0.01)

0.14

15.00

0.04

(g P/m2/yr)e

0.06

0.22

0.24

0.54
(0.02)

32.16
(5.28)

1.17
(0.12)

1.60

359.06

2.85

TP retention (%)f

16.0

9.4

66.2

70.7
(1.3)

61.2
(3.2)

81.6
(1.1)

100.0

99.5

91.4

Water Depth (cm)g

3.3

6.3

41.0

39.2
(1.4)

37.7
(2.3)

56.5
(1.4)

82.6

160.0

75.0

Hydraulic Retention
Time (day)h

6.9

1.2

11.4

18.9
(0.9)

31.8
(3.1)

24.9
(1.9)

91.9

209.2

50.6

0.3

0.1

0.8

2.5
(0.1)

3.0
(0.4)

2.9
(0.2)

5.4

27.4

5.8

TP Mass Loading

Hydraulic Loading Rate
(cm/day)h

a. Boney Marsh database - statistics represent data collected October 1977 through February 1989.
b. U.S. Environmental Protection Agency's North American Wetlands for Water Quality Treatment database statistics represent data from nine free surface water treatment systems.
c. Everglades Nutrient Removal Project database - statistics represent data collected August 1994 through
September 1997.
d. Monthly flow-weighted average concentrations.
e. Annualized values calculated on a monthly basis from monthly TP loading.
f. Calculated on a monthly basis as [(inflow load - outflow load)/inflow load].
g. Water depth calculated as an area-weighted average on a monthly basis.
h. Retention time and loading rate calculated on a monthly basis.

[1999]) using all available operational data from Boney Marsh and the same nine USEPA wetlands from
Table 6-5. Evaluation of nutrient removal efficiency for water depth and P loading (Figure 6-12, Panel A)
revealed that: 1.) The highest removal efficiencies (80-95%) occurred at water depths less than 20 cm with
P loading rates up to 9.5 g P/m2/yr; and 2.) Low removal efficiencies (<60%) occurred at water depths
greater than 80 cm and/or when the P loading rate exceeded 8.5 g P/m2/yr and water depth was greater than
~ 30 cm.
The HLR and P loading rate nutrient removal efficiency (Figure 6-12, Panel B) indicated that: 1.)
The highest removal efficiencies (80-95%) occurred when HLR was less than 6 cm/day and P loading rates
ranged between 1 and 6 g P/m2/yr; and 2.) Low removal efficiencies (<60%) occurred when the P loading
rate exceeded 6 g P/m2/yr for all HLRs.
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Figure 6-12. Nutrient removal efficiency diagrams based on operational data from Boney Marsh and nine
USEPA treatment wetlands. Contour isopleths represent % P load reduction (see equation
6.7). Panel A = relationship of water depth and P loading rate with P removal efficiency;
Panel B = relationship of hydraulic and P loading rates with P removal efficiency. Adapted
from Moustafa (1999).
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These analyses documented the range of operating conditions in this subset of treatment wetlands
that promoted high P removal efficiencies. This information will provide guidance to District water
managers in developing water management strategies that will maximize nutrient removal in the STAs.

Predicting System Performance
The predictive lake nutrient model proposed by Vollenweider can be expressed as follows (see
Kirchner and Dillon, 1975; Vollenweider, 1975; Reckhow and Chapra, 1983):

W in
L in
P = ----------------------- = ---------------Q in + k s A
qs + ks

(6.9)

where:
P
Win

=
=

average annual nutrient concentration (mg/L),
annual total nutrient inflow mass (g/yr),

Qin
ks

=
=

annual total water inflow volume (m3/yr),
annual nutrient settling rate (m/yr),

A
Lin
qs

=
=
=
=

wetland surface area (m2),
annual nutrient loading rate (g/m2/yr),
annual hydraulic loading rate (m/yr), and
Qin/A.

Vollenweider’s model has been extended to wetlands by Moustafa (1997, 1998) and used to
investigate the impact that changing design parameters such as surface area, depth or nutrient/hydraulic
loading rate would have on system treatment performance. Model predictions for average annual TP
concentrations at the outflow of Boney Marsh are shown in Figure 6-13. Although the model has many
simplifying assumptions (e.g., wetland performance can be adequately described by an annual value), there
was general agreement between model and observed mean TP concentrations. While predicted annual TP
concentrations were usually higher than the corresponding observed mean values, predicted values
generally were within the range of the monthly data. Predicted model outflow concentrations for the ENR
Project for the first four operational years were highly correlated with observed values (r = 0.9859),
although predicted values (44.6, 42.0, 33.0, and 38.9 µg P/L) were higher than corresponding observed
mean concentrations (24.2, 22.4, 18.7, and 21.9 µg P/L). A ternary diagram that expressed nutrient
removal efficiency in a wetland as a function of nutrient loading rate, hydraulic loading rate and nutrient
settling velocity was generated by Moustafa (1997) using equation 6.9; the plot was created by holding all
but one parameter constant and varying the parameter of interest over the range of values found in the
USEPA wetlands database. To test the validity of this approach, Boney Marsh and ENR Project data were
plotted on the ternary diagram (Figure 6-14); there was general agreement with placement of observed
values along the predicted outflow concentration contours. The simple model and diagram described above
are intended to be a preliminary, but useful, tool for making management decisions and to guide operations
of the STAs.
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Figure 6-13. Comparison of predicted total phosphorus concentrations at the outlet of Boney Marsh
with observed data from 1978 to
1988. See Figure 6-10 for explanation of box plots. Open circle =
observed mean total phosphorus
concentrations; closed triangle =
predicted total phosphorus concentrations.
Adapted
from
Moustafa (1997).
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Figure 6-14. Ternary
plot
of
wetland total phosphorus removal
efficiency. Contour isopleths within
the plot represent predicted total
phosphorus outflow concentrations
(mg P/L). Closed triangle =
predicted ENR Project annual
mean outflow concentrations;
open circles = predicted Boney
Marsh annual mean outflow
concentrations. From Moustafa
(1997).
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Wetland Water Quality Model
Background
The District, in conjunction with HydroQual, Inc., has developed a time-variant, fate and transport
model, the Wetland Water Quality Model (WWQM), that simulates changes in wetland water quality under
alternative management scenarios (HydroQual, 1995). This model incorporates the important
hydrological, biological and chemical processes that mediate nutrient cycling and retention in wetlands in
much greater detail than the simple steady-state loading model (Moustafa, 1997) described above and
provides a quantitative, predictive methodology to characterize flow distributions and nutrient processes
occurring in these systems. The model recently has undergone preliminary calibration tests using data from
WCA-2A and the ENR Project (HydroQual 1997a, 1997b, 1997c, 1998). Once validated, the WWQM will
be a valuable decision-making tool for the District and will enable water managers to evaluate the shortterm impact that various operational scenarios will have on nutrient removal performance of the STAs.

Model Description
The WWQM consists of three major submodels:
1. The hydrodynamic submodel simulates three-dimensional, unsteady flow through wetlands with
dense emergent vegetation.
2. A water quality submodel simulates all important physical, chemical, and biological processes
governing nutrient transport including:
a. Mass transfer of dissolved constituents across the water-sediment interface,
b. Physical-chemical processes that affect the transport of nutrients in freshwater environments,
such as sorption to dissolved and particulate inorganic and organic material in the water
column and sediments, and
c. Physical, chemical, and biological processes governing speciation, storage and transformation
of organic and inorganic compounds or their constituent elements.
3. A sediment submodel (SM) that simulates sediment nutrient storage and recycling including:
a. Depositional flux of particulate organic matter from the overlying water column,
b. Mineralization of this particulate organic matter to produce intermediate compounds, and
c. Reaction chemistry of these intermediate compounds in the aerobic and anaerobic regions of
the sediment that leads to the flux of some material back to the overlying water column.

Hydrodynamic Submodel Calibration
Water Depth
It is critical that wetland hydrology be correctly simulated in the WWQM (e.g., realistic range of
depths, occurrence of wet and dry periods, etc.). The hydrodynamic submodel was calibrated to water
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depths near the center of each ENR Project treatment cell from April 1995 through July 1996. Model
predictions were in good agreement with field data at all stations and successfully reproduced the observed
temporal trends that occurred in response to changes in daily inflow (Figure 6-15). Simulated depths were
highly correlated with observed data for each treatment cell (0.79 < r2 < 0.84; Figure 6-16). Based on
these results, the model was judged to have accurately simulated the hydrology of the ENR Project during
the calibration period.
1.2
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Figure 6-15. Observed and predicted daily water depth at stations in the center of Everglades Nutrient
Removal Project Treatment Cells 1, 2, 3 and 4 (stations ENR101, ENR203, ENR301, and
ENR401) from April 1995 through July 1996. Dashed line = predicted depths; solid line =
observed depths.

Chloride
As an additional check on the accuracy of the hydrodynamic submodel calibration to the ENR
Project, a comparison was made between simulated and observed concentrations of a conservative tracer,
chloride (Cl). Predictions of average Cl concentrations for each Treatment Cell were compared to mean Cl
concentrations calculated on a biweekly basis using pooled data from all water quality stations in each
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Figure 6-16. Regression of observed and predicted water depth at stations in the center of Everglades
Nutrient Removal Project Treatment Cells 1, 2, 3 and 4 (stations ENR101, ENR203,
ENR301, and ENR401) from April 1995 through July 1996. Dashed line = 1:1 agreement
between observed and predicted depths; solid line = regression line.

treatment cell. Simulated Cl concentrations were found to be within the range of values for the observed
data and, in general, followed the temporal trend observed during the calibration period (Figures 6-17 and
6-18).

Water Quality Submodel Calibration
The water quality submodel was applied to the ENR Project and model predictions were compared
to measurements of nutrients and other water quality constituents in surface water, sediments and pore
water and emergent macrophyte and periphyton biomass. The model reproduced some of the spatial and
temporal variation that was observed in these parameters. However, not all details of the data set were
satisfactorily reproduced. For example, the submodel, in general, over-estimated concentrations of soluble
reactive phosphorus, dissolved organic phosphorus and ammonia at the outflow from the project. Possible
explanations for the lack of fit between observed and predicted chemistry data include the need for a
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Figure 6-17. Observed and predicted average chloride concentrations in Everglades Nutrient Removal
Project Treatment Cells 1, 2, 3 and 4 from April 1995 through July 1996. Open circles =
observed biweekly chloride concentrations (± 1 standard error); solid line = predicted
chloride concentrations.
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Figure 6-18. Observed and predicted chloride concentrations at water quality stations located between
the inflow and outflow of Everglades Nutrient Removal Project Treatment Cells 1, 2, 3 and 4
from April 1995 through July 1996. See Figure 6-10 for description of box plots; heavy line
in each box = mean chloride concentration.
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mechanism that entrains surface water (and the nutrients carried along with it) into the sediment layer to
replace water that emergent macrophytes lose through transpiration and/or account for nutrient uptake by
bacteria and fungi as a nutrient sink separate from periphyton. Calibration results for the water quality
submodel, while encouraging, indicated that additional modifications to the model’s kinetic framework are
required to achieve a better match between field observations and model predictions. Further
enhancements, such as those listed above, and re-evaluation of model results are currently under way.

Status of Operating
Stormwater Treatment Areas
Operational Summary for STA-6
STA-6 Section 11 is the first component of the Everglades Construction Project (ECP) to be
completed by the District; construction and/or modification of all levees and water control structures was
finished by late October 1997. This STA has an effective treatment area of 352 ha (870 acres) arranged into
two adjacent cells (Treatment Cell 3 = 99 ha; Treatment Cell 5 = 253 ha) (Figure 6-19). The drainage basin
served by STA-6 Section 1 is approximately 4,209 ha (10,400 acres) of agricultural land currently in
sugarcane production. The design inflow to STA-6 Section 1 is 18,034 ac-ft/yr (~ 25 cfs). Under nominal
operating conditions, STA-6 Section 1 can discharge at a maximum rate of 500 cfs (Treatment Cell 3 = 140
cfs and Treatment Cell 5 = 360 cfs). The design performance objective for this STA is to produce effluent
that has a long-term, flow-weighted mean TP concentration no greater than 50 µg P/L. Detailed
descriptions of the design criteria, physical layout and operation plan for STA-6 Section 1 can be found in
Burns & McDonnell (1996a, 1996b) and SFWMD (1997b).
The DEP operating permit for STA-6 Section 1 (permit #262918309) mandated a “start- up” phase
during which the project had to achieve a specified reduction in water column phosphorus levels before
discharge at the outflow structures was permitted. Pumping into the project began in early November 1997
in conjunction with a weekly water quality sampling program. Compliance with the start-up permit
condition was satisfied on December 9, 1997 when the four-week, geometric mean TP concentration in
water quality samples collected at designated interior structures (mean = 18 µg P/L at stations G354A, G354C, and G-393A; (Figure 6-19) was less than the four-week flow-weighted TP concentration at the
Inflow Pump Station (36 µg P/L). Discharge from the project began shortly thereafter.
STA-6 Section 1 is now in a “stabilization” period as defined by the DEP permit. TP
concentrations measured weekly at the outflow during the first seven months of operation consistently
have been below corresponding inflow values and, with the exception of one value, have been less than 50
µg P/L (inflow values ranged from 29 to 92 µg P/ L; outflow values ranged from 9 to 54 µg P/L) (Figure
6-20). The single outflow value greater than 50 µg P/L was the first discharge measurement taken after a
prolonged drought (54 µg P/L on July 20, 1998) during which STA-6 Section 1 completely dried out. It
should be stated that a long-term flow-weighted outflow TP concentration has not been calculated for
1.

STA 6 is designed to be built in two phases. The first phase of construction is referred to as “Section 1"
and includes Treatment Cells 3 and 5. A decision as whether to proceed with the design and
construction of the second phase of STA 6 is dependent upon the operational performance of STA 6
Section 1.
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Figure 6-19. Site plan for Stormwater Treatment Area 6, Section 1 showing the location of flow and water
quality monitoring sites.

STA-6 Section 1 as of this Report and the single outflow concentration greater than 50 µg P/L cited in this
chapter does not constitute a violation of the District’s operating permit for this STA.

Operational Status of the Other STAs
Besides STA 6, Section 1, none of the other STAs have started operating. STA 1-West, STA 2, and
STA 5 are currently under construction and STA 1-East and STA 3-4 are currently being designed.
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Figure 6-20. Total phosphorus concentrations collected weekly by autosamplers at the inflow and outflow
of Stormwater Treatment Area 6, Section 1 from December 1997 through July 1998.

Potential Impacts on STA Performance
Marsh Dryout
When wetlands dry out, the organic material in the sediments becomes exposed to the atmosphere
and begins to decompose (i.e., oxidize) due largely to the action of bacteria and fungi. The breakdown of
this organic material releases stored nutrients as inorganic, water-soluble forms. When a dried wetland
refloods, some portion of the inorganic nutrient pool may be flushed from the sediments into the water
column. The sediments in the ENR Project and many of the STAs are composed of highly organic peat
soils that will oxidize if dried. If one of the STAs were to dry out for any length of time, the flux of
nutrients from the sediment upon reflooding could potentially reduce the overall nutrient removal
efficiency of the system. The impact on treatment performance will depend upon a number of factors,
including the amount of oxidation that takes place. Oxidation is dependent upon the composition of the
organic material, the temperature of the sediments (i.e., seasonal variability) and the duration of the dry
out.
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To prevent the STAs from drying out, current operational plans call for these wetlands to be
flooded throughout the year. It is recognized however, that under severe drought conditions drying of some
STAs may be unavoidable. The District initiated a research project with Dr. Ramesh Reddy of the
University of Florida in late FY98 to characterize the potential for nutrient release after dry out and
reflooding using sediments collected from the ENR Project and the STA sites. This information will enable
District managers to better assess the potential impact of dry out on STA performance. Results of this
research will be reported in future Everglades peer-reviewed reports.

Wildfire
Wildfires are a natural component of the Everglades landscape and are usually initiated by lighting
(Gunderson and Snyder, 1994). Due to the prevalence of lighting strikes throughout south Florida, there is
a possibility that wildfires also may occur in the STAs. Little information is available in the literature
regarding the impact of fire on wetland treatment systems. Kadlec and Knight (1996) recommend against
using fire as a vegetation management tool because it mobilizes stored nutrients into water-soluble forms
when the organic material burns and reduces the treatment effectiveness of the wetland. During drought
conditions, the litter and sediment layers also may be destroyed thus requiring a new start-up period before
the wetland returns to its previous level of treatment efficiency. Nutrients are released in the ash and smoke
from the fire (and may eventually return to the ground as wet and dry deposition) and in the nutrient flux
from the remaining sediments when the area is reflooded. The ENR Project has not burned to date, so the
District has no direct measurements of fire impact on treatment efficiency in an STA.
Fires in the Everglades often occur in areas of standing water and only burn the emergent
vegetation down to the water line leaving the underground biomass, submersed vegetation and periphyton
largely unharmed. The ENR Project has experienced two large infestations of the cattail caterpillar (Simyra
henrici) in May-June 1995 and 1996 that killed virtually all cattail leaves above the water line within a 2-3
week period and represented a major perturbation to the vegetation community. There was no detectable
impact on ENR Project treatment performance as measured by monthly flow-weighted outflow TP
concentrations after either infestation (Figure 6-7). Assuming that the impact of fires which destroy only
above-water biomass is proportional to the damage done by the caterpillars, serious disruption of treatment
processes in the STAs may occur only when fires extend into the litter and sediment layers.

Seepage
In situations where stage within an STA is higher than the stage outside the perimeter levee, the
direction of seepage flow will be from the STA to the adjacent land. The STAs have been designed with
seepage return canals outside the perimeter levee to collect this water and return it to the wetland. The
intent is to prevent the release on any untreated water from the STAs. The ENR Project has such a seepage
return system; seepage is pumped back into the wetland via the Seepage Return Pumps (ENR011) located
in the Inflow Pump Station (Figure 6-2). Seepage from the ENR Project represents water that traveled
only part way through the wetland and therefore did not receive full treatment before exiting the system.
However, as this seepage passed through the sediment and rock layers underneath the ENR Project it may
have received some measure of treatment, especially if the seepage came into contact with limestone.
Mean monthly flow-weighted TP concentrations at the ENR Seepage Return Pumps ranged from 11 to 52
µg P/L during the four years of operation; the mean TP concentration was 21 µg P/L. Seepage TP
concentrations are comparable to those observed at the Outflow Pump Station (Figure 6-7).
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Cost of Stormwater Treatment Area
Optimization Research and Monitoring
The District has developed a comprehensive program management plan, i.e., the Everglades
Program, to implement the many projects identified within the seven program elements of the EFA or
required by the Modified Settlement Agreement between the District and the federal government
(SFWMD, 1995b, 1997c). All research and monitoring efforts involved with optimizing performance of
the Stormwater Treatment Areas are included in Research and Monitoring Plan No. 5 (RAM-5) of the
Everglades Program Management Plan. As of September 30, 1998, the District has spent a total of
$9,709,373.47 for activities associated with STA research and monitoring (Table 6-6).

Table 6-6.

Costs arranged by fiscal year for activities associated with Stormwater Treatment Area
Optimization Research and Monitoring Program.a
Fiscal Year Costs

Cost Description
District Employees - Salaries & Wages
District Employees - Overtime
District Employees - Retirement & Fringe
Benefits
Leased Employees Contract Services
Temporary Employees - Salaries & Wages
Contract Employees - Salaries & Wages
Contract Employees - Fringe Benefits
Professional Fees (CCNA) - ENR Test Cells
Water Control Structures - ENR Test Cells
Travel - District Business
Laboratory/Field Parts & Supplies
Mapping & Surveying Services
Laboratory Analysis/Testing Services
Other Contractual Services
Maintenance & Equipment Repair
Modeling/Other Technical Services
Freight/Courier Services
Capital Equipment
Equipment Rental
Computer Equipment/Software
Interagency Exp. - Federal Matching
Interagency Exp. - Public Universities
Interagency Exp. - State of Florida
TOTALS

FY94

FY95

FY96

FY97

0.00
0.00

504,344.85
13,233.94

512,572.55
3,493.37

711,986.02
9,185.34

690,985.24 2,419,888.86
5,602.63
31,515.28

FY98

TOTALS

0.00

179,084.26

179,182.28

265,872.71

245,487.14

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1,200.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
40.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
15,546.00
0.00
40,154.00
0.00
0.00
0.00
0.00
25,000.00
8,000.00
0.00

0.00
101,067.38
173,069.78
274,137.16
5,435.43
0.00
0.00
5,475.43
9,713.20
9,059.80
0.00
18,773.00
2,940.33
0.00
0.00
2,940.33
0.00
245,389.88
210,860.12
456,250.00
0.00 1,045,170.72 2,930,048.82 3,975,219.54
48.00
0.00
0.00
48.00
92.40
95,552.85
70,064.04
165,709.29
0.00
3,927.00
0.00
5,127.00
0.00
78,285.80
193,860.45
272,146.25
0.00
51,518.28
77,107.33
144,171.61
0.00
8,853.49
7,435.50
16,288.99
21,620.00
0.00
0.00
61,774.00
0.00
8,608.15
9,590.81
18,198.96
0.00
138,860.95
21,410.00
160,270.95
0.00
11,200.00
5,600.00
16,800.00
0.00
6,458.70
17,147.70
23,606.40
27,000.00
204,232.18
321,540.55
577,772.73
7,750.00
38,406.00
79,147.50
133,303.50
0.00
0.00
60,330.00
60,330.00

1,200.00

785,403.05

769,847.56 3,033,635.25 5,119,287.61 9,709,373.47

869,626.39

a. The District’s fiscal year runs from October 1 through September 30.

Findings on the Effectiveness of STAs
•

The Everglades Nutrient Removal Project is achieving its performance objectives based on 48
months of operational data.
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•

Since the start of operations, the ENR Project has removed 63 metric tons of phosphorus that
would have entered the Loxahatchee National Wildlife Refuge.

•

Evidence to date supports the basic assumptions and design parameters used in planning the
Stormwater Treatment Areas in the Act.
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Summary
The Problem: Everglades sport fish have the highest average concentrations of mercury in
Florida. Human health advisories remain in effect for a number of sport fish species throughout the
Everglades, Big Cypress, and eastern Florida Bay. Federal and Florida water laws protect public health,
wildlife populations, and the designated uses of a water body, including sport fishing. Until the advisories
are lifted, sport fishers will not be able to freely consume the fish they catch. This denies them full
enjoyment of the resource. The use of the sport fishery has thus been impaired. Studies are being
conducted to determine whether the high concentration of mercury in Everglades fish are toxic to
Everglades wildlife like wading birds.
Adequacy of Standards: Data collected by the U.S. Environmental Protection Agency (USEPA)
in the period 1993-1997 indicate that the Florida Class III numerical Water Quality Criterion for total
mercury of 12 parts per trillion is not being exceeded anywhere in the Everglades canals and marshes.
South Florida Water Management District (District, SFWMD) canal monitoring in 1997-1998 confirms
this finding. These results have prompted DEP to reevaluate the mercury Water Quality Criterion. The
DEP has determined that it is inadequate to protect recreational use and is funding studies to determine
what criterion will protect human health and wildlife.
Historical Inputs: A 1991-1992 study co-funded by the District, the DEP, and U.S. Geological
Survey (USGS) found that the rate of mercury deposition from the atmosphere to the Everglades had
increased about five-fold since the late 1800s. This leads to the conclusion that the Everglades has been
contaminated by mercury emissions from modern human activity. Some of the previously deposited
mercury in Everglades peat can be recycled back into the ecosystem by natural processes, while the rest is
buried. Mercury is being supplied to the Everglades in stormwater runoff, groundwater discharge, and
atmospheric deposition (rain, dust, and gaseous dry deposition). The relative contributions of previously
deposited and recently deposited mercury to the Everglades mercury problem are under investigation. A
recent modeling study conducted by USEPA suggests that the recovery time of the Everglades following
the reduction in new mercury inputs would be on the order of decades, not centuries.
Present Day Water Inputs: The low total mercury concentrations in samples collected biweekly
by the District at eight canal sites in 1994-1997 demonstrated that runoff from the Everglades Agricultural
Area (EAA) is not a significant source of new mercury to the Everglades. Data from a joint District-USGS
study conducted in 1995-1997 suggest that groundwater discharge is not a significant source overall.
Present-Day Air Inputs: The 1992-1996 Florida Atmospheric Mercury Study (FAMS)
demonstrated that atmospheric deposition to the Everglades is roughly double the rate in rural Wisconsin.
Together with the canal data discussed above, one can calculate that atmospheric deposition accounts for
more than 95% of the new mercury reaching the Everglades each year. However, the relative contributions
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of local and background or global mercury sources to this new input can only be quantified with further
study.
Positive and Negative Impacts of the Everglades Construction Project: Four years of District
data from the Everglades Nutrient Removal (ENR) Project support the conclusion that the Stormwater
Treatment Areas (STAs) are unlikely to cause or contribute to a new mercury problem within their borders.
A new baseline analysis of the mercury risks to wading birds feeding in a relatively unimpacted area of
WCA-2A supports the conclusion that restoring phosphorus-impacted areas to the no-imbalance condition
will not result in a significant risk to wading birds that feed exclusively in the restored areas. Based on
ENR Project studies, the STAs are likely to remove between 50% and 75% of the mercury load in EAA
runoff. Modeling investigations are underway to determine if this will have a significant positive impact on
mercury concentrations in the phosphorus-impacted areas immediately downstream of the District’s
structures in the northern Everglades. However, because more than 95% of the mercury entering the
Everglades each year is deposited from the air, this is unlikely to have a significant beneficial effect on the
Everglades as a whole. Overall, the weight of evidence continues to support the conclusion that the
benefits of phosphorus reduction will outweigh any negative effects from mercury. Continued mercury
monitoring of the STAs, the District structures, the interior marshes, and atmospheric deposition will
provide ongoing corroboration that this overall conclusion remains valid.
The Everglades Restoration Strategy: Mercury is of concern in both the Everglades
Construction Project (ECP), which was authorized by the Everglades Forever Act, and in the U.S. Army
Corps of Engineers Central and Southern Florida Comprehensive Review Study (Restudy). The ECP deals
principally with alleviation of eutrophication of the Everglades caused by stormwater runoff from the
EAA. The Restudy deals principally with creation of patterns of flows and depths that are more favorable
to Everglades fish and wildlife. There is a concern that projects of the ECP and Restudy might exacerbate
mercury bioaccumulation. There is also a concern about the cause and remedy for widespread mercury
impacts in the Everglades that arise from atmospheric depositions and are independent of these projects.
Mercury would be of concern without the ECP or the Restudy. This report directly addresses the question
of whether ECP projects will exacerbate mercury bioaccumulation. It deals less directly with the same
question for Restudy projects (since those are not yet defined) and it deals with the more general problem
of mercury contamination in the Everglades and elsewhere.
The DEP has the regulatory responsibility for protecting human health and the environment from
the toxic effects of mercury. For the short term, DEP has issued permits to the ECP structures and the socalled non-ECP structures to ensure the protection of downstream water quality relative to the existing
mercury Water Quality Standard. The Department is also funding studies of mercury exposure and toxicity
to support the evaluation of a more protective mercury Water Quality Criterion. The District, the DEP,
USEPA, and USGS are funding studies of the underlying processes that govern the production and
bioaccumulation of methylmercury. The District, the DEP, and USEPA are funding the development of a
mathematical model that will integrate all of the information on sources, transport, biogeochemistry, and
bioaccumulation into a self-consistent quantitative predictive framework to guide management decisionmaking. Together with information on air sources and wind transport, the Everglades Mercury Cycling
Model will aid in predicting the response of the Everglades to additional control of local emissions
sources. The model will also be used to evaluate the response of the Everglades to changes in the quality
and quantity of District discharges into the EPA. In addition, the model will be used to evaluate the
mercury impacts of the changes in water management proposed as the result of the Restudy.
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Multi-Agency Program: The mercury monitoring, research, modeling and assessment studies
described in this chapter are being coordinated through the multi-agency South Florida Mercury Science
Program (SFMSP)1. This unique partnership of federal, state, and local agencies, academic and private
research institutions, and the electric power industry has advanced the understanding of the Everglades
mercury problem with greater breadth, depth, and speed than could be accomplished by the DEP and the
District alone. The goal of these phased studies is to provide the DEP and the District with the information
to make mercury-related decisions about ECP projects on the schedule required by the Everglades Forever
Act (EFA).

Introduction
Sport fish in the Everglades have the highest average concentrations of mercury of any area in
Florida. Human health advisories recommending no consumption or limited consumption of several sport
fish species remain in effect for the Everglades, Big Cypress, and eastern Florida Bay. In some locations,
the high concentrations of mercury in the aquatic ecosystem may also threaten top predators like alligators,
otters, and the endangered Wood Stork. The District and the DEP are cooperating with other state and
federal agencies, academic institutions, and private entities to understand and solve the Everglades
mercury problem.

Organization of this Chapter
This chapter describes the progress being made in carrying out the mercury studies to understand
and solve the Everglades mercury problem. This Chapter is organized around five key mercury
management questions:
1. What is the significance of the Everglades mercury problem?
2. Can the sources of Everglades mercury be adequately controlled?
3. Can management of water quality and quantity reduce Everglades mercury risks to acceptable
levels?
4. How will the Everglades Construction Project affect mercury risks?
5. What is the status of District and DEP efforts to understand and solve the Everglades mercury
problem?
A section titled The Mercury Cycle provides background information on the physical, chemical,
and biological (biogeochemical) processes that transport, store, and transform mercury in the natural
environment. This section also discusses the influences of water quantity and quality on the production and
1.

In addition to the Department, the District, the U.S. Environmental Protection Agency and the U.S.
Geological Survey, other collaborators associated with the SFMSP are the Florida Game and
Freshwater Fish Commission, the U.S. Fish and Wildlife Service, the U.S. Park Service, the U.S.
Army Corps of Engineers, the University of Florida, Florida State University, Florida International
University, University of Miami, University of Michigan, Texas A & M University, Oak Ridge National
Laboratory, Academy of Natural Sciences of Philadelphia, Florida Power and Light, Florida Electric
Power Coordinating Group, and the Electric Power Research Institute.
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bioaccumulation of methylmercury in aquatic ecosystems in general and the Everglades in particular. In
the five sections that follow it, each of the key management questions is answered in order. For questions
1-4, the answers are developed to the extent permitted by the present understanding of various aspects of
the Everglades mercury problem. Where the question calls for predictions about the mercury-related
effects of activities that have not yet occurred, best professional judgment has been used to estimate what
is likely to happen. In some cases, the results of mathematical models are used to guide best professional
judgment. Following the answer to the last of the five questions, a summary of conclusions and
recommendations is presented.

Introduction to the Mercury Problem
The element mercury (Hg) is naturally present in the earth’s crust. Pure elemental mercury, which
is a silver-colored liquid metal at room temperature, is obtained by smelting its most abundant ore,
mercuric sulfide or cinnabar (Sidgwick, 1950). Pre-industrial human uses of mercury were surprisingly
significant, with the ancient Romans reported to have used more than two tons per year (Clarkson, 1994;
Nriagu, 1996). Modern human uses of mercury include gold mining, chlor-alkali production, batteries, turf
and seed treatments, contact explosives, silent and pressure switches, thermometers and manometers,
fluorescent lights, house paints, and fillings for dental cavities (USEPA, 1997). During the cold war, a
significant fraction of the world's supply of mercury was diverted to military use, primarily as a solvent for
the separation of lithium isotopes for hydrogen bomb production (Clarkson, 1994). In more primitive
cultures mercury use is limited primarily to folk medicinal and magico-religious applications.
The toxicity of mercury salts and elemental mercury to humans has been known since the dawn of
history. Toxicity to humans increases with the form of mercury in the order inorganic mercury salts,
elemental mercury vapor, and methylmercury salts (WHO, 1976; USEPA, 1980; WHO, 1990; Clarkson,
1994; USEPA, 1997). Inorganic mercury and methylmercury are also highly toxic to wildlife species
(Eisler, 1987). Use of inorganic mercury or methylmercury salts as a seed treatment is now prohibited in
the U.S., and the use of mercury compounds as a turf treatment in the U.S. is highly restricted (USEPA,
1980). Mercury as a fungicide in house paints has been curtailed, and mercury in batteries is being
voluntarily phased out (USEPA, 1997).
Methylmercury is also produced naturally from inorganic mercury in the aquatic environment by
bacteria in sediments under conditions devoid of dissolved oxygen (Jensen and Jernelov, 1969). Once
produced, methylmercury is readily taken up but only slowly eliminated by fish (Norstrom et al., 1976).
This results in a phenomenon referred to as bioaccumulation. The ratio of the methylmercury
concentration in a fish to the concentration in the surrounding water is its bioaccumulation factor (BAF).
Although fish can take up environmental contaminants via the gill and gut, in the case of methylmercury,
uptake is primarily via the gut (Norstrom et al., 1976). Fish will bioaccumulate higher concentrations of
methylmercury than what they feed on. This results in a phenomenon referred to as biomagnification,
which occurs at each successive step in the aquatic food chain (Wood, 1974). In general, small, short-lived
fish at the lowest trophic level exhibit BAFs in the range of 10,000-100,000, their larger, longer-lived
predators exhibit BAFs in the range 100,000-1,000,000, and for top-predtor fish like largemouth bass,
BAFs in the range 1,000,000-10,000,000 are not uncommon (Watras, 1993). For example, in the most
contaminated portion of the Everglades in Water Conservation Area 3A, the BAF for a 3-year old
largemouth bass can approach 10,000,000 (Lange et al., 1998). Without such high BAFs, methylmercury
would not be a problem in the Everglades and elsewhere.
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Understanding the Everglades Mercury Problem
To put the Everglades mercury problem in context and perspective, nationally, the U.S. has a
mercury problem, with at least 40 states having issued fish consumption health advisories for mercurycontaminated waters (USEPA, 1997). Statewide, Florida has a mercury problem, with more than 50% of its
inland waters now under Health Department advisories for limited or no fish consumption because of
mercury. Sport fish from the Everglades canals and marshes have the highest mercury concentrations in
the State (Lange et al., 1998). Human health advisories remain in effect for a number of sport fish species
throughout the Everglades, Big Cypress, and eastern Florida Bay. The area covered by the Florida
advisories may be the largest in the U.S.
Federal and Florida water laws protect public health, wildlife populations, and the designated uses
of a water body, including sport fishing. Until the advisories are lifted, sport fishers will not be able to
freely consume the fish they catch. This denies them full enjoyment of the resource. The use of the sport
fishery has thus been impaired. Studies are underway to determine whether the high concentration of
mercury in Everglades fish are toxic to Everglades wildlife that eat them, such as wading birds, otters, and
Florida panthers.
The Everglades appears to be especially susceptible to a methylmercury problem. Is this because
the Everglades is receiving a higher atmospheric deposition rate than elsewhere? Is the Everglades more
efficient at converting inorganic mercury to methylmercury than elsewhere? Is the Everglades food web
more efficient at bioaccumulating methylmercury at each level of the food chain? How much of the
methylmercury in fish comes from previously deposited mercury that has been recycled from peat soil and
how much comes from present-day mercury falling on the Everglades as atmospheric deposition? Of the
present-day mercury depositing on the Everglades from the air, how much originates with local sources
how much with the global background? The answers to these questions are very important, because they
will determine how the Everglades would respond to the reduction of local air emissions sources or to
manipulation of water quantity and quality to reduce methylmercury production and bioaccumulation.
A more complete set of hypotheses has been put forward to account for the apparent susceptibility
of the Everglades to a mercury problem (SFMSP, 1996), including:
•

a high historical accumulation of inorganic mercury in the downstream sediment attributable
to the historical oxidation of peat in the EAA.

•

a high mobilization rate of inorganic mercury from the sediment associated with the dry-wet
cycles in the EAA and some locations in the WCAs.

•

a high atmospheric deposition flux of inorganic mercury from local or global sources.

•

a high rate of net methylation of inorganic mercury associated with high concentrations of
conducive factors in water and sediment pore water.

•

a high fraction of methylmercury available to be bioaccumulated and biomagnified.

•

the absence of a freeze-thaw cycle and high average annual temperatures that accelerate
mercury methylation and bioaccumulation processes.

•

high bioaccumulation and biomagnification factors resulting from the complex aquatic and
terrestrial food webs.

•

any combinations of the above.
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The South Florida Mercury Science Program
Efforts to understand and solve the Everglades mercury problem began in 1989 when the Florida
Departments of Health1 and Environmental Protection2 and the Game and Fresh Water Fish Commission
discovered the Everglades mercury problem and initiated a long-term monitoring program to define its
nature, magnitude, extent, and trends. The initiative was further focused by the Governors’ Mercury in
Fish and Wildlife Task Force, which was formed to assess the seriousness of the Florida mercury problem
and outline the steps to take to understand and solve it. Due to its special status, great emphasis was given
to the serious mercury contamination problem evident in the Everglades. The Task Force Report to the
Governor was delivered in December 1991. The recommendations in the Report have guided efforts to
understand and solve the Everglades mercury problem ever since.
As the significance of the Everglades mercury problem became known, the District and a number
of federal agencies joined this initiative. Since 1992, the DEP and the District have participated in the
South Florida Mercury Science Program (SFMSP), a consortium of federal, state, and local agencies,
academic and private research institutions, and the electric power industry3. This unique partnership has
made it possible to advance the understanding of the Everglades mercury problem with greater breadth,
depth, and speed than could be accomplished by the DEP and District alone. The results of these studies
will make it possible to meet the mercury-related requirements of the Act and guide timely ECP decisionmaking.
The Florida Game and Fresh Water Fish Commission has continued its studies of mercury
bioaccumulation in largemouth bass to monitor mercury status and trends in the Everglades and elsewhere
(Lange et al., 1998). USEPA Region 4 has taken the lead in defining the nature, magnitude, and extent of
the Everglades mercury contamination on the spatial scale of the Everglades (USEPA, 1993a), and the two
years of semi-annual monitoring has begun to discriminate the influences of meteorology and hydrology
from water chemistry and ecology on the seasonal and spatial patterns of mercury bioaccumulation in the
Everglades (USEPA, 1998). The USEPA sampling sites are depicted in Figure 7-1a and b and the results
of these studies are summarized in the sections that answer the questions: What Is the Significance of the
Everglades Mercury Problem? and Can the Sources of Everglades Mercury be Adequately Controlled?
Another important element in the SFMSP is the characterization of transport pathways. This has
included monitoring of EAA runoff by the District for USEPA Region 4 (USEPA, 1998) and monitoring of
atmospheric concentrations of mercury on aerosols and mercury in wet and dry deposition at seven
monitoring sites near the Everglades in South Florida (See Figure 7-2) within the framework of the
Florida Atmospheric Mercury Study or FAMS, with funding by DEP, the District, and other sources
(Landing et al., 1995; Pollman et al., 1995). Focusing on sources, special screening studies of potentially
significant local air emissions sources have also been conducted by the University of Michigan (Dvonch et
1.
2.
3.

At that time, the Department of Health and Rehabilitative Services.
At that time, the Department of Environmental Regulation.
In addition to the Department, the District, the U.S. Environmental Protection Agency and the U.S.
Geological Survey, other collaborators associated with the SFMSP are the Florida Game and
Freshwater Fish Commission, the U.S. Fish and Wildlife Service, the U.S. Park Service, the U.S.
Army Corps of Engineers, the University of Florida, Florida State University, Florida International
University, University of Miami, University of Michigan, Texas A & M University, Oak Ridge National
Laboratory, Academy of Natural Sciences of Philadelphia, Florida Power and Light, Florida Electric
Power Coordinating Group, and the Electric Power Research Institute.
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a.

Figure 7-1.

b.

Sampling sites in the Everglades (a) canals and (b) marsh for USEPA (1998) Region IV
Regional Environmental Monitoring and Assessment Project (REMAP).

al., 1998). The results of these studies are summarized in the sections that answer the questions, What is
the significance of the Everglades mercury problem? and Can the sources of Everglades mercury be
adequately controlled?
Recognizing that the results of source, receptor, and ambient monitoring alone cannot discriminate
between hypotheses about Everglades susceptibility to mercury, the SFSMP has placed great emphasis on
understanding and quantifying the underlying processes that govern the transport, storage, transformation,
and bioaccumulation of mercury in the Everglades. These process studies include:
1. Formation, decomposition, and properties of peat and its decomposition products by William
Orem and co-workers at the USGS in Reston, VA (Orem et al., 1998).
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Location of sampling towers in the Florida Atmospheric Mercury Study (FAMS) Monitoring
Network.
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2. Formation, transformations, and properties of dissolved organic carbon, including its affinities
for inorganic mercury and methylmercury in surface and pore water by George Aiken and
Michael Reddy at the USGS in Boulder, CO (Aiken and Reddy, 1997) and its role in mercury
sulfide dissolution (Ravichandran et al., 1998).
3. Photochemistry of elemental mercury production and decomposition and methylmercury
decomposition in the presence of DOC by Dave Krabbenhoft and co-workers of the USGS in
Madison, WI (Krabenhoft et al., 1998).
4. Production of methylmercury from inorganic mercury in surface and soil pore water by
sulfate-reducing bacteria by Cynthia Gilmour and co-workers of the Academy of Natural
Sciences and the fluxes of inorganic mercury and methylmercury into and out of the peat soils
by Gary Gill and co-workers at Texas A&M University at Galveston (Gilmour et al., 1998a,
b).
5. Decomposition of methylmercury by aerobic and anaerobic bacteria in peat soil by Mark
Marvin-Di Pasquale, Ron Oremland, and co-workers of the USGS at Menlo Park, CA
(Marvin-DiPasquale and Oremland, 1998).
6. Dissolution, sorption, complexation, and precipitation of mercury in the presence of sulfate/
sulfide, iron(III)/iron(II), calcium, carbonate, chloride, and DOC using WHAM, a
thermochemical speciation model, by Mike Reddy of USGS at Boulder, CO (Reddy and
Aiken, 1998).
7. Feeding habits, food web linkages and bioaccumulation and biomagnification factors for the
northern and central Everglades aquatic food web by Ted Lange and co-workers at FGFWFC
and Paul Garrison and co-workers at the WDNR in Madison, WI and the southern Everglades
by William Loftus and co-workers at the USGS National Biological Service offices in Miami,
FL (Loftus, 1997; Lange et al., 1998).
8. Feeding habits, food web linkages, residues, and toxic effects of mercury in dosed chicks and
adults for the Great Egret by Peter Frederick, Marilyn Spalding and co-workers at the
University of Florida in Gainesville (Fredrick et al., 1997).
9. Feeding habits, food web linkages, residues, general health and mercury toxic effects for the
Florida panther by Tom Logan, Sharon Taylor, DVM, and co-workers of the Florida Game and
Fresh Water Fish Commission (T. Logan, FGFWFC, pers. comm., 1998).
10. Transport, biogeochemistry, and bioaccumulation of mercury species within a self-consistent,
mechanistic, quantitative predictive modeling framework by Robert Ambrose, Rochelle
Araujo, and Craig Barber of USEPA’s Office of Research and Development in Athens, GA and
Reed Harris and Curt Pollman of TetraTech, Inc. (Ambrose and Araujo, 1998; Harris and
Pollman, 1998).
The locations of these process study sites are depicted in Figure 7-3 and the results of these studies
are summarized in the section, The Mercury Cycle, and the section that answers the question, Can
Management of Water Quantity and Quality Reduce Mercury Risks?
The required monitoring, research, modeling, and assessment studies conducted by each of the
participating agencies has been designed, carried out, and documented under the internal scientific peer
review protocols of each agency. The studies have been organized and coordinated within the framework
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of the Plan of Study of the SFMSP (SFMSP, 1996). The studies have been implemented in phases, with
results from earlier phases guiding study design in later phases. The data from the Phase 1 or scoping
studies are now being analyzed, synthesized, and integrated within a mass balance framework according to
a logical, systematic process to yield a coherent, quantitative understanding of the Everglades mercury
problem. From this understanding, predictive models can be developed with which to determine if mercury
in Everglades biota can be reduced to acceptable levels and to select the best option for doing so.

Solving the Everglades Mercury Problem
The solution to the Everglades mercury problem has several steps. The first step is to learn what
level of mercury in fish is safe for both humans and wildlife. The second step is to learn what human
actions are causing or contributing to the Everglades mercury problem. Potential causes include presentday atmospheric deposition, mercury in stormwater runoff and reentry into the ecosystem of mercury that
was previously buried in Everglades peat soil. Potential contributing factors include changes in water
quantity and quality that might liberate buried mercury for recycling in the Everglades or facilitate its
accumulation in fish and wildlife. The third step is to understand how the Everglades processes inorganic
mercury from atmospheric deposition, runoff, and peat soil into methylmercury, the most toxic form of
mercury in the aquatic environment. The fourth step is to understand how to relate the quantities of
inorganic mercury added to the Everglades ecosystem each year to the concentration of methylmercury in
fish. This is to be done with mathematical models that represent all of the key processes governing
methylmercury production and bioaccumulation. The fifth step is to determine the best way to reduce the
levels of methylmercury in fish to safe levels by managing mercury sources and water quantity and quality
using the model. Potential candidates for management are emissions from local air pollution sources,
chemical constituents in stormwater runoff from the Everglades Agricultural Area, and water depth and
flow.
Table 7-1 is the District-DEP work plan for the implementation of the Research and Monitoring
(RAM) project for Mercury (RAM-11). Table 7-2 contains a timetable for carrying out the required
elements of the South Florida Mercury Science Program to implement this strategy.

Key Conclusions
Based on a thorough review of the literature, the results of the USEPA Everglades Mercury Study
and the USGS ACME project, four years of intensive mercury monitoring of a prototype Stormwater
Treatment Area, and a new analysis of the mercury risks to wading birds feeding in the impacted areas in
WCA-2A, there is no reason to believe that there will be any substantial adverse mercury impacts to the
Everglades as a consequence of the ECP. Atmospheric deposition of mercury constitutes more than 95% of
the new mercury entering the Everglades each year. The analysis of the sources, biogeochemistry,
bioaccumulation, and toxic effects of mercury in the Everglades before and after the ECP suggests that the
solution to the Everglades mercury problem will most likely come through control of the mercury present
in atmospheric deposition, but control of the quality and quantity of discharges to the Everglades may also
provide opportunities for reducing the bioaccumulation of mercury in fish and wildlife.
Finally, no single water quality constituent can be used to predict the changes in the downstream
mercury concentrations and risks to wildlife from the changes in water quality and quantity to be brought
about by the ECP. This can only be done with a mechanistic model of mercury transport, biogeochmistry,
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The District-DEP work plan for the implementation of the Research and Monitoring (RAM)
project for mercury (RAM-11).
PROJECT MANAGEMENT PLAN

PROJECT NAME: RAM-11: Mercury Monitoring and Research
EFA Reference: Section 2.(4).(d).1.
1991 Settlement Agreement Reference: Not Included.
Lead Agencies: Department of Environmental Protection and the South Florida Water Management District
Lead Groups: Division of Technical Services / Water Resources Evaluation Department
SFWMD Project Manager: Larry Fink
DEP Project Manager: Tom Atkeson
Objective: By January 1996, the Department and the District will review and evaluate available mercury data for the EPA and
tributary waters and identify any additional information necessary to adequately describe mercury in the EPA and
tributary waters. If necessary, by January 1996, the Department and the District shall initiate a research and
monitoring program to generate any such information. The Department and the District shall employ all means
practicable to complete this research by December 31, 1998. This research shall be completed no later than
December 31, 2001.
Integrated mercury and water quality models by 12/99; evaluation of mercury water quality
standard.

End Products:
1.
2.
3.
4.

Activities, Milestones
and Target Completion
Dates:

5.
6.
7.
8.
9.

Complete District/DEP ENR Mercury Research Plan Complete 5/10/95
Complete District/DEP detailed Everglades Research Plan Complete 9/30/95
Analyze existing mercury data Complete 8/1/94
Develop research planning framework: Interagency Scope of Study of Mercury Contamination
in the Everglades Ecosystem Complete 8/1/94
Initiate ENR project mass-balance monitoring 8/18/94
Complete Everglades mercury monitoring and research by 12/31/98 if practicable (date
specified in Act) 12/31/01
Complete integration of mercury and water quality models 12/31/99
Early evaluation of Class III mercury water quality standard 12/31/00
Evaluate Class III mercury WQ standard (date specified in Act) 12/31/01

Associated Projects

1. RAM-1: Description of WQ in the EPA & Tributary Waters will provide information to this
project.
2. RAM-2: Evaluation of BMP Effectiveness will provide information to this project.
3. RAM-3: Evaluation of Existing WQ Standards for the EPA.
4. RAM-4: Evaluation of WQ Standards and Classifications of EAA Canals will exchange
information with this project.
5. RAM-5: Optimize STA Operation will receive information from this project.
6. RAM-7: Peer-Reviewed Interim Report will receive information.
7. RAM-8: Annual Peer-Reviewed Report will receive information.
8. RAM-13: BMP Strategies for Additional WQ Parameters will provide information to this project.
9. REG-1: Establish Discharge Limits for the EPA & EAA Canals will receive information.
10. REG-8: Permits for Long-Term Compliance with state WQ Standards will receive information.
11. REG-10: Long-Term Compliance with District WQ Rules will receive information from this
project.

Support From Other
Agencies and
Departments

1. Environmental Monitoring and Assessment Program study of extent, magnitude &correlates
ENP, USEPA
2. Construction and operation of “clean lab” and overflow contract for ultra-trace analysis of
mercury species DEP
3. Geochemistry/water quality studies USGS
4. Florida Atmospheric Mercury Study DEP/ENP/EPRI
5. Provide support & coordination to DEP in the Environmental
6. Monitoring Assessment Program study USFWS-ES, USFWS-LOX

Major Uncertainties
Associated With
Project Activities:

1. Applicability of existing geochemical process and environmental models.
2. Laboratory capacity to analyze relevant levels of mercury species.
3. Source of funding for identified scope.
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Timetable for carrying out the required elements of the South Florida Mercury Science
Program to implement this strategy.

PROGRAM
ELEMENT

FY 94
1

2

3

FY 95
4

1

2

3

FY 96
4

1

2

3

FY 97
4

1

2

3

FY 98
4

1

2

3

FY 99
4

1

2

3

FY 00
4

1

2

3

FY 01
4

1

2

3

4

PLANNING
MANAGEMENT
PROBLEM
SOURCES
TRANSPORT
FATE
BIOACCUMULATION
EFFECTS
CRITERIA
STANDARDS
MASS BALANCE
MODELING
EIS DEVELOPMENT
REPORTING
REGULATIONS
PERMITS

POST-AUDIT

and bioaccumulation in wetlands, initialized and calibrated with Everglades data. Such a model is being
developed by USEPA and has been used to support the preliminary evaluation of the potential mercury
impacts of the ECP and the Restudy. Successive refinements of the model over the next three years will
reduce the uncertainties in model output, but these refinements are unlikely to reverse the conclusions
presented in this Chapter. Below the technical basis for these conclusions is provided.

The Mercury Cycle
This section presents a review of the key literature on the sources, transport, transformation, and
deposition of mercury in the atmosphere and the sources, transport, transformation, and bioaccumulation
of mercury in aquatic ecosystems. From this review, a conceptual model of mercury cycling in aquatic
ecosystems is developed and applied to the questions of how water quality and quantity influence
methylmercury production and bioaccumulation. The focus here is on the influence of phosphorus, carbon,
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oxygen, sulfur, and iron on mercury methylation in aquatic ecosystems and the influence of phosphorus on
the carbon, oxygen, sulfur, and iron cycles in aquatic ecosystems.

Sources and Cycling of Mercury in the Atmosphere
Mercury in the natural environment originates in the soils and sediments deposited with the
formation of the earth’s crust and the early atmosphere (Clarkson, 1994). A significant source of
atmospheric mercury is the natural evasion of elemental mercury from the surface of soil and water.
(Fitzgerald, 1989). Deposition from the atmosphere back to the earth’s surface completes this cycle and
ensures a continuous supply of newly available inorganic mercury for biogeochemical transformation,
including formation of elemental mercury and methylmercury.
In addition to its natural background sources, atmospheric mercury is generated by a variety of
human activities, including combustion of fossil fuel and waste, mining and smelting of mineral ores, and
the use and disposal of mercury itself (USEPA, 1997). Mercury may be removed from the air and
deposited on water, soil, or plant surfaces in wet deposition (rain or snow) or dry deposition (particle
settling and gas adsorption to the solid or liquid surface). Although the relative proportions may change
depending on the source, mercury exists in the atmosphere in three forms, which differ greatly in their air
chemistry and in the physical properties that determine their rates of removal from air by wet and dry
deposition processes. These forms are elemental mercury, particulate mercury, and reactive gaseous
mercury or RGM.
Elemental mercury (Hg0) 1gas is relatively inert in air, with a half-life in the lower atmosphere of
approximately one year (Slemr et al., 1985; Schroeder and Munthe, 1998). At remote sites (i.e., away from
cities or industrial facilities) more than 95% of total atmospheric mercury is in this form (EPMAP, 1994;
Mason et al., 1994). Hg0 interacts only weakly with rain, vegetation, the ground or water surfaces (Lee et
al., 1998; Schroeder and Munthe, 1998). As a result of its low chemical reactivity and low affinities for
soil, water, and plant surfaces, it is transported great distances from the point of emission (Pai et al., 1997).
The concentration of elemental mercury in air, the temperatures of the air and water surfaces, and the
relative affinities for soil, plant, and water surfaces determine its concentrations in these media.
RGM is composed of the gaseous forms of oxidized inorganic mercury (Hg (II)). This form of
mercury is thought to be primarily mercuric chloride (HgCl2), but other forms of Hg (II) may exist
(Prestbo and Bloom, 1995; Stratton and Lindberg, 1995; E. Prestbo, Frontier Geosciences, pers. comm.,
1996). Its sources are postulated to be slow conversion of Hg0 in the atmosphere by poorly-understood gasphase photochemical processes, by aqueous-phase (i.e., droplet) reactions with atmospheric oxidants (e.g.,
Munthe, 1992; Pleijel and Munthe, 1995), or direct emissions from sources such as power plants,
incinerators or other human sources (EPMAP, 1994). At remote sites typically less than 5% of total
atmospheric mercury is in this form (EPMAP, 1994), but despite its small concentration, RGM controls the
rate of mercury deposition to the earth's surface (Petersen et al., 1995; Pai et al., 1997; Lindberg and
Stratton, 1998; Stratton and Munthe, 1998). RGM behaves very differently in the atmosphere than
elemental mercury: it is readily scrubbed by clouds or rain, adsorbs to atmospheric particulate matter, and,

1.

Elemental mercury is abbreviated as Hg0; inorganic mercury is abbreviated as Hg(II); methylmercury is
the cation CH3Hg+ and is abbreviated as MeHg.
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in the absence of rain, is rapidly deposited on available surfaces (EPMAP, 1994). RGM emissions are
likely to be deposited locally, e.g., within 100 km of the source (EPMAP, 1994).
Particulate mercury (Hgp) is oxidized inorganic mercury adsorbed to fine or coarse atmospheric
particulate matter. Particulate mercury may be emitted directly by emission sources, formed by
condensation reactions in plumes, or result from atmospheric reactions in the free atmosphere (Schroeder
and Munthe, 1998). Fine particulate mercury (i.e., < 2.5 µm) is intermediate in its deposition properties
between Hg0 and RGM. It is less readily scrubbed by rain and can travel hundreds of miles, but deposits
more readily than Hg0 (EPMAP, 1994; Lee et al., 1998). At remote sites typically less than 5% of total
atmospheric mercury is in this form, as is the case in central and south Florida (Guentzel, 1997).
To complete this section on interactions of atmospheric mercury with the earth’s surface, it should
be noted here that recent work has established that significant amounts of mercury in soils, sediments, and
surface waters can be reduced to Hgo. This volatile form of inorganic mercury can then be recycled to the
atmosphere by volatilization or evasion from the soil (Carpi and Lindberg, 1998) or water surface
(Lindberg et al., 1995; Poissant and Casimir, 1998) or actively transported from soil or sediment pore
water along with water transpired by terrestrial or aquatic macrophytes (Lindberg and Meyers, 1998). This
phenomenon is treated in greater detail in the following section on aquatic cycling.
Methylmercury is also present in wet deposition, albeit at much lower concentrations than
inorganic mercury ion, falling in the range of 0.5% to 5% of total mercury in rainfall in one study of
methylmercury deposition to a remote location in northwestern Ontario (St. Louis et al., 1995). Higher
concentrations of methylmercury in rainfall are encountered in regions influenced by ocean upwellings (E.
Prestbo, Frontier Geosciences, pers. comm., 1997) and industrial air emissions (Hultberg et al., 1994).
Methylmercury concentrations in South Florida rain are generally considered environmentally
insignificant (E. Prestbo, Frontier Geosciences, pers. comm., 1996; Guentzel, 1997).

Sources and Cycling of Mercury in Aquatic Ecosystems
Figure 7-4 summarizes the general conceptual model of mercury cycling and bioaccumulation in
the aquatic ecosystem. Oxidized inorganic mercury(II) and methylmercury enter a body of water via
watershed runoff (Mierle, 1990; Johansson et al., 1991; St. Louis et al., 1994), groundwater discharge
(Krabbenhoft and Babiarz, 1992; Watras et al., 1994) and direct atmospheric deposition (Fitzgerald et al.,
1991, 1994; Hultberg et al., 1994) and leave via overflow and groundwater recharge. Oxidized inorganic
mercury or Hg(II) and methylmercury are present in land surface runoff in river and lake watersheds and
the percentage of total mercury that is methylmercury present in such runoff tends to increase as the
wetlands area of the watershed increases (St. Louis et al., 1994; Krabbenhoft et al., 1995; St. Louis et al.,
1996) and the humic content of the runoff water increases (Mierle and Ingram, 1991). It has been observed
that the significance of atmospheric deposition of methylmercury as a source of methylmercury to a
watershed or water body decreases with distance from areas of ocean upwelling (E. Prestbo, Frontier
Geosciences, pers. comm., 1996) and industrial sources (Hultberg et al., 1994). In North America, there
appears to be a decreasing gradient of methylmercury atmospheric deposition from west to east (E.
Prestbo, Frontier Geosciences, pers. comm., 1996). So, for example, Krabbenhoft et al. (1995) report a
methylmercury production rate in the Allequash Creek watershed, Wisconsin, three to six times higher
than the measured atmospheric deposition rate, while the contribution of atmospheric deposition to
methylmercury loadings to the Everglades is low (Guentzel, 1997).
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Simplified conceptual model of the mercury cycle in the Everglades from the
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Mercury is found in aquatic ecosystems in three forms. In descending order of occurrence they are
inorganic mercury, Hg(II), methylmercury, and elemental mercury, Hgo. Once present in an aquatic
environment, inorganic mercury can be converted to methylmercury by microbially-mediated processes in
the water column under anoxic conditions (Waters et al., 1995) but more often in the sediment (Wood et
al., 1968; Campeau and Bartha, 1985; D’Itri, 1990; Gilmour et al, 1992). Although inorganic mercury
methylation has been demonstrated to occur by non-living processes (Rodgers, 1977; Nagase et al., 1982,
1984; Berman and Bartha, 1986) and methane-producing bacteria (Wood et al., 1968), the predominant
methylation route in natural fresh and salt water aquatic environments is now well-established to be by
sulfate-reducing bacteria (Desulfovibrio spp.) under conditions in which dissolved oxygen is virtually
absent (Jensen and Jernelov, 1969; Beijer and Jernelov, 1979; Campeau and Bartha, 1985; Choi and
Bartha, 1993). The rate of inorganic mercury methylation by these bacteria is affected by pH (Winfrey and
Rudd, 1990; Gilmour and Henry, 1991; Miskimmin et al., 1992), sulfate (Gilmour et al., 1992), sulfide
(Gilmour et al., 1998b) and dissolved organic carbon (Watras et al., 1994). The rate of methylation in
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Canadian shield lakes was found to increase and that of demethylation to decrease with increasing water
temperature (Bodaly et al., 1993).
Photodemethylation of methylmercury in water under sunlight has also been reported (Sellers et
al., 1996). Methylmercury in Everglades water is demethylated by sunlight at the water’s surface but not at
depth (Krabbenhoft et al., 1998), probably because the high concentrations of dissolved organic matter
strongly absorb the photoactive wavelengths of sunlight (D. Krabbenhoft, USGS, pers. comm., 1998).
Methylmercury is also demethylated in sediment under anoxic conditions by carbon dioxide-producing or
methane-producing bacteria (Marvin-DiPasquale and Oremland, 1998).
Oxidized inorganic mercury is reduced to elemental mercury by sunlight in soil (Carpi and
Lindberg, 1998). Some inorganic mercury is reduced to elemental mercury in the water column in the dark
(Winfrey and Rudd, 1990) and in sunlight (Amyot et al., 1997), in the water column by eucaryotic
phytoplankton (Mason et al., 1995a) and in sediment pore water by an as yet unspecified mechanism
believed to be microbial in origin (Lindberg and Myers, 1998). Elemental mercury has significant affinity
for organic soil particles (Feng, 1978) and may be absorbed through stomata in plant surfaces (Lindberg et
al., 1991) but its affinities for live and dead plant matter, sediment and dissolved organic matter (DOM) in
water have not been accurately measured and may be low (D. Krabbenhoft, USGS, pers. comm., 1996).
Elemental mercury is readily emitted from ocean (Fitzgerald, 1989), lake (Vandal et al., 1991) and soil
(Kim et al., 1995; Lindberg et al., 1995) surfaces by a process sometimes referred to as evasion.
Plants have been shown to take up and emit elemental mercury through stomatal pores in the leaf
surfaces, with the possibility of either a net flux from the forest canopy to the air or from air to canopy,
depending on the local atmospheric elemental mercury levels (Lindberg et al., 1992). The source of any
emitted mercury is believed to be the soil rather than sorption from the air with subsequent reemission
during daylight hours. Hanson et al. (1995) demonstrated that tree seedlings in controlled chambers can
emit Hg added to soil water in the rooting zone by irrigation. Elemental mercury formed in sediment pore
water appears to be transported through stems and leaves of rooted aquatic plants and released to the air at
the ENR Project (Lindberg and Myers, 1998). Little is known about the factors controlling the rate of
production and transport of elemental mercury to the atmosphere by this pathway. Fluxes exhibit a strong
day-night cycle, parallel to that of carbon dioxide and water exchange, which are controlled by the pores
(stomata) in leaves.
Inorganic mercury and methylmercury have high affinities for particles of geological and
biological origin (Hurley et al., 1991; Watras et al., 1992; Watras and Bloom, 1994) and for dissolved
organic matter or DOM (Hintelmann et al., 1995; Hurley et al., 1998). This influences their relative
distributions amongst the solid, DOM and truly dissolved phases and their rates of removal from the water
column via sorption to settling particles (Hurley et al., 1994). Inorganic mercury and methylmercury are
strongly associated with living and dead organic matter (Hurley et al., 1998) and both are rapidly removed
from the water column by settling organic matter (Watras et al., 1994; Ambrose and Araujo, 1998). This
removal process is counteracted to some extent by the affinities of inorganic mercury and methylmercury
for DOM (Hurley et al., 1994; 1998), which is a product of the decomposition of plant matter.
In smaller aquatic organisms that respire via direct uptake of dissolved oxygen across external
membranes, the uptake of methylmercury directly from the water via passive diffusion competes with
ingestion of contaminated food as the most significant uptake route. So, for example, Huckabee et al.
(1975) found that less than 15% of the methylmercury uptake by the exposed water flea (Daphnia pulex)
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was via food. However, for animals that meet their oxygen demand via uptake across gill structures, the
most significant route of uptake is via ingestion of contaminated food (Huckabee, et al., 1975), and the
relative importance increases rapidly with increasing size (Norstrom et al., 1976; Rodgers, 1994; Post et
al., 1996). Methylmercury is absorbed across the gut from food items (McCloskey, et al., 1998). The most
significant route of loss of methylmercury from fish is believed to be across the gill membrane (C. Barber,
USEPA/ORD-Athens, pers. comm., 1998). As a consequence, methylmercury is only slowly excreted in
fish, with half-lives that increase with size (Norstrom et al., 1976; Sharpe et al., 1977; Rodgers, 1994;
Trudel and Rasmussen, 1997).
Because the methylmercury depuration (loss) rates decrease and bioaccumulation factors increase
with increasing size in fish (Norstrom et al., 1976; Sharp et al., 1977; Rask et al., 1994; Rodgers, 1994;
Simonin et al., 1994; Trudel and Rasmussen, 1997) and age in fish (Rask et al., 1994) and average fish size
increases with each trophic level (Rask et al., 1994; Rodgers, 1994; Becker and Bigham, 1995), large, toppredator fish will bioaccumulate methylmercury up to several million times the concentration in the water
column, as is the case for several species of top-predator fish at some locations in the Everglades (Lange et
al., 1998). Where standing crop plant biomass is low and fish bioaccumulation factors are high, the storage
of methylmercury in standing crop fish biomass may prove to be a significant reservoir (Fitzgerald and
Watras, 1989; Hultberg et al., 1994; Rask and Verta, 1995). This is probably not the case in the ENR
Project, however (Jordan, 1997).
In rapidly growing fish, some of the methylmercury bioaccumulated via ingestion of contaminated
prey is diluted by the additional mass added by the fish. This phenomenon is often referred to as growth
dilution (Norstrom et al., 1976). Since the growth rate in fish is affected by water temperature, quality and
quantity of habitat, sex and reproductive status, the significance of year-to-year increases or decreases in
methylmercury concentrations in fish is not always clear.
A number of environmental factors are believed to influence methylmercury bioaccumulation in
fish in aquatic ecosystems. Methylmercury bioaccumulation tends to be higher in fish in waters with high
temperature (Bodaly et al., 1993), low pH and alkalinity (Wren and McCrimmon, 1983; Cope et al., 1990;
Grieb et al., 1990; Bloom et al., 1991; Simonin et al., 1994; Watras et al., 1994) and high DOM (Winfrey
and Rudd, 1990; Rask et al., 1994), but varies inversely with DOC (Watras et al, 1994), high suspended
solids (Rudd and Turner, 1983), and degree of eutrophication (Hakanson, 1980). All of these factors are
varying along the nutrient gradient in WCA-2A. In an analysis prepared for this report, the District found
that DOC and calcium were better predictors of methylmercury in mosquitofish collected along the WCA2A nutrient gradient than total phosphorus, which is often used as a surrogate for the degree of
eutrophication in a P-limited water body (Carlson, 1984). An inverse relationship between fish
bioaccumulation of methylmercury and water column selenium has also been observed in lakes by Turner
and Rudd (1983) but not by Wren and MacCrimmon (1986). If selenium suppresses methylmercury
bioaccumulation, it appears to be effective only in predatory fish, suggesting that it must be taken up via
the food chain (Rudd et al., 1983).
There has been a general observation that fish in reservoirs and impoundments tend to
bioaccumulate higher concentrations of methylmercury than in nearby natural lakes receiving the same
mercury load and that the fish in newer created lakes tend to have higher methylmercury concentrations
than fish from older created lakes (Cox et al., 1979; Meister et al., 1979; Bodaly et al., 1984; Verta et al.,
1986; Phillips et al., 1987; Verdon et al., 1991). This is the so-called “reservoir effect”. With the “classic”
reservoir effect, methylmercury production first increases then decreases following permanent inundation.
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To explain this general phenomenon, the hypothesis that has gained the widest acceptance is that the initial
increase in methylmercury production can be traced to the liberation of inorganic mercury from its storage
depots in flooded terrestrial plant material (Morrsion and Therien, 1994) and flooded soils (Cox et al.,
1979; Meister et al., 1979; Bodaly et al., 1984) together with nutrients and plant decomposition products
that stimulate the growth of aquatic microrganisms. The eventual decrease can be traced to the depletion of
these labile pools over time, leaving an increasingly recalcitrant fraction behind which is less bioavailable
for methylation. The increase in methylmercury production first manifests itself as an increase in the
methylmercury concentrations in water and the one-celled plants and animals that form the base of the
food chain. This increase then propagates up the food chain with biomagnification at each link, peaking in
top-predator fish in the same age chort (e.g., years 2 or 3) at up to five times typical concentrations in
nearby lakes (Verdon et al., 1991) within about two to five years after flooding (Scruton et al., 1994). The
concentrations in this reference age cohort then decline gradually back to concentrations more typical of
surrounding natural lakes in about 5-10 years in small catchment reservoirs and longer in large catchment
reservoirs (Scruton et al., 1994).
However, if one follows the same cohort as it ages, methylmercury residue levels will continue to
increase with time until the cohort dies out. It then takes about one top-predator fish lifetime to clear this
short-term increase of methylmercury production from aging fish at the top of the food chain (R. Harris,
Tetra Tech, pers. comm., 1997). For largemouth bass with a mean life span of about five to seven years,
this would mean that a system that reached its peak concentration in two years would begin to show a
decline in the oldest fish in about seven to nine years and a system that peaked at five years would begin to
show a decline in the oldest fish in 10 to 12 years. For longer-lived species like pike and sturgeon, the
clearance time for the population is even longer (Anderson et al., 1995; Morrison and Therien, 1995). This
clearance rate may be retarded by the tendency of older, larger fish to feed on older, larger prey species
with time.
The above summarizes the essence of the “classic” reservoir effect, but not all reservoirs behave
classically. Some fish methylmercury concentrations showed seasonal patterns in California reservoirs,
probably associated with turnover and mixing of the hypolimnetic and epilimnetic waters (Slotton et al.,
1995). In another reservoir in Labrador, Canada, there is evidence of significant clearance in whitefish,
some in trout, but none in pike after more than 20 years since flooding (Anderson et al., 1995). In a study
of Ontario reservoirs, some of which were created more than 75 years ago, there was no pattern in the
relationship between age of reservoir and concentration of mercury in fish, with the two oldest exhibiting
background levels, but a much shallower system created 10 years later exhibiting extremely high
methylmercury concentrations (Rodgers et al., 1995). As with the lake studies, the reasons for these
differences are probably associated with differences in lake catchment, chemistry and morphology.
Focusing on the role of soil composition in determining the magnitude and duration of a reservoir
effect, soils high in sulfide content will precipitate inorganic mercury as mercuric sulfide, which is
relatively inert, even under wet, reducing conditions that occur cyclically during river flooding (Barnett et
al., 1997). A study of forest soils from a hydroelectric reservoir in Quebec, Canada, before and after
flooding demonstrated that soil iron oxy-hydroxide complexes under dry, oxidizing conditions will release
the bound inorganic mercury following flooding, when anoxic conditions set in. However, no significant
loss of bound inorganic mercury from the organic fraction of the soil was observed (Dmytriw et al., 1995).
In the ferralitic soils of a tropical rain forest, about 20% of the inorganic mercury bound to the iron oxyhydroxide complexes was released upon flooding to create reducing conditions (Roulet and Lucotte,
1995). No significant loss of inorganic mercury from the organic component of well-characterized soils
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was detected in an exhaustive leaching study (Yin et al., 1997). This effect was attributed either to the long
diffusive path through which the inorganic mercury must migrate or the presence of sulfhydryl binding
sites with extremely high affinities for mercury that will not respond to a change from dry, oxidizing
conditions to wet, reducing conditions.
Peat soils have been used to calculate absolute mercury deposition rates because the mercury in
those soils does not readily migrate from the stratum in which it was laid down (Delfino et al., 1993;
Benoit et al., 1994). After decades of draining and flooding EAA soils, there is no evidence that inorganic
mercury has accumulated through leaching into the underlying soils, suggesting that the inorganic mercury
in the soil is strongly bound to the organic fraction of the soil (Patrick et al., 1994) or is lost by some other
mechanism, perhaps evasion as elemental mercury (S. Lindberg, ORNL, pers. comm., 1996). No first flush
effect has been observed in the ENR Project which is underlain with peat soils, and no reservoir effect has
been observed in the ENR Project at any trophic level four years after flooding (SFWMD, 1998).
An excellent summary of the cycling and bioaccumulation of mercury in wetlands is contained in
Zillioux et al. (1993). In what follows, the above information is applied to develop a conceptual model of
the various influences of water quality and quantity on the mercury cycle.

The Role of Phosphorus in Mercury Cycling in Aquatic Ecosystems
Phosphorus cannot be demonstrated to directly influence methylmercury production in aquatic
ecosystems (Gilmour et al., 1998a). However, it can have an indirect influence via the carbon, oxygen,
sulfur and iron cycles. Below we develop a conceptual model of P cycling in aquatic ecosystems, focusing
on the Everglades experience where relevant information is available. P is expected to influence inorganic
mercury methylation rates and methylmercury demethylation rates through its indirect effects on water
chemistry. P is expected to influence inorganic mercury and methylmercury concentrations in water and
peat primarily through its effects on plant types, standing crop densities, production rates and
decomposition rates, which, in turn, govern sorbed mercury species settling, dilution or production in
accumulating peat and dissolved organic carbon (DOC) concentrations and properties. DOC, in turn,
affects sorption and photochemistry via complexation of inorganic mercury and the absorption of
photoactive wavelengths of sunlight. P influences methylmercury bioaccumulation through its effects on
water chemistry, plant community types, densities and productivities and the relative importance of the
autotrophic and saprotrophic or detrital sources of energy at the base of the food web. The possible
mechanisms by which P is expected to exert each of these influences are discussed below.
The Influence of Phosphorus via the Oxygen Cycle
Where total P in the water column is high, plant densities and production rates are high, as are the
densities and production rates of dead and decomposing plant matter. This decomposing plant matter takes
up dissolved oxygen from the water column. In the interior marsh during the day, plant production of
dissolved oxygen often exceeds the biochemical oxygen demand of the microbes involved in plant matter
decomposition, but this is not the case at night, when dissolved oxygen concentrations in the water column
decline precipitously and are virtually zero for most of the night (Krabbenhoft et al., 1998). Such
conditions are referred to as highly anaerobic or anoxic. Sulfate plays a role in anaerobic decomposition of
plant matter by acting as an electron acceptor (Reddy et al., 1991).
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Anaerobic conditions in the sediment favor the production of elemental mercury from inorganic
mercury (J. Qualls, U. Nevada-Las Vegas, pers. com., 1998). Methylation of inorganic mercury by sulfatereducing bacteria also occurs under anaerobic conditions (Gilmour et al., 1992); however, no measurable
methylation is occurring in the water column of the Everglades (Gilmour et al., 1998). Methylation occurs
primarily in sediments at 2 cm or more depth (Gilmour et al., 1998). Everglades sediments are generally
anaerobic even during the day in areas where P concentrations are low, also referred to as oligotrophic
areas (Orem et al., 1998). The only exception observed is in the immediate microzone of influence of the
roots of plants capable of transporting oxygen to the roots (e.g., cattail) (Chanton, 1998a, b).
There appears to be no direct influence of P on the rate of demethylation of methylmercury, but the
addition of sulfate to Everglades soil cores appears to stimulate demethylation (Marvin-DiPasquale and
Oremland, 1998). The spatial trends in demethylation of methylmercury in the Everglades from this study
are unclear.
The Influence of Phosphorus via the Carbon Cycle
Inorganic mercury and methylmercury both have a high affinity for aquatic plant matter, whether
living, dying, dead, or in the form of peat soil. Algae and mats of algae (periphyton) should therefore
absorb inorganic mercury and methylmercury directly from the water column. This phenomenon has been
observed both in the laboratory (Mason et al., 1995) and in the field in the Everglades (Krabbenhoft et al.,
1998; Hurley et al., 1998). Floating macrophytes like Water Hyacinth (Wolverton and McDonald, 1978)
and Water Lettuce (SFWMD, 1998) have also been demonstrated to take up inorganic mercury and
methylmercury directly from the water column. All other things being equal, the faster the plants grow, die
and settle to the bottom, the faster the settling plant matter should be able to remove inorganic mercury and
methylmercury from the water column (H. Hultberg, Swedish Environmental Research Institute, pers.
comm., 1996). Because P is the limiting nutrient in the Everglades, an increase in water column total P
concentrations is associated with increased plant densities and growth and decay rates and, by inference,
with lower inorganic and methylmercury concentrations in the water column.
Based on evidence from the Everglades (Reddy et al., 1991; Delfino et al., 1993; USEPA, 1998),
the rate of peat accumulation is higher where water column P concentrations are higher, all other things
being equal. If the inorganic mercury loading rate remains unchanged, then the concentration of inorganic
mercury in peat from areas where phosphorus concentrations in water are high will be lower than in low
phosphorus areas because it is diluted by the increased volume of peat. This relationship has already been
observed in the Everglades (Vaithiyanathan et al., 1996; USEPA, 1998). In the ENR Project, the
concentration of inorganic mercury in newly accumulating peat soil appears to be declining over the first
three years of operation (SFWMD, 1998). However, another process that may be contributing to the
decline of the inorganic mercury concentration in these soils is the formation of elemental mercury and its
subsequent transport out of the sediment via the roots of transpiring rooted aquatic plants (Lindberg and
Meyers, 1998).
The reduction in the concentration of inorganic mercury in peat may have ramifications for
methylmercury, as well. One of the factors that determine the rate of methylmercury production is the
concentration of inorganic mercury in the fresh peat layer. All other things being equal, one might expect
that methylmercury concentrations in sediment pore water, the overlying water column and at each link in
the food chain will be lower in enriched relative to unenriched areas of the Everglades.
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In addition to enhanced biomass production, with the attendant enhanced removal of inorganic
mercury and methylmercury from the water column, phosphorus can also influence inorganic mercury
methylation by sulfate-reducing bacteria via the carbon cycle. The affinity of inorganic mercury for DOM
in Everglades surface waters and sediment pore waters is very high (M. Reddy, USGS, pers. comm., 1998)
and the size and affinity of DOM for inorganic mercury and methylmercury is a function of its origin (G.
Aiken, USGS, pers. comm., 1997).
The first indirect effect of P on the carbon cycle in the Everglades is in the change in plant
communities (Koch and Reddy, 1992; Grimshaw et al., 1993; Koch and Rawlik, 1993; Browder et al.,
1994; Chapter 3), which changes the composition of plant tissue to be decomposed and the relative rates
of anaerobic versus aerobic decomposition of plant tissue (W. Orem, USGS, pers. comm., 1998), as well as
the corresponding rates of aerobic and anaerobic rates of production of DOM species (G. Aiken, USGS,
pers. comm., 1997). These changes, in turn, may alter the rates of production of short-chain organic
molecules required as a carbon source by sulfate reducing bacteria (R. Oremland, USGS, pers. comm.,
1998; J. Chanton, FSU, pers. comm., 1998; C. Gilmour, ANS, pers. comm., 1998). Changes in the
chemical composition of these molecules may also change their affinities for inorganic and
methylmercury, which in turn could influence the bioavailability of these species to methylating and
demethylating bacteria and algae at the base of the food web.
DOM has been demonstrated to “redissolve” mercuric sulfide (cinnabar) due to the complexing
power of the sulfur binding sites (sulfhydryl groups) on the DOM (Ravichadran et al., 1998). The extent to
which this “redissolved” inorganic mercury is available for other processes such as methylation or
reduction to elemental mercury is now under investigation.
Another way in which DOM influences the mercury cycle is by enhancing the transport of
inorganic mercury and methylmercury through sediment pore water. Although DOM diffuses through
sediment more slowly than free inorganic mercury ion, in fact, the inorganic mercury ion is not free,
because it interacts with the solid peat substrate, slowing its migration out of the sediment. This is not the
case with DOM-bound inorganic ion, which exchanges only reluctantly with the binding sites on peat soil.
The result is that the diffusion rate of inorganic mercury bound to DOM may exceed that which is
exchanging with binding sites on the peat soil.
The upward flux of DOM bound mercury may be enhanced or retarded by the direction and
magnitude of groundwater seepage through the peat. The interaction of groundwater seepage and pore
water complexation processes is under active investigation in the ENR Project (S. King, USGS, pers.
comm., 1998). Upwelling increases the flux of DOM-bound inorganic mercury and methylmercury
complexes out of the sediment into the overlying water where they can enter into a variety of processes,
which, for methylmercury, includes transformation back to inorganic mercury by sunlight or bacterial
action or sorption to plant tissue with subsequent bioaccumulation up the food chain.
DOM influences the mercury cycle through its influence on the reactions of inorganic mercury and
methylmercury in the dark and in sunlight. As noted above, DOM forms complexes with inorganic
mercury and methylmercury ions. When these complexes interact with the appropriate wavelengths of
sunlight in water, the inorganic mercury ion, Hg(II), may form elemental mercury, (Xiao et al., 1994, 1995)
which is believed to have little affinity for DOM and is liberated from the complex. This reaction may also
occur in the dark, but at a slower rate. Because DOM also acts as a sunscreen, absorbing wavelengths of
sunlight that might otherwise stimulate a chemical reaction, it may reduce the rate of production of
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elemental mercury or the demethylation of methylmercury by sunlight (photodemethylation). It is also
possible that methylmercury bound to DOM is more resistant to transformation back to inorganic mercury
by chemical and biological processes. The sunscreen effect of DOM may also reduce the concentration of
photoxidants produced by incident sunlight and thus the reoxidation rate of elemental mercury. Because
the intensity of these readily absorbed wavelengths decreases with increasing water depth, DOM provides
a direct link between the hydrology and water chemistry of the system.
Ultimately, it is the balance among these competing processes of photosensitive and
photoinsensitive processes mediated by DOM that determines the net rate of production of elemental
mercury and methylmercury from inorganic mercury during the day and at night. All of these known and
potential effects of DOM are under active investigation in the Everglades.
The Influence of Phosphorus via Changes in Ecosystem Quantity and Quality
Quantity Effect (Biodilution): All other things being equal, if the rate of methylmercury
production per unit area is a constant, then the amount of methylmercury available for bioaccumulation in
aquatic animals in any given area of an aquatic ecosystem in any given time span is a constant. If an
increase in water column P increases plant densities and growth rates and, providing there is sufficient
dissolved oxygen, this, in turn, supports greater animal densities at each trophic level of an aquatic
ecosystem without affecting the methymercury production rate, then this constant amount of
methylmercury will be diluted amongst more plant and animal standing crop mass (biomass), so that the
concentration of methylmercury in any particular portion of that biomass at each level in the food chain is
lower than it was before the addition of the excess P. Thus, where the biomass production at each trophic
level in a lake is high, methylmercury concentrations in organisms at each trophic level are generally low
(D'Itri et al., 1971; Hakanson, 1980; Rodgers and Beamish, 1983; Hakanson et al., 1988; Lathrop et al.,
1989). This is the so-called “biodilution effect” (Hakanson, 1980). The biodilution effect may be
operative in Florida lakes, because highly eutrophic lakes like Okeechobee and Apopka do not have a
mercury problem in top-predator fish, while more pristine lakes with the similar rates of atmospheric
deposition do (Lange et al., 1993). It has also been suggested that the biodilution effect is occurring in the
remnant northern Everglades in the zone of P impact immediately downstream of the S-10 structures in
WCA-2A, where methylmercury concentrations in mosquitofish are low (PTI, 1994).
However, others have argued that the phenomenon of biodilution is not the explanation for the
observed inverse relationship between eutrophic conditions in lakes and methylmercury concentrations in
top-predator fish and question the applicability of results from lakes to marsh ecosystems (Watras, 1995).
In fact, in Little Rock Lake, WI, methylmercury in top-predator fish increased as production increased
(Wiener, 1986), probably as a consequence of the relationship between production, pH and methylmercury
dynamics (Watras, 1995). In the Florida lake study, pH, alkalinity and calcium were more strongly
inversely correlated with mercury concentrations in largemouth bass than with total P (Lange et al., 1993).
In the Everglades along the WCA-2A nutrient gradient, the water is buffered against acidity changes
caused by increased production. In addition, due to the effect of cattail shading, the periphyton densities
and production rates are not proportional to the water column total P concentrations, thus uncoupling water
column total P from the most common index of excess production. Moreover, the observed decrease in
methylmercury concentrations in mosquitofish with increasing total P in the water column has been
attributed primarily to the presence of excess sulfide in sediment pore water due to the presence of high
concentrations of water column sulfate, not a biodilution effect (C. Gilmour, ANS, pers. comm., 1998).
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Quality Effect (Change in Trophic Structure): In addition to reducing the quantities of biomass at
each trophic level, a decrease in the limiting nutrient can also affect the quality of biomass at each trophic
level by fostering community shifts from species that thrive in high nutrient environments to species that
thrive in low nutrient environments and vice versa. With this shift to low-nutrient plant communities
comes a shift in the organisms that feed on them. In addition, lower total P concentrations are associated
with higher dissolved oxygen concentrations, which support a wider variety of species at each trophic
level, including the more desirable sport fish species like largemouth bass at the top of the food chain.
Where predators at each trophic level can feed on more species at the next lowest trophic level, their
methylmercury bioaccumulation factors will increase and this increase will propagate and magnify at each
successive link in the food chain. This feeding preference shift to a higher percentage of higher trophic
level organisms in the diet has the effect of increasing methylmercury bioaccumulation.
The Role of Sulfur in the Cycling of Mercury in Aquatic Ecosystems
The sulfur cycle in aquatic ecosystems is highly complex (Bauld, 1986), involving chemical and
biochemical reactions that consume or produce sulfate, sulfide and sulfur. Under anaerobic conditions in
sediment, sulfate-reducing bacteria take up sulfate ion (SO4) to oxidize organic carbon. In the process,
sulfate is reduced to sulfide (Faque et al., 1991). This is analogous to animals breathing in O2 to oxidize
food (organic substrate). In general, in the absence of dissolved oxygen, the activity of these organisms is
determined by the concentration of SO4 and organic substrates in sediment pore water and the ambient
temperature. Such conditions are found throughout the Everglades. Sediments are generally anoxic, either
throughout the profile or within micro-niches.
Sulfate concentrations in the northern Everglades are more than sufficient for rapid sulfate
reduction. Sulfate concentrations in WCA-2A often exceed 30 mg/L, while sulfate reducers thrive even
below 1 mg/L (Gilmour et al., 1998a). In central and southern WCA-3A and Everglades National Park (the
Park), sulfate concentrations can be extremely low (<0.5 mg/L), but it appears that rapid recycling of sulfur
through photosynthetic sulfide oxidation maintains enough sulfate to support rapid microbial sulfate
reduction. Organic substrate availability is also high, supplied through the growth and decay of plants.
Therefore, at least in the northern Everglades, sulfate reduction is rapid and probably not currently limited
by sulfate supply (C. Gilmour, ANS, pers. comm., 1998).
While sulfate-reducing bacteria are important methylators of inorganic mercury, the product of
their metabolism, sulfide, can be demonstrated to inhibit the methylation reaction, but the mechanisms,
whereby sulfide inhibits Hg methylation are not clear. In the northern and central Everglades, the
concentration of sulfide in pore water appears to be a better predictor of Hg methylation rates and MeHg
concentrations in sediments than is sulfate (Gilmour et al., 1998b). This may be because sulfate is always
present in excess of its limiting concentration or because the inhibition of methylation by sulfide has a
stronger effect on methylation than the control of sulfate reduction rates by sulfate. Phosphate has no direct
effect on the activity of sulfate reducing bacteria or the rate of Hg methylation. However, as described
above, P can indirectly influence the production of methylmercury by influencing the rate of production of
plant biomass and hence the supply of organic matter to bacteria. Phosphate-driven eutrophication also
enhances anoxia and sulfide production, which limits inorganic mercury methylation (C. Gilmour, ANS,
pers. comm., 1998).
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The present-day supplies of both phosphate and sulfate to the Everglades exceed natural and
historical supplies (Orem et al., 1998; Chapter 4). High sulfide concentrations produced under anoxic
conditions in sediment inhibit methylmercury production. These conditions are found in WCA-2A in the
P-impacted area immediately downstream of the S-10 structures and in the ENR Project. Intermediate
sulfate concentrations, or conditions that favor rapid sulfide oxidation, however, favor methylmercury
production. These conditions are found in central WCA-2A and WCA-3A.
This is the essence of the sulfide hypothesis and the explanation for the observed spatial
distribution of methylmercury production rates and concentrations in sediment pore water, surface water
and biota. The District considers the sulfide hypothesis to be the most self-consistent explanation for the
observed pattern of methylmercury contamination of the Everglades. The status of the Park and southern
WCA-3A with regard to sulfate, sulfide and methylmercury production remains under study. Very low
sulfate and phosphate concentrations may or may not limit the activity of sulfate reducing bacteria and
hence inorganic mercury methylation in the most pristine Everglades (C. Gilmour, ANS, pers. comm.,
1998).
The Role of Iron in Mercury Cycling in Aquatic Ecosystems
Iron with formal oxidation state II or III predominates in waters low and high in dissolved oxygen,
respectively. Although free iron species may be present in significant concentrations under highly acidic
and anoxic conditions (Stumm and Morgan, 1970), this is not the case near neutral pH under oxic
conditions, in which iron forms oxy-hydroxide complexes with a high affinity for positively charged metal
species, including inorganic mercury (Dmytriw et al., 1995). When oxic soils are flooded, conditions
change from oxic to anoxic, resulting in the dissolution of the iron oxy-hydroxide complexes, which
releases the inorganic mercury for chemical and biochemical reactions, including methylation (Dmytriw et
al., 1995). Recent studies in Lake Superior have demonstrated the ability of dissolved Fe(III) to
significantly increase the photoproduction of elemental mercury in surface water under oxic conditions
(Hong and Lindberg, ORNL, pers. comm., 1998).
Iron influences the mercury cycle through the sulfur cycle by forming a Fe xSy polysulfide
complex or as FeS, which is very stable precipitate under a variety of anoxic ambient freshwater
conditions. By sequestering the S= produced by sulfate reducing bacteria in one of these two ways, the
presence of Fe(II) may alter the concentration of the neutral polysulfide complex of inorganic mercury that
is believed to determine the rate of inorganic mercury methylation by sulfate-reducing bacteria under
anoxic conditions. However, the Everglades peat soils are naturally deficient in Fe (Snyder, 1992), but the
importance of this to the Everglades mercury cycle remains to be learned.
In enriched surface waters, the daily cycle of enrichment and then depletion of dissolved oxygen
with the photosynthetic cycle of plants can be matched by the shift from a Fe(II) to Fe(III) predominance
during the day and Fe(III) to Fe(II) predominance at night. This links the iron cycle to the oxygen, carbon
and phosphorus cycles. Photoreduction of Fe (III) to Fe (II) has also been observed in highly humic water
(Miles and Brezonik, 1981). This links the iron cycle to the sun cycle.
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What is the Significance of the Everglades
Mercury Problem?
This section describes the nature, magnitude, and extent of the Everglades mercury problem, and
summarizes our current understanding of mercury as an environmental contaminant with health
implications for both humans and wildlife.

Full Enjoyment of the Sport Fishery is No Longer Possible
In 1989, the results of a joint monitoring project by the DEP, Game and Fresh Water Fish
Commission, and Department of Health indicated that largemouth bass from several locations in the
Everglades averaged approximately 2.4 parts per million (mg/Kg) of mercury in the edible portion of the
fish (Wave et al., 1990). By comparison, the Department of Health action level for limited human
consumption is 0.5 ppm and that for no consumption is 1.5 ppm. This led to the issuance of a series of
health advisories by the state Health Officer beginning in March 1989 that eventually encompassed all of
the Everglades, Big Cypress National Preserve, and eastern Florida Bay (Strom and Graves, 1995). These
advisories recommend no consumption of a number of sport fish species caught from Water Conservation
Areas 2 and 3 and limited consumption for several species of fish caught from Water Conservation Area 1
(the Refuge), Big Cypress National Preserve, and eastern Florida Bay.

Human Health Effects from Everglades Mercury Exposures Remain a Concern
What are the known and potential consequences of mercury in the Everglades on human health?
Based upon current knowledge of mercury toxicity, there are no direct effects to human beings from
drinking or contact with waters containing the levels of inorganic mercury and methylmercury that are
found in the Everglades (WHO, 1976; USEPA, 1980; WHO, 1990; Clarkson, 1994; USEPA, 1997). The
only quantitatively significant pathway for methylmercury to exert its toxic effects on humans by
consumption of predators high in the food chain, which have bioaccumulated high levels of mercury. If
humans, particularly pregnant women, were to eat sport fish from the Everglades, they would be at risk
from methylmercury toxicity (USEPA, 1997). Signs at some water access points warn of these effects.
Literature prepared by the Game and Fresh Water Fish Commission for distribution with fishing licenses
also contains these warnings.
No documented adverse human health impacts from environmental methylmercury exposures are
known in South Florida. Studies of people eating fish caught in South Florida carried out by the University
of Miami (Fleming et al., 1995) and the Centers for Disease Control (CDC, 1994) found that mercury body
burdens were proportional to fish consumed, but not sufficiently elevated to cause toxicity. However, these
studies had limited representation of subsistence fishermen.

Wildlife Effects from Everglades Mercury Exposures May be Problematic
The high concentrations of methylmercury in largemouth bass could potentially interfere with egg
viability (J.Wiener, USGS, pers. comm., 1997), but the studies planned to address such effects have not yet
been conducted. Fish-eating top predators like the alligator (Heaton-Jones, et al., 1997), the otter (FPIC,
1991), the raccoon (FPIC, 1991), and the Great Egret (Frederick et al., 1997) are exposed to high mercury
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concentrations in Everglades fish and all have been shown to bioaccumulate methylmercury to high levels
in some locations. However, there is as yet no evidence of adverse effects on reproductive success in any of
these species in any location that can be attributed to methylmercury exposure. In some instances, for
example for the otter, this is because no such studies have been conducted, and in other instances, for
example for wading birds, the evidence is ambiguous.
The Florida panther exhibits a preference for hog and deer (Roelke and Glass, 1992) but under
some circumstances will feed on the raccoon (Roelke and Glass, 1992), an animal that is linked by its
feeding preferences to the aquatic food web and may bioaccumulate high concentrations in mercury,
depending upon diet and feeding location. Thus, panthers that feed on raccoons may bioaccumulate
mercury, as well (FPIC, 1989). Mercury contamination of Florida panthers has been documented, with the
highest levels observed in animals examined in the southern Everglades in the late 1980s and early 1990s.
Elevated mercury levels were documented in three panthers that died in Everglades National Park in the
period 1989-1991. Clinical symptoms of mercury toxicosis were not evident, but mercury contamination
could not be ruled out as a contributing cause of death. Effects of mercury on the panther population and
reproductive success are unknown. Recent data suggest that mercury levels in these populations have
declined substantially over the last decade (T. Logan, FGFWFC, pers. comm., 1998). A comprehensive
review of Florida panther mercury monitoring data for the last 10 years and an assessment of the risks
posed by methylmercury exposure will be conducted during 1999 (T. Logan, FGFWFC, pers. comm.,
1998).
Based on studies conducted by Peter Frederick, Marilyn Spalding, and co-workers at the
University of Florida, high concentrations of mercury have been found in a variety of organs and tissues
from the Great Egret. Methylmercury in the diet of individual birds may be sufficient to produce
chronically toxic effects (Zillioux et al, 1993), but there is as yet no definitive evidence of effects at the
population level (Frederick et al., 1997). There have been no systematic studies of Florida Bay bird
colonies for mercury effects, but in a reconnaissance study, mercury concentrations in cormorant livers
ranged from virtually non-detectable to almost 200 mg/kg (Powers, 1994; Sepulveda et al., 1996). There
has been an estimated 90% decline in wading bird populations in South Florida since the mid-1930s. While
loss in habitat area and quality is believed to be the primary cause (SFWMD, 1992), methylmercury
toxicity has not yet been ruled out as a contributing factor. Ongoing studies supported by the DEP continue
to examine the effects of methylmercury on the various species of Everglades wading birds. The
culmination of this work will be a large, regional, population-based study of the effects of mercury on
wading bird reproduction and survival, presuming that a suitable species can be selected and multi-agency
funding secured.

Does the Florida Class III Water Quality Standard for Total Mercury Need Revising?
In the early 1990s, Florida adopted as its Class III numerical Water Quality Standard the mercury
criterion for surface water recommended by the USEPA, which is 12 parts per trillion (ng/L). USEPA
Region 4 collected water, fish, and sediment samples semi-annually in May and September at about 50
sampling sites in the Everglades canal system in 1993-94 (Figure 7-1a) and at about 150 sites in the
interior marshes (Figure 7-1b) in 1995-1996 using new sampling and analytical methods for ultra-trace
mercury analysis. From 1994-97, the District also assisted USEPA Region 4 in collecting biweekly water
samples for total mercury and methylmercury analysis at eight structures in the Everglades canal system.
No samples exceeded 12 ng/L (J. Stober, USEPA Region 4, pers. comm., 1998). In 1997 the District began

7-27

Chapter 7: The Everglades Mercury Problem

Everglades Interim Report

quarterly monitoring of nine structures in the Everglades canal system (see Figure 6). The data obtained by
the District to date are consistent with the USEPA results.
These water quality data demonstrate that mercury concentrations in the Everglades Protection
Area are consistently below the Florida mercury criterion of 12 ng/L (USEPA, 1998). Despite the fact that
the criterion is not being routinely exceeded, it has been necessary to issue public health advisories for
human fish consumption. In addition, fish-eating birds (Frederick et al., 1997) and other animals (Fink and
Rawlik, 1998) are exposed to potentially harmful levels of methylmercury in their diet. The high
concentrations of methylmercury in Everglades preyfish species may be toxic to wildlife like fish-eating
birds, including the anhinga, and fish-eating mammals, including the otter (Fink and Rawlik, 1998).
Ongoing studies are intended to determine whether such toxic thresholds have been crossed.
There is now widespread belief that the recommended Standard is not adequate to protect human
health and wildlife populations where methylmercury concentrations and bioaccumulation factors are
high, as is the case in the Everglades. Recognizing this, the USEPA has stated its intent to initiate rule
making to develop a more appropriate water quality criterion (J. Perciasepe, Assistant Administrator for
Water, USEPA, pers. comm., 1996) to guide the states in promulgating updated Water Quality Standards
for mercury. To support to development of a revised Everglades Water Quality Standard for mercury,
monitoring and research in the area should be expanded, especially as regards wading bird feeding
behaviors and susceptibilities to methylmercury toxicity.
The DEP has determined that Health Department warnings about fish consumption impair the
designated beneficial use of recreation that applies to these Class III waters. Because those waters do not
exceed the existing Standard, but are use-impaired, the Standard is inadequate and must be revised. Studies
are underway to define a criterion for methymercury that is adequate for both human fish consumption and
the propagation and maintenance of a healthy, well-balanced population of fish and wildlife.

Can the Sources of Everglades Mercury be
Adequately Controlled?
Mercury levels in the Everglades have increased substantially in the 20th Century, most probably
as a result of human activity. A comparison of surface water inputs with atmospheric inputs indicates that
at present more than 95% of the new mercury entering the Everglades each year is from the atmosphere.
Determining how much of this contribution comes from local versus global sources is a difficult scientific
problem. Initial studies of atmospheric mercury are nearing completion and others are planned to more
completely address this question. Although the District and DEP have limited influence on the availability
of previously deposited mercury for recycling back into the Everglades ecosystem, modeling suggests that
the natural creation of fresh peat should be able to bury previously-deposited mercury beneath the zone of
maximum methylation in a timeframe of decades, not centuries.
To put the potential sources of Everglades mercury contamination into perspective, first a
summary of the worldwide trends in mercury accumulation is presented followed by trends in the
Everglades. Next, the contributions to the annual Everglades mercury load from EAA stormwater runoff,
rainfall, and dry deposition are quantified. Then the evidence regarding the contributions of local versus
global sources of atmospheric deposition to the Everglades is considered. Finally, several new studies,
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which are just underway, are discussed to quantify the relative contributions of the most significant air
source categories. Ultimately, the results of these new studies will guide source control decision-making.

Historical Trends of Mercury Worldwide
Since the advent of the Industrial Revolution, atmospheric emissions and deposition back to the
earth's surface have increasing substantially. Present-day emissions to the atmosphere are thought to be
approximately five times the pre-industrial, background rate (USEPA, 1997). The major sources are
combustion of fossil fuel, particularly coal, and municipal and medical waste incinerators. Other sources
are mining and smelting of mineral ores, including mercury ore, and the use and disposal of mercurycontaining goods (USEPA, 1997). Globally, mercury concentrations in the air over sites remote from local
air emissions sources are increasing (Slemr and Langer, 1992; Hultberg et al., 1994) and have increased
about three-fold over pre-industrial background levels (Fitzgerald, 1989). Atmospheric deposition to those
environments is high (Rada et al., 1989; Swain et al., 1992; Hultberg et al., 1994). Pristine lakes from
remote regions exhibit high concentrations of total mercury in top-predator fish and the terrestrial
organisms that consume them (Hakanson et al., 1988; Fitzgerald and Watras, 1989; Lathrop et al., 1991).
In some heavily populated, industrialized regions, there has been up to a 10-fold increase in mercury
deposition (Mercury Atmospheric Processes Expert Panel, 1994). The greatest increases in deposition are
in industrialized regions and reflect both increased total emissions and the enhanced local deposition rate
caused by particulate and reactive forms of mercury that do not enter the global cycle. However, in a
radiodating study of a ombrotrophic peat bog cores in rural Minnesota, Benoit et al. (1994) concluded that
mercury deposition has actually declined beginning in the 1960s. A similar pattern may have been
observed in Florida Bay sediment cores (T. Atkeson, DEP, pers. comm., 1997).

Historical Trends of Mercury in the Everglades
The DEP, District and USGS sponsored studies of the profiles of mercury in Everglades soils. Dr.
Joseph Delfino and his students of the University of Florida collected and sectioned approximately 50 soil
cores from the three WCAs and Everglades National Park. Using the activity of an isotope of lead, Pb210,
produced in the hydrogen bomb blasts of the early 1960s as a date reference, they developed a relationship
between peat depth and time of deposition. Dates were corroborated using an isotope of cesium, 137C, also
originating with hydrogen bomb testing. The sections were analyzed for total mercury concentration and,
together with the estimated sediment accumulation rates, the scientists were then able to reconstruct the
historical profiles of mercury accumulation rates in the Everglades from approximately 1900 to 1990.
Although the results between sites were highly variable, on average the mercury accumulation rate in
Everglades peat appeared to increase approximately five-fold since the late 1800s (Rood et al., 1996).
Thus, the DEP and the District have concluded that the Everglades is a mercury-contaminated system, with
mercury concentrations in modern peat well above pre-industrial background.

Surface Water Discharges of Mercury into the Everglades
From February 1994 through February 1997, the District assisted USEPA Region 4 with biweekly
collections of water quality samples representative of Lake Okeechobee and EAA discharges at seven of
the District's major structures. Samples were collected using clean technique for ultra-trace analysis of
total mercury and methylmercury by Florida International University. No significantly elevated
concentrations were evident in the District's canals, and the total annual load of total mercury into the
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northern Everglades from the EAA was in the range of 1 to 4 Kg/yr (USEPA, 1998), which is less than 5%
than the amount estimated to be deposited on the Everglades by bulk rainfall (see below). In May 1997, the
District expanded the mercury monitoring network to nine structures, but the frequency of collection was
reduced to quarterly. This monitoring program is now a requirement in permits issued for each of the STAs
and for the so-called “non-ECP” structures. Based on the first full year of monitoring, an apparent seasonal
influence of inorganic mercury deposition from rainfall on surface water quality has been observed in
Everglades canals, with both inorganic mercury and methymercury concentrations increasing in the
summer and fall wet season and decreasing in the winter and spring dry season.

Mercury in Rainfall
From 1992 through 1996, the DEP, the District and others co-funded the Florida Atmospheric
Mercury Study (FAMS), conducted by Dr. William Landing of FSU, Dr. Gary Gill of Texas A & M and Dr.
Curtis Pollman of Tetra-Tech (Guentzel et al., 1995). The FAMS monitoring sites are depicted in Figure 72. FAMS monitored mercury concentrations in wet and bulk deposition, mercury on particles, and total
gaseous mercury concentrations (mostly elemental mercury) in air at seven, 48-ft. towers in southern
Florida through December of 1996. Samples were collected over a month-long period to integrate wet,
bulk, and particulate mercury deposition over a relatively long period of time. This study focused on wet
deposition and provided little information about dry deposition, which is not likely to be captured
efficiently even by the bulk rainfall collector (J. Keeler, UMAQL, pers. comm., 1996). FAMS results
demonstrated that there is little mercury on atmospheric particulate matter. It also demonstrated that the
mercury concentration in rain was considerably higher during the wet season than during the dry season
and had a volume-weighted annual average concentration of about 14 ng/L for the six sites near the
Everglades (Guentzel, 1997). This equates to a rainfall deposition rate of about 21 µg/m2/yr1, which is
about twice the rate reported for northern Wisconsin (Vandal et al., 1995). Assuming this is a
representative value over the entire 3,150 square miles of the remnant Everglades, this is equivalent to an
annual atmospheric wet deposition of approximately 140 kg/yr (USEPA, 1998).

Mercury in Dry Deposition
As discussed in the The Mercury Cycle section, mercury in air may be deposited on water, soil, or
plant surfaces in rainfall, on settling dust, or in one of two gaseous forms: elemental mercury and reactive
gaseous mercury or RGM. Due to its volatile nature, elemental mercury tends to adsorb to and be reemitted from surfaces relatively rapidly, and, due to its relatively low concentrations and low reactivity, it
may be of little environmental significance until it is converted to RGM. RGM, on the other hand, has a
high affinity for surfaces and readily deposits on them, even without the assistance of settling dust. This
dry deposition is in contrast to wet deposition, in which RGM is scavenged from the air by cloud formation
or rain. Using the best estimates presently available for RGM air concentrations and deposition rates,
together with cattail and sawgrass leaf turnover rates, one can estimate a dry deposition rate for mercury to
the Everglades that is up to double the wet deposition rate (W. Landing, FSU, pers. comm., 1996). This
may explain the discrepancy between the average mercury deposition rate obtained by Delfino et al.,
(1993) in the radiodated sediment core study of about 45-50 µg/m2/yr and that obtained in the FAMS study
of 21 µg/m2/yr.
Dry deposition has not been extensively studied because of the difficulty of measuring it and the
literature and present estimates of its abundance and properties are few and highly uncertain. DEP and
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USEPA have developed new methods to measure RGM in air. Direct and rapid measurement of RGM will
be essential to understanding the contributions of local emissions sources to Everglades mercury
deposition. Field measurements of RGM and its deposition began in August 1998 and will continue
through 1999.

Estimation of Mercury from Local Sources
A screening-level inventory of air emissions sources in Florida indicated that there are a number of
significant sources in Broward and Dade counties (KBN, 1992). The South Florida Atmospheric
Monitoring Pilot Study was conducted to more accurately quantify mercury emissions from representative
local air sources in South Florida. This effort was a one-month intensive study of a municipal waste
incinerator, a medical waste incinerator, and a cement kiln located in Dade or Broward Counties, coupled
with intensive ambient measurements at 17 monitoring sites in the wind sector downwind of the sources.
The conclusions that can be drawn from this preliminary study are: (1) local municipal and medical waste
incinerator emissions account for between 250 and 500 kilograms per year of mercury air emissions in
South Florida; (2) RGM, the predominant species in both rainfall and dry deposition, was present in
emissions from these sources in much greater proportions than previously believed; and (3) local sources
have the potential for significantly affecting mercury deposition on the Everglades (Dvonch et al., 1995;
Dvonch et al., 1998; Dvonch, 1998). A more extensive study is planned.

The Potential Efficacy of Local Source Control
Significant reductions in local air emissions of mercury have occurred as a result of regulation of
municipal solid waste incinerators and further reductions are anticipated in response to DEP rules
precluding the disposal of the mercury-containing wastes like batteries and fluorescent lights destined for
municipal incineration. Similar rules will also reduce the mercury emissions from medical waste
incinerators. Additional emissions controls could then be required to reduce emissions still further to meet
Everglades water quality restoration objectives. However, if local source emissions are not making a
significant contribution to Everglades contamination, with what justification could these additional
emissions controls be mandated? Thus, it is first critical to establish the link between local air emissions
sources and Everglades mercury contamination. Unfortunately, our current knowledge of mercury sources
and the effectiveness of source control are too limited to make the required predictions with the desired
confidence at this time. This is now the focus of follow-up studies co-funded by the DEP and USEPA.

Can Management of Water Quantity and
Quality Reduce Mercury Risks?
In this section, an attempt is made to identify possible manipulations of Everglades water quantity
or quality that might be able to reduce methylmercury production, bioaccumulation, and exposure to
acceptable levels. However, based on the present level of understanding and in the absence of a complete
mathematical model with the required linkages between Everglades water quantity and quality and the
mercury cycle, this analysis must be considered educated speculation at present. As the uncertainties in the
basic understanding of the processes that govern mercury methylation and bioaccumulation in the
Everglades are reduced over the next several years and the Everglades Mercury Cycling Model is
completed, this section will be revised as needed.
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Managing Methylmercury Production and Transport through Hydrological Controls
Based on the conceptual model of mercury cycling in aquatic ecosystems developed in the The
Mercury Cycle section, an increase in hydraulic residence time should result in an increase in
methylmercury concentrations in the water column at a constant rate of production of methylmercury per
unit area of sediment. However, there is a link between water flow and depth based on the resistance to
flow by the bed and vegetation over and through which the water passes. If flow and depth increase or
decrease simultaneously, the effect on hydraulic residence time and thus methylmercury concentrations is
less clear. Pulsed inflows and outflows or hydrologic short-circuiting further complicate this relationship.
In addition to effects on retention time, flow and depth affect the transport of oxygen from the air to the
sediments. Dissolved oxygen is involved in the biogeochemistry of mercury methylation in several
important ways. Flow and depth also affect water temperature in the marsh. These are complex
relationships. Absent the results from a calibrated model of the Everglades that links hydrodynamics to
particle transport and water chemistry, the prediction of the effect of depth, flow, or both simultaneously on
water column methylmercury concentrations must be considered highly speculative.
Some of the results of the USEPA study of the Everglades mercury problem (USEPA, 1998)
indicate that methylmercury concentrations in water and fish in WCA-3A are highest in the dry season,
when water depths drop and flow is virtually nonexistent. The extremely long hydraulic residence times
arising from these conditions can be considered the equivalent of standing water, in which circulation and
mixing are wind-induced, not flow-induced. A similar pattern has emerged in the mass budget studies in
the ENR Project, where methylmercury concentrations in the supply canal and the discharge canal appear
to increase when the canals are stagnant and decrease when the pumps are running. However, the opposite
pattern is observed in the ENR Project in open water areas following the onset of the intense, highly
contaminated summer rainfall, with methylmercury concentrations peaking four to eight weeks later and
mosquitofish concentrations peaking in the following quarter (SFWMD, 1998).
Water depth may also affect water chemistry by another mechanism. An increase or decrease in
water depth may decrease or increase the wind-induced agitation of the sediment and mixing of the water
column, resulting in a decrease or increase in the dissolved oxygen concentration in the water column at
any depth. Thus, deeper water may result in lower dissolved oxygen concentrations, especially near the
sediment-water interface during the day and throughout the water column at night when plants switch from
being oxygen producers to oxygen consumers. This may increase the rate of inorganic mercury
methylation by sulfate-reducing bacteria that require an oxygen-free environment in the surficial
sediments.
Due to the high concentrations of dissolved organic matter (DOM) present in EAA runoff and
northern Everglades water (Chapters 4 and 3), increased water depth will reduce the penetration of the
photoactive wavelengths of light through the water column (G. Aiken, USGS, pers. comm., 1997). Light
reduction will have the probable effect of reducing the rate of photodemethylation of methylmercury (D.
Krabbenhoft, USGS, pers. comm., 1997) and the photoproduction of elemental mercury (S. Lindberg,
ORNL, pers. comm., 1997).
Water depth also affects the interaction of surface water and ground water. At some locations in the
northern Everglades where the confining layer never formed or has been breached by human activity (e.g.,
canal construction), the head difference between adjacent impoundments can cause surface water to seep
down into the peat and calcareous rock formations and under levees only to well up at other locations at
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lower head (Harvey et al., 1998). When the direction of seepage is downward, the concentration of
inorganic mercury in the peat pore water may be more strongly determined by the concentration in the
overlying water than by equilibrium partitioning amongst pore water phases. In addition, readily
exchangeable fraction of inorganic mercury in the peat soil may be leached into the underlying soil and
thence the surficial aquifer. Methylmercury produced at the soil-water interface may be transported
(advected) into the peat in competition with diffusion into the overlying water. This would have the net
effect of reducing the influence of peat methylmercury production on the concentration of methylmercury
in the overlying water column.
Where the direction of ground water movement is up through the peat into the overlying water
column, methylmercury production may be enhanced by increasing the rate of supply of bioavailable
inorganic mercury, carbon substrate, or sulfate oxidizer or suppressed by increasing the concentration of
sulfide in pore water. Once produced, the methylmercury will be advected into the water column in the
same direction as the diffusion gradient, enhancing the influence of the underlying peat on water column
methylmercury concentrations.
The study of groundwater-surface water interactions and their influence on methylmercury
production and transport is now the focus of a University of Wisconsin doctoral dissertation by Sue King
of the USGS (S. King, USGS, pers. comm., 1997). King is conducting this work in conjunction with
groundwater transport studies being carried out in the ENR Project and WCA-2A by Judson Harvey of the
USGS (Harvey, 1998).

Managing Methylmercury Exposure through Hydrological Controls
Water depth may affect feeding rates and food web relationships and, in this way, affect the
bioaccumulation of mercury by Everglades biota. Water depth is thought to affect the rate of growth of fish
in the Everglades, with deeper waters favoring increased growth rates and shallower waters favoring
slower growth rates (T. Lange, Game and Fish, pers. comm., 1996; Chapter 4). Shallow waters will have
the effect of crowding the fish into deeper pools, and crowding is known to reduce growth rates in fish. In
addition, shallow waters limit access of large fish to their prey. This may result in reduced feeding rates or
prey switching. Shallow waters will also tend to be warmer, and warmer water results in an increase in fish
metabolism, with increased feeding rates, which can increase the bioaccumulation of methylmercury.
Higher rates of fish feeding and respiration, coupled with slower growth rates, are likely to result in an
increase in methylmercury concentrations in the fish (Norstrom et al., 1976; Rodgers, 1994). This effect
could be amplified by an increase in methylmercury concentrations in these shallow, stagnant pools. The
opposite effect is expected to occur in deeper water. These natural cycles in the concentrations of
methylmercury in fish tissues related to the hydrology of the system complicate the identification and
interpretation of long- term trends in overall methylmercury exposures in the Everglades ecosystem.
Where the depth is too great, wading birds will not feed (D. Gawlik, SFWMD, unpublished data,
1997); thus, they will not be exposed to whatever mercury their prey contains in these locations. On the
other hand, in areas where vegetation types and densities do not preclude access, shallow water depths
favor foraging by wading birds. If shallow pools facilitate methylmercury production as speculated above,
wading birds foraging there during low-water conditions might be more exposed. However, the
consequences of this may not be serious because of the wide-ranging nature of wading birds and the long
half-life of methylmercury in their bodies that integrates and averages exposures over many months. The
exception to this might be in consecutive years of extended drought and extended flood over all of South
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Florida, when average methylmercury concentrations in the wading birds that did not migrate from the
area might be expected to increase and decrease, respectively. If they occur, these natural cycles in the
concentrations of methylmercury in wading bird tissues related to the hydrology of the system will
complicate the identification and interpretation of long-term trends in overall methylmercury exposures in
the Everglades ecosystem.
While the qualitative predictions given above may be helpful in the design of further studies, it is
not now possible to quantify the relationship between stage-duration at a particular location and the
magnitude of methylmercury increase or decrease in a particular fish species due to these depth-related
phenomena. Also, correlation between depth-duration and methylmercury concentrations in fish obtained
in the interior marsh would not necessarily apply to wide-ranging fish with access to the canals such as gar
and largemouth bass. This is also true of wading birds. Thus, the accurate, quantitative prediction of the
effect of stage-duration (hydroperiod) changes on methylmercury bioaccumulation in fish and wading
birds is beyond the state of the science at this time.

Managing the Methylmercury Production and Bioaccumulation via Water Quality Controls
Water quality in the discharges from District structures to the Everglades will be affected through
upstream treatment in STAs and any additional treatment that may be associated with them. STAs will
remove phosphorus and nitrogen and will otherwise alter the quality of runoff discharged into the
Everglades Protection Area in many ways that may affect the biogeochemistry of mercury methylation.
The relationship between hydrology and chemistry is summarized above. The effect of the reduction of
downstream loadings and concentrations of phosphorus will be taken up in the next section on the effects
of the STAs on mercury risks within their borders and downstream. The potential effects of changing EAA
soil amendment practices with sulfur and iron is taken up here, along with the possibility of chemical
addition of sequestrants and detoxicants like selenium to treated EAA runoff prior to discharge to the
Everglades.
Sulfate is important because it is an obligatory substrate for the sulfate reducing bacteria that
create methylmercury. Sulfide, which is a product of the metablism of sulfate reducing bacteria, may be
essential in low concentrations for entry of inorganic mercury into the bacterial cell. In higher
concentrations, sulfide may render inorganic mercury unavailable. Thus, sulfide may facilitate or inhibit
methylmercury production depending upon concentration (Gilmour, 1997). Sulfide production and its
destruction or recycling into sulfate may be related to phosphorus levels and eutrophication.
Studies carried out by Orem et al. (1998) on the isotopes of sulfur in various potential source
waters have allowed them to distinguish the relative contributions of rainfall, groundwater, and EAA
stormwater runoff to the sulfate concentrations present in the northern and central Everglades. Their results
indicate that the EAA stormwater runoff is a significant source of sulfate to the ENR Project and the
northern and central Everglades. Orem et al. (1998) have traced some of the sulfate in EAA discharges to
the practice of amending EAA soils with a polysulfur compound to lower soil pH and release bound
phosphorus for sugar cane plant uptake. This practice may be partly responsible for the high levels of
sulfate in WCA-2A and downstream. Based on the work of Harvey (1998) and Orem et al. (1998), the
ENR Project removes some sulfate from EAA runoff. STAs are expected to behave in the same way. How
changes in agricultural sulfur addition would influence Everglades mercury cycling is unknown. There is
little quantitative rate information about how the sulfur cycle and eutrophication interact to affect mercury
methylation rate, but this is understood to be fundamental. The continuation of Dr. Cynthia Gilmour’s
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studies on the role of the sulfur cycle in the Everglades mercury problem is considered essential for
determining how the post-ECP rate of discharge of sulfate to the northern and central Everglades will
affect the Everglades mercury problem.
Understanding the interaction of the iron and sulfur cycles with the mercury cycle should become
a high priority for Phase 2 of the SFSMP. Some of the proposed supplemental technologies (e.g., ferric
sulfate precipitation of phosphorus) may inadvertently affect the rates of inorganic mercury methylation or
methylmercury bioaccumulation by changing the iron and sulfate content of EAA runoff. The protective
effects of selenium on animals bioaccumulating mercury are not well understood. Chemical addition
experiments involving the introduction of selenium in Swedish lakes to decrease inorganic mercury
availability for methylation and to decrease the toxic effects of the bioaccumulated methylmercury have
proven generally unsuccessful (D. Porcella, EPRI ret., pers. comm., 1997).

How Will the Everglades Construction
Project Affect Mercury Risks?
Introduction
As is the case for many water bodies in Florida and elsewhere, there is a mercury problem in the
Everglades. An important question is whether mercury will bioaccumulate to even higher than present
levels in top predators as the result of changes brought about by the ECP. This section addresses the
potential for increased bioaccumulation of mercury caused by the changes in water quantity and quality
following the construction and operation of the STAs. The following concerns have been addressed:
•

Mercury released from newly flooded soil following STA construction will cause harmful
amounts to be discharged to the Everglades (“soil release effect”).

•

Mercury bioaccumulation in invertebrates and fish living within the STAs will harm wildlife
that prey on them (“reservoir effect”).

•

Mercury from inflows that is bound to newly formed sediments in the STAs will eventually
build up to a hazardous concentration (“hazardous waste site effect”).

•

Mercury exposure to wildlife will increase because STA phosphorus removal will reduce the
extent of eutrophication in the Everglades marsh downstream of the STAs (“inverse
relationship effect”).

Mercury measurements made by the District over a four-year period on the ENR Project, a
prototype STA, show that the first three concerns are not supported by the data (See Appendix 7-1).
The fourth concern was put forth by the Sugar Cane Growers Cooperative (Coop) in a formal
challenge to the permit issued to the District for the ENR Project under Section 402(a) of the Clean Water
Act in May 1994. Supporting documentation was supplied by its contractor, PTI (1994). The
documentation was submitted during testimony on the draft legislation for the Everglades Forever Act
(PTI, 1994), at the time of issuance of the Programmatic Environmental Impact Statement for the ECP in
September 1996 (PTI, 1995b), before the Environmental Regulation Commission in January 1997 (PTI,
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1997) and at the time of issuance of the Clean Water Act Section 404 Dredge and Fill Permit for the ECP in
March 1997. A revised report has been prepared by PTI/Exponent (1998) as a formal submission of data
and findings to be considered in this Everglades Interim Report.
Since the Coop first filed its mercury-related challenges to the ENR Project permit in 1994, the
documentation supporting this challenge and subsequent comments have not been updated with important
new data on wading bird exposures and toxic effects (PTI, 1994, 1995a,b; 1997; Exponent, 1998). The
District has now done this and its methods, data, and results of a new methylmercury ecological risk
assessment for Everglades wading birds are detailed in Appendix 7-2. The updated assessment
summarized in this section shows that operation of the STAs is not likely to increase methylmercury risks
to downstream wading birds in the phosphorus-impacted areas to unacceptable levels. DEP concurs with
this conclusion.

Effects Internal to the STAs
Prior to passage of the Act, the ENR Project was constructed on former farmland as a 3,815-acre
demonstration-scale STA. It is located at the northwest corner of the Arthur R. Marshall Loxahatchee
National Wildlife Refuge. Extensive studies of the ENR have provided much valuable information about
how the STAs will behave. The ENR Project was designed to treat about one-third of the stormwater runoff
from the EAA that would otherwise be discharged untreated through the S-5A Pump Station into the
Refuge, an Outstanding Florida Water (Guardo et al., 1995). Both state and federal permits were required
to construct and operate the ENR Project. The federal permit to discharge was issued under Section 402 of
the Clean Water Act in May 1994. Challenges to the permit were filed by the Sugar Cane Growers
Cooperative of Florida, the Miccosukee Tribe of Indians of Florida, and the Everglades Coalition. In
August 1994, a temporary order was issued by a U.S. Environmental Protection Agency administrative law
judge that allows the District to operate the ENR Project until such time as the issues raised in these
administrative petitions are resolved.
The key mercury concerns raised by the petitioners were that mercury might be released from
newly flooded soils, that it might bioaccumulate in wildlife prey species in the STAs and that mercury
would eventually accumulate to hazardous levels in the newly created sediment. These hypotheses are
discussed in this subsection. The concern that mercury exposure to wading birds might increase as a result
of alleviation of eutrophication was also raised; this is discussed in the following subsection. Subsequently,
these same concerns were raised in comments on the Programmatic Environmental Impact Statement for
the Everglades Construction Project, in comments on the 404 Dredge and Fill permit issued by the U.S.
Army Corps of Engineers for the ECP, in the administrative challenges to the EFA permit for the so-called
“non-ECP” structures, and in comments on the EFA STA 6 permit.
In the absence of the results of scientific studies, these concerns were based on analogies to
experiences elsewhere with some lakes and wetlands. Since then, four full years of ENR mercury
monitoring (Miles and Fink, 1998; SFWMD, 1998) have demonstrated that these concerns were
unwarranted (See Appendix 7-1). The District’s data show the following:
•

The Florida Class III Water Quality Standard for total mercury was never exceeded at the
outflow.
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•

On an annual average, ENR outflow concentrations for total mercury and methylmercury were
always less than inflow concentrations. Between 50% and 75% of the total mercury and
methylmercury entering through the ENR inflow pump was removed.

•

Fish in the ENR have less mercury than those found anywhere else in the Everglades system,
with but a few exceptions. Fish from the interior and outflow ENR stations have lower
mercury concentrations than at the inflow and L-7 reference site, with but a few exceptions.

•

Mercury concentrations in ENR sediments are below the Everglades average of 150 µg/Kg,
are less than the 100 ug/kg used by USEPA Region 4 to define hazardous levels, and are
declining.

Based on the review of the literature and the conceptual model of mercury transport, fate, and
bioaccumulation in the section on The Mercury Cycle, and based on the further development and
application of that conceptual model in the section that answers the question, Can the management of
water quality and quantity reduce mercury risks to acceptable levels?, the District and DEP have
concluded that there is no reason to believe that the STAs will perform substantially differently than the
ENR Project with respect to either phosphorus or mercury removal. Thus, the USACE, USEPA and DEP
continue to have reasonable assurance that the STAs will not exhibit soil release, reservoir, or hazardous
waste site effects, or experience increased mercury levels in the fish growing within them.
While the above results are highly encouraging, there are two caveats that must be considered.
First, the ENR Project has only been operated for four years and its retention efficiencies could change
during its working lifespan (see Chapter 6). However, there is no evidence to indicate that this or any other
constructed wetland will become any more susceptible to a mercury problem than the portions of the
impounded northern Everglades they are designed to emulate. The reasons for this are summarized in the
section that answers the question Can the management of water quality and quantity reduce mercury risks
to acceptable levels? Second, the results of the first two quarterly grab samples in the first three months of
operation indicated that STA 6 outflow concentrations were numerically higher than the inflow
concentrations, although the differences were not statistically significant. The third quarterly sample
results reversed this relationship. Additional sampling should make it possible to determine whether this
apparently anomalous behavior is an artifact of the choice of outflow sampling site or a transient
phenomenon associated with start-up (see Chapter 6). STA 6 performance will be evaluated further in the
next Everglades Peer-Reviewed Report when more data have become available.

Effects Internal to Supplemental Technologies
Supplemental technologies are designed to reduce the total P concentrations in STA effluent from
35-50 ppb to the threshold no imbalance concentration or 10 ppb, whichever is appropriate. Several of the
supplemental technologies to be evaluated using the ENR Project mesocosms (test cells) will employ more
conventional treatment chemistry and physics (e.g., precipitation, flocculation, and settling, and/or
filtration) to achieve this water quality objective, while others will employ conventional (wetland) or
unconventional (periphyton-based wetland) biological treatment systems. These proposed supplemental
technologies and their testing schemes are described in Chapter 8 of this report. To ensure that
supplemental technologies will not become sources of inorganic mercury or methylmercury in wastewater
discharges or solid wastes, a scoping-level monitoring program will be implemented. If the outflow
concentrations exceed those in the inflow, or if there is substantial accumulation of either total mercury or
methylmercury in the solid residues (or fish), the adaptive management strategy calls for the
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implementation of a more intensive study. Among other things, this screening study will determine
whether periphyton-based systems can methylate inorganic mercury, as has been observed in the
Everglades (Cleckner et al., 1998). The mercury data collected in each of the scoping studies will not be
considered in the overall evaluation of the performance of the supplemental technology unless a problem is
encountered.

Effects External to the STAs and Supplemental Technologies
In the previous section of this chapter, the conceptual model of mercury transport, transformation,
and accumulation in the Everglades was applied to determine whether changes in water quantity or quality
could aid in reducing the production or bioaccumulation of methylmercury or the exposure of wildlife.
Using the same conceptual model, in this subsection, the discussion focuses on the potential positive and
negative effects that could be brought about by the operation of the STAs, again through expected changes
in water quantity and quality. Particular interest is paid to the potential downstream effects from the
reduction in phosphorus loads and concentrations to be brought about by the ECP, with and without the
potential positive effects of the anticipated simultaneous reduction in stormwater mercury loads. The
current status of development of the USEPA Mercury Cycling Model is also discussed and the results of its
preliminary applications are summarized and compared to earlier predictions.
To put this discussion in legal context, Section 373.4592(e)3, F.S. of the Act states:
The department shall use the best available information to define relationships between waters
discharged to, and the resulting water quality in, the Everglades Protection Area. The department or
the district shall use these relationships to establish discharge limits in permits for discharges into
the EAA canals and the Everglades Protection Area necessary to prevent an imbalance in the
natural populations of aquatic flora or fauna in the Everglades Protection Area, and to provide a net
improvement in the areas already impacted. …

For purposes of implementing this section of the Act, the best information available to define the
relationships between the quality of the water discharged to and the resulting water quality in the
downstream Everglades is that which has been generated under the South Florida Mercury Science
Program, as summarized in the Introduction to this chapter. Using the best available information and a
multiple-lines-of-evidence approach, the District and DEP have concluded that restoring the phosphorusimpacted areas to unimpacted conditions by reducing phosphorus loads and concentrations in EAA runoff
is unlikely to cause further imbalance in aquatic flora or fauna due to the toxic effects of inorganic or
methylmercury, either through direct exposure or via bioaccumulation in the aquatic food chain. The
District and DEP have concluded that an increase in the downstream mercury risks to wading birds from
the operation of the STAs to unacceptable levels is highly unlikely. Thus, one need no longer give primary
consideration to the potential negative effects of mercury on the downstream environment in evaluating the
ECP. It follows, then, that there is no reason to slow or halt the construction of STAs 1W, 2, or 5 or to delay
the construction of STA 3/4 on the basis of potential mercury risks to aquatic or terrestrial flora or fauna.
This subsection provides the technical support for this conclusion.
Background
Risk is the likelihood or probability of experiencing injury or harm from exposure to an
intrinsically hazardous substance or circumstance. In this subsection, the focus is on the risk to Everglades
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wading birds from exposure to methylmercury, a toxic substance produced by naturally occurring bacteria
from inorganic mercury. Because methylmercury bioaccumulates up to 10,000,000 times in top-predator
fish in the Everglades ecosystem, the primary route of exposure of wading birds to methylmercury is
through ingestion of contaminated prey.
The principal tasks in conducting an ecological risk assessment are exposure characterization,
effects characterization, and finally the integration of the two results in a risk characterization. In general,
use of a suite of methods (e.g., literature values, bioassays, and field studies) produces a more complete
characterization of ecological effects than relying on a single measure or literature value. When selecting
ecological effects endpoints, ideally, toxicity data will be available for the most sensitive life stage of the
most exposed, most sensitive species tested to date over a period of time sufficient to bring out the full
toxic effect in the test organism or population. When available, measured concentrations of the toxic
substance are always preferred over estimated or modeled values for exposure characterization. Risk
characterization then integrates the results of the preferred exposure and ecological effects data for the
evaluation of the likelihood that adverse impacts are occurring or will likely occur.
Following the tiered, iterative approach advocated by USEPA (1998b), early risk assessments
often rely on simple models to estimate exposure when site-specific data are limited (for case studies, see
USEPA, 1993d). Appropriately, these preliminary risk assessments also use maximum concentrations,
worst case assumptions about wildlife behaviors (e.g., prey preferences that favor highly contaminated
organisms, 100% time of contact in contaminated area), and uncertainty factors to provide the required
margins of safety in extrapolating results between short- and long-term studies, between low and no effect
endpoints, between life stages, and between species. However, as recommended by the Presidential/
Congressional Commission on Risk Assessment and Risk Management (1997), subsequent assessments
should move away from using the hypothetical “maximally exposed individual” to evaluate whether a risk
exists, toward more realistic scenarios as more data become available. This was underscored in the
experience of promulgating the new methylmercury water quality criterion for the Great Lakes Initiative
(Meyers, 1998).
Due to the inherent differences between individuals in a population, the toxicity threshold value,
even for a uniformly exposed population, is not a single value but a range of values, with most members of
the population exhibiting a toxicity threshold near the mean, and only a few members exhibiting extremely
low or high toxicity thresholds. To ensure the protection of a population of organisms in the wild, one must
select a highly protective toxicity threshold value. This can be achieved by dividing the laboratory toxicity
threshold value for the species of interest by a safety factor or by using a toxicity threshold value from
another species known or reasonably expected to be much more sensitive to the toxic substance than the
species of interest. This latter approach is the one used by the District. The toxicity threshold value
obtained in this way is often referred to as a Toxic Reference Value or TRV.
Following the recommended USEPA procedure for carrying out an ecological risk assessment, the
relative likelihood or risk of a toxic effect occurring in a wildlife population can be expressed as a hazard
quotient. The hazard quotient is calculated as the ratio of the daily dose actually taken up by the organism
through ingestion of contaminated food to the toxicity threshold value for that species. As defined and
applied by USEPA, the hazard quotient is an expression of relative risk and should not be used to calculate
the absolute risk of toxic effect to an individual organism or a population. As the hazard quotient increases
beyond a value of 1, the likelihood that the exposed population will experience a toxic effect in a
significant number of its members increases. The more protective the choice of a TRV, the smaller the
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likelihood or risk that a toxic effect will occur at hazard quotient values greater than 1. By choosing a very
protective TRV, one can generally assume that when the hazard quotient is calculated to be less than 1,
there is little likelihood or risk of a toxic effect occurring in a significant number of the members of the
exposed population. That is the assumption adopted here by the District.
The approach summarized here and set forth in greater detail in Appendix 7-2 completes the
multiple-lines-of-evidence approach for Everglades wading birds advocated by USEPA. The results of this
approach reinforce the results of the field population and laboratory bioassay studies of Great Egret
exposures to methylmercury in their food (Frederick et al., 1997). Therefore, there is a relatively high
confidence level in the results of the ecological risk assessment for wading birds described below.
Wading Bird Risk Assessment
The Importance of Wading Bird Mercury Risks
One of the Class III designated beneficial uses for Everglades waters is the propagation and
maintenance of a healthy, well-balanced population of fish and wildlife. In terms of human values, wading
birds are one of the most important wildlife assets of the Everglades. For several years the Sugar Cane
Growers Cooperative of Florida (Coop) has actively promoted the hypothesis that the P removal for which
the STAs are designed will increase the exposure of wading birds and other Everglades wildlife to mercury
by eliminating marsh eutrophication. The area where this effect is predicted to be most pronounced is in
the “footprint” of the S-10 structures in WCA-2A, where P has accumulated in soils and dense cattail
stands have replaced the normally more abundant sawgrass. The Coop arrived at this concern by analogy
to the experience with eutrophic lakes and supported the extension of this analogy to the Everglades with a
limited set of data collected along the nutrient gradient downstream of the S-10 structures in WCA-2A
(PTI, 1995a,b; Exponent, 1998). Many new and relevant data sets have been gathered since the PTI/
Exponent report was written and deserve careful consideration.
The District and the DEP have carefully examined the data and methodology used in the Exponent
(1998) mercury risk analysis regarding the choice of maximum allowable daily mercury dose. District and
DEP scientists agree with their choice of a maximum allowable daily mercury dose for wading birds.
District and DEP scientists do not agree with Exponent’s procedure for estimating the change in the daily
intake of mercury that may result from the ECP.
Using extensive data generated by the South Florida Mercury Science Program, the District has
performed an independent evaluation of the daily intake of mercury by wading birds. The District also
evaluated the methods used by Exponent (1998) to compute daily intake. From these evaluations, the DEP
and the District conclude that Exponent’s procedure substantially overestimates the daily intake of mercury
by wading birds and, thereby, greatly overstates the risk. Using the District’s more reliable estimates of
daily intake of mercury, the DEP and the District find that the ECP will not cause the daily intake of
mercury by wading birds to exceed their threshold reference value significantly in the restored areas in the
northern Everglades. This means that there is little likelihood that the STAs will increase the mercury risks
of downstream wading birds to unacceptable levels. Thus, one need no longer give primary consideration
to the potential negative effects of mercury on the downstream environment in evaluating the
environmental impacts of the ECP. Details are given below.
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Background
In aquatic ecosystems, an increase in the rate of addition of the limiting nutrient above natural
rates is often accompanied by unnatural increases in plant densities and growth rates, and a shift from
plants that thrive under low-nutrient conditions to those that are competitive only under higher nutrient
conditions. The overproduction of plants results in an overabundance of decaying plant matter, which robs
the water of dissolved oxygen. This drives out the more sensitive, pollution-intolerant species and allows
the encroachment of less sensitive or rough, pollution-tolerant species. At the same time, the primary
source of food energy in the ecosystem shifts from living to dead plant matter, and the rate of formation of
organic sediment increases. Given sufficient time, if the addition of excess limiting nutrient is unchecked,
this acceleration of the process of sediment accumulation will result in fundamental changes in the
structure of the ecosystem. Waters manifesting one or more of these characteristics of overproduction are
referred to as eutrophic, and the process of the unnaturally accelerated aging of an aquatic ecosystem
through the stimulation of excess production is referred to as eutrophication. In the Everglades, P is the
limiting nutrient. The characterization of Everglades eutrophication and its relationship to P concentrations
and loads are taken up in detail in Chapter 3.
The primary purpose of the ECP is to construct STAs to remove P from EAA farm runoff and
improve ecosystem hydrology. In this way, eutrophication now occurring in natural marsh areas, over time,
will be shifted upstream into STAs built on land that was formerly cultivated, and the marsh will be
restored to its natural community composition and function. For some measures of biological imbalance, P
levels in water and peat soil serve as a useful surrogate for the biochemical and biological effects of
eutrophication. There is evidence to suggest that many eutrophic lakes do not experience a mercury
problem and that this is because the lakes are buffered by their overproduction. If it is assumed that
inorganic mercury and methylmercury loading rates and the methylmercury production rate are not
influenced by the conditions of eutrophication, the increase in biomass standing crop and turnover
stimulated by the presence of excess limiting nutrient will result in a decrease in inorganic mercury and
methylmercury concentrations in water and biota. As discussed earlier in this chapter, the dilution of
methylmercury in plant biomass at the base of the food chain and each successive link in the food chain is
referred to as biodilution (Hakanson, 1980).
However, the assumption that methylmercury production is unaffected by eutrophication is
probably not valid, with the more anaerobic conditions associated with eutrophication favoring higher
rates of methylmercury production, all other factors being equal (USEPA, 1998). Also, excessive plant
production changes other water chemistry constituents, such as pH, alkalinity, and dissolved organic
matter, among others. Thus, in actuality, the mechanisms by which this “inverse relationship” occurs are
not well established, and there are exceptions to its occurrence (Watras, 1995).
There is a tendency to generalize the lake inverse relationship experience to wetlands, even though
wetlands do not behave physically like lakes, have some different plant communities and recycle P by
some different mechanisms. Thus, there is little likelihood that the lake inverse relationship effect will
translate directly into a wetlands or Everglades inverse relationship without major qualification. The South
Florida Mercury Science Program is exploring the nature of the important linkages between enrichment
and mercury cycling.
Data collected over the entire Everglades during the USEPA study indicate that both TP in water
and mercury in mosquitofish decline from the central to the southern Everglades (USEPA, 1998) in a direct
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rather than inverse relationship. In addition, no inverse relationship has been detected in mosquitofish by
USEPA Region 4 in WCA-1 (PTI, 1994) or largemouth bass in WCA-1 (T. Lange, Game and Fish, pers.
comm., 1995) or in mosquitofish or largemouth bass in the ENR Project (Lange et al., 1998; SFWMD,
1998). As described by the PTI (1994, 1995a,b)/Exponent (1998), an inverse relationship is evident
between mosquitofish mercury concentrations in WCA-2A and distance downstream of the S-10
structures. More recent District data from the same area also display this trend, albeit at much lower
concentrations (SFWMD, unpublished data, 1998).
A number of water constituents are changing with distance downstream of the S-10 structures, of
which water column TP is but one example. PTI/Exponent focused on the correlation between water
column TP and mercury concentrations in mosquitofish. However, an extensive statistical analysis of the
recent available data carried out by the District indicates that water column concentrations of calcium and
dissolved organic carbon (DOC) are better predictors of the mosquitofish mercury concentrations than TP,
but that neither the Exponent (1998) model nor the District’s model (See Appendix 7-3) is a good
predictor of mosquitofish mercury concentrations in WCA-3A. It is thus difficult to continue to attribute
validity to the PTI/Exponent model or reliability to the mercury risk predictions it generates.
As STAs become operational and reduce the discharge of P through the S-10 structures, but not the
discharge of DOC or calcium, there is some possibility that mosquitofish mercury levels will rise in the
impacted area near the S-10s, primarily due to a loss of plant production. The question is then one of
degree. How much of the apparent inverse relationship between water column TP and mosquitofish
mercury concentrations along the nutrient gradient in WCA-2A is actually due to a reduction in plant
production? The PTI/Exponent model cannot tell, because it cannot make such mechanistic distinctions.
There is a model that can make such distinction, however.
As described in Appendix 7-4, USEPA’s Office of Research and Development has constructed a
model with the capability of quantifying the partitioning, accelerated settling, and peat dilution effects on
inorganic mercury and methylmercury directly by simulating the effect of plant growth as a function of
water column P (Ambrose and Araujo, 1998). In the relevant simulation, the water column TP
concentration is decreased from an average of 50 ppb to 10 ppb in a 10-km wide by 7.5-km long box
stretching from the S-10 structures to a point between F4 and F5. When existing mercury loads from EAA
runoff and atmospheric deposition remain unchanged, the model predicts an increase in mosquitofish
mercury levels of only about 55% (R. Ambrose, USEPA/ORD, pers. comm., 1998), not the 660%
predicted by PTI/Exponent’s one-variable model.
While some have argued that the TP concentrations in the water column have been declining in the
zone of impact downstream of the S10 structures in WCA-2A over the last five years (Sugar Cane Growers
Cooperative, 1998), the concentration of mercury in largemouth bass standardized to age class 3 years
collected in this area have not increased. In fact, over the last four years, mercury concentrations in
largemouth bass collected there show a general decline (Lange et al., 1998). The relationship between
mosquitofish mercury and P found in WCA-2A does not seem to apply to largemouth bass in WCA-2A or
even to mosquitofish in the southern Everglades. For cleanup to increase the mercury risk to wading birds,
their rate of mercury ingestion must increase compared to their present rate. The Everglades food web is
complex. Mosquitofish mercury levels appear to follow an inverse relationship with P in the impacted area,
but not in other places. Even if mosquitofish mercury levels do rise in the impacted area following cleanup,
it does not necessarily follow that mercury levels in wading bird prey species will rise to the same extent.
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Clearly, there is greater complexity to the apparent inverse relationship than can be accounted for
in the PTI/Exponent model. While the USEPA model cannot yet capture all of the required complexity, it
points us away from decreased plant production as the primary cause of the observed increase in
mosquitofish mercury concentrations along the WCA-2A nutrient gradient. An understanding of the real
complexity underlying the apparent simplicity of the WCA-2A inverse relationship can only come through
intensive study of the underlying physical, chemical, and biology processes that link the various
biogeochemical cycles to methylmercury production, and link ecological structure and function to
methylmercury bioaccumulation. This is the ultimate goal of the South Florida Mercury Science Program.
The PTI/Exponent Wading Bird Mercury Risk Assessment
Exponent (1998) uses three models to calculate post-ECP methylmercury risks to wading birds
feeding in the northern Everglades. The first model predicts post-ECP water column TP concentrations in
various zones of influence in the northern Everglades from estimated post-ECP reductions in P loads from
treated EAA runoff. The second model, a one-variable regression equation, uses the modeled water column
P concentration to predict the methylmercury concentration in mosquitofish. The third model, a food chain
bioaccumulation model, uses the modeled methylmercury concentration in mosquitofish to predict the
methylmercury concentrations in fish at the same step in the food chain and one step up in the food chain.
Wading bird diet preferences are simplified to favor top-predator fish. Wading bird exposures to
methylmercury are then calculated using the model estimates of the concentrations in prey and the
simplified diet preferences. Each of these steps introduces uncertainty or error into the calculation of
exposure.
The toxicity reference value for each of the wading bird species is derived by dividing the multigeneration mallard duck lowest observed adverse effect level (LOAEL) by a factor of 2. The mean or 95th
percentile upper confidence level hazard quotient for the Wood Stork, the Great Egret, or the Great Blue
Heron is calculated as the ratio of its mean or 95th percentile upper confidence level exposures to the
toxicity reference value (Exponent, 1998). As will be evident from the discussion below, this approach
significantly overestimates present-day and post-ECP methylmercury risks to wading birds in the
Everglades. In what follows the focus is on the models for predicting methylmercury concentrations in
mosquitofish and top-predator fish one step up in the food chain.
The Mosquitofish Model. In WCA-2A the relationship between the extent of eutrophication (as
measured by the concentration of P in water) and the extent of mercury bioaccumulation (as measured by
the concentration of mercury in mosquitofish) has a decreasing, asymptotic curve in which mercury rises
sharply as phosphorus declines (See Figure 7-5). This is the so-called “inverse relationship”. This
equation is a “model” that PTI/Exponent has used to simulate or predict mosquitofish mercury levels at
various values of phosphorus concentration. This kind of model is called an empirical relationship. This
means that its form and adjustable parameters are derived from an analysis of raw or reduced data to fit a
particular statistical model rather than from a knowledge of the underlying physical, chemical, and
biological processes that link cause to effect. This also means that the scatter of the data used for the
derivation of this equation limit the accuracy and precision of predictions of mosquitofish mercury levels
made using this equation.
PTI/Exponent used this equation to predict mosquitofish mercury levels in the impacted area after
the STAs have eliminated the eutrophic condition of this area. PTI/Exponent used both the best-fit equation

7-43

Mercury in Mosquitofish (µg/kg)

Chapter 7: The Everglades Mercury Problem

Everglades Interim Report

500
Regression: Tissue Hg(µg/kg) = 5,316 x P(µg/L)

-1.262

2
Upper 95% CL: Tissue Hg (µg/kg) = e (10.467 - 2.29[ln P(µg/L)] + 0.155[ln P(µg/L)]

400

300

200

100

0
0

20

40

60

80

100

Phosphorus in water (µg/L)
Figure 7-5.

Regression analysis for mosquitofish data along water chemistry gradient

Figure 7-5. Regression
analysis
for mosquitofish
data lines
along water
chemistry
gradient
WCA-2A.
in WCA-2A.
Data
not shown,
redrawn
based
oninequations
Data not shown, lines redrawn based on equations (Exponent, 1998).

(Exponent, 1998).

(solid line) and the equation for the 95th percentile upper confidence limit (dashed line above the solid
line) to predict mosquitofish mercury levels after cleanup. However, PTI/Exponent has emphasized the
high exposure levels predicted by the upper confidence limit. Mercury levels predicted from the 95th
percentile upper confidence limit equation are about double those of the best fit equation at 10 ppb TP. It
may be argued that this choice is intentionally conservative and protective of the resource. However, these
high estimates of mosquitofish concentrations are then used in a second model that predicts the mercury
concentrations in other fish at higher trophic levels. The use of this second model is necessary because
wading birds do not typically feed on mosquitofish (Ogden et al., 1976; Smith, 1994; Frederick et al.,
1997).
The Food Chain Model. In the approach used by PTI/Exponent, the prediction of mercury
concentrations in other fish species from mosquitofish mercury concentrations is based on an idealized
food chain expected to occur in the Everglades. The concentrations of mercury in fish and shellfish at the
same step in the food chain as mosquitofish are assumed to be equal to the concentration in mosquitofish.
This includes sunfish species, which are a preferred prey item. The concentrations of mercury in fish at one
step up from mosquitofish in the food chain, the top-predator level where bass and gar are found, are
calculated in the PTI/Exponent approach using national average predator-prey factors obtained from
USEPA (1993a). These predator-prey factors are typical ratios of concentrations of mercury in predator
fish to the concentrations in their prey one step down in the food chain. These national average predator-
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prey factors are more than double those actually observed in the Everglades at the unimpacted reference
site evaluated by the District in its ecological risk assessment (Lange et al., 1998; Appendix 7-3).
Combining the unrealistically high mosquitofish concentration predicted by the second model with
the unrealistically high predator-prey factors in the third model produces greatly exaggerated exposure and
risk estimates for the wading birds feeding in the post-ECP Everglades. These very high exposure
estimates are then further magnified by using the 95th percentile upper confidence limit estimate of
mosquitofish concentrations. It was these greatly exaggerated exposure and risk estimates in the PTI/
Exponent report that formed the basis for the Coop’s comments on the ECP PEIS, the CWA Section 404
Dredge and Fill permit for the ECP, and the EFA permits for the STAs. The PTI/Exponent methodology
and calculations are compared with those of the District in Appendix 7-3.
The District’s Wading Bird Mercury Risk Assessment
The District’s approach to estimating the post-ECP daily intake of mercury by wading birds is
entirely different from that of PTI/Exponent. It is simpler and relies on direct measurement rather than on
the predictions of models. PTI/Exponent simulated methylmercury concentrations in wading bird prey in
the impacted area after recovery using a combination of three models. The District was able to avoid
modeling altogether and take advantage of measured methylmercury concentrations in the species of fish
and shellfish preferred by wading birds. The District was able to do this by using mercury concentration
data from specimens collected from an unimpacted area of WCA-2A downstream of the S-10 structures.
This site is considered representative of the impacted area after cleanup. This site is U3 in WCA-2A, about
10.5 km southwest of the S-10 structures. Over the last year, this site has averaged about 7.3 ppb TP in the
water column (SFWMD, unpublished data, 1998).
The District calculated the daily mercury intake in the wading bird diet using very simple
calculations and few assumptions. The District obtained measured values of the mercury content of fish in
the size ranges routinely consumed by wading birds from the FGFWFC (Lange et al., 1998). When
mercury concentration data were unavailable, data from the same location for a species with similar
feeding habits was used. Taking into account the feeding rate of a typical bird, the District then multiplied
the mean and maximum concentrations of mercury in each prey species in the appropriate size range by its
percentage in the wading bird diet to calculate the observed daily mean and maximum mercury exposure
rate. The DEP and the District believe these estimates of the mercury levels in a typical wading bird diet to
be much more representative of levels expected in the impacted area after cleanup than corresponding
values derived by the sequential application of the three models used by PTI/Exponent.
The District then divided the daily mean and maximum exposure rates by the toxicity reference
value to obtain the hazard quotient for each wading bird species at the U3 reference site. The resulting
hazard quotients are 0.6, 0.9, and 0.6 for the Wood Stork, Great Blue Heron, and Great Egret, respectively.
Corresponding hazard quotient values calculated by PTI/Exponent for similar conditions from the
simulation of daily mercury intake were 6, 10, and 2, for the respective species using the best-fit equation
to predict post-ECP mosquitofish concentrations (Exponent, 1998). When the District’s maximum
concentration values of mercury in wading bird prey are used, hazard quotients obtained from the U3
reference site are 1.3, 1.7, and 1.4 for Wood Storks, Great Blue Herons, and Great Egrets, respectively.
Using the 95th percentile upper confidence levels for its simulation of mosquitofish mercury
concentrations, the PTI/Exponent obtained corresponding hazard quotient values of 8.5, 14, and 3,
respectively. Because the District and the PTI/Exponent used the same value for the toxicity reference
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value, differences in the methods of quantifying exposure are responsible for differences in the values of
the hazard quotients calculated for these three species.
Based on the District’s analysis of the U3 reference site, the typical daily mercury intake for these
three species of wading birds will be less than the toxicity reference value for birds feeding in the impacted
area. For the endangered Wood Stork, assuming that it consumes only fish with the maximum mercury
concentrations measured at U3, the hazard quotient does not significantly exceed 1. In addition, a review
of the methylmercury toxicity literature strongly suggests that the use of the no observable adverse effect
level from methylmercury toxicity studies of the Mallard Duck as the toxicity reference value for wading
birds is probably overprotective of the wading birds in the same life stage (See Appendix 7-2). Finally, site
U3 is believed to be a conservative representation of mercury exposures expected in the impacted area
after restoration. The reasons for this are discussed later in this section.
Based on the above results, the DEP and the District conclude that after the STAs have restored a
more normal balance of aquatic plants and animals and more normal water chemistry in the first 7 or 8 km
downstream of the S-10 structures like conditions at U3 now, wading birds feeding exclusively in what
was the impacted area will not be exposed to more than the maximum allowable daily dose of mercury. In
other words, the ECP is highly unlikely to increase mercury risks to wading birds to unacceptable levels in
the downstream areas presently impacted by phosphorus.
A summary of the differences in the wading bird risk assessment approaches of PTI/Exponent and
the District is given in Appendix 7-3.
The District also has conducted a methylmercury baseline ecological risk assessment for the
wading birds feeding exclusively in WCA-3A. WCA-3A is home to two wading bird rookeries (Frederick
et al., 1997). Both of these rookeries are near methylmercury “hot spots” in WCA-3A (USEPA, 1998).
During nesting, the wading birds tend to stay closer to the nest while foraging for food. The District has
carried out this calculation using the fish methylmercury data collected at WCA-3A-15, which is in one of
the “hot spot” areas. For wading birds foraging exclusively in WCA-3A in the vicinity of these hot spots,
the hazard quotient values based on mean methylmercury concentrations in the diet are 2.4, 3.2, and 2.4 for
the Wood Stork, Great Blue Heron, and Great Egret, respectively. These hazard quotients are three to four
times the corresponding values in WCA-2A at U3. However, the methylmercury “hot spots” in WCA-3A
are least likely to be affected by the ECP. More detailed, spatially explicit modeling of the effects of this
change in water routing, quantity, and quality to these areas should be a high priority to verify this
supposition.
Even though wading birds feeding in WCA-3A may have more exposure to mercury, it is not clear
whether these hazard quotient results are of biological significance at the population level. It should be
noted that in the Everglades as a whole, the most exposed wading bird populations do not exhibit signs of
reduced reproductive success relative to the least exposed populations (P. Frederick, UF, pers. comm.,
1998). This supports the contention that the toxicity reference value derived from Mallard Duck feeding
studies is protective when applied to wading birds and provides an ample margin of safety in the ecological
risk assessment for the Everglades wading birds. The bioassay studies conducted by Frederick et al. (1997)
using daily dosing rates equivalent to the highest exposures routinely encountered in WCA-3A also
support this observation. Within the framework of a multiple-lines-of-evidence approach to ecological risk
assessment, these results are mutually reinforcing, which supports the belief that the results of the
ecological risk assessment are valid, especially for the Great Egret.
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Changes in Flows and Depths
The construction and operation of the ECP will not only change water quality but the routing,
timing, and quantity of EAA stormwater runoff, as well. This is expected to change stage-duration patterns
throughout the northern and central Everglades, while increasing the delivery of water to ENP and Florida
Bay. The discussion of the possible effects of water flow, depth, and stage-duration on methylmercury
production and bioaccumulation are taken up in some detail in the section that answers the question, Can
the management of water quality and quantity reduce mercury risks to acceptable levels? The modeling
effort described in what follows and in Appendix 7-4 will eventually make it possible to quantify the
downstream effects of the simultaneous changes in mercury, P, and sulfur loads and depth and flow on
methylmercury production and bioaccumulation. Preliminary results in this regard are discussed below.
USEPA Everglades Mercury Cycling Model
Rigorous quantitative modeling studies are required to predict with known confidence how
changes in water quality and quantity will affect the biogeochemistry of mercury methylation. A mercury
cycling model for the Everglades is being developed by USEPA’s Office of Research and Development in
Athens, Georgia. In its present state of development, it is of some assistance in considering mercury
transformations in the Everglades. The USEPA Everglades Mercury Cycling Model (EMCM) (Ambrose
and Araujo, 1998) incorporates the key relationships between TP in water and the plant densities and
turnover, settling, and decomposition rates that determine the net peat accretion rate and the net inorganic
mercury and methylmercury settling rates. The model also incorporates the methylation and demethylation
processes in the sediment and periphyton mats and methylmercury bioaccumulation in mosquitofish. The
model has been initialized with various physical, chemical, and biological data collected by various
agencies over the last five years. The model structure, initialization and calibration procedures, and
sensitivity analysis results are summarized in Appendix 7-4, along with a comparison of its key features to
those of other mercury cycling models.
By initializing the model to inorganic mercury methylation rates and methylmercury
demethylation rates obtained from studies on intact sediment cores and periphyton mats from the impacted
area in WCA-2A, the model implicitly incorporates the influence of the P and sulfur cycles on these
processes. However, there is no explicit representation of the influence of the sulfur cycle on the mercury
cycle. The EMCM has undergone several peer reviews within and outside of USEPA (R. Ambrose,
USEPA, pers. comm., 1997; SFMSP peer review, 1997; S. Bartell, SENES, Inc., pers. comm., 1998).
In its present form, the District believes this model has utility as a screening-level model to place
the results of other screening-level models in perspective and to guide the design of experiments and data
collection. For example, the model was run to simulate effect on methylmercury in water, sediment, and
fish when the ECP reduces water column TP concentrations from an average of 50 ppb to 10 ppb in the
first 7.5 km stretch of the already impacted area down stream of the S-10 structures. The USEPA model
predicts that restoring the entire area to 10 ppb would result in no more than about a 55% increase in
mosquitofish methylmercury on average, based on what is known about the relationship between water
column TP and plant production, mercury dilution, sorption, settling, and burial, and site-specific
methylmercury bioaccumulation factors for mosquitofish (R. Ambrose, USEPA/ORD, pers.comm., 1998).
Under these same conditions, the PTI/Exponent one-variable regression model predicts an average
increase of 660% (Exponent, 1998). The USEPA model estimate is about 12-fold lower than that of the
PTI/Exponent model. When the benefits of at least a 50% reduction in the inorganic mercury load by
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Stormwater Treatment Areas is taken into account, that increase decreases to 42% (R. Ambrose, USEPA/
ORD, pers. comm., 1998). This is a 16-fold lower estimate of mercury in mosquitofish than that of the PTI/
Exponent model.
The District’s ecological risk assessment does not use the USEPA model results or any other
model results as the basis for its risk predictions for wading birds. However, these modeling results do
suggest that the mercury concentrations in fish at the most impacted site in WCA-2A at F1 are unlikely to
increase to U3-like conditions as a result of the loss of plant production when water column TP
concentrations decrease from an average of about 100 ppb to 10 ppb. This should increase the confidence
that the actual post-ECP risks to wading birds have not been seriously underestimated by assuming U3-like
conditions after restoration.
While the USEPA model can be used for such applications, the confidence one can place in the
results at this time must be tempered by an understanding of the process and influences the model cannot
yet simulate. The model cannot simulate the effect of a post-ECP reduction in water column P
concentrations on dissolved oxygen, with its attendant effects on methylmercury production via the carbon
and sulfur cycle, and on food web structure, with its attendant effects on methylmercury bioaccumulation.
It can overcome these limitations by using the methylmercury production and decomposition rates and the
fish bioaccumulation factors measured at an oligotrophic site like U3, just as the District overcame the
limitations of not being able to collect empirical data at a post-ECP site by using measurements of fish
concentrations from U3.
Although the use of U3 data is a useful temporary fix, ultimately the USEPA model requires
enhancement to allow it to predict the effect of changing P loads and concentrations in EAA runoff on the
sulfur cycle and of changing sulfate loads and concentrations in EAA runoff on the mercury cycle. It also
requires the ability to link changes in plant production to changes in biomass and bioaccumulation factors
of that biomass at each successive link in the food chain. The model is now undergoing the required further
development. With these changes the model should be able to quantify the combined effect of a reduction
in the phosphorus and mercury loads in EAA runoff with and without a reduction in the sulfate load.
However, based on the U3 reference site data, in its present form it is still likely to be a much more reliable
tool than the PTI/Exponent model for predicting the effects of changing phosphorus loads and
concentrations in EAA runoff on downstream mercury risks.

Conclusions
•

The baseline methylmercury risks to wading birds feeding exclusively in the minimally
impacted areas of WCA-2A are not unacceptable.

•

Restoring the impacted areas in the WCAs to the conditions which now exist in the minimally
impacted areas further downstream are unlikely to cause wading birds feeding in those areas to
exceed their maximum allowable daily dose.

•

The methylmercury risks to wading birds feeding exclusively in the most contaminated areas
of WCA-3A, which actually occurs during the nesting season, are of potential concern and
warrant further study. These areas are the least affected by EAA discharges at present and are
not expected to change as a result of the ECP. The mercury risks at this location reflect an
Everglades mercury problem that is not likely to be strongly influenced by present or future
stormwater quality.
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•

The ECP is likely to reduce inorganic mercury loads in EAA runoff delivered to the northern
Everglades by between 50% and 75%, but the magnitude of the potential positive impacts on
the sites immediately downstream of District structures in the northern Everglades has not yet
been systematically quantified using a combined hydrodynamics-phosphorus-mercury model.

•

Based on analysis of the time to respond to mercury source reduction, the Everglades mercury
Cycling Model (EMCM) predicts that the Everglades is not very efficient at recycling
historically deposited inorganic mercury from the sediments, so that the benefits of
atmospheric source reduction should be felt within the timeframe of a decade rather than a
century.

•

The EMCM model cannot as yet account for the influence of the sulfur cycle on the mercury
cycle or the influence of the phosphorus cycle on the sulfur cycle.

Recommendations
Modeling
• More detailed and validated modeling of the benefits of the inorganic mercury load reduction
to WCA-2A and of increased flow to the interior of WCA-3A should be a high priority.
•

A mathematical model of methylmercury bioaccumulation and disposition in wading birds
should be developed.

•

The EMCM should be upgraded to include additional process complexity to accommodate the
influence of the sulfur cycle on the mercury cycle and the phosphorus cycle on the sulfur
cycle.

Everglades Program
• The ECP should go forward as planned, because there is reasonable assurance that there will
be no significant increased mercury risks associated with the operation of the STAs.
•

Further study of the effect of the sulfate in EAA runoff should become a high priority for
follow-up or Phase 2 studies by the South Florida Mercury Science Program.

•

The District should conduct monitoring to provide ongoing corroboration the ECP will not
increase mercury risks within the STAs or downstream.

Research and Monitoring
• Efforts to characterize and control local air emissions sources of mercury should continue.
•

The District should monitor experiments on Supplemental Technologies to ensure that they do
not exacerbate mercury risks (in progress).

•

The foraging preferences of wading birds should be studied with greater rigor, especially the
Great Blue Heron.

•

To test the hypothesis that wading birds are not as sensitive to methylmercury toxicity as the
Mallard Duck, the results of preliminary studies of the toxicity of methylmercury to wading
birds should be confirmed, focusing on methylmercury residues in the egg and the
development of diet-to-egg ratios.
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What is the Status of District and DEP
Efforts to Understand and Solve the
Mercury Problem?
This section first summarizes the Act requirements and timetables as they relate to the Everglades
mercury problem and the efforts being taken by the DEP and District to fulfill them. The section then lists
the major accomplishment of the DEP and District in obtaining the information, developing the tools, and
supporting the multi-agency efforts to understand and solve the Everglades mercury problem.

Status of Efforts to Meet Requirements of the Everglades Forever Act1 Related to Mercury
•

By January, 1996, initiate a research and monitoring program to generate any additional
information identified as necessary to describe water quality in the Everglades and to evaluate
the effectiveness of BMPs and STAs.
Studies were initiated prior to the required date and are still under way to evaluate water quality
with respect to mercury in the Everglades. The effects of BMPs and STAs on mercury are being
investigated through work in the prototype STA, the ENR Project. To date the ENR Project presents
no increased mercury risks and is actually benefiting the down stream environment by removing
50% to 75% of the total mercury and methylmercury load in EAA runoff.

Figure 7-6 depicts the permit monitoring locations for the collection of fish at downstream marsh
sites and water at downstream canal sites to monitor the mercury response of the Everglades to the ECP.
•

The research and monitoring program is also to include research seeking to optimize the
design of the STAs and to identify superior technologies.
Work is under way to determine how the various proposed supplemental technologies may
influence mercury transformation and bioaccumulation within and downstream of the STA. The
present proposal to implement pilot-scale periphyton-based alternative treatment will be evaluated
carefully.

•

By January 1, 1999, the District, in cooperation with the DEP, is required to prepare a peerreviewed, interim report, which is to include a summary of the USEPA Everglades Mercury
Study, the results of research and monitoring of water quality and quantity in the Everglades
region, and current information on the ecological needs of the Everglades.
The USEPA Everglades Mercury Study is presently undergoing peer review and no updated
summary is available. However, the data have been used by USEPA to assess water quality status,
from which they conclude that the Class III Water Quality Standard for total mercury is not being
exceeded routinely at any location in the Everglades. There is also evidence of several “hot spots”
in WCA-3A where mosquitofish concentrations are especially high, and follow-up studies are
underway to determine why this is the case, just as follow up studies are underway to determine
why the ENR Project is a “cold spot.”

1.

Independent of any Everglades restoration efforts, the Department must also protect the beneficial uses
of Everglades waters as required by Chapter 403, F.S. The District also has general, environmental
water quality and quantity obligations under Chapter 373. F.S.
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Proposed ECP/non-ECP EFA permit mercury monitoring sites.
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Beginning January 1, 2000, the District and the DEP are to issue an annual, peer-reviewed
report regarding the research and monitoring program that summarizes all data and findings.
The report shall identify water quality parameters, in addition to phosphorus, which exceed
state water quality standards or are causing or contributing to adverse impacts in the
Everglades Protection Area.
This will be done by the scheduled date under Research and Monitoring Project 8, see Chapter 1.

•

By December 31, 2001, the research and monitoring program should allow evaluation of
existing state water quality standards applicable to the Everglades Protection Area. See above.
The District and DEP believe this deadline will be met for the fish and wildlife component of the
criterion if funding is sufficient (see above).

•

In establishing limits for permits to discharge into the Everglades Protection Area, the DEP is
required to use the best available information to prevent an imbalance in the natural
populations of aquatic flora or fauna in the Everglades Protection Area, and to provide a net
improvement in the areas already impacted.
Phosphorus reduction in EAA discharges will reduce the extent of eutrophication in the impacted
areas and improve the balance of natural populations of biota. In the preceding section, the
District and DEP have shown that phosphorus reduction in WCA-2A will not result in an increase
in wading bird risks from methylmercury exposures to levels of concern. Therefore, with
appropriate safeguards, the ECP will result in a net improvement to the already impacted areas.

Specific Actions Under Way or Completed by the DEP and the District
The DEP and the District are cooperating in the development of schedules and strategies to
provide compliance with the existing mercury water quality standards to the maximum extent practicable,
as manifested in permits for the operation of the STAs and the non- ECP structures. The District and the
DEP are cooperating in the development of a long-term strategy for the recovery and protection of the
Everglades from its mercury problem to protect human health and Everglades wildlife, including the
American Alligator, Wood Stork, otter, and Florida Panther. To implement this strategy, the DEP will issue
long-term compliance permits to meet revised WQSs by December 31, 2006. Specific Department and
District accomplishments to date in the development of the information and tools for the implementation of
this strategy are summarized below.
DEP
•

Through its Office of Mercury Coordinator, facilitated cooperative funding of a state-federalPrivate partnership to determine the effects of emissions source controls, establish water
quality criteria, and determine if management of water quality and quantity can reduce
mercury bioaccumulation.

•

Continued to support work on understanding the effects of mercury on fish and wildlife,
including wading bird exposure and toxicology studies by the University of Florida and
panther mercury residue studies for the Game and Fish Commission.

•

Funded research to develop a method for directly measuring Reactive Gaseous Mercury, a
major unknown in mercury source control.
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•

Constructed a mercury-free ('clean”) laboratory and acquired an ultra-trace analysis capability
for total mercury.

•

Quantified pre-industrial and present-day mercury input rates to the Everglades.

•

Co-funded a statewide mercury atmospheric deposition network, the Florida Atmospheric
Mercury Study (FAMS), with seven stations in South Florida.

•

Evaluated mercury emissions at three local sources in Broward and Miami-Dade Counties.

•

Implemented regulations to control emissions from municipal solid waste incinerators, a
possible source of Everglades mercury, which have resulted in a 65% reduction in mercury
emissions from these sources. The USEPA has since adopted similar regulations.

•

Co-funded top-predator fish sampling in the ENR Project, District canals, and interior marsh
sites by the Florida Game and Fresh Water Fish Commission (FGFWFC).

•

Supported mercury monitoring and research studies in the ENR Project by providing
analytical services through its own laboratory and by contract.

•

Issued permits under the EFA that provide information about mercury inputs into the
Everglades Protection Area from the District's Stormwater Treatment Areas (STAs) and nonECP structures.

•

Evaluated wading bird mercury exposures and toxic effects.

•

Tightened hazardous waste disposal regulations to limit mercury wastes. This has had the
effect of encouraging commercial and industrial facilities to minimize or eliminate mercury
from their products and processes.

•

The Florida Solid Waste Act of 1993 banned mercury from many commercial products such as
household batteries. Recycling of other mercury containing items was mandated.

•

Pollution prevention activities have been implemented at both the state and national level to
decrease mercury use at its source. In July 1998, for example, USEPA and the American
Hospital Association signed an agreement to minimize uses of mercury in hospitals. This
should help resolve the problem of high mercury emissions from medical waste incinerators, a
possible source of Everglades mercury. The DEP will help implement this agreement.

District
• Conducted biweekly monitoring at seven District structures in 1994-1997 in partnership with
the USEPA Region 4.
•

Supported USGS in its Everglades mercury research projects under the Aquatic Cycling of
Mercury in the Everglades (ACME) program.

•

Participated in the FAMS program by sponsoring a site at the ENR Project.

•

Since start-up in August 1994, conducted mercury monitoring, research, and modeling studies
at the Everglades Nutrient Removal (ENR) Project, a prototype filter marsh, with in-kind
support from the DEP’s analytical laboratory and a $219,292 Section 319 grant from USEPA
Region 4.

•

Co-funded top-predator fish sampling in ENR Project by FGFWFC.
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•

Assisted USEPA's Office of Research and Development in developing a wetlands mercury
cycling model that links the phosphorus and mercury cycles.

•

Evaluated the potential for the ECP to create new mercury risks in the filter marshes or to
exacerbate the downstream mercury risks in the Everglades to support the preparation of the
PEIS for the ECP.

•

Implemented an extensive mercury monitoring program in the STAs and the Everglades
Protection Area to provide ongoing corroboration that the ECP and non-ECP structures will
not cause or contribute to a significant new mercury problem or exacerbate an existing
mercury problem in the Everglades.

•

Evaluated Everglades canals and interior marsh waters for compliance with the state's existing
mercury Class III Water Quality Standard (WQS) and concluded that the WQS of parts per
trillion is not being routinely exceeded anywhere in the canal or marsh waters of the
Everglades.

•

Prepared an Everglades mercury baseline report that will incorporate data collected by or for
USEPA (i.e., the USEPA Everglades Mercury Study), USGS, and others to define the pre-ECP
conditions against which to measure the mercury-related effects of construction and operation
of the ECP works and structures.

The District and the DEP will continue to apprise the Legislature of the progress of the multiagency effort to understand and solve the Everglades mercury problem through the updated status
summaries in the Everglades Peer-Reviewed Report.

Conclusions
What is the significance of the Everglades mercury problem?
•

Mercury is a National and Florida problem, but bioaccumulation of mercury in Everglades
sport fish is the highest in Florida.

•

The state has issued advisories for no fish consumption (> 1.5 ppm) or limited consumption
(0.5 - 1.5 ppm) for all of the Everglades and Big Cypress National Preserve and eastern
Florida Bay, but high mercury residues have not been found in local sport fishers participating
in a study conducted by the Centers for Disease Control in Atlanta.

•

High mercury residues have been detected in wading birds, but effects on their populations
have not been documented.

•

High mercury residues have been detected in alligators and otters, but the effects on these
populations have not been studied.

•

Recent studies indicate that mercury levels in panthers have fallen substantially, but panthers
that prey on raccoons that have been exposed to high mercury in their diets could be at an
increased risk.
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The USEPA study of mercury in the Everglades did not detect waters that exceeded the state
Class III WQS of 12 ng/L in the District’s canals or the interior marshes in the period 19931997. District data collected in 1997-1998 confirm this status.

Can the sources of Everglades mercury be controlled?
•

Mercury deposition rates to the Everglades have increased about five-fold on average over the
last century.

•

While the STAs are expected to remove between 50% and 75% of the mercury loads from
EAA runoff, the Everglades will still be subjected to atmospheric deposition, which
contributes more than 95% of the new mercury load to the Everglades.

•

The contribution to present-day methylmercury production and bioaccumulation of
historically deposited inorganic mercury recycled from Everglades peat is the focus of
Everglades studies by the USGS, the Academy of Natural Sciences, and the University of
Wisconsin.

•

There is as yet no scientific consensus on the relative contributions of local and global air
emissions sources to the new mercury entering the Everglades.

•

The U.S. State Department has added mercury to the global environmental agenda for priority
global source reduction.

Can management of water quality and quantity reduce Everglades mercury risks to
acceptable levels?
•

The rates of production and bioaccumulation of methylmercury in the Everglades are
influenced by meteorology, hydrology, water chemistry, and ecology.

•

Excess phosphorus could affect methylmercury production and bioaccumulation by:
-- increasing areas devoid of dissolved oxygen where sulfate-reducing bacteria thrive but where
the sulfide that some believe poisons the methylation process also accumulates.
-- increasing the production of plant biomass and plant decay products, net plant biomass settling,
and net peat accretion, resulting in higher mercury settling and dilution rates.
-- altering aquatic plant and animal communities, trophic relationships, and critical paths of methylmercury bioaccumulation.

•

Water flow rate and depth determine the hydraulic residence time, which affects particle
settling and the accumulation of contaminants in water, sediment, and biota, and water depth
affects the penetration of sunlight, which, in turn, affects benthic periphyton production,
elemental mercury production, and methylmercury decomposition, as well as influencing
water column turnover and reoxygenatation.

How will the Everglades Construction Program affect mercury risks?
•

Using available data, baseline mercury risks have been calculated for wading birds feeding
exclusively in WCA-2A downstream of the S-10 structures in the minimally impacted zone
below 10 ppb total phosphorus. The District and DEP conclude that they are below the level of
immediate concern.
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•

Based on the above analysis, the District and DEP have concluded that restoring the impacted
zone in WCA-2A to the minimally impacted condition with total phosphorus concentrations
less than 10 ppb will not expose wading birds feeding exclusively in that area to a significant
increase in mercury risk. However, for birds feeding exclusively in the “hot spots” in WCA3A prior to the ECP, methylmercury risks may be of concern.

•

USEPA’s Everglades Mercury Cycling Model is undergoing further development to
incorporate the iron and sulfur cycles to address the potential positive effects of changes in
water quality and quantity to be brought about by the ECP, as predicted by other District
models.

What is the status of District and DEP efforts to understand and solve the mercury
problem?
•

The Florida Class III Water Quality Standard (WQS) for total mercury cannot be considered
fully protective of the Everglades. The DEP continues to fund research to support the
promulgation of new mercury WQSs, if needed, including wading bird exposure and
toxicology studies by the University of Florida and panther mercury residue studies for the
Game and Fresh Water Fish Commission.

•

The DEP and the District have cooperated in the development of schedules and strategies to
provide compliance with the existing mercury water quality standards to the maximum
possible extent, as manifested in EFA permits for the operation of the STAs and the non-ECP
structures.

•

Contrary to the hypotheses set forth in challenges to the ENR Project NPDES permit, the
results of four years of District studies demonstrate that the ENR Project:
-- outflow concentrations were always less than inflow concentrations for both total mercury and
methylmercury on an annual average basis and did not exceed the Florida Class III Water Quality Standard for total mercury.
-- mercury concentrations in sediments are not at hazardous levels and are declining.
-- fish have less mercury than those found anywhere else in the Everglades system.
-- removed between 50 and 75% of the total mercury and methylmercury entering through the
inflow pump on an annual average basis.
-- fish from the interior and outflow have lower mercury concentrations than at the inflow and L-7
reference site, with but a few exceptions.
-- exhibited a complex relationship between phosphorus in water and mercury in fish.

•

The DEP and the District are cooperating in the development of a long-term strategy for the
recovery and protection of the Everglades from its mercury problem to meet the new WQS, to
protect human health, and restore the full use of the sport fishery and Everglades wildlife,
including the alligator, woodstork, otter and Florida panther.

•

To implement this strategy, the DEP will issue long-term compliance permits to meet revised
WQSs by December 31, 2006.
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Recommendations
For the next and succeeding annual reports required by the EFA (373.4592(4)(d)6., F.S.), the
District and the DEP will address Everglades mercury concerns by preparing a Mercury Assessment Plan
for the Everglades that sets forth, by agency, the current status of the mercury programs and funding,
together with additional actions required and an estimated timetable for completion at a specified level of
funding for the following activities:
•

Develop water quality criteria for mercury and methylmercury that, when met, will prevent
impairment of the existing and designated beneficial uses of Everglades waters;

•

Estimate the relative contributions to the Everglades mercury problem caused by activities that
are potentially controllable under Florida law; activities that are potentially controllable under
other U.S. jurisdictions; man-induced, non-abatable causes including those not controllable by
any U.S. jurisdiction; and natural causes; and

•

Estimate the benefits to be achieved by additional controls on activities that are potentially
controllable under Florida law.

Decisions regarding further regulatory activities will be based on the DEP’s assessment of the
weight of evidence of the data relating to these three efforts.

Timelines
The Mercury Assessment Plan will reflect the District’s and DEP’s commitment to joint
sponsorship of this effort and will be completed during 1999. Until the plan funding recommendations are
prepared, the District and DEP should continue their present level of effort in the areas of risk assessment
and new water quality criteria development, source attribution, biogeochemical research, bioaccumulation
studies and modeling. When the plan has been prepared, the appropriate level of effort should be
determined. To the extent appropriate, implementation of this plan by the District and DEP should be
through the multi-agency South Florida Mercury Science Program.

Findings on the Everglades
Mercury Problem
•

The State has issued public health advisories for no or limited fish consumption for all of the
Everglades, Big Cypress, and eastern Florida Bay, which limits the recreational uses of these
waters.

•

There is a significant mercury problem in the Everglades Protection Area.

•

Most new mercury arriving in the Everglades comes from the atmosphere. However, the role
of local air emissions is not known with certainty at this time.

•

Water quality and quantity can affect mercury bioaccumulation, and the relative effects must
be considered through continued monitoring, research and modeling.
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•

An ecological risk assessment indicates that the Everglades Construction Project will not
significantly increase the methylmercury risk to the Everglades wading birds to levels of
concern.

•

The Florida Class III standard for mercury does not appear to protect fish and wildlife from
mercury bioaccumulation to problematic levels in the EPA.

•

Research and monitoring in the EPA should continue under the multi-agency South Florida
Mercury Science Program to fill information gaps on management options.
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Chapter 8: Supplemental Technologies for Treating Stormwater
Discharges into the Everglades Protection Area
Susan Gray and Gregory L. Coffelt

Summary
Phase II of the Everglades Program is focused on identifying, demonstrating and implementing
stormwater treatment technologies to achieve State standards. Because the phosphorus (P) removal goals
of the Act may be lower than the stormwater treatment areas (STAs) can achieve alone, the District, in
conjunction with Florida Department of Environmental Protection (DEP) and the Everglades Protection
District, is developing and evaluating alternative treatment strategies for reducing P concentrations to meet
a planning goal of 10 ppb for total phosphorus (TP). Supplemental technologies, as they were originally
described in the Act, are envisioned to work with or in place of STAs to meet the final P target. However,
the best combination of treatment technologies to meet the P concentration goal may include enhanced
Best Management Practices (BMPs), as well as STAs and supplemental technologies.
All candidate treatment technologies are being evaluated against the same criteria: load reductions;
discharge concentration reductions; water quantity, distribution, and timing for the Everglades Protection
Area (EPA); compliance with water quality standards; compatibility of treated water with the balance in
natural populations of aquatic flora or fauna in the EPA; cost-effectiveness; and schedule for
implementation. Other evaluation criteria may include, but not be limited to, technical feasibility, possible
adverse environmental impacts, local acceptability, and marsh readiness of the effluent. All supplemental
technologies must be applicable at the basin scale, i.e. they must be able to treat the runoff generated
within an Everglades Agricultural Area (EAA) basin during storm events. Work that is currently under way
will result in information on P removal performance, estimated costs, and compatibility with Everglades
flora or fauna for all of the candidate supplemental technologies.
Over two dozen-water quality treatment technologies were screened in the Desktop Evaluation
conducted for the District by Peer Consultants/Brown and Caldwell in 1996. The District originally
proposed to investigate five of the most promising technologies (wetlands, managed wetlands, chemical
addition/direct filtration, low intensity chemical dosing, and submerged aquatic vegetation (SAV)/
limerock). However, special condition #7 of the United States Army Corps of Engineers (USACE) Section
404 permit for construction of the STAs in Phase I lists nine technologies to be investigated. In addition to
the five technologies listed above, the Section 404 permit requires the District to conduct research on
chemical addition/dissolved air-flotation, chemical addition/high-rate settling, microfiltration, and
periphyton-based stormwater treatment areas (PSTAs).
Research on these technologies began in 1997 with the microfiltration (conducted by DEP), low
intensity chemical dosing (conducted by the Everglades Protection District) and combined chemical
treatment/solids separation studies. In 1998 the District, through its contractors, began work on the SAV/
limerock and PSTA research programs, with work scheduled to begin on managed wetlands by the end of
1998. All research will be completed by December 31, 2001, as required by the Act. It is clear from this
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schedule that information on the most promising supplemental technologies will not be available in time to
be incorporated into the design of STA-3/4 (scheduled for 1999 through 2000). It is also clear that the
deadline for the water quality strategy required by the USACE Section 404 permit (January 1, 2001) may
be difficult, if not impossible, to meet.
Information on the potential implementation costs for Phase II is not currently available.
Preliminary cost estimates and benefits for some of these technologies were developed in a desktop
evaluation conducted in 1996 (Peer Consultants P.C./Brown and Caldwell). However, the assumptions
used to develop these cost estimates have, in many cases, proved incorrect. Based on the results of the
microfiltration project and early results from the chemical treatment project, the costs to implement these
particular alternative treatment technologies are much higher than those projected in 1996.
District staff will be evaluating the performance results from BMPs and STAs, as well as the
results of the research and demonstration projects for supplemental technologies and STA optimization, as
the information becomes available. This information will be used to begin the selection of the most
promising combination of technologies to meet the final P standard, and will be included in the water
quality plan required by the Act by December 31, 2003 (See Chapter 12). The ultimate combination of
approaches will also need to consider the site-specific conditions that will potentially affect the successful
implementation and performance of the combined treatment technologies.

The Act Requirements for Supplemental
Technologies
The Everglades Forever Act (Act) of 1994 mandates that the DEP and the District design and carry
out the Everglades Program, a series of fifty-six (56) projects including research, regulation, and
construction activities to restore the Everglades (See Chapter 1; SFWMD and DEP, 1997). The
Everglades Program is designed to achieve interim ecosystem restoration goals and to identify and
subsequently achieve long-term water quality and management goals.
The Act directs the District and the DEP to initiate research and monitoring to generate sufficient
water quality data and to evaluate the effectiveness of Stormwater Treatment Areas (STAs) and Best
Management Practices (BMPs) in improving water quality. The DEP is directed to initiate rulemaking to
establish a numerical Florida Class III Water Quality Standard for P entering the Everglades Protection
Area (EPA) by December 31, 2001. If rulemaking is not completed and a P standard is not established by
DEP by December 31, 2003, the Act establishes a default P criterion of 10 parts per billion (ppb). Other
responsibilities established by the Act require DEP to establish a relationship between discharge levels and
water quality in the EPA, and the District and DEP to use this relationship to set a discharge limit for the
STAs and other discharges into the EPA. In addition, the Act specifies that constructed wetland treatment
systems, coupled with the use of on-farm best management practices to reduce P loading at the source,
currently are the best available strategies for achieving interim water quality and hydropattern restoration
goals.
Because the P removal goals of the Act may be lower than the STAs can achieve alone, the District
and DEP are developing and evaluating alternative treatment strategies for reducing P levels to meet a
planning goal as low as 10 ppb for TP. Supplemental technologies, as they were originally described in the
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Act, are envisioned to work with (or in place of) STAs to meet the final P target. However, the best
combination of treatment technologies to meet the P concentration goal may include enhanced BMPs, as
well as STAs and supplemental technologies. Phase II of the Everglades Program is focused on identifying,
demonstrating and implementing water treatment technologies to achieve Act standards. The schedule for
demonstration, full-scale design and construction of Phase II water treatment technologies, including the
development of the Integrated Water Quality Plan, is shown in Figure 8-1.
EVERGLADES RESTORATION PHASE II
SCHEDULE REQUIREMENTS AND GOALS*

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006

Evaluate & Demonstrate Treatment Technologies
Integrated Water Quality Plan Development
Conceptual Design for Basin-Scale Treatment Facilities
Detailed Design for Basin-Scale Treatment Facilities
Construction of Basin-Scale Treatment Facilities
* Note: These schedules are preliminary and contingent upon funding and other constraints (see Chapter 12)

Figure 8-1.

Phase II schedule requirements and goals.

All supplemental technologies under consideration must meet guidelines established by the Act.
All candidate treatment technologies must be demonstrated to be superior at achieving restoration goals,
considering the following:
•

load reduction,

•

discharge concentration reductions,

•

water quantity, distribution, and timing for the EPA,

•

compliance with water quality standards,

•

compatibility of treated water with the balance in natural populations of aquatic flora or fauna
in the EPA,

•

cost-effectiveness; and

•

schedule for implementation.

Other evaluation criteria may include, but not be limited to, technical feasibility, possible adverse
environmental impacts, and local acceptability of the effluent. All supplemental technologies must be
applicable at the basin scale, i.e., they must be able to treat the runoff generated within the EAA basin
during storm events.
The District has previously contracted with Brown and Caldwell Consultants to identify and rank
supplemental technologies that might be applicable to reducing P levels in EAA runoff (Brown and
Caldwell 1992, 1993a, 1993b, 1993c). As a follow-up to this study, the District contracted with PEER
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Consultants P.C./Brown and Caldwell-Joint Venture to reassess the efficacy of existing nutrient removal
technologies, investigate new and/or as yet unproven technologies, and consider using combinations of
technologies in the design of an advanced treatment system capable of reducing TP to approximately 10
ppb (PEER Consultants, P.C./Brown and Caldwell, 1996). From an original list of 30 technologies, this
desktop study identified the following as the most suitable for further investigation: stormwater treatment
areas; managed wetlands; chemical treatment/direct filtration; chemical treatment/ dissolved air-flotation;
chemical treatment/high-rate settling; submerged vegetation/limerock; and low- intensity chemical dosing
of STAs. Preliminary cost estimates and benefits, defined as pounds of P removed, for some of the
technologies were also developed. An additional concept, periphyton-based stormwater treatment areas
(PSTAs), was determined at that time to have insufficient documentation to be included in this list.

Impacts of the Section 404 Permit
The United States Army Corps of Engineers (USACE) Section 404 permit for the construction and
operation of the STAs, contains several permit conditions that have significantly influenced the level of
effort and schedule for the supplemental technology program. If adverse impacts should be documented,
special condition #1(b)6 requires the implementation of additional water quality measures for STA-2, by
the end of the fourth year of operation after first discharge. The Act specifies first discharge as the date of
the first flows across the degraded east L-6 Levee into Water Conservation Area (WCA) 2A, which could
conceivably occur as early as 1999. This would potentially result in the requirement to implement
additional water quality strategies (i.e. supplemental technologies) by 2003, three years earlier than the
implementation date of December 31, 2006 specified by the Act.
Special condition #5 of the Section 404 permit requires the development of a strategy to achieve
the final State water quality standard for P by January 1, 2001. However, DEP will likely not complete
rulemaking to establish the final standard before the Act deadline of December 31, 2003. Based on the
recent ruling regarding the permit challenge for the non-Everglades Construction Project (ECP) structures,
a water quality strategy was defined as problem identification, solution identification and solution
evaluation. This differs from the water quality plan, required by the Act in 2003, which is more
comprehensive and will include solution development and implementation, conceptual design and a
construction schedule to meet the December 31, 2006 deadline. Although the USACE Section 404 permit
uses these terms differently for purposes of the permit, the District intends to provide the USACE with the
most up to date information available to fulfill the Section 404 permit conditions that refer to strategies or
plans.
Finally, special condition #7 of the Section 404 permit includes a list of nine potential
supplemental treatment technologies to be investigated. The District originally proposed to investigate five
of the most promising technologies (wetlands, managed wetlands, chemical addition/direct filtration, low
intensity chemical dosing, and SAV/limerock) suggested by the Desktop Study. The addition of four more
technologies (chemical addition/high-rate sedimentation, chemical addition/dissolved-air flotation,
microfiltration, and periphyton-based STAs) has required a significant increase in funding (estimated at
over $3,300,000) and staffing for the program.
Most supplemental technology research and demonstration studies will be completed between
2000 and 2002. Although exceptional efforts are being made to meet the Section 404 Permit special
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condition timeframes, compliance with those timeframes is likely not achievable. The District has
requested modifications of the Section 404 permit that would rectify some the concerns identified above.

Integration of Research Findings on
Supplemental Technologies with BMPs and
STA Optimization to Achieve Final Water
Quality Standards
The Act requires the development of a water quality plan by December 31, 2003 that will explain
the District's approach on how to achieve and maintain the final P performance standard by December 31,
2006. This water quality plan will incorporate information on the best combination of STAs, BMPs, and
supplemental technologies to meet the final P performance standard, as well as other State water quality
standards if necessary. As the information is generated, District staff will be evaluating the performance
results from BMPs and STAs, as well as the results of the research and demonstration projects for
supplemental technologies and STA optimization. This information will be used to begin selection of the
most promising combination of technologies to meet the yet-to-be-defined final P criterion. The
methodology to determine the best combination of technologies will need to be developed. It will also need
to consider the site-specific conditions that will potentially affect the successful implementation and
performance of the combined treatment technologies. Other information that is required includes the final
P criterion, establishment of the relationship between discharge levels and water quality in the EPA, the
results of the C & SF Restudy and Lower East Coast Regional Water Supply planning efforts, and the
incorporation of the Talisman property into the Everglades Restoration program (See Chapter 12).

Supplemental Technologies
Under Investigation
In 1996 the District completed a comprehensive evaluation of promising water quality treatment
technologies, ranging from constructed wetlands that require fairly low maintenance to full chemical
treatment for the removal of P (PEER Consultants, P.C./Brown and Caldwell, 1996). Various combinations
of the highest ranked technologies were evaluated on the basis of projected nutrient removal performance,
costs, and compatibility with environmental criteria. This evaluation confirmed that STAs are indeed the
best interim step towards achieving the long-term water quality and hydropattern restoration goals for the
Everglades. In addition, other promising technologies were identified along with their major technological
uncertainties. The most promising technologies are being investigated prior to the final decision on if, and
how, supplemental technologies can be incorporated into the final Phase II solution. The District and DEP
have initiated demonstration studies on these technologies to further determine critical design criteria such
as performance efficacy, hydrologic operating characteristics, initial and annual costs, and identification of
potential environmental impacts. Some of these have the potential of both on-farm treatment of hot spots
and regional application. These technologies include the following:
•

Chemical Treatment/Solid Separation (which includes Chemical Treatment/Direct Filtration,
Chemical Treatment/High-Rate Sedimentation, Chemical Treatment/Dissolved-Air Floatation,
Chemical Treatment/Microfiltration)
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Low-Intensity Chemical Dosing

•

Managed Wetlands

•

Submerged Aquatic Vegetation/Limerock

•

Periphyton STAs (PSTAs)

•

Wetlands (STAs).
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Chemical Treatment/Solids Separation
Several chemical treatment/solids separation processes are currently being evaluated by the
District's supplemental technology research program. These strategies are similar in that they use water
treatment chemicals (i.e. iron or aluminum salts, usually with a chemical polymer to aid in coagulation) to
precipitate P. Differences occur in the method of solids separation. The different methods of solids
separation include: direct filtration, high-rate sedimentation, dissolved air flotation, and microfiltration and
are discussed separately in the following text. The chemical treatment approaches described below are
adaptations of technologies used in wastewater treatment or to produce drinking water. The primary
research challenge for these technologies is to identify the optimum chemical application regime to remove
P to desired levels, while minimizing the complexity of the treatment process. The issue of disposal of
solids generated from these processes is also under investigation. Sludge disposal options may range from
on-site land application to the requirement for transport and disposal in a landfill.
Direct Filtration - This system adds metal salts to the water to be treated and combines it in a rapid
mixing chamber prior to filtration. Filters may consist of sand, coarse activated carbon, anthracite coal,
garnet, alumina, or other granular material. Spent backwash from the filters is routed to settling ponds for
further treatment. The supernatant from the settling ponds is returned to the head of the plant. Periodically,
solids are removed from the settling ponds, dewatered, and disposed of appropriately (Figure 8-2). The
technology appears capable of achieving 80 to 90% or more in P removal, however, these results are not
based on Everglades-type water and thus may not necessarily be achieved in the Everglades system. The
Wahnbach Reservoir plant in Germany (capacity 113 million gallons per day (mgd)) has been reducing P
from 60-210 ppb to 5 ppb using an iron salt dose of 4 to 10 milligrams/liter (mg/L). Maximum filtering
rates are 5 grams of solids per minute per square foot of filter area (gpm/sq ft). Preliminary tests on
Everglades water indicate that due to its high organic matter content, a chemical dose two to three times
greater than those applied elsewhere will be required (Metcalf & Eddy, 1998). This may result in an
increase in solids production such that the Wahnbach filter design is overwhelmed. An additional research
issue will be to identify a suitable filter media that will capture the required solids without requiring
frequent filter cleaning.
High-Rate Sedimentation - Chemical treatment followed by high-rate sedimentation is a common
method used in the United States to produce drinking water. This system removes chemically precipitated
solids through high-rate sedimentation that can include inclined plate or tube settling and ballasted-floc
systems that require less space than do conventional settlers. Inclined plate and tube settling increase the
area available for settling in a horizontal flow system and thereby achieve more efficient settling.
Microfine sand (100 to 150 micron diameter) adds weight to the floc particles and increases their settling
velocity. Gravity filtration may be required as a final treatment step, although studies have shown that
polishing is not always necessary if the sedimentation step is efficient. Solids are disposed of in the most
beneficial manner. The technology appears capable of achieving 80 to 90% or more in P removal, although
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Figure 8-2.

Chemical treatment.

these projections are not based on Everglades-type water and thus may not necessarily be achieved in the
Everglades system. Cost savings can be realized if high-rate settling without a final filtration step is
sufficient to meet water quality goals.
Dissolved-Air Floatation - This process removes precipitated solids by dissolved-air floatation.
Floatation is achieved by dissolving air into a recycled, process effluent stream, under pressure. The
recycled effluent stream then passes through a pressure-reducing valve and is blended with the flocculated
influent. Dissolved air comes out of solution as tiny bubbles, which adhere to the floc particles and make
them buoyant. The solids bubble to the surface, are skimmed off, and then disposed of appropriately. The
underflow passes directly to a multi-media filter. This technology appears capable of achieving 80 to 90%
or more in P removal. Again, these results are not based on an Everglades demonstration and thus may not
necessarily be achieved in the Everglades system. Dissolved-air floatation in water treatment is common in
Europe with plants operating at capacities up to 20 mgd. This process is also used in the United States in
drinking water and wastewater applications. The efficiency of dissolved-air floatation will be compared to
the other solids separation techniques on the basis of cost and performance.
Microfiltration - This process uses microfiltration to remove precipitated solids from water. The
chemically dosed water and precipitated particles flow through a pressure vessel containing tubular finepore membranes, with a pore size of 0.1 to 0.01 micron. In contrast, reverse osmosis uses a pore size less
than 0.001 microns. The water passes from one side of the membrane to the other, which can be operated in
either a positive or negative pressure mode. Solids cannot pass through the membranes and are trapped on
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the entrance side. Trapped solids are flushed from the membranes and sent to a settling pond for further
treatment and disposal. Solids are removed from the pond and disposed of in an appropriate manner. Pond
supernatant is returned to the head of the plant. The membrane is cleaned with chemicals such as citric
acid. A system of with a 20-mgd capacity will soon be constructed in France.
Current Status of Chemical Treatment Projects
The District selected a contractor to construct a pilot-scale facility for the demonstration of
chemical treatment followed by direct filtration, high-rate sedimentation, dissolved-air floatation, and
microfiltration solids separation. Phases 1 and 2 of this project, which included bench-scale or jar testing of
EAA waters to estimate the amount of chemicals necessary to remove P in the highly organic waters, have
been completed. A portion of this work was funded through the United States Environmental Protection
Agency (USEPA) Section 319(h) grants funding program, administered by the DEP. Results of Phase 1 and
2 for the chemical treatment/solids separations project and microfiltration project are presented below.
Phase 3 will commence in early 1999.
Phase 1 tests included bench-scale evaluations of the comparative P removal capabilities of
aluminum and iron salts for EAA water. Chemicals which demonstrated promise during Phase 1 tests were
further evaluated in Phase 2 tests to isolate some of the conditions which seem most significant to
performance of the chemical. Phase 2 tests examined how P removal capabilities were affected by initial P
concentration, chemical dosage, use of polymers, use of adsorbents, initial pH, and adjusted pH. The P
removal potential of several iron salts was tested with low-, medium-, and high-P waters (defined
respectively as less than 30 ppb TP, 30 to 100 ppb TP, and greater than 100 ppb TP). Ferric sulfate, ferric
chloride, polyferric sulfate and ferric sulfate with a polymer blend were evaluated. All chemicals were
received in concentrated liquid solution (10 to 12 percent) from the manufacturers. Jar tests were also
conducted to evaluate the feasibility of absorbing P with activated alumina, iron oxide (magnetite), and
hematite. Results for both settling and filtration were obtained. Filtration experiments were conducted
using Whatman 40 filters and, to a lesser degree, small sand filter columns. The following primary
conclusions were reached.
•

TP levels of 10 ppb or lower can be achieved from a range of influent P concentrations (12 430 ppb) by chemical precipitation and filtration.

•

P reduction achieved for each mg/L metal salt added was higher for high-P waters (> 50 ppb)
than for low-P waters.

•

With high metal salt dosages (> 20 mg/L Al or > 40 mg/L Fe), filtration and settling resulted in
approximately the same P concentrations.

•

Orthophosphate was easier to remove than the polyphosphate and organic P components of the
influent water.

•

Adsorption tests indicated that adsorbents only removed orthophosphate. High dosages of
metal salts are necessary to remove the remaining organic phosphate and polyphosphate
components.

•

Adjusting the pH between 6 and 9 did not result in a significant difference in P removal. When
pH was adjusted above 9 (using 150 mg/L or higher lime dosage), P removal increased
significantly.
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No significant differences in TP removal were noted when lime was introduced after rather
than before the metal salt (ferric sulfate).

One recommendation for further study (in Phase 3) included varying the mixing intensity and time
at the pilot plant to evaluate whether longer flocculation can result in increased P removal at a lower
coagulant dosage. Another recommendation for further study included testing the P removal capability of
iron and aluminum salts at low dosages with lime addition.
The field work for microfiltration, which will form the basis for additional work under the
chemical treatment project, was conducted under contract to the DEP at two locations in the Everglades
Nutrient Removal (ENR) Project, from September 1996 to September 1997. A final report was submitted
in May 1998 (Conestoga-Rovers and Associates, 1998). Based on the results of the one-year demonstration
project, some of the conclusions are:
•

Chemical treatment (Al or Fe) followed by microfiltration is capable of removing TP down to
10 ppb (P) for both post BMP and STA waters. Chemical dosages required for post BMP and
STA waters range from 8 to 10 and 3 to 4 mg/l as Fe or Al, respectively.

•

Even though ferric chloride and alum P removal rates were approximately the same, ferric
salts would be preferred for use in full scale applications due to their apparent ability to extend
microfiltration run times and also because of recent environmental perceptions related to the
use of aluminum.

•

Since the post BMP microfiltration scenario requires an up-front equalization basin
approximating the size of an STA, it is unlikely that full-scale application of microfiltration to
treating BMP water to effluent TP level of 10 ppb would be cost effective.

•

Bioassay and algal growth potential studies conducted on feed and filter samples demonstrated
no sustained adverse impact on receiving surface waters.

•

Membrane technology (microfiltration or ultrafiltration) has potential to be an integral part of
a coupled STA-low chemical-dosing membrane system particularly when considering higher
Phase 2 (i.e. 20-30 ppb) effluent TP targets and potential water supply considerations.

Operation of the pilot treatment facility (Phase 3), which includes the evaluation of the different
solids separation techniques, will begin in 1999. This work will be conducted for a period of several
months at the Supplemental Technology research site located adjacent to the ENR Project outflow pump
station (post-STA research site). Further testing at the Supplemental Technology research site located near
the ENR Project inflow canal (post-BMP research site) may not be necessary, as the results of the Phase 1
and 2 jar tests, and the microfiltration demonstration project indicate that information on chemical dosing
and solids production obtained at low P inflow concentrations will be applicable to high phosphorous
inflow concentrations. In addition, operation of a chemical treatment facility upstream of an STA will
require the construction of an equalizing basin of approximately the same size as an STA to treat all
inflows, which would result in extremely high construction costs.

Low-Intensity Chemical Dosing
Small doses of iron salts are added directly to the constructed wetland (STA) influent to precipitate
soluble P and help coagulate the chemically precipitated P and naturally occurring particulate P. No rapid
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mixing, flocculation, or settling basins are used. Methods of distributing the treatment chemicals
effectively must be developed. The constructed wetlands act as settling basins and capture precipitated
solids. Chemical precipitation provides an additional mechanism for P removal, may improve particulate P
removal capability, and may enhance the P retention capability of the sediments. This concept has been
used in Belgium, along the Rhine River, and in Minnesota on lake water, although it has not been used with
constructed treatment wetlands here in Florida. The wetland provides both P uptake as well as filtration of
the precipitate (Figure 8-3). Due to the biological component of the system, a minimum of one full year of
field testing will be required to obtain reliable performance and design information. Issues of concern with
this technology are: (1) the stability of the sludge blanket as it accumulates on the floor of the STA in
response to high flow rates and changing aerobic/anaerobic conditions; (2) effects on the long-term
performance of the STA due to enhanced sediment accumulation; (3) required chemical application rates;
and (4) how to effectively distribute the added chemicals.
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Figure 8-3.

Low-intensity chemical dosing.

Current Status of Low-Intensity Chemical Dosing
The low-intensity chemical dosing project is being conducted by Duke University researchers
under contract to the Everglades Protection District and DEP. USEPA Sec. 319(h) funding, administered
by DEP, has been received for this project. Work is underway in the ENR Project. Pilot-scale
demonstration studies for low-intensity chemical dosing began in the spring of 1997. Microcosm scale
tests are continuing and mesocosms are installed at Site 1 in the ENR Project. Background data is also
being collected at Site 1. The District will be conducting the next phase of the project. Experiments for the
next phase will include optimization of chemical dosing and the design and construction of flow-ways, or
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flumes, for determining the effects of water velocity on the stability of the chemical sludge blanket
deposited within the ENR and P removal performance.

Managed Wetlands
With managed wetland technology, stormwater is mixed with chemicals to initiate flocculation.
Potential treatment chemicals include iron and aluminum salts, and a chemical polymer as a coagulant aid.
Flocculation and solids separation occur as described in high-rate sedimentation or in a settling pond. The
chemical treatment step occurs upstream of a constructed wetland to provide a mechanism for controlling
the TP load to the wetland and to increase the performance and reliability of the overall treatment system
(Figure 8-4). By adding the chemical treatment step ahead of the wetlands, the majority of P is removed
prior to the introduction of flow into the wetlands, thus potentially reducing wetland area requirements and
chemical application rates. P removal to less than 50 ppb has been documented. Again, due to the
biological component of the system, a minimum of one full year of field testing in a wetland system will be
required to obtain reliable performance and design information. Issues of concern with this technology are
related to scale-up in size and the ability to handle large stormwater flow events.

Figure 8-4.

Managed wetlands.

Current Status of Managed Wetlands
This project will be conducted jointly with the Seminole Tribe of Florida and the District to
investigate the managed wetlands technology. A portion of the project will be conducted in the ENR
Project test cells to determine the efficacy of this technology in cattail systems, which is the plant
community most likely to become established in a constructed wetland. The second phase of the project
will look at the performance of this technology when coupled to a forested wetland or cypress-dominated
system, which is the habitat type found primarily on Tribal property. USEPA Section 319(h) funding has
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been received for the initial phase of this project, with additional funding anticipated for later phases. This
project will begin in the fall of 1998.

Submerged Aquatic Vegetation (SAV)/Limerock
This treatment method capitalizes on the removal of P through natural pH-moderated precipitation
and adsorption mechanisms. In this system, P-laden runoff is fed to a submerged macrophyte-dominated
wetland. Photosynthesis by macrophytes and periphyton raises the water's pH. The elevated-pH water is
discharged into a crushed limerock bed where P will adsorb onto the limestone surface and be removed
from the water stream (Figure 8-5). The limerock bed will need to be replaced or refurbished on some
periodic basis. Treatment performance fluctuates diurnally with the best performance occurring during
daylight hours. Information on this treatment technology is relatively limited and will require testing at
several scales. In addition, at least two years of field testing of this developing technology will be required
to obtain reliable design and performance information.
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Figure 8-5.

Submerged aquatic vegetation and limerock.

Current Status of SAV/Limerock
This project is co-located with the Chemical Treatment/Solids Separation and PSTA projects at the
north and south Supplemental Technology research areas at the ENR Project. A contractor has been
selected by the District and work was initiated in February 1998. The fabrication and set-up of the
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experimental tanks, limerock reactors, and associated water delivery systems was completed by April
1998. All tanks were then stocked with submerged aquatic vegetation and flow-through operations started.
The vegetative community in the tanks was given time to become established before initiating the various
experiments that are part of the study. Data collection began in June 1998. Variables that may influence the
P removal performance of the SAV/Limerock system include hydraulic retention time, water depth,
limerock chemical composition and size, and harvesting of the SAV. All of these variables will be
investigated over the course of the study. USEPA Section 319(h) funding, administered by DEP, has been
received for this project. If results from the ongoing study are promising, in mid- to late-1999 a larger,
second study will be conducted in the ENR Project test cells. This study should yield design-level
information by the year 2001.

Periphyton-based STAs (PSTAs)
This treatment concept uses the natural ability of periphyton (attached algae) to remove P from the
water column to very low levels. The conceptual design consists of removing the soil/substrate down to the
underlying limestone to create an environment that will support periphyton growth while preventing the
establishment of rooted macrophytes. P removal is achieved through periphyton uptake and precipitation
with calcium carbonate during the growth process. The concept, as proposed, is relatively passive so that
short-term operation and maintenance costs are expected to be lower. After dry periods, periphyton
communities typically reestablish within 24 hours of a rain event. Optimum water depth for the system is
estimated between 0 and 2 feet (Figure 8-6). Issues associated with this concept include the long-term
performance and stability of an algal-based system, the level of required maintenance, and level of
macrophyte control that may be necessary to prevent shading of the periphyton community. At least two
years of field-testing will be required to obtain information on the feasibility and function of this concept
for scale-up design and operation.
Current Status of PSTA Studies
Initial field investigations on the construction and hydrologic feasibility of periphyton STAs
(PSTAs) in the EAA were completed in November 1997. These tests confirmed that the high groundwater
elevations in the project area will need to be addressed in the design and operation of the field-scale test
cells. In addition, the amount of seepage into or out of the test cells will need to be quantified in order to
determine the influence of groundwater/surface water interactions on the water and P mass balance
budgets. A contractor was selected in April 1998 to conduct the necessary biological and engineering
research on the concept. Mesocosm-scale and field-scale studies will begin in December 1998 to
demonstrate the feasibility of PSTAs to reduce P concentrations to very low levels. Research will be
conducted at the supplemental technology research sites within the ENR Project and within the footprint of
STA-3/4. Variables that may affect the P removal performance of a PSTA include water depth, substrate
type, hydraulic loading rate, the presence or absence of macrophytes, and periodic dryout of the system.
All of these variables will be examined over the course of the study. The project is divided into two phases,
each of 18 months duration. Depending on the results of the first phase, which will focus on key
engineering and biological questions, the District may elect to stop the project at that time. In addition, the
USACE will be conducting PSTA research in the areas of STA-1 East and the C-111 project area. The
District and USACE are continuing to coordinate closely between these projects to ensure the highest
quality research for the least total cost.
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Figure 8-6.

Periphyton-based Stormwater Treatment Area (PSTA)

Wetlands
Constructed wetland treatment systems, such as stormwater treatment areas (STAs), remove P by
exposing it to a suite of naturally occurring biological, chemical, and physical processes. Uptake by
macrophytes, subsequent plant die-off, the actions of organisms that feed on plant debris, and the slow
flow of water within the STA interact to accumulate material on the bottom as peat. Ultimately, the P is
stored in the peat and muck soils. Flow passing through the STA is collected in an effluent canal and
pumped out of the system directly into a WCA or receiving canal. Issues related to STAs are the
integration of the existing Everglades Construction Project with other treatment technologies, and how to
enhance STA performance through operational changes.
Current Status
A combination of field research, evaluation of other available system data, and application of a
“Wetlands Water Quality Model” is being used to identify ways to optimize the nutrient-removal
performance of constructed wetlands. Research has been under way in the large treatment cells of the ENR
Project since 1994. In addition, activities are planned in the smaller ENR Project test cells where greater
control of hydraulic loading rates and water depth, and statistical replication is available. The anticipated
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results will include recommendations for enhancing STA operations with respect to water retention time
and water depths. These are targeted to be completed no later than December 31, 2001. Also, as STAs
come on-line, their operations will be continuously monitored and evaluated, and valuable feedback will
be incorporated into other STA operations. Please refer to Chapter 6 for more details on STA Optimization.

Evaluation and Comparison of
Supplemental Technologies
To properly evaluate the results of diverse supplemental technology demonstration projects, it is
necessary that the data obtained from all such demonstration projects be collected in a manner that allows
scientifically valid comparisons to be made. To ensure that comparable information is obtained from each
supplemental technology study, the District entered into a contract to develop a supplemental technology
standard of comparison that will be applied to each project. This standard is intended to be applied evenly
to all technologies to provide a reasonable analysis of the potential of each technology with minimal bias.
The standard of comparison provides direction to each supplemental technology project on the data to be
collected as well as the information necessary to begin the design of full-scale applications. The standard
of comparison also provides for the development of a data base for the supplemental technology projects
and the design of an evaluation method to assess the performance of each technology.
The development of all phases of the standard of comparison is a joint process that includes the
District, DEP, and the Everglades Technical Advisory Committee (ETAC). The data collection guidance
document was completed in December 1997 and distributed to all of the supplemental technology
demonstration projects. The guidance document directs the collection of comparable experimental data
and includes the following: identification of flow streams to be sampled; flow measurements and
methodologies; analytical parameters, methods and sampling frequencies; QA/QC requirements; data
formats; identification of liquid and solid-side streams to be sampled; analytical procedures for evaluating
compatibility with downstream environments; the data set to be utilized for modeling long-term
performance; and development of the conceptual design and preliminary cost templates for the full scale
facility. The contract guidance document can be found in Appendix 8-1.

Application of the Standard of Comparison
The second phase of the standard of comparison development has two objectives: 1) the
development of an evaluation methodology, and 2) development of a comprehensive database. The
evaluation methodology proposes five primary and five ancillary concepts, analyzed through a
combination of quantitative and qualitative methods, that will be used to compare the diverse supplemental
technologies. Primary concepts include the level of P concentration reduction achieved, the level of P load
reduction achieved, cost-effectiveness, evaluation of potential toxicity of the technology and
implementation schedule. Ancillary concepts include the feasibility and functionality of scaled-up design
and cost estimates, operational flexibility, sensitivity of technology to fire, flood, drought and hurricane,
level of effort to manage side streams generated by the treatment process (may include potential benefits to
be derived from the side streams), and other water quality issues. A database will be developed where
supplemental technology project data will be compiled for evaluation.
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The evaluation methodology will also include initial cost estimates and benefits (calculated as the
pounds of P removed by the technology) that will be used to as part of an evaluation of costs and benefits
of each technology. The process by which the standard of comparison evaluation methods will be applied
is under development and will be completed in 1999. At this time it is envisioned that a scoring system
will be developed for the primary concepts, and the ancillary concepts will be evaluated qualitatively. The
quantitative data will be entered into the standard of comparison data base and the qualitative information
will be provided by the research teams as written summaries. When the first demonstration projects have
produced standard of comparison data sets, possibly as soon as late 1999, the information will be compiled
and evaluated. The process will be repeated as each supplemental technology project is completed and data
are added to the database. It is anticipated that the evaluation methodology developed for the supplemental
technology standard of comparison will be applicable, either in its entirety or in part, to the selection of the
optimal combination of BMPs, STAs and supplemental technologies. The complete database of all of the
supplemental technology projects should be available toward the end of 2001.

Scheduling and STA-3/4 Design
The District is continuing to focus efforts on conducting the necessary research of the most
promising supplemental technologies identified in the Desktop Study (Peer Consultants, P.C./Brown and
Caldwell, 1996) and the USACE Section 404 permit for the STAs. The majority of this information is
required by the end of the year 2000, in order to meet the USACE Section 404 permit deadlines. Based on
the current schedules and timelines of all the supplemental technology projects (Figure 8-7), it is unlikely
that the USACE Section 404 permit deadlines will be met.
Final design of STA-3/4 is scheduled for 1999 through 2000. Unfortunately, information from the
supplemental technology demonstration studies that could influence the design of this STA will be largely
unavailable. However, efforts are currently under way to consider refinements to the design of STA-3/4
that would allow the flexibility to incorporate supplemental technologies as design details are developed.
This would contingent upon the demonstrated need for Phase II supplemental technologies, as well as
funding availability. STA-3/4 design will incorporate information from the Lower East Coast Planning
efforts, and the comprehensive Central & South Florida Restudy project, as applicable.

Develop Integrated Water Quality Plan
(BMPs, STAs, Supplemental Technologies)
The Act requires the development of an integrated water quality plan by December 31, 2003. This
plan must consider the performance results from BMPs and STAs, as well as the results of the research and
demonstration projects for supplemental technologies and STA optimization, in recommending the most
promising combination of technologies to meet the final phosphorus standard. Prior to this date, the
USACE Section 404 permit requires the development of a water quality strategy by January 1, 2001. The
water quality strategy will be realistically limited to an evaluation of the supplemental technology, BMP,
and STA Optimization research data available by the fall of the year 2000. Additional efforts will be
needed to integrate all of the data produced by these research programs, including the phosphorus
threshold research, to meet the EFA deadline for the integrated water quality plan by 2003. Costs and
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Supplemental technology and STA optimization research schedules

benefits of each technology will also need to be determined. All of the supporting information and the final
evaluation method will need to be incorporated into the water quality plan required by the Act.
The timelines associated with the information required for the development of the integrated water
quality plan are complex. The majority of the research for the supplemental technology demonstration
projects will be completed by mid-2001. Actual phosphorus threshold values (and other water quality
parameters) may not be established until December 31, 2003. The results of the Restudy and other
planning efforts need to be integrated into the plan. In addition, the relationship between discharge levels
and water quality in the EPA needs to be determined. All of these issues need to be satisfactorily addressed
before the integrated water quality plan can be completed. See Chapter 12 for more information on the
issues associated with the Integrated Water Quality Plan.
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Selection and Implementation of Phase II
Technologies
The Florida Legislature directs that the ECP and regulatory requirements associated with the
Statement of Principles of July 1993 be pursued expeditiously, but with flexibility, so that supplemental
technologies may be utilized when available. By December 31, 2006, the FDEP and the District shall have
taken such action as may be necessary so that water delivered to the EPA meets or exceeds state water
quality standards, including the phosphorus criterion. Phase II implementation activities will integrate the
results of ongoing research, planning, and regulatory activities.
Phase II implementation (the design and construction of Phase II technologies) will of necessity
overlap the development of the integrated water quality plan (Figure 8-1). Conceptual design for the basin
scale treatment facilities needs to commence in 1999. Construction must commence no later than 2004.
Although the evaluation criteria for supplemental technologies will identify the most promising
technologies, additional site-specific feasibility studies will likely be necessary. The ultimate combination
of approaches will need to consider the site-specific conditions that will potentially affect the successful
implementation and performance of the combined treatment technologies. Pilot projects of some of the
more expensive technologies may also be desirable. Other issues for Phase II implementation include land
requirements and land acquisition; funding for the Phase 2 implementation has not been designated.

Research, Development and
Implementation Costs
The projected District ad valorem expenditures for verification and demonstration of each
supplemental technology are shown in Table 8-1. The total dollar amount is approximately $10.04 million.
This estimate does not include funding from other sources (i.e. USEPA Sec. 319(h) funds).

Table 8-1.

Preliminary cost estimates for research associated with supplemental technologies
Post-404 Cost Estimates *
1997

1998

1999

2000

2001

Total

Managed wetlands

$0

$408,635

$600,000

$400,000

$0

$1,408, 635

Low-intensity chemical dosing

$0

$0

$246,382

$443,487

$637,162

$1,327,031

$415,000

$293,675

$617,235

$511,082

$252,808

$2,089,800

$1,170,000

$667,765

$53,561

$0

$0

$1,891,326

$457,350

$25,000

$26,781

$0

$0

$509,131

$0

$885,000

$1,000,000

$928,692

$0

$2,813,692

SAV/limerock
Chemical treatment/solids separation
Microfiltration
Periphyton STAs
Total

$10,039,615

a. All projects will be phased, with stop/go points. Actual expenditures may be different than indicated as
information is gained and the approach fine-tuned.
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Initial cost estimates for some of the Phase II technologies under investigation were provided by
the Desktop Evaluation conducted by PEER Consultants P.C./Brown and Caldwell in 1996. However,
these cost were extremely preliminary and were not based on data derived from tests with EAA waters.
The initial estimates were also based on a number of assumptions that have since proved to be incorrect.
Technologies that rely on chemical addition with some form of solids removal are proving to be very
expensive. These costs may actually be upwards of 150 percent higher than initial estimates.
Microfiltration has been shown to be very expensive. Although no initial cost estimates for microfiltration
were calculated in the 1996 Desktop Evaluation (PEER Consultants P.C./Brown and Caldwell), the 1998
final report for the microfiltration study included estimated costs for construction and operation. The fiftyyear costs for microfiltration for a single basin (STA-2) ranged from $497 to $553 million for post-BMP
application to $258 to $307 million for post-STA application. These cost estimates include two critical
assumptions; a 10% bypass was assumed for both applications at peak flow, and flow equalization was to
be provided by the STA in the post-STA application. Flow equalization is provided through two additional
feet of water storage above STA design criteria, which violates the design criteria. Therefore, a flow
equalization basin would also be required in the post-STA application.
Systems that rely on passive biological processes are anticipated to have lower capital operation
and maintenance costs than highly engineered systems, but this is yet to be proven. In addition, biological
treatment processes usually have much greater land requirements. Through the continuation and
completion of the supplemental technology research projects described above, the District will obtain
substantially more information by December 31, 2001 on the costs and benefits associated with each
technology. This information will be provided to the Legislature in the peer-reviewed report required by
the Act by January 1, 2002.
The level of funding needed for Phase II implementation is unclear at this time. The funding
source for Phase II implementation has not been designated. The District has been utilizing ad valorem
taxes at the present time and is accounting for it separately should reimbursement be forthcoming. Funding
requirements will be contingent on the optimal combination of enhanced BMPs, STAs, and supplemental
technologies determined to achieve the long-term water quality and hydropattern goals of the Everglades
restoration. Cost estimates, as well as the appropriate mixture of private, state and federal funds, will be
developed concurrently with the research and demonstration studies (described above) scheduled for
completion between 2000 and 2002.

Findings on Supplemental Technologies
•

Nine technologies have been identified as having potential applicability to the Everglades
Construction Project and are currently under investigation.

•

Although research was initiated in 1997, information on the most promising technologies will
not be available for the design of STA-3/4.

•

Earlier cost estimates appear to be too low for two technologies (microfiltration and chemical
treatment). Revised information on costs for Phase II technologies will be available from
Phase II demonstration projects.
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Chapter 9: Lower East Coast Regional Water Supply Plan
Murray G. Miller
Summary
The Lower East Coast Regional Water Supply Plan (LEC Plan) was initiated with the goal of
meeting the water supply needs of the environment, as well as urban areas and agriculture. Early efforts
were directed at setting restoration objectives for the Everglades system and resolving the scientific
difficulties associated with quantifying the hydropatterns of natural systems. The existing canals and
structures of the Central and Southern Florida Project (C&SF Project) were recognized as an impediment
to significant improvement in Everglade hydropatterns.
A parallel process was initiated at the federal level. This separate multijurisdictional effort, known
as the Comprehensive Review Study (Restudy), provided the opportunity to meet environmental
restoration objectives through modification of the existing network of canals and levees. The Restudy will
result in a report to Congress in 1999 containing a recommended program of improvements to be funded
cooperatively by state and federal government.
In 1997, the Florida Legislature established criteria for all water management districts' water
supply plans. Efforts are underway to complete a long-term regional water supply plan that complies with
these requirements. The existing LEC Plan is deemed an Interim Plan until the long-term plan is completed
in the year 2000. This Interim Plan identifies a program of water resource management improvements that
benefit water users. Seven projects in the Interim Plan have been identified with direct and significant
benefits to the Everglades Protection Area (EPA). Most noteworthy of these are the establishment of
minimum flows and levels, a statutory requirement intended to prevent significant harm to water resources,
and the development of rainfall driven operation schedules for the EPA.

Introduction
Currently, the regional water supply system meets the needs of urban areas and agriculture fairly
well, while large portions of the Everglades and important estuaries do not receive adequate quantity,
timing or distribution of water. The Lower East Coast Regional Water Supply Plan, or LEC Plan, explicitly
recognizes that meeting the water supply needs of the environment is a responsibility of equal importance
to meeting those of urban areas and agriculture. Although the LEC Plan is not a “restoration plan”,
appropriate attention has been given to improving hydropatterns within natural systems, and particularly
within the Everglades ecosystem and Lake Okeechobee. The Plan does project a strategy to significantly
improve hydropatterns within much of the Everglades system. This represents an important step forward in
addressing a broad range of environmental problems, but full restoration of the system is the objective of a
separate multi-jurisdictional planning effort, the Comprehensive Review Study (Restudy) of the Central
and Southern Florida Project (C&SF Project).
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This chapter begins with a brief overview explaining the evolution of the LEC Plan over the past
eight years. Emphasis is given to the implications for management of the EPA. Following this overview,
implementation activities under the Interim Plan are described. This chapter concludes with a discussion of
the advance work necessary to finalize the LEC Plan by 2000. The final LEC plan will have a 20-year
planning horizon, to 2020, and will be referred to as the LEC 2020 Plan.

Identifying Environmental Water Demand
in the LEC Planning Process
The LEC Plan was initiated in 1990, following the drought of 1989 and 1990. Severe drying of the
Everglades raised questions as to whether this unique resource was sustainable, given the largely manmade system for storing and diverting water to the large agricultural and urban water users of southern
Florida. The LEC Plan was envisioned as the process to ensure that the Everglades, agricultural, and urban
water users had adequate water in the future. An advisory committee composed of representatives from
each of these groups was formed in 1992 to provide citizen input to the planning process. The advisory
committee remains active and will continue until the final LEC Plan is complete.
In 1992, a federal initiative was started to examine many of the same issues being addressed in the
LEC Plan. Congress authorized the United States Army Corps of Engineers (USACE) to determine if
improvements could be made to the C&SF Project for environmental protection and water supply
purposes. This analysis was named the C&SF Project Comprehensive Review Study, or Restudy, and is
described further in Chapter 10 of this Report.
In March 1993, the District presented a draft background document for the LEC Plan. Projections
of future water demand to 2010 for the agricultural and urban sectors were included, and the document
described some of the alternative technology and sources of water supply available to urban users. Notably
absent was the projected demand for natural systems. The background document identified the need for
analytical models to help understand how the C&SF Project had responded to changes over a long period
of record. Such models would ultimately be necessary to determine the adequacy of available water
supplies to meet projected demands as well as evaluate the effectiveness of alternatives proposed to meet
projected demands.
The planning process also identified the need to estimate pre-C&SF Project natural flows and
stages in existing Everglades areas, such as Everglades National Park (Park) and the Water Conservation
Areas (WCAs). In response, the Natural Systems Model was developed (see Chapter 2) by the District. Its
results have come to be accepted by the local scientific community as reasonable estimates of natural
hydrologic patterns that can be used as restoration targets for the Holey Land and Rotenberger Wildlife
Management Area, the WCAs and the Park. This position was formally stated by the Scientific Working
Group, a technical advisory committee formed at the request of the LEC Advisory Committee, in support
of the LEC Plan in August 1994. Also, review by the U.S. Geological Survey concluded that the Natural
Systems Model is most appropriate for estimating natural hydrologic patterns on a large-scale basis.
With the availability of improved analytical tools, or models, in 1993 and 1994, a period of
innovative thinking ensued. Engineers and scientists were able to propose alternatives, run the models and
view the results. The impacts of ongoing restoration projects, including the Modified Water Delivery Plan
to the Park and the Everglades Construction Project of the Everglades Forever Act, were modeled in the
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year-2010 operations. The modeling suggested that increased regional storage in the form of new
reservoirs throughout the C&SF Project could be used to decrease demand on Lake Okeechobee and allow
for a routing of additional water to the Everglades. Until such reservoirs can be constructed, however, the
amount of delivery to the Everglades would be limited to reduce the impacts on existing users of Lake
Okeechobee water. This limit on Everglades releases is known as the Best Management Practice (BMP)
replacement volumes.
The construction of regional reservoirs was expected to be a major modification to the existing
C&SF Project. By 1995, these and other alternatives became the foundation for the Restudy Conceptual
Plan developed by the Governor’s Commission for a Sustainable South Florida. As a result of this action,
Congress accelerated the Restudy deadline.
In March 1997, the draft LEC Plan was published. This version identified specific areas of
hydrologic imbalance within the EPA and proposed criteria to measure the performance of alternative
solutions to correct them. Improvements toward meeting Natural Systems Model targets were quantified
for the alternatives due to increased regional storage alternatives. In addition, three other types of strategies
produced significant improvements to the EPA. These were: 1) replacement of current calendar-based,
water regulation schedules for managing water deliveries to the WCAs and the Park with a more natural,
rainfall-driven system of water deliveries; 2) facilities to manage seepage losses from the Everglades, such
as the proposed C-4 structure; and 3) methods to improve the distribution of water to and within the
Everglades, as obtained by the increased pumping capacity of the G-404 structure.
The March 1997 draft LEC Plan proposed minimum flows and levels criteria for the EPA. These
criteria were intended to prevent the loss of hydric soils, i.e., the maintenance of peat and marl accretion in
selected areas of the EPA. These minimum levels were to be used in addition to current minimum levels
established for conveyance purposes in existing canals. When water levels fall below the minimum level
for selected marsh locations, water supply releases originating from the WCAs would be discontinued.
Further water supply releases could be resumed only if an equivalent amount of water is brought in from
upstream sources, primarily Lake Okeechobee.
The Florida Legislature established criteria for all water supply plans during the May 1997
session. The draft LEC Plan of March 1997 did not fulfill all of the new requirements for a regional watersupply plan, as now defined by the amended statute. In particular, the draft LEC Plan did not establish
levels of certainty for consumptive users of water, propose projects to raise levels of certainty in regional
service areas with less than a one-in-10 level or develop a basis for regulating consumptive uses. At issue
was the level of certainty to be afforded the EPA and the degree to which significant harm to this natural
system can be avoided. At this time, a scientific debate continues as to how much water the Everglades
system needs over a wide range of natural conditions. Further steps toward a resolution can be expected as
the draft minimum flows and levels criteria are peer reviewed, analyzed in the LEC 2020 Plan, and adopted
through administrative rulemaking.
In addition, the Restudy will likely recommend to Congress a program of public works projects
that will lessen demands on Lake Okeechobee and provide additional water to meet the environmental
needs of the Everglades. The consequences of this program on existing and future consumptive users of
water will be considered in the recommendations. Implementation of such a program will be contingent
upon federal and state funding commitments. Once consensus is reached on the scope of the public works
program, regulatory and operational components can be phased in over a period of time, as projects are
constructed within regional service areas. The USACE and the District are currently equal partners in a
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$20-million evaluation of the feasibility of a number of Restudy alternatives. A summary of the progress to
date in the evaluation of these alternatives is in Chapter 10.

Implementing an Interim LEC Plan
Before the Restudy is Concluded
This brief history of the LEC planning process brings the discussion up to the point of describing
current proposals to address hydroperiod restoration in the EPA. The planning process distinguished
between those alternatives that involved major modifications to the existing C&SF Project and those
alternatives that could be undertaken within an immediate time frame or without federal cost-sharing. The
latter group of alternatives is proposed as a Lower East Coast Interim Plan. This plan was finalized by the
LEC advisory committee and approved by the District's Governing Board in March 1998.
The Lower East Coast Interim Plan proposes 34 projects with an estimated total cost of
approximately $186 million. The District budgeted approximately $8.1 million in FY 1998 for 13 of these
projects. Not all of these projects are of direct consequence to the EPA, however. Seven projects that are
expected to produce significant benefits to the EPA are described below. The bulk of the project costs
associated with these seven projects is absorbed as District staff cost.
Minimum Flows and Levels- The establishment of minimum flows and levels (MFLs) is a
statutory requirement intended to minimize significant harm to water resources of the Park and the WCAs.
The current draft MFLs embody the depth and duration targets that will guide the operation of the C&SF
Project, specifically management of Lake Okeechobee. Additional regional storage capacity may be
necessary in order to provide the water required to meet these targets throughout the C&SF Project.
A draft technical criteria document is under revision, based on public comments in the planning
process. At the conclusion of these revisions, the process of obtaining Governing Board approval will
begin. An independent peer review of the draft technical criteria was completed by September 1998. Upon
completion of the peer review, analysis will occur in the LEC 2020 Plan and eventually a proposed rule
incorporating the criteria will be developed; rulemaking proceedings will be initiated and completed by
December 1999. Opportunities for public comment will be provided through workshops scheduled to be
held throughout the south Florida region.
Two additional products will evolve from the MFL effort during the LEC 2020 Plan development
process. First, a recovery and prevention strategy for the Park and the WCAs will be developed based on
the peer review of the MFL technical criteria. Second, the operation of Lake Okeechobee and any
additional regional reservoirs needed to achieve MFLs may have implications for urban and agricultural
water use. These implications will be analyzed for integration into the final LEC Plan.
Rainfall-based Water Delivery Plans for the WCAs and the Park- A comparison of the current
managed system to the estimates of the predrained natural system indicates that the predevelopment
Everglades was generally more of a flowing system with greater spatial extent, longer periods of
inundation, and large interannual variation in water levels. The results of modeling suggest that the
Everglades system could be operated with rainfall-driven targets triggering environmental water supply
deliveries to the WCAs-2A and 3A as well as the Park. The development of rainfall-driven targets require
that statistical correlation be established between the stages at key interior gauging stations and rainfall
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stations upstream. Inflow volumes and rates can be adjusted structurally to mimic a more natural
hydropattern at the interior gauging stations.
The Everglades Construction Project (ECP) is a source of inflow to the WCAs and can be operated
under a rainfall-based water delivery plan. Modeling does suggest a number of hydrologic benefits will be
derived by operating the ECP under a rainfall-driven formula. The Interim Plan does not make a
recommendation to implement this concept at this time. Further modeling is necessary and may lead to
such a recommendation in the LEC 2020 Plan.
Potential impacts on other areas and users will be assessed before implementation of rainfalldriven water delivery plans. A modification of the BMP replacement water rule may be necessary to
implement the rainfall-based delivery plans. Modification of the Park’s current rainfall-based delivery
plans also may be necessary to better replicate natural system-like conditions.
The USACE is proposing a review of the WCA-2A regulation schedule in 1998, with special
attention to protecting and restoring the remaining tree island communities and protecting wildlife from
high-water levels. The rainfall-driven formulas developed by the District will be coordinated with the
Florida Game and Fresh Water Fish Commission, U.S. Fish and Wildlife Service, USACE and Florida
Department of Environmental Protection. Field and laboratory research and monitoring programs will
evaluate the effects of implementing the proposed rainfall-based, water delivery plans.
Rainfall-driven Regulation Schedule for WCA-1- The USACE has recently implemented the
regulation schedule for WCA-1 that was proposed by the U.S. Fish and Wildlife Service. During the next
five years, this schedule will be monitored and compared to a rainfall-based formula developed by the
District within this same time frame. If differences are significant, modifications to the regulation schedule
may be proposed to be more ecologically beneficial to the Arthur R. Marshall Loxahatchee National
Wildlife Refuge.
Rainfall Formula for the Rotenberger and Holey Land Water Management Areas- Modeling is
necessary to evaluate whether the current operating plan for these areas approximates a more natural,
rainfall-driven plan. Hydrologic and ecological performance measures are necessary to analyze the
benefits of adopting a rainfall-driven water delivery plan. Cooperation with the Florida Game and Fresh
Water Fish Commission on improvements to flow distribution, in conjunction with the ECP, will be
necessary.
Increased Capacity of G-404 Pump Station- The capacity of the G-404 Pump Station is currently
limited by USACE permit to 570 cubic feet per second (cfs) until the impacts of discharge to WCA-3A can
be evaluated. Increasing the capacity of the proposed pump station G-404, beyond that proposed in the
ECP, may provide the ability to deliver more water to improve hydropatterns in the northwest corner of
WCA-3A. An increase from 570 to 1,000 cfs is feasible based on preliminary modeling results.
A hydraulic evaluation of the capacities of existing canals to deliver additional water to
northwestern WCA-3A will be necessary. Design and construction is estimated at $4.6 million with
completion due in late 2003. The USACE, U.S. Fish and Wildlife Service, Florida Game and Fresh Water
Fish Commission and the District will be partners in this project. An additional analysis is under way in the
Restudy and includes an examination of even greater increases in the G-404's proposed pump capacity.
Lake Okeechobee Regulation Schedule Study- In 1995, the USACE began the process of finding a
more environmentally friendly Lake Okeechobee regulation schedule than the current schedule (Run 25),
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at the request of the District, FDEP and the Governor’s office. The ultimate goal is to determine a schedule
that maintains water supply while enhancing the lake's littoral zone, South Florida estuaries and the
Everglades. The District provided modeling support for this effort, comparing five alternative schedules
and including actual 1990 and predicted 2010 demands on the lake. The District's modeling considered
only modifications to the operational criteria for the lake. No structural modifications were included.
The study of the regulation schedule will result in an Environmental Impact Statement from the
USACE in September 1998, and anticipated implementation of changes in the schedule should occur in
March 1999. The selected alternative will serve as the basis of the final LEC Plan.
C-4 Structures- Regional-scale modeling indicates that high stages in the western C-4 Basin will
raise regional groundwater levels and reduce seepage losses from eastern WCA-3B and the Park. Two
control structures on the C-4 Canal, in Miami-Dade County, are proposed for this purpose. The eastern
structure is expected to produce local water supply benefits by maintaining water levels in the vicinity of
the west and northwest wellfields and the Pennsuco wetlands, as well as routing water to the C-2 Canal for
wellfield recharge. Detailed hydrogeologic and hydrologic studies are required prior to design and
construction of these facilities.

The Final LEC Plan: Addressing the
Regulatory Issues
In the preceding discussion, the District's effort to set MFLs for the EPA is described as a current
activity under the Interim Plan. Recommendations for administrative rules and the operations of structures
will be included in the LEC 2020 Plan completed in April 2000. This schedule is concurrent with
Congressional review and approval of the Restudy. Figure 9-1 summarizes the past relationship between
the LEC Plan and the Restudy, and depicts the timeline for future efforts. Development of the LEC 2020
Plan will need to be closely coordinated with the Restudy's review and approval process.
Criteria for allocating water from the regional system based on MFL criteria and Everglades
hydropattern restoration requirements will need to be developed in the LEC 2020 Plan. Recommendations
for revisions to the consumptive use permitting rules will be made in the LEC Regional Water Supply Plan
in 2000, after increases in the capacity of the regional system are evaluated in light of the recent
requirement to consider all projected water demands within a twenty-year time horizon.
Beginning in March 1998, District staff organized a group of volunteer representatives from the
regulated community to gather information on regulatory issues. These issues include approaches to
regional allocation; protection for aquifer storage and recovery facilities; criteria for long-term permit
durations; criteria for resolving competing applications; revisions to wetlands protection criteria; water
shortage rules; and minimum flows and levels. Amendments and additions to the permitting rules will also
be based on the need to implement new technical developments concerning localized resource protection
criteria such as isolated wetlands, aquifer mining, interference with existing legal users and other sitespecific considerations. Other rules for managing water use competition, water conservation or other
aspects of consumptive use permitting may also be proposed.
These rules must be developed in sufficient detail and included in the LEC Plan to provide water
users with ample information on which to base their future water supply decisions. In order to receive a
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water use permit based on the recommendations in the LEC Plan, water users will need information
regarding the expected costs and benefits of the water supply development options. This analysis will be
necessary from both regional and local perspectives.
Whether or not a specific consumptive user will benefit from a water supply development project,
if implemented, can only be determined through modeling analyses. For this reason, a suite of subregional
scale, ground water models is being developed as part of the final LEC work plan. The models will be used
to evaluate benefits and impacts of proposed water resource development projects on existing consumptive
uses. The models will allow impacts to be assessed on a scale that will confirm the physical attributes of a
withdrawal's configuration, feasibility relative to resource protection criteria and evaluation of alternatives.
Updates of existing three-dimensional, surficial aquifer models are proposed for Palm Beach,
Broward and Miami-Dade counties. The completion of model development for Palm Beach, Broward and
the Dade lakebelt is expected in 1998. A new Caloosahatchee Basin model is also proposed, as well as the
development of a Floridan aquifer model. All model development is to be completed by 1999.
No revisions to the consumptive use permitting rules are recommended in the Interim LEC Plan.
During the interim, a few public water supply and commercial/industrial permits are scheduled for
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renewal. Water supply benefits from the Interim Plan's recommended water supply and water resource
development projects will be realized, however, and increased water availability will be factored into
permit application review under existing rules. During the interim, District staff will recommend a duration
of up to five years for consumptive use permits, which is consistent with the basin expiration dates for
irrigation-use-class permits. Applicants for consumptive use permits are encouraged to integrate their
projects into the planning analyses for the final LEC Plan.

Findings on the Lower East
Coast Water Supply Plan
•

The Interim LEC Plan identifies seven projects with direct and significant benefits to the
Everglades Protection Area. These improvements can proceed on a short timeframe and
without federal cost sharing.

•

The Final LEC Plan will be coordinated with elements of the comprehensive plan for
Everglades Restoration from the Restudy, and will outline approaches to regional water
allocation and consumptive use permitting.
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Chapter 10: The C&SF Restudy
Agnes R. McLean, Eric Bush

Summary
Drainage works in south Florida to provide for flood control have resulted in the loss of roughly 6
million acre-feet of water storage, half of which came from Lake Okeechobee. In the urbanized lower east
coast, approximately 2 million acre-feet of freshwater is now discharged directly to tide on an annual basis
from canals and urban drainage systems, causing adverse impacts to coastal estuaries. While this drainage
provides flood control, water lost to tide is not available for use during the dry season. The decrease in
storage capacity of the south Florida and Everglades ecosystem has resulted in insufficient and improper
timing of water deliveries to meet the needs of Everglades and Florida Bay restoration efforts, as well as
the Caloosahatchee, St. Lucie and Lake Worth Lagoon estuaries, Biscayne Bay, urban areas and
agriculture. The Comprehensive Review Study (Restudy) is reexamining the Central and Southern Florida
(C&SF) Project to determine the feasibility of project modifications to improve the sustainability of south
Florida.
Congress directed the United States Army Corps of Engineers (USACE) to comprehensively
review the C&SF Project, with the expressed intent of determining if project modifications were desirable
to achieve environmental enhancement and urban water supply and aquifer protection objectives in the
area served by the project. The District acts as local sponsor of the project. An Integrated Feasibility
Report and Programmatic Environmental Impact Statement (PEIS) detailing recommendations to achieve
these objectives is to be submitted to Congress July 1, 1999. To meet this schedule, the multi-agency
Restudy Team began the review of a number of alternative plans and scenarios for modifying the C&SF
Project in September 1997. An initial draft plan was selected by the Restudy Team in June 1998; however,
given the Restudy’s schedule for public and agency review of the initial draft plan and the draft Feasibility
Report/PEIS beginning in October 1998, a final Feasibility Report/PEIS will not be prepared until after
January 1, 1999. Accordingly, the final details of the recommended plan for modifying the C&SF Project
will not be known at the time that this Interim Report is submitted as required by the Act.
To select a plan, the Restudy Team formulated, evaluated, and compared alternative plans to
existing (1995) and future (2050) without Base conditions. The 2050 Base is a projection of future
hydrologic conditions in the study area without any of the Restudy components implemented. For planning
and modeling purposes in the Restudy, the state’s Everglades Program is assumed to be implemented in the
2050 Base condition. Construction of the Everglades Construction Project (ECP) as described in the
February 15, 1994 conceptual design document and any supplemental treatment technologies necessary to
achieve the numeric phosphorus criterion for the Everglades Protection Area (EPA) were included.
One of the main objectives of the Restudy is to create additional regional water storage to increase
the volume and optimize the timing of water delivered to the EPA. This objective is consistent with the
average annual increase of 28% to the protection area requirement contained in Section 373.4592(4)(b)2 of
the Act. At the time this number was formulated, the operating premise was that “more was better,”
without emphasis on the timing of water deliveries. According to Dr. William Walker, the initial draft plan
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resulted in a 19% increase in flow from the ECP to the EPA compared to the baseline period (1979-1988).
This was an improvement over the projected 12% increase predicted for the 2050 Base condition (which
was based upon a 31-year period of record). The 19% increase predicted for the initial draft plan is to be
achieved concurrent with other measures to be undertaken to achieve optimal hydrologic conditions in the
Everglades, such that there are additional inflows into the EPA along with those coming from the ECP.
Restudy analyses have indicated significantly improved hydroperiods in the EPA with less than the 28%
increase in inflow from the ECP.
The initial draft plan selected
by the Restudy Team contains 50
components, or project features,
formulated to meet study objectives. A
summary
description
of
plan
components can be found in Appendix
10-1. Table 10-1 depicts the
performance of the initial draft plan as
compared to the 2050 Base condition in
a color format. “Green” represents
success, a “yellow” designation
represents uncertainty, and “red” is
representative of not meeting study
goals.

Introduction
The C&SF Project consists of a
regional network of canals, levees,
storage areas and water control
structures. The project, first authorized
by Congress in 1948, is a multipurpose
water resources project. The authorized
purposes of the project include flood
control, regional water supply for
agricultural and urban areas, prevention
of salt water intrusion, water supply to
Everglades National Park (Park),
preservation of fish and wildlife,
recreation and navigation. For close to
50 years, the C&SF Project has
performed its authorized functions
well. However, the project also has had
unintended adverse effects on the
unique natural environment that
constitutes the Everglades and Florida
Bay ecosystems (see Chapters 3 and 2).

Table 10-1. Performance of the initial draft plan as
compared to the 2050 Base Conditions (G =
Successful, Y = uncertain, R = unsuccessful).
Subregion

2050*

LOSA
R
LECSA
R
Lake Okeechobee
Y
St Lucie Estuary
R
Caloosahatchee Estuary
R
Lake Worth Lagoon
Y
Loxahatchee NWR
Y
Holey Land & Rotenberger
Y
WCA-2A
R
WCA-2B
Northwestern WCA-3A
Northeastern WCA-3A
Eastern WCA-3A
Central & Southern WCA-3A
WCA-3B
Shark River Slough
R
Rockland Marl Marsh
R
Biscayne Bay
Y
Florida Bay
R
Pennsuco
C-111 Basin
R
So Big Cypress
Y
SE Big Cypress
Y
Connectivity
Y
Sheet Flow
R
Fragmentation
R
* G = successful, Y = uncertain, R = unsuccessful
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Plan*
G
G
G
G
G
Y
G
G
Y
R
G
Y
Y
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Y
G
Y
G
G
G
G
G
G
G
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Since passage of the Water Resources Development Act of 1986, planning for USACE projects is
accomplished in two phases: the reconnaissance phase, which is conducted at full federal expense, and the
feasibility phase, which is cost-shared between the USACE and the local sponsor, in this case, the District.
The reconnaissance phase of the Restudy was initiated in June 1993, and the Reconnaissance Report was
completed in November 1994. The feasibility phase of the Restudy was initiated in August 1995. In the
feasibility study, a comprehensive plan for the overall C&SF system and the tools necessary to evaluate the
comprehensive plan, as well as separable and incremental portions of the project, are being developed.
Additionally, this feasibility phase includes findings from other ongoing study efforts including the Indian
River Lagoon Feasibility Study and the Water Preserve Areas Feasibility Study. The end product of this
feasibility study is a Feasibility Report with an integrated Programmatic Environmental Impact Statement
(PEIS) that will serve as the basis for obtaining congressional authorization of the comprehensive plan.

Authorization of the C&SF Restudy
In 1992, Congress authorized a Comprehensive Review Study of the C&SF Project. The
authorizing legislation, Section 309(1) of the Water Resources Development Act of 1992 (P.L. 102-580)
states:
“(1) CENTRAL AND SOUTHERN FLORIDA. – The Chief of Engineers shall review the report of
the Chief of Engineers on Central and Southern Florida, published as House Document 643; 80th
Congress, 2nd Session, and other pertinent reports, with a view to determining whether
modifications to the existing project are advisable at the present time due to significantly changed
physical, biological, demographic, or economic conditions, with particular reference to modifying
the project or its operation for improving the quality of the environment, improving protection of
the aquifer, and improving the integrity, capability, and conservation of urban water supplies
affected by the project or its operation.”

The study is also authorized by two resolutions of the Committee on Public Works and
Transportation, U.S. House of Representatives, dated September 24, 1992. The first resolution states:
“Resolved by the Committee on Public Works and Transportation of the United States House of
Representatives, that the Board of Engineers for Rivers and Harbors, is requested to review the
report of the Chief of Engineers on Central and Southern Florida, published as House Document
643, 80th Congress, 2nd Session, and other pertinent reports, to determine whether modifications of
the recommendations contained therein are advisable at the present time, in the interest of
environmental quality, water supply and other purposes.”

The second resolution states:
“Resolved by the Committee on Public Works and Transportation of the United States House of
Representatives, that the Board of Engineers for Rivers and Harbors, is requested to review the
report of the Chief of Engineers on Central and Southern Florida, published as House Document
643, 80th Congress, 2nd Session, and other pertinent reports, to determine whether modifications of
the recommendations contained therein are advisable at the present time, in the interest of
environmental quality, water supply and other purposes for Florida Bay, including a
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comprehensive, coordinated ecosystem study with hydrodynamic modeling of Florida Bay and its
connections to the Everglades, the Gulf of Mexico, and the Florida Keys Coral Reef ecosystem.”

The Water Resources Development Act of 1996 was enacted on October 12, 1996. Section 528
provides direction and guidance to the Restudy. Specifically, the Secretary of the Army is directed to
develop:
“…a proposed comprehensive plan for the purpose of restoring, preserving and protecting the south
Florida ecosystem. The comprehensive plan shall provide for the protection of water quality in, and
the reduction of the loss of freshwater from, the Everglades. The comprehensive plan shall also
provide for the water-related needs of the region, including flood control, the enhancement of water
supplies, and other objectives served by the Central and Southern Florida Project.”

The Secretary of the Army is further directed to complete the feasibility phase of the Restudy by
July 1, 1999, and submit to Congress the comprehensive plan consisting of a Feasibility Report and a PEIS
covering the proposed federal action set forth in the plan. The Act also establishes a 50-50 cost-share for
C&SF Project modifications, including water quality features essential for restoration, and authorizes
construction of critical restoration projects.

Purpose, Coverage and Scope
of the C&SF Restudy
The purpose of the Restudy is to reexamine the C&SF Project to determine the feasibility of
structural or operational modifications to the project essential to the restoration of the Everglades and
Florida Bay ecosystems, while providing for other water-related needs such as urban and agricultural water
supply and flood control in those areas served by the project. The intent of the study is to evaluate
conditions within the study area, make recommendations to modify the project to restore important
functions and values of the Everglades and Florida Bay ecosystems, and plan for the water resources needs
of the people of south Florida for the next 50 years.
The feasibility study includes hydrological modeling, ecological modeling, water quality analyses,
and water supply studies that refine and augment the information developed in the reconnaissance phase of
the Restudy. The study effort identifies the most suitable and beneficial plan components for south Florida
ecosystem restoration and urban and agricultural water supply, as well as how the components should be
incrementally implemented for maximum benefit consistent with a cost-effective incremental analysis. The
Feasibility Report will identify a comprehensive plan for the C&SF Project and an adaptive Everglades
restoration implementation and operational strategy based on monitoring, evaluation and modeling.
The C&SF Project Restudy includes all of the C&SF Project area with the exception of the Upper
St. Johns River Basin. The area encompasses approximately 18,000 square miles from Orlando to Florida
Bay. Major areas include the Kissimmee River, Lake Okeechobee, St. Lucie and Caloosahatchee basins,
Everglades Agricultural Area (EAA), Water Conservation Areas (WCAs), Upper and Lower East Coast,
Lower West Coast, the Park, Big Cypress National Preserve and Florida and Biscayne bays. As such, the
study area includes all of the EPA. The Kissimmee River, Lake Okeechobee and the Everglades are the
dominant watersheds that connect a mosaic of wetlands, uplands and coastal and estuarine areas.
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Characteristics of the Pre-project
South Florida Ecosystem
The pre-project wetlands of southern Florida covered an area estimated at 8.9 million acres. This
region was a complex system of hydrologically interrelated landscapes, including expansive areas of
sawgrass sloughs, wet prairies, cypress swamps, mangrove swamps, and coastal lagoons and bays. Prior to
man-made drainage works, the characteristics of this network of wetland landscapes could be described by
a set of physical and ecological features that were present at a regional scale, which gave definition and
function to these ecosystems. It was the defining physical characteristics of this region that provided the
spatial and temporal framework necessary for the functions and values of these unique wetlands.
Dynamic storage was the mechanism by which hydroperiods and water depths were maintained
throughout the freshwater Everglades, both seasonally and interannually. The physiographic structure
contributing to dynamic storage included a very shallow elevation gradient from Lake Okeechobee to
Florida Bay, vast expanses of emergent vegetation, thick peat substrates, sand hills and highly permeable
limestones. Water flowing over land (known as sheetflow) moved steadily southward; however, it moves
so slowly that, in effect, water was banked during one season to use in another. Transport times varied
between these structural elements from months to years.
Throughout the system, ground water seepage (driven by hydraulic gradients) provided the base
flow of creeks, rivers and (possibly) surface runoff across the mangrove zone. The extended hydroperiods
of the natural system depended more on the large dynamic storage capacity and delayed flow-through (the
natural hydrologic features of the region) than on the immediate effects of rainfall. Due to dynamic storage
and the slow rate of water flow throughout the natural system, wet season rainfall kept the wetlands
flooded and maintained freshwater flow to the estuaries well into the dry season. The carry-over effect was
so great that a year of high rainfall maintained surface water in wetlands and freshwater flow to estuaries
into one or more subsequent drought years. This extended storage capability made wetlands and estuaries
less vulnerable to south Florida’s spatially and temporally variable rainfall.
The vastness of the pre-project wetland extent made it possible for the natural ecosystem to: 1)
support genetically viable numbers and subpopulations of species with large feeding ranges or narrow
habitat requirements, 2) provide the aquatic production to support large numbers of higher vertebrates in a
naturally nutrient-poor environment, and 3) sustain habitat diversity due to natural disturbance. In the preproject era, nutrients that were the basis of primary production were derived principally from rainfall for
the core portion of the Everglades ecosystem. Sheetflow enhanced the uptake of nutrients by vegetation
and soils from the water column. The periphyton community, an assemblage made up of microscopic
algae, microbes and small grazing animals, not only assimilated available nutrients from the water column,
but also created an environment that precipitated phosphorus, in association with abundant calcium
carbonate. The system was extremely oligotrophic (nutrient-poor), given that nutrient loads were spread
over the entire areal extent. During seasonal dry-downs, topographic depressions (e.g., alligator holes)
became areas of concentrated aquatic biomass, producing localized feeding opportunities for large
carnivores, including wading birds. Higher vegetation as well as periphyton were adapted for surviving
under low-nutrient conditions.
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Habitat heterogeneity maintained by microtopographic features, small-scale climatic variation and
natural disturbances (such as freezes, fires and storms acting on the large spatial scale of the wetlands) was
a major contributor to biotic diversity and the persistence of populations. The mosaic of habitat types and
water depths provided the spatial framework for the production and survival of animals under a wide
seasonal and annual range of hydrologic conditions.
The vegetative landscape resulting from this vast, low-relief, low-gradient landform was a diverse
mosaic of plant communities. These communities varied in extent from patches of tens of meters to areas
approaching physiographic provinces. The larger expanses had more long-term resiliency than the patches.
Large spaces were necessary to maintain resiliency under conditions that changed on scales from seasons
to decades. To some extent, when maps from the 1800s are compared with maps of the 1980s. They reveal
large- scale persistence of landscape patterns, even in the face of major anthropogenic disturbance.

History of the C&SF Project
In the late 1800s and early 1900s, the primary obstacle to settlement and development in south
Florida was flooding. The state had significant natural resources that were subject to long periods of
inundation. Flood control works were necessary to realize the economic potential of these resources. As a
result, major drainage projects were initiated that were sponsored by the state of Florida. There were
problems associated with many of these projects, and following a series of hurricanes and tremendous loss
of life, the state initiated a partnership with the federal government (through the USACE) to address
flooding and other problems. As this partnership continued to work toward controlling the hydrologic
conditions that were hampering economic development, project planners recognized a need to strike a
balance among competing economic needs. The emphasis on economic goals clearly focused the design of
the C&SF Project toward the economic development of the region, with little understanding of or concern
for the consequences to the natural system.
In 1948 a comprehensive plan was presented in a report to Congress (80th Congress, 2nd Session,
House Document 643) to meet a set of objectives with the ultimate goal of economic development. These
objectives included: reducing flood damages and enhancing land use throughout the region; controlling
ground water levels for agriculture; storing excess flood water for beneficial use; reducing salt water
intrusion into coastal wellfields; preserving fish and wildlife; enhancing navigation through a cross-Florida
waterway; and providing recreational opportunities. While the project as presently constructed has met and
surpassed many of these objectives, it has also had unintended adverse environmental consequences. These
consequences have driven the need for the Restudy.
To meet the project objectives, the C&SF Project sacrificed a significant portion of the central and
south Florida ecosystem. The Kissimmee River Basin was channelized. Lake Okeechobee was diked to
prevent uncontrolled discharges from the lake. The region of the Everglades, now called the EAA, was
drained, and ground water levels managed to reduce flood damages to agricultural production. The
flooding risk was also reduced in the lower east coast to allow for urban and suburban development and
intensified agriculture. Central portions of the Everglades were diked to create the WCAs, areas in which
water could be stored for human needs in the lower east coast and for deliveries to the Park. While some
fish and wildlife value was expected to remain in the WCAs, the only natural area intended for
preservation in pristine condition was the Park.
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Effect of the C&SF Project
on the Natural System
The defining characteristics of the pre-project ecosystem have either been lost or substantially
altered, as a result of land use and water management practices during the past 100 years in south Florida.
Loss in spatial extent of natural areas has been most severe in the past 50 years with the construction of the
C&SF Project; nearly half of the original Everglades ecosystem has been converted to agricultural and
urban uses. The ecological effects of this loss in spatial extent include: 1) a substantial reduction in habitat
options for wildlife, 2) reduction in the system-wide levels of primary and secondary production, and 3)
changes in the proportions of community types within the remaining system. The hydrology of the
remaining Everglades has become substantially altered by the operation of the C&SF Project, which has:
1) reduced average annual flows and surface water stages, 2) lowered regional ground water, 3) either
increased or decreased annual hydroperiods, depending on location, 4) geographically relocated long- and
short-hydroperiod wetlands, 5) reduced the extent of long-hydroperiod refugia, 6) altered the frequency,
duration and magnitude of interannual wet and dry cycles, and 7) raised average salinity levels in estuaries.
Overall, the construction and operation of the C&SF Project and its subsequent modification of the natural
system have: 1) contributed to the substantial reduction in spatial extent and system resiliency, 2) provided
a network of canals and levees that have accelerated the spread of polluted water and exotic species, 3)
greatly reduced the water storage capacity within the remaining natural system, and 4) created an unnatural
mosaic of impounded and over-drained marshes throughout the natural system.
The lack of storage in the system, particularly during wet periods, has led to ecological damage of
Lake Okeechobee’s littoral zone and damaging regulatory releases to the east-west estuaries. Conversely,
in dry periods, this lack of storage has led to water supply shortages for both the human and natural
environment. The Governor’s Commission for a Sustainable South Florida stated in its October 1995
Initial Report that, “South Florida is not sustainable on its present course.”

The Restudy Planning Process
The purpose of the Restudy is to review how well the C&SF Project is functioning and determine
what modifications may be needed to achieve a new set of objectives. The precursor to the feasibility phase
(the reconnaissance study) identified a set of regional-scale planning objectives. The Governor’s
Commission for a Sustainable South Florida also developed a set of regional-scale objectives for the
Restudy. A synthesis of these resulted in an inclusive set of objectives to achieve two general goals for the
south Florida ecosystem: 1) enhance ecologic values, and 2) enhance economic values and social wellbeing.
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Goals and Objectives for
the C&SF Restudy
Major goals and subordinate objectives for the Restudy have been established to enhance
ecological values, economic values, and social well being. The goals to enhance ecologic values include:
increase the total spatial extent of natural areas; improve habitat and functional quality; and improve native
plant and animal species abundance and diversity. The goals to enhance economic values and social wellbeing include: improve availability of freshwater (agricultural/municipal & industrial); reduce flood
damages (agricultural/urban); provide recreational and navigational opportunities; and protect cultural and
archeological resources and values.
The Restudy planning objectives were developed as the result of public participation and scientific
knowledge of south Florida. Through workshops conducted during the reconnaissance phase of the
Restudy and subsequent technical evaluations, it is evident that the C&SF Project must continue to provide
for project purposes, as originally intended. Therefore, many of the economic and social objectives are
similar to those of the original C&SF Project. Unlike the original set of objectives for the C&SF Project,
however, the Restudy includes objectives that recognize the importance of the natural system, both for its
value as an ecosystem, and for its support role for the social structure of south Florida.
Public input into the Restudy is being received in several ways. Two rounds of public focus-group
meetings were held January through May, and September through December 1997. Monthly briefings are
given to the Governor’s Commission for a Sustainable South Florida and the Governing Board of the
District. These meetings also allow for public comment. A series of technical workshops were held with
the District’s three advisory committees (agricultural, utility and environmental) to answer detailed
questions concerning the methodologies employed in the Restudy; briefings were given to the individual
committees as well. Formal public hearings, to coincide with the release of the draft Feasibility Report, are
scheduled for November 1998. Additionally, public comments on the Restudy are received via the internet,
from the Restudy web site at www.restudy.org.
The Restudy is being accomplished by an interdisciplinary, multi-agency team. The team includes
biologists, ecologists, economists, engineers, Geographic Information Systems specialists, hydrologists,
planners, public involvement specialists and real estate specialists from a number of federal, state, tribal
and local government agencies.

The Existing and Future
Without Project Conditions
Information from a variety of sources, both physical and socioeconomic, is used in the planning
effort to define relevant conditions in south Florida under various scenarios. The differences among the
conditions are evaluated and compared and provide a major basis for plan selection. Conditions that exist
at the time of the Restudy are called the Existing Condition. In the Restudy, the term “1995 Base” has been
chosen to reflect this condition. The Existing Condition represents typical operations and facilities in
recent years rather than precise data for the year of the study. The Existing Condition reasonably represents
the relevant, current study area conditions. The Future Without Project Condition describes the
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condition that is expected to occur if no action is taken and is synonymous with the no action alternative. In
the Restudy, this condition is termed the “2050 Base.” The Without Project Condition makes it possible to
describe what society will have to give up, if the chosen scenario is the no action plan.
Informational criteria used to determine the existing and future without project conditions for the
C&SF Restudy include:
•

Climate

•

Sea level

•

Population and socio-economic conditions

•

Land use

•

Natural area land cover (vegetation)

•

Municipal & industrial and agricultural water demands

•

Region-wide water management and related operations

•

Physical facilities & operations – Lake Okeechobee & Lake Okeechobee Service Area

•

Physical facilities & operations – WCAs

•

Physical facilities & operations – the Park

•

Physical facilities & operations – Lower East Coast Service Area

•

Physical facilities & operations – Western Basins and Big Cypress

The Future Without Project Condition includes such ongoing restoration projects as the
Kissimmee River, Modified Water Deliveries to the Park, C-111 Project, and the Everglades Program, as
described in the Everglades Forever Act. A summary table of the Existing Condition and Future Without
Project Condition scenarios can be found in Appendix 10-2.

Formulation and Evaluation
of Alternative Project Plans
Plan formulation is an iterative planning process that identifies alternative plans to achieve a set of
planning objectives, and allows those plans to be modified as more information becomes available. Every
iteration provides an opportunity to refine and sharpen the planning focus. The reconnaissance phase of the
Restudy and the Lower East Coast Regional Water Supply Plan process provided a foundation upon which
the feasibility study was able to build.
Alternative plans were formulated for the Restudy that could be evaluated to determine progress
toward meeting planning objectives as well as other effects. Numerous studies support the theory that the
remaining natural system can be changed in the direction of its pre-project wetland character, through
modifications to the hydrologic features. The main issue of the study is how to accomplish the ecologic
restoration objectives while allowing the system to serve the economic and social needs of the region.
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Strategic hydrologic objectives provide a basis for formulating alternative plans and measuring
effectiveness of both ecologic and economic goals. These objectives include:
•

Regaining lost storage capacity.

•

Restoring more natural hydropatterns.

•

Improving timing and quantities of freshwater deliveries to estuaries and

•

Restoring water quality conditions.

From September 1997 through June 1998 alternative comprehensive plans were formulated and
evaluated. Each plan was judged on how well it would meet study goals and performance targets compared
to 1995 and 2050. Hydrologic models (discussed below) were run for each alternative plan to produce
performance measure outputs unique to that plan. Other evaluation tools such as ecologic and water quality
models were also run and their output evaluated. This iterative formulation and evaluation process was the
basis by which the initial draft plan was identified in June 1998.

Alternative Development and
Evaluation Methodology
The goal of the comprehensive plan hydrologic alternative evaluation and development process
was to develop alternative plans to meet the planning objectives established for the Restudy. Alternatives
were developed from a process that began with a starting configuration and methodically created new
alternatives based upon an evaluation against hydrologic and ecologic performance measures. Descriptions
of the performance measures can be found on the Restudy web site (www.restudy.org). The Restudy team
employed a two-phase approach to accomplish the iterative evaluation/development of alternative
comprehensive plans.
Within the Restudy team, two task teams were organized – the Alternative Evaluation Team and
the Alternative Development Team. The Alternative Evaluation Team evaluated the performance of each
alternative and provided input to the Alternative Development Team about how the alternative performed
and offered strategies for the development of the next alternatives. The Alternative Development Team
then took this information and worked to develop the next alternative plan to improve performance in
meeting performance measure targets and planning objectives.
Following seven iterative cycles of alternative plan formulation evaluation and development, more
detailed evaluations were undertaken by the Restudy team. These evaluations included assessments of
alternative plan impacts on specific resources such as threatened and endangered species, economic, social
and cultural resources, flood control and costs. Based upon this work, an initial draft plan was developed.
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Computer Modeling Tools
Supporting the Restudy
Computer models are designed to enhance planners’ ability to predict how the south Florida
ecosystem will react under different scenarios in the Restudy and to assist decision-making regarding the
selection of alternative draft plans. The primary hydrologic tools that enabled the Restudy team to evaluate
alternative plans were the South Florida Water Management Model (SFWMM) v3.4 and the Natural
Systems Model (NSM) v4.5, both developed primarily by the District.
The SFWMM v3.4 is a regional-scale computer model that simulates the hydrology and
management of the water resources system from Lake Okeechobee to Florida Bay. The model covers an
area of 7,600 square miles using a grid of two-mile by two-mile cells, and includes inflows into Lake
Okeechobee from the Kissimmee River, as well as runoff and demands in the Caloosahatchee River and St.
Lucie Canal basins. The SFWMM simulates the major components of the south Florida hydrologic cycle,
including rainfall, evapotranspiration, infiltration, overland and ground water flow, canal flow, canal
ground water seepage, levee seepage and ground water pumping. The model simulates hydrology on a
daily basis using climatic data from 1965 to 1995. The NSM is basically the SFWMM with structures and
canals removed (see Chapter 2). The NSM v4.5 provides a comprehensive pre-drainage hydrologic
description of south Florida including pre-drainage topographic and geographic estimates. As with the
SFWMM, the NSM uses a 31-year period of record (1965 to 1995) hydro-meteorological data and predicts
how water would have moved through the pre-project system.
Two water quality models developed by the District were used in alternative plan evaluation, the
Lake Okeechobee Water Quality Model (LOWQM) and the Everglades Water Quality Model (EWQM).
The LOWQM simulates eutrophication processes in both the water column and underlying sediments in
Lake Okeechobee. The model framework includes the oxygen cycle, phosphorus cycle and nitrogen cycle;
three algal groups representing green algae, diatoms and cyanobacteria; suspended solids; and processes
related to sediment resuspension, the silica cycle and nitrogen fixation. External forcing functions that
drive the model include solar radiation, temperature, wind-induced sediment resuspension, surface
discharges in and out of the lake, rainfall, evaporation and nutrient loads. The EWQM is a tool that
evaluates phosphorus movement and concentration over the EPA based on hydrologic and phosphorus
loads, phosphorus settling rates, atmospheric phosphorus depositions, as well as ground water interactions.
The model is used to assess the effect of phosphorus distribution in the EPA due to best management
practices, stormwater treatment areas and other Everglades construction projects that result in changes of
the amount, timing and location of hydrologic and phosphorus loads into the EPA. The EWQM is
described in greater detail in Chapter 3 of this report.
One ecologic model was employed by the Restudy team to evaluate alternative plans. The Across
Trophic Level System Simulation (ATLSS) was developed by the U.S. Geological Survey (USGS) and
University of Tennessee. ATLSS integrates several different trophic levels of the system and includes
process models for lower trophic levels; structured population models for functional groups of fish,
macroinvertebrates, amphibians and reptiles; and individual-based models for consumers. ATLSS is
integrated across the freshwater landscape of south Florida and involves spatial scales of resolution as
small as 28 meters. It is particularly valuable in analyzing the effects of landscape alternatives on
endangered species or those of special concern.
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Water Budget Comparisons
Between the 1995 Base, 2050
Base, and the Initial Draft Plan
In order to understand primary water budget data and performance relative to performance
measures, water budget maps were developed that depict the movement and volumes of water flow for the
1995 Base, 2050 Base, and the Initial Draft Plan. The maps (see Figures 10-1, 10-2, and 10-3) are in units
of 1,000 acre feet and represent annual means over the 31-year simulation period. What follows is a brief
description of selected elements of the water budget data found on the maps. It should be noted that the
description below denotes selected regional water deliveries to the area served by the C&SF Project.
Rainfall and other data are found on the maps themselves. Some significant sources of water supply, such
as reservoirs in the Lower East Coast, are not shown or quantified on the maps, yet provide an important
means of achieving performance measure goals. For a description of historical aspects of south Florida
hydrology, see Chapter 2 of this Report.
In the 1995 Base, The EAA receives 377,000 acre feet of water for agricultural water supply, the
Caloosahatchee Basin 71,000 acre feet, and the St. Lucie Basin receives 23,000 acre feet. The Lower East
Coast receives 187,000 acre feet in the 1995 Base for both urban and agricultural water supply. In the 2050
Base, the EAA receives 329,000 acre feet of water, the Caloosahatchee Basin 90,000 acre feet, and the St.
Lucie Basin 19,000 acre feet. The Lower East Coast receives 252,000 acre feet. In the Initial Draft Plan,
the EAA receives 321,000 acre feet from two sources (Lake Okeechobee and the EAA reservoir), the
Caloosahatchee Basin 81,000 acre feet (from the lake and Caloosahatchee reservoir), and the St. Lucie
Basin 26,000 acre feet (from the lake and St. Lucie reservoir). The Lower East Coast receives 320,000 acre
feet of water (including water from Lake Okeechobee, the WCAs, the L-8 reservoir and ASR, but not
including east coast reservoirs).
In the 1995 Base, environmental releases (BMP Replacement Water) to the WCAs total 165,000
acre feet and flood control releases equal 62,000 acre feet. Environmental water deliveries to both the
Caloosahatchee and St. Lucie estuaries are zero while flood control discharges are 290,000 and 126,000
acre feet respectively. Environmental deliveries to the Park are 428,000 acre feet and flood control
discharges are 421,000 acre feet. In the 2050 Base, environmental releases to the conservation areas are
165,000 acre feet with flood control discharges of 111,000 acre feet. Environmental water deliveries to the
Caloosahatchee and St. Lucie estuaries remain at zero, while flood control discharges are 206,000 and
88,000 acre feet respectively. Environmental water deliveries to the Park are 544,000 acre feet and flood
control discharges are 602,000 acre feet. In the Initial Draft Plan, the WCAs receive 427,000 acre feet of
environmental deliveries and 102,000 acre feet of flood discharges. The Caloosahatchee Estuary receives
428,000 acre feet in environmental deliveries and 19,000 acre feet in flood control discharges. The St.
Lucie Estuary receives 54,000 acre feet in environmental deliveries and 13,000 acre feet in flood control
discharges. The Park receives 1,495,000 acre feet in environmental deliveries and no flood control
discharges.
Environmental deliveries of water are a result of a change in operations, made possible by the
various methods of storing water in the Initial Draft Plan. These operational changes are triggered by
rainfall-driven schedules and estuary targets that improve volumes and timing of such releases over what is
being delivered today.
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PRIMARY WATER BUDGET COMPONENTS : 1995 BASE
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Figure 10-1. Primary water budget components: 1995 Base. This figure was produced
through simulations by the Restudy modeling team and will be included within
the final version of the Central and South Florida Comprehensive Review
Study.
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PRIMARY WATER BUDGET COMPONENTS : 2050 BASE
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Figure 10-2. Primary water budget components: 2050 Base. This figure was produced
through simulations by the Restudy modeling team and will be included within
the final version of the Central and South Florida Comprehensive Review
Study.
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PRIMARY WATER BUDGET COMPONENTS : ALTERNATIVE D13R
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Figure 10-3. Primary water budget components: Alternative D13R. This figure was produced
through simulations by the Restudy modeling team and will be included within
the final version of the Central and South Florida Comprehensive Review
Study.
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Cost Figures for Planning
and Initial Draft Plan
The feasibility study begins with the execution of the Feasibility Cost-Sharing Agreement and
concludes with the issuance of the Division Engineer’s Public Notice by the USACE. The District, as local
sponsor, agreed to cost-share in the study with the USACE and has provided both cash and in-kind
services. The total estimated cost of the study is $19.9 million. All study tasks were organized in a code of
accounts, which can be found in Appendix 10-3.
The feasibility report for the C&SF Project will consist of proposed structural and operational
changes to the existing project. Individual project changes, or features, are termed components. Due to the
size and complexity of the overall effort, it is recognized that the separate components cannot be
implemented simultaneously. The report will provide a framework for integrating geographically separate
components into a holistic solution and a strategy for implementation. A summary description of plan
components for the initial draft plan can be found in Appendix 10-1. The working cost estimate for the
Recommended Plan for the Restudy, which includes the Initial Draft Plan plus 11 other project elements
(elements that were not able to modeled using the SFWMM), is $7.8 billion.

Linkages Between the
Restudy and the ECP
The Act set into action a plan for restoring a significant portion of the remaining Everglades
ecosystem through a program of construction projects, research and regulation. The feasibility report for
the C&SF Restudy will identify long-range options that further the ecosystem restoration objectives of the
Act while continuing to provide for other authorized water resource-related needs.
Congress directed the USACE to comprehensively review the C&SF Project, with the expressed
intent of determining if project modifications were desirable to achieve environmental enhancement and
urban water supply and aquifer protection objectives in the area served by the project. As stated previously,
an initial draft plan was selected by the team in June 1998; however, given the Restudy’s schedule for
public and agency review of the initial draft plan and the draft Feasibility Report/PEIS beginning in
October 1998, a final Feasibility Report/PEIS will not be prepared until after January 1, 1999.
Accordingly, the final details of proposed modifications to the C&SF Project resulting from the feasibility
phase of the Restudy will not be known at the time that this report is submitted, as required by the Act.
One of the evaluations conducted during the plan formulation and evaluation phase of the Restudy
was the effect of hydrologic changes resulting from implementation of alternative plans under
consideration on the ECP. This evaluation was conducted by William W. Walker, Jr. for the USACE and
the Department of the Interior (Walker, 1998). Walker’s evaluation utilized output from the SFWMM for
both the 1965-1995 period of record, which was used by the Restudy Team to evaluate hydrologic effects
of Restudy alternatives, and the 1979-1988 baseline period on which the design of the ECP is based.
Consistent with other Restudy evaluations, the alternative plans were compared to existing (1995) and
future (2050) Base conditions. The 2050 Base is a projection of future hydrologic conditions within the
District (as depicted by the SFWMM) without any Restudy components implemented. For planning and
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modeling purposes in the Restudy, the State’s Everglades Program, including the construction of the ECP
as described in the February 15, 1994 conceptual design document (Burns and McDonnell, 1994) and any
supplemental treatment technologies necessary to achieve the numeric phosphorus criterion for the EPA,
are assumed to be fully implemented in the 2050 Base condition.
Walker’s evaluation indicates that the 2050 Base condition and Restudy alternatives, if
implemented, may cause potential performance problems in the ECP. This was true for both the 1965-1995
and 1979-1988 periods of record. The projected performance problems are due to increases in hydraulic
and phosphorus loads to the STAs compared to the design for the ECP. Using the interim concentration
target of 50 ppb as a measure of projected performance, average phosphorus concentrations in outflows
from the STAs are predicted to increase slightly under 2050 Base conditions. However, it should be noted
that all of the Restudy alternative plans resulted in improved overall performance of the STAs compared to
projected future base conditions. Performance of STA 3/4 was projected to be significantly improved
compared to 2050 Base conditions due to the inclusion of a 60,000 acre reservoir in the EAA in the Miami
Canal/North New River Canal basin. It should be noted that the Restudy will identify any modifications to
existing ECP design or operations necessary to ensure that their performance will not be adversely
impacted by the implementation of Restudy components.
One of the main objectives of the Restudy is to create additional regional water storage to increase
the volume and optimize the timing of water delivered to the EPA. This objective is consistent with the
average annual increase of 28% to the protection area requirement contained in Section 373.4592(4)(b)2 of
the Act. At the time this number was formulated, the operating premise was that “more was better,”
without emphasis on the timing of water deliveries. According to Walker, the initial draft plan resulted in a
19% increase in flow from the ECP to the protection area compared to the baseline period (1979-1988).
This was an improvement over the projected 12% increase predicted for the 2050 Base condition (which
was based upon a 31-year period of record). The 19% increase predicted for the initial draft plan is to be
achieved concurrent with other measures undertaken to achieve optimal hydrologic conditions in the
Everglades, such that there are additional inflows into the protection area along with those coming from
the ECP. Restudy analyses have indicated significantly improved hydroperiods in the WCAs and the Park
with less than the 28% increase in inflow from the ECP.
The feasibility report for modifying the C&SF Project resulting from the Restudy will identify
options (water resources construction projects, operational changes) that are fully consistent with and will
further the ecosystem restoration purposes of the Act, while continuing to provide for the other authorized
purposes of the C&SF Project. There are several important preliminary conclusions that can be drawn from
the Restudy Team’s evaluation of the effect of the 2050 Base condition and the initial draft plan on the
ECP:
•

The Restudy will identify any modifications of the existing ECP design/operations necessary
to ensure that their performance will not be adversely affected by subsequent implementation
of Restudy components.

•

Implementation of the initial draft plan is projected to improve the overall performance of the
ECP, particularly STA 3/4.

•

Supplemental technologies investigations and future design work should be based on a period
of record more representative of actual hydrologic conditions (e.g., 1965-1995); Although the
1991 Settlement Agreement mandates that the design of STA 3/4 be based on the 1979-1988
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period of record, the availability of the longer 1965-1995 period of record used by the Restudy
is more representative of actual hydrologic conditions and should be used in STA 3/4 design.
•

Future design of STA 3/4 should include a consideration of the Restudy’s recommended plan,
including specifically the reservoir to be located in the Miami Canal/North New River Canal
basin within the EAA, a modified regulation schedule for Lake Okeechobee, and rain-driven
operations in the EPA.

It should be noted that the Restudy is much more comprehensive in geographic scope than the
Everglades Construction Program, as described in the Act. The Restudy is evaluating environmental and
water supply conditions as affected by the C&SF Project in the Kissimmee River Valley, Lake
Okeechobee, the St. Lucie and Caloosahatchee River systems, the Lower East Coast, Big Cypress National
Preserve, and Florida Bay, in addition to the EPA. See Chapter 12 for additional discussion of the
Everglades Program and linkages between the ECP and other restoration components.

Findings on the Comprehensive
C&SF Restudy
•

The Restudy is an interagency effort with a large geographic scale (18,000 sq.mi.) and a 2050
planning timeframe. This level of effort is essential to restore the regional hydrologic system
of south Florida.

•

The C&SF Restudy will provide a plan for regional storage and movement of water to restore
and sustain the Everglades Protection Area.

•

The current planning level cost estimate for implementation of the Restudy is $7.8 billion, and
a recommended plan for a sustainable Everglades ecosystem is scheduled to be delivered to
Congress in July, 1999.
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Chapter 11: The Everglades Stormwater Program
Ron Bearzotti

Summary
The purpose of the Everglades Stormwater Program (ESP) is to ensure that state water quality
standards are met to the maximum extent practicable at all structures under the control of the District that
discharge water into, within or from the Everglades Protection Area and are not included in the permit(s)
to be issued pursuant to Section 9(e) of the Act for the Everglades Construction Project (ECP). This will be
achieved through a combination of water quality monitoring and assessment, regulatory activities, water
quality improvement strategies, application of Best Management Practices (BMPs), or construction
projects. Other components of the program include an education campaign, and development of a method
for re-imbursement of expenditures through a special assessment.

Introduction
In April of 1998 the DEP issued a critical permit to the District. Known as the “Non-ECP Permit”,.
this permit was issued pursuant to Section (9)(l) of the Act. It authorized the District to continue operating
those structures within its control that discharge waters into, within or from the Everglades Protection
Area and that were not included in the permit application for the Everglades Construction Project. Figure
11-1 displays the location of the structures included in the Non-ECP permit.
This “Non-ECP” permit requires the District to implement schedules and strategies for: 1)
achieving and maintaining water quality standards; 2) evaluating existing programs, permits and water
quality data; 3) developing a regulatory program to improve water quality; and 4) developing a monitoring
program to track the progress towards achieving compliance with water quality standards to the maximum
extent practicable. Originally proposed for issuance in July 1996, the permit was subjected to an
administrative challenge (Miccosukee Tribe of Indians et al. v. South Florida Water Management District
et al., DOAH Case No. 96-3151). After a three-week hearing in 1997, the administrative law judge
concluded that the District had met statutory requirements of the permit, and issued a Recommended Order
to the DEP on February 6, 1998. The DEP issued the Final Order on April 20, 1998, adopting the
recommendations of the administrative law judge. An appeal is now pending in the Third District Court of
Appeals.
The strategies identified in the “Non-ECP” permit are being initiated through a diverse District
projects. The recently organized Everglades Stormwater Program (ESP) will track the development of
these programs and coordinate permit requirements. In accordance with specific condition 9 of the NonECP Permit, the information below (along with other information provided throughout this Interim Report)
provides an update and evaluation of the strategies and schedules contained in the permit.
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Figure 11-1. Non-ECP Structures Discharging “Into”, “Within” or “From” the Everglades
Protection Area under the auspices of the Everglades Stormwater Program.
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Strategies for Structures Discharging
Within and From the EPA
The Everglades Program
Although District controlled structures discharge within and from the Everglades Protection Area
are included in the Non-ECP permit, the strategy to achieve and maintain water quality standards for these
structures is being implemented by the Everglades Program. The Everglades Program, defined in Section
(2)(g) of the Act, and described in Chapter 12 of this report, includes the following elements: 1)
constructing and operating the ECP; 2) establishing Everglades Agricultural Area, Best Management
Practices (BMPs) and/or other regulatory programs; 3) implementing supplemental water quality
improvement technologies; 4) setting numeric interpretation of the narrative water quality standard for
phosphorus; 5) setting discharge limits for Everglades Agricultural Area and Everglades Protection Area
canals; and 6) evaluating alternatives to optimize nutrient removal performance for constructed wetlands.
For a complete description and update of the Everglades Program please refer to the Everglades Program
Implementation, Program Management Plan, Revision 3, SFWMD (1997). Interpretive and scheduling
aspects of the Everglades program are included in Chapter 12 of this Report.

Strategies for Structures Discharging Into the EPA
The five following programs are currently being implemented by the ESP and are critical to ensure
that discharges into the Everglades come in to compliance with water quality standards to the maximum
extent practicable:
•

the Non-ECP water quality monitoring program,

•

the regulatory action strategy,

•

the ACME drainage basin pilot project,

•

the Western C-11 basin project,

•

the S-332D project and the C-111 basin strategies.

The Non-ECP Water Quality Monitoring Program
The Non-ECP permit authorized a comprehensive water quality monitoring program for over 250
constituents representing 44 structures in basins covered under this permit. This monitoring program is
unprecedented in both size and scope, and will provide a highly valuable resource for understanding water
quality throughout the Everglades. The accuracy of the data collected and the progress towards achieving
and maintaining water quality standards will be evaluated through data analysis and reported in a series of
annual reports. The first data evaluation report shall include an update of the District's water quality
database; it will include data from monitoring required in the permit and a comparison of the updated
database to state water quality standards. The second data evaluation report shall contain an update of the
first data evaluation and recommendations for improving the usefulness of data obtained.
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Regulatory Action Strategy
The Regulatory Action Strategy is an important part of the overall strategy for restoring the
Everglades, which includes achieving and maintaining water quality standards in the EPA. The Strategy
applies to all structures upstream of the discharge points into the EPA.
The Regulatory Action Strategy includes a ten-step process that begins with an inventory of all
direct structures discharging into the EPA. This inventory includes identifying structures, locations,
structure data, contributing drainage basins, owner/operator, operational criteria, permit status and
Geographic Information Systems (GIS) mapping of all into structures based on category type. Through
this Strategy, the District will determine the character of the water quality data to ensure that it is adequate
for each structure; where inadequacies are found, an immediate program shall be required to obtain
adequate data. Once obtained, evaluations shall occur on a regular schedule to determine whether the water
quality at a structure discharging directly into the EPA complies with state water quality standards.
Where discharges into the EPA from the direct structures are cause for concern, upstream
structures that are potential sources of those concerns will be identified, monitored and regulated as
appropriate. Regulatory actions may be taken to ensure that discharges from the upstream structures do not
cause water quality concerns at downstream locations. Appropriate actions could include development of
geographic based regulatory programs (such as Best Management Practices requirements) or other
programs requiring coordinated efforts by the District and other agencies. Water quality analysis will take
place on an annual basis as required by the Non-ECP permit, and will be documented in the annual
Regulatory Action Report.
Status of the Regulatory Action Strategy. Within one year of issuance of the Non-ECP permit
(May 1999), the District shall determine the location, owner/operator, operational criteria and status of
regulatory permits for all structures that discharge directly into the EPA. It will also be determined at this
time if existing data are adequate for determining compliance with water quality standards. Contributing
drainage basins and water quality data will be compiled in both GIS and tabular format, and submitted to
the DEP as part of the first annual Regulatory Action Report. For those structures that do not have
adequate water quality data, an immediate monitoring program will be developed to obtain appropriate
data. Existing BMP programs upstream of all structures that discharge directly into the EPA will also be
identified in the first annual report.
The Acme Basin Pilot Project and Stormwater Assessment Program
An ESP pilot project was initiated in the ACME basin in western Palm Beach County to address
water quality concerns at structures discharging into the Loxahatchee National Wildlife Refuge. As a first
step, the District has begun implementing the Regulatory Action Strategy as described above. This strategy
monitors water quality at all discharge points in basins discharging into the Everglades. Where water
quality concerns are identified, the District will conduct additional monitoring at upstream locations until
sources of the water quality problems are found. At that point, the District may exercise its existing
regulatory authority through its permitting program. New permits may be required, or existing permits may
be modified to ensure that water quality standards are met.
Status of the Acme Basin Pilot Project. In addition to implementing the Regulatory Action
Strategy, a conceptual design report for additional water quality treatment facilities is currently being
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completed by Burns and McDonnell, Inc. This report shall be utilized as a planning tool for comparison to
other treatment facility alternatives under consideration by the U.S. Army Corps of Engineers (USACE) in
the C&SF Restudy. Regardless of the alternative chosen, funding sources will need to be identified. The
stormwater assessment program created by the Act would allow a special assessment on property based
upon the stormwater treatment benefits being received. This assessment program is a potential funding
mechanism that merits further consideration. However, success with the Regulatory Action Strategy,
through individual permit enforcement, could reduce the need for larger-scale treatment solutions and
expenses; the ACME Basin is the first implementation site for this approach.
Western C-11 Basin
Presently there is a three-phased strategy for improving water quality within the western C-11
basin in Broward County. Phase 1 involves the characterization and quantification of potential water
quality problems within the basin, as well as potential impacts on water quality and vegetation downstream
of the S-9 pump station in WCA-3A. This characterization will include an assessment of land use and
hydraulics in the basin. Phase 1 also includes the initiation of a project that will lead to the incorporation of
structural and operational changes to the water management system to improve water quality.
Phase 2 will evaluate water quality improvement alternatives (such as BMPs) to reduce the
pollutant loading at the source and alternative water quality treatment technologies that have potential
application within the basin. Also, during Phase 2 the design of structural and operational changes to the
water management system will be completed. Phase 3 will use knowledge gained in previous phases to
implement BMPs within the basin, to design and construct water preserve areas and/or water quality
treatment systems, and to design and construct supplemental technologies. Together these programs will be
developed to ensure that discharges from the Western C-11 basin meet Class III water quality standards by
December 31, 2006.
Status of the Western C-11 Basin. Phase 1 activities have been initiated. Four autosamplers and
three Ultrasonic Velocity Meters have been installed in specific locations in the western C-11 canal to
improve the quality of data collected in order to better characterize the basin water quality. This water
quality monitoring network for the western C-11 basin, which augments the routine monitoring historically
taken at S-9 pump station, began on July 30, 1998. After one year of data collection, an upstream grabsampling program will be conducted to identify potential hot spots. A BMP program may be implemented
through the augmented water quality monitoring program and the Regulatory Action Strategy described
above.
The USACE Headquarters in Washington has approved a letter report for the “Western C-11 Basin
Water Quality Improvement” critical project. This project will include the incorporation of structural and
operational changes to the water management system to improve water quality. The District is co-sharing
this project with the USACE following the guidelines of the Water Resources Development Act of 1996.
The feasibility report, which includes results of the NEPA process and the preliminary design of facilities,
started April 1, 1998 and should be completed in the spring of 1999.
Phase 2 activities have also been initiated. The development BMP program is being evaluated
through the Regulatory Action Strategy as described above. The present schedule calls for the completion
of the design of the Western C-11 Basin Water Quality Improvement critical project in the first quarter of
1999 and completion of construction in October 2001. Supplemental or alternative technologies are
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currently being evaluated and shall be implemented in accordance with the information provided in
Chapter 8 of this report.

C-111 Basin and the S-332D Structure
For the C-111 Basin, four specific strategies exist for achieving and maintaining water quality
standards to the maximum extent practicable for discharges into the EPA from the C-111 Basin. A brief
description of these strategies and the status follows:
1.) USACE is the lead agency for the Taylor Slough Demonstration Project, which will evaluate
methods to restore a more natural hydroperiod to Taylor Slough. This project involves increasing pumping
capacity at Pump Station S-332, which discharges directly to Everglades National Park's (Park) Taylor
Slough, and a concurrent increase in stages in the adjacent canals. The permanent discharge capacity at S332 is 165 cubic feet per second. Three (3) temporary pumps capable of supplying an additional 100 cubic
feet per second each were installed in 1992 and 1993. Pumping rates at S-332 are to equal inflows at the
upstream structure (S-174) as close as possible.
Based upon analysis of existing data from District surface water quality monitoring stations within
the basin, the District has determined that this program should have no adverse impacts upon water quality
in the region. The 12-month flow-weighted mean total phosphorus (TP) concentration from the combined
discharges into the Park from the S-332, S-175 and S-18C structures has been quite low, averaging
approximately 10 parts per billion since November 1995. Past concerns related to pesticides have
dissipated, thanks to numerous pesticide management strategies implemented within the basin. To ensure
that basin and regional pesticide use complies with state water quality standards, the District also conducts
comprehensive regional monitoring and participates in the Pesticide in Surface Water Working Group.
Additionally, the District will continue with its water quality monitoring program to assess
upstream and downstream water quality. Samples will be collected and analyzed either biweekly or
monthly, depending upon discharge conditions. Sample stations include S-176 (to assess the water quality
associated with the inflow to L-31W), S-332 (to assess the water quality associated with the inflow to
Taylor Slough), and P- 37 within Taylor Slough (downstream of the S-332 inflow).
Status of the Taylor Slough Demonstration Project. The Experimental Program for Water
Deliveries to Taylor Slough began in June 1993. Iteration 7 of the Experimental Program began in
November 1995 and was completed in November 1997. Iteration 7 has been conducted in two phases.
Phase I included maintaining higher water levels in the L- 31W canal. Phase II will utilize a new pump
station (S-332D) near existing structure S-174 to raise the L-31W canal stage (seasonally) to a maximum,
based on a rainfall-stage relationship proposed by the Park. The Act permit application for the
authorization to operate this structure was submitted to DEP on May 1, 1998. This structure is presently
scheduled to become operational upon issuance of the Act permit.
2.) The Florida Bay Emergency Interim Plan was designed to benefit Florida Bay by improving
timing, distribution, quantity and quality of freshwater deliveries into Taylor Slough. In Section 1 of the
Act, the Florida Legislature declared that an emergency exists regarding Florida Bay, and is “manifested in
widespread die off of sea grasses, algae blooms and resulting decreases in marine life...threatening the
ecological integrity of [the Bay].” The District has been directed by Section (2)(a) of the Act to take all
actions within its authority to implement an Emergency Interim Plan. The Legislature directed that the plan

11-6

Everglades Interim Report

Chapter 11: Everglades Stormwater Program

should provide for the release of up to 800 cubic feet per second of fresh water into Taylor Slough and
Florida Bay to alleviate the environmental crisis by optimizing the quantity, timing, distribution and
quality of fresh water discharged into Taylor Slough.
The District’s Emergency Interim Plan is divided into two phases. Phase 1 includes acquisition of
the Frog Pond, a 5,200-acre parcel of land that was used for agriculture. The Frog Pond incorporates a
portion of the Taylor Slough headwaters and lies immediately adjacent to the Park. Acquisition of the Frog
Pond allows the District to avoid unnatural water level drawdowns that drained ground and surface water
from Taylor Slough. This effectively keeps more water in Taylor Slough and enhances delivery of
freshwater from Taylor Slough to Florida Bay. Phase 2 is comprised of the installation of pumps in the
northern reach of L-31W, parallel to the S-174 structure. The pumps will provide a means to achieve
higher water levels in L-31W, increasing the quantity of freshwater in Taylor Slough and eventually,
Florida Bay.
Status of the Florida Bay Emergency Interim Plan. Phase I was completed when the District
took title to all eight sections of the Frog Pond in February 1995. The USACE has begun implementation
of Phase II by the construction of S- 332D.
3.) The C-111 General Reevaluation Report (reassessment) involves a comprehensive
reassessment of the canals, structures and water levels to effect a long-term solution to environmental
concerns. The general objective of the C-111 reassessment is to restore a more natural hydroperiod to
Taylor Slough in the Park and the lower section of the C-111 basin by improving volume, location, timing
and quality of freshwater deliveries. A more natural hydroperiod will also protect existing natural
resources, restore the historic diversity and abundance of native Everglades flora and fauna, and eliminate
the damaging freshwater inflows to Manatee Bay and Barnes Sound. The recommended plan in the
assessment, which includes the construction of new pumps, canals and culverts, calls for an L-31 Tieback
Levee beginning at L- 31W near S-175 and extending north approximately 9.25 miles to higher ground in
the Rocky Glades area in the vicinity of the proposed S-332B structure. This will create a retention/
detention zone to serve as a storage area prior to discharging into Taylor Slough via S-332 and proposed
structures S-332A, B, and C.
Status of the C-111 Basin General Reevaluation Report. The final Report and Environmental
Impact Statement prepared by the USACE was issued in May 1994. Engineering design efforts began in
1995, concurrent with land acquisition and a USACE/District agreement on the Project Coordination
Agreement for C-111. The detailed design for project works within the C-111 basin began in July 1994 and
is anticipated to be completed in 2001.
4.) South Everglades Restoration Alliance Water Quality Subcommittee. The District is a
member of the South Everglades Restoration Alliance (Alliance) which is a leading policy development
organization in the region that includes the C-111 basin. The Alliance's initial efforts concentrated on water
supply and hydropattern restoration issues, such as the need for increasing flows into Taylor Slough, Shark
River Slough and Florida Bay.
Status of Southern Everglades Restoration Alliance. An interagency team has been established
within the Alliance to address the full spectrum of water quality issues in project areas identified above.
Agencies involved with these southern Everglades projects have made initial progress defining water
quality and ecosystem concerns in the region. This will be a continuing effort.

11-7

Chapter 11: Everglades Stormwater Program

Everglades Interim Report

The issues and strategies being implemented include those identified by the interagency Water
Quality Team, as well as other ongoing projects. Together, they form a plan to better understand key water
quality components, and linkages of these components to the hydrology and natural system components of
the Everglades. These strategies are expected to change as we continue to learn more about the system.
Each activity being addressed by the Water Quality Team has its own schedule. C-111 Basin
activities include the following:
•

Available C-111 Basin water quality data was compiled and evaluated in a report entitled
Preliminary Evaluation of Water Quality in the C-111 Canal Basin, compiled by the Florida
Department of Environmental Protection, April 1997.

•

A report entitled, “Analysis of Water Quality and Hydrologic Data from the C-111 Basin,” was
completed by Dr. William W. Walker under contract to U.S. Department of the Interior,
Everglades National Park, October 3, 1997.

•

A three-year demonstration project to determine optimal fertilization rates and irrigation
efficiency in the South Dade basin began in 1997 and will be completed by March 2000. This
project is expected to: result in an overall reduction in fertilizer use and over-irrigation, lead to
the reduction of the movement of fertilizers and pesticides into surface water, reduce leaching
into groundwater, and make water use more efficient.

•

In order to predict the impact of water management alternatives on water quality and to
measure success in achieving and maintaining water quality standards in the C-111 Basin, the
Alliance is currently developing a set of water quality performance measures which can be
used as points of comparison.

Additional Strategies Affecting ESP and the Non-ECP Permit
In addition to the programs described above, the ESP and Non-ECP permit will be affected by a
number of other ongoing District and intergovernmental restoration strategies. As the following strategies
progress, additional efforts by the District’s ESP staff may be required:
•

the C&SF Restudy,

•

the Water Preserve Areas,

•

the Dade County Lake Belt Plan,

•

the Lower Western Basin Agreements.

C&SF Restudy
Although further review and approvals will be needed from both the Florida Legislature and the
U.S. Congress, the Non-ECP permit recognized the C&SF Restudy as an important component of the
overall strategy for restoring the Everglades. To date, the District has spent over $119 million in acquiring
lands on the eastern boundaries of the Everglades. By using these new lands and modifying existing flood
control systems, the C&SF Restudy is intended to provide water quality, water supply, flood control, and
other environmental benefits. A detailed description and status update of the C&SF Restudy is included in
Chapter 10 of this Report.
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Water Preserve Areas (WPA)
The WPAs Feasibility Study is a joint study between the District and USACE. The study area is
concentrated primarily along the eastern boundary of the Everglades Protection Area with the objectives of
creating a buffer between development in south Florida and the EPA and providing water quality, water
supply, flood control and environmental benefits. The WPAs will improve water quality in the EPA
through physical and biological treatment and by reducing seepage from the EPA, thereby keeping higher
quality water in the Everglades.
Status of the Water Preserve Areas. For cost savings purposes, the District has an aggressive
WPA land acquisition program proceeding in advance of conceptual design. As of March 1998,
approximately 16,000 acres have been purchased at a cost of over $119 million. The present schedule for
the implementation of the WPAs includes the submission of a conceptual design to the U. S. Congress for
authorization in 1999.
Dade County Lake Belt Plan
The Lake Belt Area is an 89 square mile area located between the EPA and the urbanized areas of
Dade County that provides half of the limestone mining resources used in the state every year.
Approximately two-thirds of the land within the Lake Belt Area is owned by industry or government
agencies. The Dade County Lake Belt Plan Implementation Committee (Committee) was created by the
Florida Legislature to develop a plan which enhances the water supply for Dade County and the
Everglades, and maximizes efficient recovery of limestone while promoting the social and economic
welfare of the community and protecting the environment.
The development of a master plan for this area is important in allowing it to be developed as part
of the overall Everglades restoration efforts. One of the fundamental prerequisites for restoring the
Everglades ecosystem is restoring the hydrology of the area. Hydrologic restoration efforts to date have
focused on restoring more natural hydropattern by implementing rainfall driven water deliveries,
improving water conveyance through the system, increasing storage capacity, and minimizing the amount
of water lost from the EPA. Preventing water losses from seepage is an integral component of restoration.
Due to the proximity of the Lake Belt Area to the eastern edge of the EPA, the impacts of the lakes on
seepage have been given serious consideration in the master plan's design, especially in respect to the
locations of the lakes.
In early 1997 the Committee completed the Phase I Master Plan; this plan established the overall
environmental permitting framework to create a coordinated freshwater lake system to replace the
unplanned checkerboard mosaic of quarried lakes now being created at a rate of 300 to 400 acres per year.
The Phase I Plan contained specific recommendations concerning a strategy for streamlining the
permitting process for rockmining; specifying areas for mining, mitigation, and additional analysis;
authorizing government/industry land exchanges; and developing a Phase II Detailed Master Plan. During
the 1997 session, the Florida Legislature accepted and adopted the Phase I Plan's recommendations.
Status of the Dade County Lake Belt Plan. On May 29, 1998, the Governor's Commission for a
Sustainable South Florida adopted a resolution supporting the Lake Belt Mitigation Plan and urging its
adoption during the 1999 session. The Dade County Lake Belt Plan Implementation Committee chaired by
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Governing Board member Bill Graham will continue to pursue the adoption of the Lake Belt Mitigation
Plan and the development of the Phase II Detailed Master Plan.
Lower Western Basins Agreements
In 1996 the Seminole Tribe of Florida and the District executed an agreement addressing a full
range of water resource issues concerning the Seminole Tribe's Big Cypress Seminole Indian Reservation.
Since that time, the parties have been working on a variety of issues related to implementation of this
agreement. A Working Group comprised of various interested third parties, as well as the Seminole Tribe
and District, has met on a bi-monthly basis to review the status of the many implementation requirements.
Highlights of progress to date include a District synoptic survey of water quality entering the Reservation.
This 18-month effort resulted in identification of two projects being in “substantial likelihood” of violating
applicable water quality standards (the McDaniel Ranch and the Fry property). The District is currently
working with the Fry property landowner to develop BMP's that would improve water quality, and a
program to monitor results.
Additionally, the District and Tribe have undertaken a substantial water quality monitoring
program. Stations are located in the North and West Feeder Canals and have collected monitoring data for
more than two years. The Tribe has been monitoring the quality of discharges from the Reservation for
approximately one year. Additionally, the District has been monitoring an extensive list of water quality
parameters at the S-140 structure since 1978 and at the S-190 structure since 1987.
Finally, numerous actions have occurred relative to the Landowner Agreement between the
McDaniel Ranch and Seminole Tribe. Most notably, the McDaniel Ranch implemented a water quality
sampling program at two “Compliance Points” in the summer of 1997. The District, the enforcing entity, is
currently reviewing data generated from these stations for adequacy for the Landowner Agreement.
Moreover, McDaniel Ranch has implemented BMPs and has applied for a Master Plan permit from the
District. The District is currently reviewing the BMP implementation and the Master Plan permit
application.

Conclusions
The Non-ECP permit is the first step in a three-step process for restoring the Everglades. By
December 31, 2003, the District will submit an application, pursuant to Section 10 of the Act, for a LongTerm Compliance Permit. That permit is the second step towards restoring the Everglades. Pursuant to the
Act, the Long-Term Compliance Permit will require more detailed plans to achieve compliance with water
quality standards in the Everglades, including engineering design documents, funding sources, and
schedules for implementation. The third and final step, compliance with the water quality standards, must
be achieved by December 31, 2006. While there is much left to be done, the administration of the NonECP permit and the ESP will fulfill the District’s legal requirements, and represents an ambitious and
important step in the overall process of Everglades restoration.
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Findings on the Everglades
Stormwater Program
•

The Everglades Stormwater Program provides an administrative framework to guide
ecosystem restoration and management beyond the Everglades Construction Project and to
assure compliance with water quality standards.

•

Together, elements of the Restudy, monitoring and regulatory programs, Water Preserve Areas
and a Regulatory Action Strategy are among an integrated suite of projects in the Everglades
Stormwater Program.
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Chapter 12: Integrated Strategy to Achieve
Water Quality Goals By 2006
Gary F. Goforth

Summary
The South Florida Water Management District (District), in partnership with other agencies and
private landowners, is aggressively and successfully achieving interim milestones towards restoration of
the Everglades ecosystem. Concurrent with the construction of over 47,000 acres of treatment wetlands,
the District and other groups are conducting water quality research, ecosystem-wide planning and
regulatory programs to ensure a sound foundation for science-based decision-making. Florida’s 1994
Everglades Forever Act (Act) establishes both interim and long-term water quality goals to ultimately
achieve restoration and protection of the Everglades Protection Area (EPA). While the Act does not
specifically designate two distinct implementation phases, it recognizes that additional measures may or
may not be required to achieve compliance with long-term water quality standards. For purposes of this
document, the District has designated the program designed to achieve the interim goal as “Phase 1” and
has designated the long-term program as “Phase 2”. Phase 1 encompasses those activities currently
underway to reduce phosphorus (P) concentrations to approximately 50 parts per billion (ppb), and
includes the Everglades Construction Project (ECP) and the Everglades Agricultural Area (EAA) best
management practices (BMPs). The goal of Phase 2 is to combine point-source, basin-level and regional
solutions in a system-wide approach to ensure that all waters discharged to the EPA are achieving water
quality goals by December 31, 2006. With respect to nutrients, the Phase 2 goal is to reduce nutrient
discharges to levels that do not cause an imbalance in natural populations of aquatic flora or fauna.
This chapter describes how numerous research, planning, regulatory and construction activities
will be integrated to ensure that implementation decisions incorporate the best available information: true
adaptive management in practice. Individual project management plans have been developed for each of
these activities (District and DEP, Everglades Program Management Plan, 1997). This chapter also
identifies the relationships between these concurrent activities to achieve the water quality and
hydropattern objectives of Everglades restoration, highlights scheduling conflicts between legislative and
regulatory mandates, and outlines key gaps in the current Phase 2 information base. The interrelationships
among these activities and their anticipated time frames are diagrammed in Figure 12-1.
Considering the number and complexity of the many activities required to achieve the long-term
water quality goals, the 2006 time frame established by the Act is very ambitious. Delays in the timely
completion of these activities, many of which are outside the control of the District, may result in
unintended delays, despite the best efforts of the District. Acceleration of necessary research before the
December 31, 2001, deadline may be difficult because biological research inherently requires one or more
growing seasons to evaluate performance. In order to meet the 2006 deadline, the District may be required
to make recommendations for Phase 2 based on incomplete science and engineering information, which
carries associated environmental and economic risks. Future annual updates to this peer-reviewed Report
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will provide greater detail on the potential obstacles and other constraints for achieving Phase 2 goals, as
well as identify potential remedies.

1. Nutrient threshold research
2. Phosphorus rulemaking
3. Compliance methodology

?

4. Water quality relationships

Compliance

5. Evaluate water quality standards applicable to the EPA and EAA canals
6. Non-phosphorus rulemaking
8. BMP Research
9. BMP rulemaking

? 7. Discharge

10. STA optimization research
11. Supplemental Technology Research

limits

12. Regulatory Action Strategy (non-ECP)
15. Basin-specific feasibility studies/
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Figure 12-1. Timeframes for critical activities to meet the water quality goals identified in the Everglades
Forever Act.

Long-Term Phosphorus
Criterion for the Everglades
Concurrent efforts are underway by researchers supported by the District, federal agencies and the
agricultural industry to provide data for the DEP to establish a Class III numeric water quality criterion for
P in the EPA. The objective of this research is to quantify the specific threshold levels of P above which
undesirable changes occur to the native Everglades populations of aquatic flora or fauna. The DEP
established the Everglades Technical Advisory Committee and conducts peer-review of the data to ensure
that these research efforts are well coordinated. While the comprehensive research effort will be finished
no later than December 31, 2001, research in discrete areas will be completed sooner. Specifically, research
in WCA-2A is substantially complete, and District research in the Loxahatchee National Wildlife Refuge
(Refuge) should be completed by April 2000. Research in WCA-3A has yet to begin, and establishment of
a numeric P standard for WCA-3A may require using data from other areas of the Everglades unless site12-2
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specific information becomes available. Even prior to completion of the entire research effort, the DEP
will initiate rulemaking to establish the numeric Class III water quality criterion for P. Preliminary
workshops are anticipated as early as May 1999 and the DEP’s current schedule calls for initiating
rulemaking by December 2000, a full year ahead of the statutory deadline. If rulemaking is not completed
by December 31, 2003, the Act establishes a default P criterion of 10 ppb. The P criterion, whenever
adopted, shall supersede the 10 ppb default otherwise established by the Act, but shall not be lower than
the natural conditions of the EPA and shall take into account spatial and temporal variability. Concurrent
with rulemaking, the method for determining compliance with these criteria will be finalized in accordance
with the framework described in the Act (Section 373.4592(4)(e)3, Florida Statutes):
Compliance with the phosphorus criterion shall be based upon a long-term geometric mean of
concentration levels to be measured at sampling stations recognized from the research to be
reasonably representative of receiving waters in the Everglades Protection Area, and so located so
as to assure that the Everglades Protection Area is not altered so as to cause an imbalance in natural
populations of aquatic flora and fauna and to assure a net improvement in the areas already
impacted.

Additionally, relationships between waters entering the Everglades with the resulting water quality
in the Everglades will be developed. These relationships will be used to establish discharge limits for
waters entering the EPA. These upstream discharge limits will serve as the Phase 2 P targets for long-term
water quality solutions. As shown in Figure 12-1, establishing the Class III P criterion and related
discharge limits is critical in determining and implementing Phase 2 solutions by December 31, 2006. In
advance of these determinations, the District is using a planning-level estimate of 10 ppb for discharge
limits for all tributaries to the EPA. If the final discharge limits are significantly different from 10 ppb, the
optimal Phase 2 solutions may be altered, with significant cost differences and other implications.
Additional details on the nutrient threshold research are provided in Chapter 3.

Water Quality Standards
Other than Phosphorus
The Everglades Forever Act requires the District and DEP to address not only P concerns in the
Everglades, but to evaluate other water quality standards applicable to the EPA and the EAA canals.
Paragraph 4(e) of the Act requires that DEP’s evaluation include the state’s antidegradation standards and
EAA canal classification, and directs DEP to recognize by rulemaking existing beneficial uses of the EAA
conveyance canals. Should the evaluation indicate that revised standards are necessary, additional
rulemaking would be required to revise the standards. Although the Act does not set a specific deadline for
this rulemaking, the requirement for the District to submit an integrated plan by December 31, 2003 to
address all water quality parameters suggests that all related rulemaking should also be completed by
December 31, 2003. As shown in Figure 12-1, completion of this additional rulemaking is in the critical
path for determining and implementing Phase 2 solutions by December 31, 2006. If rulemaking for these
standards is not completed by December 31, 2003 when the District must submit its Phase 2 plans, the
District will be required to make recommendations for Phase 2 based on incomplete science and
rulemaking, with associated environmental and economic risks. Additional details on these water quality
data evaluations are provided in Chapters 2 and 7 of this Report.
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Everglades Agricultural Area - Best
Management Practices
The reduction of P discharged from farms, towns and other land uses within this area has been
approached through best management practices (BMPs). An EAA-wide target of 25% load reduction
compared to the May 1979 - April 1988 pre-BMP period was established by District rulemaking. Over the
last three years, cumulative P loads from the EAA farms, towns and other land uses have been reduced by
fifty-five (55) percent as compared to the calculated load that would have occurred during the pre-BMP
period (adjusted for hydrologic variability). P concentrations have also been reduced significantly from the
pre-BMP period to approximately 100 ppb, and while this is a positive improvement, additional P
reduction downstream in the regional STAs is necessary in order to achieve the Act’s interim goal of 50
ppb. The Act provides economic incentives through tax incentives for farmers who consistently reduce
basin loading by more than the 25% reduction target. The agricultural industry, with support from state and
federal agencies, is continually investigating additional measures to enhance the existing BMP programs.
The District's BMP rule (40E-63) has been amended to implement a comprehensive program of research,
testing and implementation of BMPs that addresses all water quality standards that are not being
significantly improved by the STAs and the current levels of BMPs. Enhanced BMPs may play a more
important role in the final mix of STAs, supplemental technologies and BMPs used to achieve compliance
with water quality standards than was apparent when the Act was developed in 1994. If proven costeffective, additional BMPs could be implemented to reduce the overall costs and scale of Phase 2.
Additional details on the BMP programs are provided in Chapter 5.

The Everglades Construction Project
In accordance with the direction and schedules of the 1994 Everglades Forever Act and the
proposed modifications to the federal Everglades Settlement Agreement, state and federal agencies are
currently engaged in the design, permitting, construction and operation of the Everglades Construction
Project (ECP). The primary nutrient removal components of the ECP are six (6) large constructed
wetlands, known as STAs, encompassing over 47,000 acres. A prototype STA, the 4,000-acre Everglades
Nutrient Removal project, has removed approximately 63 metric tons of P since August 1994, and has
maintained an average discharge concentration of 22 ppb. This prototype STA was initiated voluntarily by
the District prior to the 1988 federal lawsuit to demonstrate the potential capability of a constructed
wetland to remove nutrients from runoff entering the Everglades. While proceeding expeditiously with the
ECP, the District has incorporated the best available information from on-going research and monitoring
programs. Virtually all of the STA designs have been refined according to standard engineering practice to
incorporate new information that was not available during the earlier design phase, and to address concerns
raised by external parties through a public STA design review process. This adaptive management will
continue throughout implementation of the ECP. The period of time between commencement of operations
for Phase 1 and commencement of operation for Phase 2 varies from 9 years for STA 6 Section 1 to just
over 3 years for STA-3/4. Clearly, very little time is available to implement Phase 2 retrofits (if needed)
after Phase 1 is complete. Flexibility and adaptive management will be key to the successful design and
construction of STA-3/4. Additional details on the ECP and the effectiveness of STAs are provided in
Chapter 6.
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STA Optimization
A combination of field research, evaluation of available data for similar systems, and application
of appropriate wetland water quality models is being used to identify ways to optimize the nutrient removal
performance of the STAs. Research has been underway in the large treatment cells of the Everglades
Nutrient Removal (ENR) project since 1994. In addition, activities are planned in the smaller ENR test
cells where greater water control and statistical replication are available. The results will include
recommendations for enhancing the nutrient-removal performance of STAs through refining system
operations (e.g., water depths and hydraulic retention times). This optimization research will be completed
no later than December 31, 2001, however, results will be incorporated into STA operations as soon as
sufficient information becomes available. Also, as the early STAs come on-line, their operations will be
continuously evaluated, with valuable feedback incorporated into other STA operations. As shown in
Figure 12-1, completion of STA optimization research is in the critical path for determining and
implementing Phase 2 solutions by December 31, 2006. Completion of the STA optimization research
before the December 31, 2001 deadline may be difficult because biological research inherently requires
one or more growing seasons to evaluate performance. As noted earlier for research on the P criterion, the
District may be required to make recommendations for STA optimization for Phase 2 based on incomplete
science and engineering information, with associated environmental and economic risks. Additional details
on STA optimization research are provided in Chapter 6.

Evaluation of Potential
Supplemental Technologies
Since the early 1980s, alternative on-farm and regional water quality measures have been
evaluated to reduce nutrient levels discharged into the Everglades. In 1996, the District completed a
comprehensive evaluation of promising P reduction technologies, ranging from low-intensity management
of constructed wetlands to full-scale chemical treatment (PEER Consultants, P.C./Brown and Caldwell,
1996). Various combinations of the highest ranked technologies were evaluated on the basis of nutrient
removal performance, implementation costs and environmental criteria. This evaluation confirmed that
STAs are indeed the best interim step towards achieving the long-term water quality and hydropattern
restoration goals of the Everglades. In addition, the most promising P removal technologies were
identified, and the remaining technological uncertainties were documented to guide future research. The U.
S. Army Corps of Engineers (USACE) included a condition in their construction permit for the STAs to
expand the list of potential supplemental treatment technologies to be investigated.
The DEP, District and other interests have initiated research efforts on these supplemental
technologies to further determine critical design criteria such as performance efficacy, hydrologic
operating characteristics, land requirements, initial and annual costs, and identification of potential
environmental impacts. These technologies are being investigated prior to the final decision on if, and how,
supplemental technologies can be incorporated into the final Phase 2 solution. Many of these have
potential for both on-farm treatment of hot spots and regional application. In order to ensure that
comparable information is obtained from each supplemental technology study, the District developed a
Standard of Comparison for use during each research project. The Standard of Comparison standardizes
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data collection and analyses, as well as defines common methodology for evaluating the individual
technologies. Additional details on the supplemental technology research and the Standard of Comparison
are provided in Chapter 8.

STA-3/4 and Supplemental Technologies.
Subject to availability of sufficient information (scientific, engineering, economic, ecologic,
regulatory, etc.) and necessary funding, implementation of Phase 2 solutions could begin with STA-3/4.
Final design of STA-3/4 is scheduled for 1999 through mid-2001 and will incorporate the best available
information from the various research, planning and rulemaking activities discussed above, subject to
timely receipt of results and appropriation of sufficient funds. The final design of STA-3/4 may include
refinements that would facilitate and expedite incorporation of supplemental technologies as soon as
sufficient need and design requirements are demonstrated, subject to funding availability. This approach is
consistent with the Everglades Forever Act which establishes that construction of STA-3/4 cannot begin
sooner than 90 days after this first annual peer-reviewed report is submitted to the Governor and the
Legislature. STA-3/4 is scheduled to be constructed by October 1, 2003.
As shown in Figure 12-1, completion of supplemental technology research is in the critical path
for determining and implementing Phase 2 solutions by December 31, 2006. Completion of this research
before the December 31, 2001, deadline may be difficult because biological research inherently requires
one or more growing seasons to evaluate performance. Again, the District may be required to make
recommendations on Phase 2 based on incomplete science and engineering information, which carries
associated environmental and economic risks.

Other Ongoing Planning Activities
Other key initiatives are underway that will influence the final Phase 2 solutions, particularly the
quantity, distribution and timing of flows.
•

Lower East Coast (LEC) Regional Water Supply Plan - Assisted by an Advisory
Committee of urban, environmental and agricultural stakeholders, the District completed an
interim plan for water supply for the area south and east of Lake Okeechobee in the spring of
1998. There is explicit linkage between the LEC Plan and the implementation of Everglades
restoration activities, particularly in the quantity, timing and distribution of flows through the
system. One specific example of potential impacts to STA-3/4 is the proposal in the interim
plan to modify the present discharges from STA-3/4 to help rehydrate WCA-3A. Another
example of a potential impact is modifying the STA inflow based on proposed changes to the
regulation schedule of Lake Okeechobee that will increase the regulatory releases over the
1979-88 Base Period levels (Chapter 10). The Final LEC Plan, to be consistent with the 1997
Water Resources legislation and to incorporate findings of the Restudy, is anticipated to be
complete by April 2000. Additional information on the LEC Plan are provided in Chapter 9.

•

Comprehensive Review Study of the Central and Southern Florida Flood Control
Project (C&SF Project Restudy) – Pursuant to federal legislation, the USACE and the
District are conducting a comprehensive review study to evaluate the feasibility of making
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structural and operational modification to the C&SF Project to restore the ecological integrity
of the south Florida ecosystem while continuing to provide flood protection, agricultural and
urban water supply and other project purposes. Evaluation of alternatives was conducted with
significant input from an interagency Restudy Team, as well as input from stakeholders and
the general public. A draft comprehensive report was completed in the fall of 1998, and the
final report will be submitted to Congress by July 1999. The final product will consist of a
comprehensive feasibility report with a programmatic environmental impact statement. It is
anticipated that the C&SF Project Restudy will (1) determine the total water storage capacity
required to achieve the hydropattern restoration goals for the Everglades, and (2) define
requirements for temporal and spatial distribution of flows to the Everglades. Interim and final
results from the Restudy will be integrated into STA 3/4 design and Phase 2 implementation
activities subject to funding and timing constraints. One specific example of potential impacts
to STA-3/4 is the Restudy recommendation of 60,000 acres of multi-purpose reservoirs in the
EAA, which would have significant influence on the timing and quality of inflows to the
STAs. Additionally, the proposed purchase of the 52,000-acre Talisman holdings in the EAA
would effect the location of these reservoirs. After submittal of the comprehensive feasibility
report to Congress in July 1999, detailed design activities will be initiated for specific project
features. These detailed design activities will incorporate the latest information from Phase 2
research and demonstration projects. Additional details on the Restudy are provided in
Chapter 10.

Everglades Stormwater Program
The Everglades Forever Act directs the District to develop strategies and schedules to ensure that
all District-controlled structures that discharge water into, within or from the Everglades Protection Area,
achieve and maintain compliance with all appropriate water quality standards to the maximum extent
practicable. The Everglades Construction Project covers 7 of the 14 major basins that discharge into the
Everglades Protection Area. The water quality strategies for the remaining seven basins and the interior
waters of the Everglades were identified in the permit issued in April 1998, which is referred to as the
“non-ECP” permit. These schedules and strategies are being implemented through the District’s
Everglades Stormwater Program. The Everglades Stormwater Program includes a combination of
regulatory analyses, water quality monitoring and evaluation, and other water quality improvement
measures. For all basins that discharge into the Everglades Protection Area, but are not covered by the
Everglades Construction Project, the District developed and is implementing a Regulatory Action Strategy.
This Strategy will ensure adequate water quality data are collected, assess the water quality of the
discharges, and develop a basin-specific regulatory program to ensure compliance with all water quality
standards by December 31, 2006. Other components of the program include intergovernmental cooperative
projects, an education campaign, and development of a method for re-imbursement of expenditures
through a special assessment. The Everglades Stormwater Program is described more fully in Chapter 11.
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Funding for Phase 2
The Act allocated several state sources for funding the implementation of the ECP, including
agricultural privilege taxes, ad valorem taxes, Alligator Alley toll revenues, Preservation 2000 funds and
Surface Water Improvement and Management funds. In addition, federal funds have been appropriated for
STA-1 East. However, funding for Phase 2 implementation has not been appropriated, though research
designed to support Phase 2 decisions is already underway. Phase 2 costs will be dependent on the basinspecific optimal combination of enhanced BMPs, STAs, supplemental technologies and/or additional
regulatory programs required to achieve the long-term water quality goals of Everglades restoration. While
it is possible to estimate research costs to support Phase 2 decisions, it is impossible at this time to develop
a firm estimate of the total costs for Phase 2 until additional research and basin-specific studies are
conducted. Conceptual-level cost estimates will be developed as part of basin-specific feasibility studies,
anticipated to begin by January 2000. In addition, the Florida Legislature may consider the public/private
mix of funding in concert with the recent “polluter pays” amendment to the Florida constitution. This
Phase 2 funding picture may be further complicated due to competition for public funds from projects
stemming from the C&SF Restudy.

Integrated Strategy to
Achieve Phase 2 Goals
The long-term water quality goal of the Act is to implement the optimal combination of enhanced
BMPs, STAs, supplemental technologies and/or regulatory programs to ensure that waters discharged to
the EPA achieve water quality standards no later than December 31, 2006. The Act intended “to provide a
sufficient period of time for construction, testing, and research so that the benefits of the ECP will be
determined and maximized prior to requiring additional measures.” (373.4592(1)(g), Florida Statutes). If
the ECP and other discharges to the EPA are not in compliance with state water quality standards, the Act
requires that the District submit an integrated water quality plan by December 31, 2003 to achieve
compliance with state standards by December 31, 2006. If discharges to the EPA are in compliance with
state water quality standards, the Act requires that the District submit an integrated plan by December 31,
2003 to maintain compliance with standards.
By contrast, the USACE construction permit (“404 permit”) for the ECP requires the transmittal of
a water quality strategy almost three years earlier (January 1, 2001) to ensure that discharges from the
STAs (except STA 1E) to the EPA are in compliance with long-term water quality standards by December
31, 2006. A preliminary draft of this strategy is due by January 1999 and a revised draft is due by January
2000. Both the integrated water quality plan required by the Act and the water quality strategy required by
the USACE permit will incorporate the best available information from the on-going research, rulemaking
and/or other regulatory programs.
Also in accordance with the USACE construction permit for the ECP, the District will make best
efforts to implement additional water quality treatment measures for the waters discharged from STA 2
within four years of first discharge into WCA-2A. Subject to operating permit authorization, initial
discharge is expected in October 1999; hence the USACE permit condition could require implementation
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of additional water quality treatment measures by October 2003. This ambitious time frame target is over
three years in advance of the December 31, 2006 mandate of the Act, and is subject to many factors outside
the control of the District. Based on these permit time frames, the District may be required to make
recommendations on Phase 2 based on incomplete science, engineering and regulatory information, which
carries associated environmental and economic risks. Potential obstacles to overcome include: lack of
specific Everglades water quality criteria; uncertain potential for STA optimization and BMP
enhancements; insufficient scientific, economic, and environmental impact information on supplemental
technologies; lack of funding; and insufficient time for design, land acquisition, permitting, construction
and operation of additional measures. For planning purposes, a discharge limit of 10 ppb will be assumed.
If the final discharge limits are significantly different from 10 ppb, the optimal Phase 2 solution may be
altered, with significant cost differences and other implications. Future annual updates to this peerreviewed report will provide greater detail on the potential obstacles and other constraints for achieving
this ambitious goal, as well as identify potential remedies.
Although the Everglades Forever Act timelines for developing and implementing long-term water
quality plans are longer than the timelines in the USACE 404 permit, the Act’s timelines could also prove
difficult to achieve. As shown in Figure 12-1, repeated below for convenience, a tremendous amount of
research, data analyses, rulemaking, planning and basin-specific evaluations must be completed and
integrated in an ambitiously short time in order to develop the basin-specific water quality plans by
December 31, 2003. After submittal of the plans, the Act’s timelines only allow three years for
implementation of Phase 2 solutions by December 31, 2006. At least eighteen (18) steps, some in parallel,
some in sequence, must be completed in order to determine, fund and implement the optimal combination
of enhanced BMPs, STAs, supplemental technologies and/or additional regulatory programs. Delays in the
timely completion of these activities, many of which are outside the control of the District, may result in
unintended delays of the long-term water quality and hydropattern objectives of the Everglades, despite the
best efforts of the District. The interrelationship between these steps and the anticipated time frames for
each are diagrammed in Figure 12-1 and summarized below.
1.

The long-term Everglades phosphorus research must be completed no later than 12/31/
2001 (District and agricultural industry responsibilities); US Dept of Interior research may
extend beyond the 2001 time frame based on currently-available schedules (US Department
of Interior responsibility).

2.

This research will provide the foundation for rulemaking to establish a numeric
phosphorus criterion for the Everglades, to get underway by 12/31/2000 and to be
completed no later than 12/31/2003 (DEP responsibility).

3.

The DEP must finalize the method for determining compliance with these criteria and the
location of representative receiving water stations. This activity is planned to get underway
by 12/31/2000 and should be completed by 12/31/2003 (DEP responsibility).

4.

The DEP and District must develop the relationship between waters entering the
Everglades with the resulting water quality in the Everglades. This activity is planned to
get underway by 12/31/2000 and to be completed no later than 12/31/2003 (DEP lead;
District support).

5.

The DEP and the District must complete all research required to evaluate all water
quality standards other than phosphorus applicable to the EPA and EAA canals by
December 31, 2001 (District and DEP responsibility).
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Figure 12-1. (repeated) Timeframes for critical activities to meet the water quality goals identified in the
Everglades Forever Act. This figure was repeated for the convenience of the reader.

6.

The DEP must complete rulemaking to revise water quality standards for the EPA and
EAA canals, recognizing the existing beneficial uses of the EAA canals. Although the Act
does not set a specific deadline for this rulemaking, it is assumed that it will be completed
by December 31, 2003 (DEP responsibility).

7.

A key use of the relationship developed in Step 4 above and the rulemaking in Step 6 above
will be to establish discharge limits or levels for waters entering the Everglades Protection
Area. It is these upstream discharge limits or levels that will serve as the Phase 2 targets for
long-term water quality solutions. This activity is planned to get underway by 12/31/2001
and should be completed by 12/31/2003 (DEP responsibility).

8-11. To determine the most cost-effective performance of enhanced BMPs, STAs and
supplemental technologies, the research from these three efforts will be completed no later
than 12/31/2001. During each 5-year term of EAA BMP permits, Rule 40E-63, FAC, shall
be amended as needed to implement a comprehensive program of research, testing and
implementation of BMPs that will address all water quality standards within the EPA and
EAA (District lead).
12.

For all basins that discharge into the Everglades Protection Area that are not covered by the
Everglades Construction Project, the District developed and is implementing a
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Regulatory Action Strategy to develop a basin-specific regulatory program to ensure
compliance with all water quality standards no later than December 31, 2006 (District
responsibility).
13.

It is anticipated that the C&SF Restudy analyses will yield long-term hydropattern design
targets for the Phase 2 solutions and potential EAA reservoirs, hopefully by July 1999
(USACE responsibility; District support).

14.

Completion of the final Lower East Coast Regional Water Supply Plan will further define
the hydrologic environment for Phase 2 (e.g., discharge locations, timing of deliveries
and overall quantities); this activity is planned by April 2000 (District responsibility).

15.

As soon as sufficient information is obtained from the BMP, STA optimization,
supplemental technology research and regulatory action strategy, basin-specific feasibility
studies must be conducted to determine the optimal combination of water quality
measures required to achieve the phase 2 water quality goals, in consideration of basin
variations in hydrology and water quality. For planning purposes, an end-of-pipe discharge
limit of 10 ppb will be assumed. If the final discharge limits are significantly different from
10 ppb, the optimal Phase 2 solutions may be altered, with significant cost differences and
other implications. It is anticipated that the basin-specific feasibility studies will include
conceptual-level engineering designs, and will be completed on an individual basis between
12/31/2002 and 12/31/2003 (District lead). As part of the Everglades Stormwater Program,
on-going work will be completed for specific tributaries, including in Western C-11 basin,
the C-111 basin, Lower Western basins, and the Dade County Lake Belt plans (District
lead).

16.

Funds need to be appropriated for Phase 2 implementation. (It is assumed that the
Florida Legislature will have an active role in this.)

17.

By December 31, 2003, the District must submit to the DEP permit modifications and/or
applications for the Phase 2 (long-term) water quality measures, as needed. These will
include the integrated water quality plans required by the Everglades Forever Act and will
be refined from the water quality strategy submitted to the USACE by 1/1/2001. In addition
to the information developed in the basin-specific feasibility studies, the integrated water
quality plans will include funding strategies and implementation schedules.

18.

Ultimately, if all the preceding steps are completed on time, and if the integrated water
quality plans are authorized by all appropriate State and federal agencies, the District must
design, acquire necessary lands, establish necessary regulatory programs and
otherwise implement the Phase 2 solutions by December 31, 2006.

Risks Associated with Premature Selection
of Phase 2 Solutions
Florida’s Everglades Forever Act establishes an orderly process of research and rulemaking to
develop a science-based foundation for making Phase 2 decisions. This process was described in Sections
3.1 through 3.9 above and remains the ideal strategy for achieving long-term compliance with all water
quality goals. This approach accomplishes the Legislature’s intent to allow a sufficient time for
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construction, testing, and research, so that the benefits of the Everglades Construction Project and the EAA
BMPs will be determined and maximized prior to requiring additional measures. If the Phase 1 program
alone cannot achieve the long-term goals, this orderly approach will enable sound science-based decisions
for the selection of additional water quality treatment options.
If critical decisions on Phase 2 solutions were made prematurely, i.e., without sufficient time to
assess the current program, establish appropriate discharge limits and investigate alternative measures,
they would carry associated environmental and economic risks.
Examples of potential environmental risks include:
1.

the possibility that the selected solution may not actually achieve the long-term phosphorus
target,

2.

the possibility that the selected solution may not achieve the long-term water quality goals
for parameters other than phosphorus,

3.

unintended adverse impacts to the Everglades due to parameters other than phosphorus, and

4.

potential sludge or other byproduct disposal problems.
Examples of potential economic risks include:

1.

capital as well as annual operation and maintenance costs;

2.

unnecessarily taking additional lands out of agricultural production in the EAA; and

3.

challenges to the sufficiency of science and engineering information used in the decision
process.

The orderly process of research and rulemaking described in Sections 3.1 through 3.9 above was
designed to provide sufficient science and engineering information, and to reduce the uncertainty in
associated factors, thereby satisfying both the intent of the Everglades Forever Act and minimizing the
environmental and economic risks associated with Phase 2 solutions.

Conclusions
Concurrent with the implementation of Phase 1 projects, the District and other groups are
conducting water quality research, ecosystem-wide planning, and regulatory programs to ensure a sound
foundation for science-based decision-making for Phase 2. However, in order to meet the ambitious time
frames in the Everglades Forever Act, the District may be required to make recommendations on Phase 2
based on incomplete science, engineering and regulatory information, which carries associated
environmental and economic risks. The key gaps in the information base for Phase 2 decisions, described
throughout this chapter, are summarized below:
1.

The Class III numeric phosphorus criterion for the Everglades Protection Area.
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2.

The methodology to be used to determine compliance with the Class III numeric
phosphorus criterion for the Everglades Protection Area.

3.

The relationship between waters entering the Everglades and the resulting water quality in
the Everglades.

4.

Revised water quality standards for parameters other than phosphorus applicable to the
Everglades Protection Area and EAA canals.

5.

Basin-specific discharge limits for waters entering the Everglades Protection Area.

6.

Technical efficacy and cost effectiveness of enhanced BMPs.

7.

Means to improve operations of STAs.

8.

Technical efficacy of supplemental technologies, along with examination of costs and
benefits of phosphorus reduction alternatives, and implementation schedules.

9.

Water quality evaluation for tributaries in addition to the ECP.

10.

Modifications to the flows and phosphorus loads resulting from C&SF Restudy
components, along with implementation schedules.

11.

Hydrologic regimes from the LEC Plan, along with implementation schedules.

12.

Phase 2 funding constraints and time frames, including Amendment 5 issues.

13.

Basin-specific combinations of BMPs, STAs, supplemental technologies as needed and/or
additional regulatory programs.

Considering the number and complexity of the many activities required to achieve the long-term
water quality goals, the 2006 time frame established by the Act is very ambitious. Delays in the timely
completion of these activities, many of which are outside the control of the District, may result in
unintended delays, despite the best efforts of the District. Acceleration of necessary research before the
December 31, 2001, deadline may be difficult because biological research inherently requires one or more
growing seasons to evaluate performance. In order to meet the 2006 deadline, the District may be required
to make recommendations for Phase 2 based on incomplete science and engineering information, which
carries associated environmental and economic risks. Future annual updates to this peer-reviewed Report
will provide greater details on the potential obstacles and other constraints for achieving Phase 2 goals, as
well as identify potential remedies.

Findings on an Integrated Plan
to Achieve Water Quality Goals
•

Considering the number and complexity of the many activities required to achieve the longterm water quality goals, the 2006 time frame established by the Act is very ambitious. At
least eighteen (18) activities must be successfully completed in a timely manner in order to
implement a combination BMPs, STAs, supplemental technologies and/or regulatory
programs.
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The District is making a concerted effort to comply with the US Army Corps of Engineers 404
Permit that accelerates timeframes in the Everglades Forever Act. A lack of information on
water quality criteria, STA & BMP optimization, supplemental technologies and hydrological
needs of the ecosystem are among potential obstacles to 404 compliance; lack of funding may
also be a potential obstacle.
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