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PART 1

Florida Statutes
Chapter 373 F.S. Water Resources Act

Excerpts from Florida Stat utes,
Chapter 373, Water Resources Act

STATE WATER RESOURCE PLAN (ss. 373.012-373.200)

373.042 Minimum flows and levels.—

@

Wthin each section, or the water nmanagenent district as a whole, the
departnent or the governing board shall establish the foll ow ng:

(a) M nimum flow for all surface watercourses in the area. The nini mum

flow for a given watercourse shall be the linmt at which further
wi thdrawal s would be significantly harnful to the water resources
or ecol ogy of the area.

(b) M ni mum wat er [ evel. The m nimum water |evel shall be the |evel of

groundwater in an aquifer and the |evel of surface water at which
further withdrawals would be significantly harnful to the water
resources of the area.

(c) The mninmum flow and mninum water |evel shall be calculated by

@

the departnment and the governing board using the best information
avail able. Wen appropriate, mninum flows and l|evels nmay be
calculated to reflect seasonal variations. The departnent and the
governing board shall also consider, and at their discretion nmay
provide for, the protection of nonconsunptive uses in the
establ i shment of mnimumflows and | evels.

By Novenber 15, 1997, and annually thereafter, each water managenent
district shall subnmit to the departnment for review and approval a
priority list and schedule for the establishnment of mininmumflows and
| evel s for surface watercourses, aquifers, and surface waters within
the district. The priority list shall also identify those water
bodi es for which the district will voluntarily undertake independent
scientific peer review By March 1, 2006, and annually thereafter,
each water managenent district shall include its approved priority
list and schedule in the consolidated annual report required by s.
373.036(7). The priority list shall be based upon the inportance of
the waters to the state or region and the existence of or potential
for significant harmto the water resources or ecology of the state

or region, and shall include those waters which are experiencing or
may reasonably be expected to experience adverse inpacts. Each water
managenment district's priority list and schedule shall include al

first nmagnitude springs, and all second nagnitude springs within
state or federally owned |ands purchased for conservation purposes.
The specific schedule for establishment of spring mninmmflows and
| evel s shall be conmensurate with the existing or potential threat to
spring flow from consunptive uses. Springs within the Suwannee R ver
Wat er Managenment District, or second magnitude springs in other areas
of the state, need not be included on the priority list if the water
managenment district subnits a report to the Department of
Envi ronnental Protection denonstrating that adverse inpacts are not
now occurring nor are reasonably expected to occur from consunptive
uses during the next 20 years. The priority list and schedul e shal
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not be subject to any proceeding pursuant to chapter 120. Except as
provided in subsection (3), the developrment of a priority list and
conpliance with the schedule for the establishnment of mninum flows
and | evels pursuant to this subsection shall satisfy the requirenents
of subsection (1).

Minimum Fflows or levels for priority waters in the counties of
Hillsborough, Pasco, and Pinellas shall be established by October 1,
1997. Where a minimum flow or level for the priority waters within
those counties has not been established by the applicable deadline,
the secretary of the department shall, if requested by the governing
body of any local government within whose jurisdiction the affected
waters are located, establish the minimum flow or Ilevel 1in
accordance with the procedures established by this section. The
department®s reasonable costs in establishing a minimum flow or
level shall, upon request of the secretary, be reimbursed by the
district.

(a) Upon written request to the department or governing board by a
substantially affected person, or by decision of the department or
governing board, prior to the establishment of a minimum flow or
level and prior to the filing of any petition for administrative
hearing related to the minimum flow or level, all scientific or
technical data, methodologies, and models, including all scientific
and technical assumptions employed in each model, used to establish
a minimum Fflow or level shall be subject to independent scientific
peer review. Independent scientific peer review means review by a
panel of independent, recognized experts in the fields of hydrology,
hydrogeology, limnology, biology, and other scientific disciplines,
to the extent relevant to the establishment of the minimum flow or
level.

(b) If independent scientific peer review is requested, it shall be
initiated at an appropriate point agreed upon by the departnent
or governing board and the person or persons requesting the peer
review. |If no agreenment is reached, the department or governing
board shall determ ne the appropriate point at which to initiate
peer review. The nmenbers of the peer review panel shall be
selected within 60 days of the point of initiation by agreenent
of the departnent or governing board and the person or persons
requesting the peer review |If the panel is not selected within
the 60-day period, the tine limtation nay be waived upon the
agreenment of all parties. If no waiver occurs, the departnent or
governi ng board may proceed to select the peer review panel. The
cost of the peer review shall be borne equally by the district
and each party requesting the peer review, to the extent
econom cally feasible. The panel shall submit a final report to
the governing board within 120 days after its selection unless
the deadline is waived by agreement of all parties. Initiation

of peer review pursuant to this paragraph shall toll any
appl I cabl e deadline under chapter 120 or other law or district
rule regarding permtting, rul emaki ng, or admini strative

hearings, until 60 days follow ng submttal of the final report.
Any such deadlines shall also be tolled for 60 days follow ng
wi t hdrawal of the request or follow ng agreenment of the parties
that peer review will no |onger be pursued. The departnent or
the governing board shall give significant weight to the final
report of the peer review panel when establishing the m ninmm
flow or |evel.

(c) If the final data, methodologies, and models, including all
scientific and technical assumptions employed in each model upon
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which a minimum Fflow or level is based, have undergone peer
review pursuant to this subsection, by request or by decision of
the department or governing board, no further peer review shall
be required with respect to that minimum flow or level.

(d) No minimum flow or level adopted by rule or formally noticed for
adoption on or before May 2, 1997, shall be subject to the peer
review provided for in this subsection.

IT a petition for administrative hearing is filed under chapter 120
challenging the establishment of a minimum flow or level, the report
of an independent scientific peer review conducted under subsection
(4) 1is admissible as evidence in the final hearing, and the
administrative law judge must render the order within 120 days after
the fTiling of the petition. The time limit for rendering the order
shall not be extended except by agreement of all the parties. To the
extent that the parties agree to the findings of the peer review,
they may stipulate that those findings be incorporated as findings
of fact in the final order.

History.—-s. 6, part I, ch. 72-299; s. 2, ch. 73-190; s. 2, ch. 96-339;

S.
36.

5, ch. 97-160; s. 52, ch. 2002-1; s. 1, ch. 2002-15; s. 6, ch. 2005-

Note.—Former s. 373.036(7).

373.0421 Establishment and implementation of minimum flows and

levels.—
€8

ESTABLISHMENT .—

(a) Considerations.-When establishing minimum Fflows and levels
pursuant to s. 373.042, the department or governing board shall
consider changes and structural alterations to watersheds,
surface waters, and aquifers and the effects such changes or
alterations have had, and the constraints such changes or
alterations have placed, on the hydrology of an affected
watershed, surface water, or aquifer, provided that nothing in
this paragraph shall allow significant harm as provided by s.
373.042(1) caused by withdrawals.

(b) Exclusions.—

1. The Legislature recognizes that certain water bodies no longer
serve their historical hydrologic functions. The Legislature
also recognizes that recovery of these water bodies to
historical hydrologic conditions may not be economically or
technically feasible, and that such recovery effort could cause
adverse environmental or hydrologic impacts. Accordingly, the
department or governing board may determine that setting a
minimum Fflow or level for such a water body based on its
historical condition is not appropriate.

2. The department or the governing board 1is not required to
establish minimum flows or levels pursuant to s. 373.042 for
surface water bodies less than 25 acres in area, unless the
water body or bodies, individually or cumulatively, have
significant economic, environmental, or hydrologic value.

3. The department or the governing board shall not set minimum
flows or levels pursuant to s. 373.042 for surface water bodies
constructed prior to the requirement for a permit, or pursuant
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to an exemption, a permit, or a reclamation plan which
regulates the size, depth, or function of the surface water
body under the provisions of this chapter, chapter 378, or
chapter 403, unless the constructed surface water body is of
significant hydrologic value or is an essential element of the
water resources of the area.

The exclusions of this paragraph shall not apply to the
Everglades Protection Area, as defined in s. 373.4592(2)(i).-

(2) If the existing flow or level in a water body is below, or is
projected to fall within 20 years below, the applicable minimum
flow or level established pursuant to s. 373.042, the department
or governing board, as part of the regional water supply plan
described in s. 373.0361, shall expeditiously implement a recovery
or prevention strategy, which 1includes the development of
additional water supplies and other actions, consistent with the
authority granted by this chapter, to:

(a) Achieve recovery to the established minimum flow or Ilevel as
soon as practicable; or

(b) Prevent the existing flow or level from Tfalling below the
established minimum flow or level.

The recovery or prevention strategy shall include phasing or a
timetable which will allow for the provision of sufficient water
supplies for all existing and projected reasonable-beneficial
uses, including development of additional water supplies and
implementation of conservation and other efficiency measures
concurrent with, to the extent practical, and to offset,
reductions in permitted withdrawals, consistent with the
provisions of this chapter.

(3) The provisions of this section are supplemental to any other
specific requirements or authority provided by law. Minimum flows
and levels shall be reevaluated periodically and revised as
needed.

History.—-s. 6, ch. 97-160; s. 36, ch. 2004-5.

373.043 Adoption and enforcement of rules by the department.—

The department has authority to adopt rules pursuant to ss. 120.536(1) and
120.54 to implement the provisions of this chapter.
History.-s. 8, part I, ch. 72-299; s. 5, ch. 74-114; s. 81, ch. 98-200.

373.044 Rules; enforcement; availability of personnel rules.—

The governing board of the district is authorized to adopt rules pursuant to
ss. 120.536(1) and 120.54 to implement the provisions of this chapter. Rules
and orders may be enforced by mandatory injunction or other appropriate
action in the courts of the state. Rules relating to personnel matters shall
be made available to the public and affected persons at no more than cost but
need not be published in the Florida Administrative Code or the Florida
Administrative Weekly.

History.—s. 4, ch. 29790, 1955; s. 25, ch. 73-190; s. 3, ch. 84-341; s.

82, ch. 98-200.

Note.—Former s. 378.151.
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Florida Administrative Code

Chapter 40E - Rules of the South Florida Water Management
District

Section 40E-8 Minimum Flows And Levels

PART | GENERAL

PART | GENERAL

40E-8.011 Purpose and General Provisions.

40E-8.021 Definitions.

PART Il MFL CRITERIA FOR LOWER EAST COAST REGIONAL PLANNING AREA

40E-8.221 Minimum Flows and Levels: Surface Waters.

40E-8.231 Minimum Levels: Aquifers.

PART Il MFL CRITERIA FOR LOWER W EST COAST REGIONAL PLANNING
AREA, MFL CRITERIA FOR KISSI MMEE BASIN REGIONAL PLANNING
AREA, AND MFL CRITERIA FOR UPPER EAST COAST REGIONAL

PLANNING AREA

40E-8.321 Minimum Flows and Levels: Surface Waters.

40E-8.331 Minimum Levels: Aquifers.

40E-8.341 Minimum Flows and Levels: Su rface Waters for Upper East Coast
Regional Planning Area.

40E-8.351 Minimum Levels:  Surface =~ Waters for Kissimmee Basin Regiona I

Planning Area.

PART IV IMPLEMENTATION

40E-8.421 Prevention and Recovery Strategies.

40E-8.431 Consumptive Use Permits.

40E-8.441 Water Shortage Plan Implementation.

40E-8.011 Purpose and General Provisions.

(1) The purpose of this chapter is:

(a) To establish minimum flows for s pecific surface watercourses and minim um
water levels for specific surface waters and  specific aquifers with in the South Florida
Water Management District, pursuant to Section 373.042, F.S.; and

(b) To establish the rule framewor k for implementation of recovery and
prevention strategies, developed pursuant to Section 373.0421, F.S.

(2) Minimum flows are established to identify where further withdrawals would
cause significant harm to the water resources, or to the ecology of the area. Minimum
levels are established to identify where further withdrawals would cause significant harm
to the water resources of the area. Spec  ific minimum flows and levels (MFLs) are
established in this rule for specified pr iority water bodies that have been designated
pursuant to Section 373.042(2), F.S.
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(3) The MFLs establis  hed herein are based on existing best availab le
information, and will b e periodically reviewed, at least every five years, based on new
information and changing water resource conditi ons. Revisions to established MFLs will
be peer reviewed as required by Section 373.042, F.S., prior to rule adoption. The
minimum flow criteria for t he Caloosahatchee River in subsection 40E-8.221(2), F.A.C.,
shall be reviewed within one year of the effective date of this rule, September 10, 2001,
and amended, as necessary, based on best available information.

(4) The recovery and prevention strategi es set forth in Rule 40E-8.421, F.A.C.,
the consumptive use permitting procedures de  scribed in paragraph 40E- 2.301(1)(i),
Rule 40E-8.431, F.A.C., Secti on 3.9 of the “Bas is of Review for Water Use Per  mit
Applications within the South F  lorida Water Management District — September 10,
2001,” the water shortage plan implementation provisions specified in Rules 40E-8.441,
40E-21.531, and 40E-21. 541, and Part lll of Chapt er 40E-22, F.A.C., September 10,
2001, are inseparable components of the mini mum flows and levels establish ed in
Rules 40E-8.321 and 40E-8.331, F.A.C., September 10, 2001. The Distric t would not
have adopted the minimum flow s and levels set forthin  Rules 40E-8.321 and 40E-
8.331, F.A.C., for Lake Okeechobee, the Ever glades, the Biscay ne Aquifer, the Lower
West Coast Aquifers, and the Caloosahat chee River without simultaneously adopting
their related implementation rules. If the rules cited above, as they pertain to a specified
MFL water body, are found to be invalid, in whole or  in part, such specified minimum
flow(s) or level(s) in Rule 40E-8.321 or 40E-8.331, F.A.C., (including Lake Okeechobee,
Everglades, Biscayne Aquifer, Lower We st Coast Aquifers, Caloosahat chee River)
(month, year) shall not be adopted, orif  al ready in effect, shall not continuetob e
applied, until the District amends the applic able r egional water supply plan(s), as
necessary, and amends the subject rules, as  neces sary to address the reason for
invalidity consistent with the requirements of Section 373.0421, F.S. This s ection shall
be triggered after a rule is found to be inv alid pursuant to a final order iss ued under
Section 120.56, F.S., and after appellate review remedies have been exhausted.

(5) In concert with establishment of the MFL for the Nort hwest Fork of the
Loxahatchee River in subsection 40E-8.221(5) , F.A.C., the District commits to the
following activities that are descr ibed in greater detail in the Re covery and Prevention
Strategy section, subsection 40E-8.421(6), F.A.C.:

(a) Restore freshwater flows to the  Northwest Fork of the Loxahatchee River
beyond the MFL by develop ing programs and pr ojects that will provide sur face water
flows as identified in a prac tical restoration goal and pl an, to be developed with the
Florida Department of Environmental Protection.

(b) Implement the restoration plan thr ough structural and non-structural projects
associated with the Comprehensive Everglades Restoration Plan and the regional water
supply plan;

(c) Establish water reservations to deliv er and protect water supplies for
restoration of the Loxahatchee River; and

(d) Revise the MFL and the associated recovery and prevention strategy,a s
necessary, to be consistent with establis hed restoration goals and f  uture water
reservations.

(e) Establish Minimum Flows and levels  for other tributaries to the Northwest
Fork of the Loxahatchee River including Loxahatchee Slough, Cypress Creek, Kitching
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Creek and Hobe Grove Ditch as committed to in the District’ s Priority Water Body List,
as updated.

Specific Authority §§ 9, 10 P.L. 83-358, 373.044, 373.113, 373.171 FS. Law
Implemented 373.016, 373.036, 373.0361, 373.042, 373.0421 FS.

History—New 9-10-01, Amended 4-1-03, 1-19-06.

40E-8.021 Definitions.

The terms set forth herein shall have the meanings ascribed to them, unless the context
clearly indicates otherwise, and such m eanings s hall apply t hroughout the rules
contained in this chapter. The terms defined in Rule 40E-8.021, F.A.C., shall apply
throughout the District’'s consumptive use permi t rules. In the event of a conflict or
difference between t he definit ions contained in Rule 40 E-8.021, F.A.C., and the
definitions set forth in other District rules, the definitions in this Rule 40E-8.021, F.A.C.,
shall control for purposes of this chapter.

(1) Biscayne Aquifer — means the highly permeable surficial s trata (hydraulic
conductivities generally greater than 500 ft/day ) that occur within Monroe, Miami-Dade
(excluding those portions of coastal M onroe and Miami-Dade ¢ ounties that discharge
groundwater into Florida and Bis cayne Bays), eastern Broward, and portions of eastern
Palm Beach counties.

(2) Caloosahatchee River — means the surfac e waters that flow through the S-79
structure, combined  with tri butary contributions below S- 79 that collect ively flo w
southwest to San Carlos Bay.

(3) C&SF Project — means the projec t for Central and Southern Florida
authorized under the heading ‘CENTRAL AND SOUTHERN FLORIDA'’ in section 203 of
the Flood Control Act of 1948 (Chapter 771).

(4) CERP — means the Comprehensive Everglades Restoration Plan contained in
the ‘Final Integrated F  easibility Report and Programma  tic Environmental Impact
Statement’, dated April 1, 1999, as modified by the Water Resources Development Act
of 2000.

(5) Certification or Certify — means the formal determination by the Dis trict,
through a validation process consistent with state and federal law, of the total amount of
water made available by a project or project phase of a reco very or prevention strategy,
as appropriate, for natural systems and other uses.

(6) Direct Withdrawal means:

(a) A ground water withdrawal t hat causes a water table drawdown greater than
0.1 feet, as determined using a model acc epted by the District, at any location beneath
the MFL surface water body or aquifer, up through a 1 in 10 year drought; or

(b) A surface water withdrawal from facilities phy sically loc ated within th e
boundaries of a MFL surface water body.
(7) Everglades — means the lands and waters inc luded within Water

Conservation Areas, the Holeyland/Roten berger wild life manag ement areas, and the
freshwater portions of the Everglades National Park.

(8) Harm — means the temporary loss of wa ter resource functions, as defined for
consumptive use per mitting in Chapter 40E-2, F.A.C., that results from a change in
surface or ground wat er hydrology and takes a period of one to two years of average
rainfall conditions to recover.
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(9) Indirect Withdrawal — means t he withdrawal of water from a water source for
a consumptive use that receives surface water or ground water from a MFL water body
or is tributary to a MFL water body.

(10) Lake Istokpoga — means the lands and waters contained within the Lak e
below 40.0 feet NGVD, theto  p of the U.S. Army Corps of Engineers ’ regulation
schedule.

(11) Lake Okeechobee — means the|  ands and waters contained within the
perimeter of the Hoover Dike.

(12) LEC Plan — means the Lower East  Coast Regional Water Supply Plan —
May 2000, including all three volumes.

(13) Lower West Coast Aquifers — means the lower T amiami aquifer, sandstone
aquifer and the mid-Hawthorn aquifer that o ccur within Charlotte, Hendry, Glades, Lee
and Collier counties.

(14) LWC Plan — means t he Lower West Coast Regional Water Supply Plan —
April 2000, including all three volumes.

(15) Minimum Flow — means a flow established by the District pursuant to
Sections 373.042 and 373.0421, F.S., for a given wate r body and set forth in Parts
and lll of this chapter, at which further withdr awals would be significantly har mful to the
water resources or ecology of the area.

(16) Minimum Flow and Level Exceedance — means to fall below a minimum flow
or level, which is established in Parts Il and Il of this chapter, for a duration greater than
specified for the MFL water body.

(17) Minimum Flow and Level Violation — means to fall below a minimum flow or
minimum level, which is establis hed in Parts Il and Il of this chapte r, for a duration and
frequency greater than specified for the MF L water body. Unles s otherwise specified
herein, in determining the frequency with whic h water flows and lev els fall below an
established MFL for purposes of determining a MFL violation, a “year” means 365 days
from the last day of the previous MFL exceedance.

(18) Minimum Level — means the level of groundwater in an aquifer or the level of
surface water establis hed by the District pu rsuant to Sections 373.042 and 373.0421,
F.S., in Parts Il and Il of this chapter, at which further withdrawals would be significantly
harmful to the water resources of the area.

(19) MFL Water Body — means any surf ace water, watercourse, or aquifer for
which an MFL is established in Part Il or Il of this chapter.

(20) Northwest Fork of the Loxahatchee River: M eans those areas defined
below:

(a) Northwest Fork of the Loxahatchee River that has been federally des ignated
as Wild, Scenic and Recreational uses (as defined in the Loxahatc hee River Wild and
Scenic River Management Plan 2000) (see Map 1, incorpor ated herein), including the
river channel that extends from river mile 6.0 (latitude 26.9856, longitude 80.1426)
located near the eastern edge of Jonat han Dick inson State Park and continues
upstream to the G-92 structure (latitude 26.91014, longitude 80.17578), including the C-
14 Canal. The river channel includes the physical water flow courses and adjacent
floodplain up to the limits of the floodplain swamp and wetlands within Riverbend Park,
as determined by state wetland delineation criteria;
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(b) Cypress Creek whic h extends wes tward from river mile 10.6 to the
intersection of Gulf Stream Citrus Road (latitude 26.96484, long itude 80.1855) locat ed
approximately one mile west of  the Florida Turnpike and in  cludes its natural river
channels and contiguous floodplain as determined by state wetland delineation criteria;

(c) Kitching Creek which extends from river mile 8.1 (latitude 26.9908, lo ngitude
80.1540) northward through Jonat han Dickinson State Park to north of Bridge Road
(latitude 27.05513, longitude 80.17580), including its nat  ural river ¢ hannels and
contiguous floodplain as determined by state wetland delineation criteria; and

(d) Hobe Grove Ditch which extends west from river mile 9.1 (latitude 26.9854,
longitude 80.1594) westward to the Hobe-St. Lucie Co nservancy District pu mp station
outfall (latit ude 26.5908, long itude 80.1031) includ ing its natural river channels and
contiguous floodplain as determined by state wetland delineation criteria.

(21) Operations — means activities ta  ken by the District for the movement of
surface water through works of the District pursuant to Chapter 373, F.S.

(22) Prevention Strategy(ies) — means the structural and non- structural actions
approved by the District in regional water s upply plans, pursuant to Section 373.0421,
F.S., or by rule, for areas where MFLs are cu rrently not violated, but are projected to be
violated within twenty (20) year s of the establishment of the minimum fl ow or level, if
said prevention strategies are not implemented.

(23) Recovery Strategy(ies) — means the s tructural and non-structural actions
approved by the District in regional water s upply plans, pursuant to Section 373.0421,
F.S., or by rule, for areas where MFLs are currently violated.

(24) Regional Water Supply Plan — means a plan approved by the District
pursuant to Section 373.0361, F.S.

(25) St. Lucie River North Fork — means the surface waters that extend from the
Gordy Road Bridge structure (state pl ane coordinates, x851212.831, y1116105.7470) ,
combined with tributary contri butions below Gordy Road and co llectively flow south to
the confluence with the C-24 canal (s tate plane coordinates, x873,712.20 ,
y1064,390.41).

(26) St. Lucie River South Fork — means the surface waters that extend from the
culverts located at state pl ane coordinates x902, 512.67, y1,001,799. 91, north to the
confluence of the river and the St. Lucie Canal (C-44).

(27) St. Lucie Estuary — means the surface water body south of the confluence of
the St. Lucie Riv er North Fork and C-24, nort h of the confluence of the St. Lucie River
South Fork and C-44, and west of the west ern boundary of the Intracoastal Waterway,
exclusive of canals.

(28) Serious Harm — means the long-term  loss of wat er resource functions , as
addressed in Chapters 40E-21 and 40E-22, F.A.C., resulting from a change in surface
or ground water hydrology.

(29) Significant Harm — means the tem porary loss of water resource functions
which result from a change in surface or gr ound water hydrology, t hat takes more than
two years to recover, but which is cons  idered less severe than serious harm. The
specific water resource functions addressed by a MFL and the duration of the recovery
period associated with significant harm are def ined for each priority water body based
on the MFL technical support document.
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Specific Authority §§ 9, 10 P.L. 83-358, 373.044, 373. 113, 373.119, 373.129, 373.136,
373.171 FS. Law Implemented 373.016, 373.036,

373.0361, 373.042, 373.0421, 373.175, 373.216, 373.219,  373.223, 373.246 FS.
History—New 9-10-01, Amended 11-11-02, 4-1-03, 1-19-06.

PART Il MFL CRITERIA FOR LOWER EAST COAST REGIONAL PLANNING AREA

40E-8.221 Minimum Flows and Levels: Surface Waters.

The MFLs contained in this Part identify the point at which fu rther withdrawals would
cause significant har m to the water resource s, or ecology, of the area as applicable,
pursuant to Sections 373.042 and 373.0421, F.S. It is the Distric t's intent to correct or
prevent the violation of t hese MFLs through management of the water resources and
implementation of a recovery strategy.

(1) Lake Okeechobee. An MFL violation occurs in Lake Okeec hobee when an
exceedance, as def ined herei n, occurs more than once every six years. An
“exceedance” is a decline be low 11 feet NGVD for more than 80, non-consecutive or
consecutive, days, during an eighteen mont h period. The eight een month period shall
be initiated following the first day Lake Okeechobee falls below 11 feet NGVD, and shall
not include more than one wet s eason, defined as May 31st through October 31st of
any given calendar year.

(2) Caloos ahatchee River. A minimum mean monthly flow of 300 CFS is
necessary to maint ain sufficient saliniti es at S-79 in order to prevent a MF L
exceedance. A MFL exceedance occurs during a 365 day period, when:

(a) A 30-day average salinity concentration exceeds 10 parts per thousand at the
Ft. Myers salinity station (m easured at 20% of the total  river depth from the water
surface at a location of latitude 263907.260, longitude 815209.296; or

(b) A single, daily av  erage salinity exceeds a conc entration of 20 parts per
thousand at the Ft. Myers salinity station. Exceedance of either paragraph (a) or (b), for
two consecutive years is a violation of the MFL.

(3) Everglades.

(a) Criteria for Peat-Forming Wetlands. Water levels within wetlands overlying
organic peat soils wit hin the water conser vation areas, Rotenberger and Holey land
wildlife management areas , and Shark Riv er Slough (Eve rglades National Park) shall
not fall 1.0 feet or more below gr ound surface, as measured at a key gage, f or one or
more days during a period in which the wat er level has remained below ground for a
minimum of 30 days, at specific return frequencies as specified in Table 1, below.

(b) Criteria for Marl-Forming Wetlands. Water levels within marl-forming wetlands
that are located east and west of Shark River Sloug h, the Roc ky Glades, and Tay lor
Slough within Everglades National Park, shall not fall 1.5 f eet below ground surface, as
measured at a key gage, for one or more da ys during a period in wh ich the water level
has remained below ground for a minimum of 90 days, at specific return frequencies for
different areas, as identified in T able 1, below. The MFL criteri a listed in Table 1 ar e
based on existing ¢ hanges and stru ctural alterations to the pre-drainage conditions of
the Everglades. It is the District’s intent through implementation of the LEC Plan and the
CERRP to achieve minimum hydropattern re turn frequencies that approximate CERP
compatible pre-drainage conditions in the Everglades. As a result, as the existing
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structural changes and altera tions are corrected, the MFL criteria contained herein will
be modified through a rule amendment consistent with the LEC Plan and the CERP.

(4) Northwest Fork of the Loxahatchee River.

(a) An enhanced freshwater regime is nec essary to prevent significant harm to
the water resources and ecology of the No  rthwest Fork of the Loxahatchee River
pursuant to Sections 373.042 an d 373.0421, F.S. By establis hing the MFL set forth in
paragraphs (b) and (c), along with implementation of the associated recovery strategy, it
is the interim goal of the District to provide sufficient freshwater flows to create at River
Mile 9.2 the freshwater regime found at River Mile 10.2.

(b) A MFL violation occurs within the  Northwest fork of the Loxahatchee River
when an exceedance, as defined in paragraph (c), occurs mo re than once in a six year
period.

(c) A MFL exceedance occurs within ~ the Northwest Fork of the Loxahatc hee
River when:

1. Flows over Lainhar t Dam decline belo w 35 cfs for more than 20 consec utive
days; or

2. The average daily salinity concentration expressed as a 20-day rolling average
exceeds t wo parts per thousand. The average dai ly salinity will be representative of
mid-depth in the water column (average of s alinities measured at 0. 5 meters below the
surface and 0.5 meters above the bottom) at river mile 9.2 (latit ude 26.9839, longitude
80.1609).

(d) In addition to this MFL, whic h is intended to achieve partial enhancement of
the Northwest Fork of the Loxahatchee Riv er to prevent significant harm, restoration of
the Loxahatchee River beyond t he MFL will be addressed pursuant to subsection 40E-
8.421(6), F.A.C., and other applicable provisions of state law. This MFL will be reviewed
within two years of adoption an d revised, if necessary, to ensure consiste ncy with the
restoration goal and plan identified pursuant to Rule 40E-8.421, F.A.C., or other
applicable provisions of state law.

Specific Authority §§ 9, 10 P.L. 83-358, 373.044, 373. 113, 373.119, 373.129, 373.136,
373.171 F S. Law Implemented 373.016, 373.036, 373.0361, 3 73.042, 373.0421,

373.175, 373.216, 373.219, 373.223, 373.246 FS. History—New 9-10-01, Amended 4-1-
03..
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Table 1. Minimum water levels. duration and return frequencies for key

- - 1.2
water management gages located within the Everglades (1.2.3)

Soil Type & MFL Return Frequency
Area Key Gage Criteria (years) 39
WCA-1 1-7 Peat!) lmn4
WCA-2A 2A-17 Peat 1mnd
WCA-2B 2B-21 Peat 1lm3
WCA-3A North 3A-NE Peat 1m2
WCA-3A North 3A-NW Peat 1m4
WCA-3A North 3A2 Peat 1m4
WCA-3A North 3A-3 Peat lm3
WCA-3A Central 3A-4 Peat 1m4
WCA-3A South 3A-28 Peat 1m4
WCA-3B 3B-SE Peat 17
Rotenberger WMA Rotts Peat 1m?2
Holeyland WMA HoleyG Peat 1m3
INE Shark Slough NESRS-2 Peat lm 10
Central Shark Slough NP-33 Peat Iml10
Central Shark Slough NP-36 Peat 1m7
Marl wetlands east of NP-38 Marl (@ 1m3
Shark Slough
Marl wetlands west of NP-201 Marl Tm3
Shark Slough G-620
Rockland marl marsh G-1302 Marl Tm?2
[Tavlor Slough NP-67 Marl Tm2

(1) = MFL Cnteria for Peat-forming wetlands: Water levels within wetlands overlying organic peat soils withun the water
conservation areas, Rotenberger and Holeyland wildlife management areas, and Shark River Slough (Everglades National Park)
shall not fall 1.0 feet or more below ground surface, as measured at a key gage. for one or more days during a period in which the
water level has remained below ground for at least 30 days, at specific return frequencies shown above.

(2) = MFL Criteria for Marl-forming wetlands: Water levels within marl-forming wetlands that are located east and west of Shark
River Slough, the Rocky Glades, and Taylor Slough within the Everglades National Park. shall not fall 1.5 ft. below ground
surface, as measured at a key gage, for one or more days during a pertod in which the water level has remained below ground for at
least 90 days, at specific return frequencies for different areas, as shown above.

(3) = Return frequencies were developed using version 3.7 of the South Florida Water Management Model (SEWMDM) and are the
same as those stated on page 168, Table 44 of the adopted LEC Regional Water Supply Plan (May 2000).

(4) = MFL depth, duration and return frequencies are based on historic ramfall conditions for the 31 year period of record from
1965 to 1995.

40E-8.231 Minimum Levels: Aquifers.

Biscayne Aquifer — T he minimum level for the Bi scayne aquifer is t he level that results
in movement of the saltwater interfacelandwa rd to the extent that ground water quality
at an established withdrawal po int is ins ufficient to serve as a water supply source. A
MFL violation occurs when water levels within the aquifer produce this degree o f
saltwater movement at any point in time.

Specific Authority 373.044, 373.113, 373.171 FS. Law Implemented 373.016, 373.036,
373.0361, 373.042, 373.0421 FS. History—New 9-10-01.
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PART Il MFL CRITERIA FOR LOWER WEST COAST REGIONAL PLANNING AREA,
MFL CRITERIA FOR KISSIMMEE BASIN REGIONAL PLANNING AREA, AND MFL
CRITERIA FOR UPPER EAST COAST REGIONAL PLANNING AREA

40E-8.321 Minimum Flows and Levels: Surface Waters.

The MFLs contained in this Part identify the point at which further withdra wals would
cause significant har m to the water resource s or ecology, of the area, as applicable,
pursuant to Sections 373.042 and 373.0421, F.S. It is the Distric t's intent to correct or
prevent the violation of these criteria through management of the water resources.
Specific Authority 373.044, 373.113, 373.119, 373.129, 373.136, 373.171 FS. Law
Implemented 373.016, 373.036, 373.0361, 373.042, 373.0421, 373.175, 373.216,
373.219, 373.223, 373.246 FS. History—New 9-10-01.

40E-8.331 Minimum Levels: Aquifers.

The minimum levels for the lower Tamiami aquifer, the Sandstone aquifer and the mid-
Hawthorn aquifer shall equal the st ructural top of the aquifer. A violation of this criteria
occurs when the wat er levels dr op below the top of the uppermost geologic strata that
comprises the aquifer, at any point in time. Water level m easurements that are made to
monitor the conditions of the aquifers fort he purpos e of this rule shall be located no
closer than 50 feet from any existing pumping well.

Specific Authority 373.044, 373.113, 373.171 FS. Law Implemented 373.016, 373.036,
373.0361, 373.042, 373.0421 FS. History—New 9-10-01.

40E-8.341 Minimum Flow s and Levels: Su rface Waters for Upper East Coast
Regional Planning Area.

St. Lucie Estuary — mean monthly flows to the St. Lucie Estuary should not fall be low
28cfs from the Gordy Road structure to the St. Lucie River North Fork for two
consecutive months during a 365-day period, for two consecutive years.

Specific Authority 373.044, 373.113, 373.171 FS. Law Implemented 373.016, 373.036,
373.0361, 373.042, 373.0421 FS. History—New 11-11-02.

40E-8.351 Minimum Levels: Surface Wa ters for Kissimmee Basin Regional
Planning Area.

Lake Istokpoga — An MFL violation occurs in Lake Istokpoga when surface water levels
fall below 36.5 feet NGVD for 20 or more  weeks, within a ¢ alendar year, more often
than once every four years.

Specific Authority 373.044, 373.113, 373.171 FS. Law Implemented 373.016, 373.036,
373.0361, 373.042, 373.0421 FS. History—New 1-19-06.

PART IV IMPLEMENTATION
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40E-8.421 Prevention and Recovery Strategies.

(1) At the time of adoption of this rule, the existing flow or level for certain specified
water bodies is below, or withi n 20 years is projected to fall below, the applic able MFL.
For this reason, Section 373.0361, F.S., requires regional water supply plans to contain
recovery and prevention strategies, includ ing water resource developmen t and water
supply development projects t hat are needed to achiev e compliance with MFLs during
the plann ing period. The impl ementation of such projects will allo w for the orderly
replacement or enhancement of existing water sources with alternative supplies in order
to provide sufficient water for all existi  ng and projected reasonabl e-beneficial us es,
consistent with Section 373.0421, F.S.

(a) MFLs and recovery and prev ention strategies will be im plemented in phases
with cons ideration of the District’'s mission s in managing wate r re sources, including
water supply, flood protection, environmental enhancement and water quality protection,
as required by Section 373.016, F.S.

(b) MFLs are implemented to prevent si  gnificant harm to the water resources
and, wher e applicable, the ec ology of the area due to fu rther withdrawa Is (Sections
373.042 and 373.0421, F.S.). A consumptive us e permitting program is implemented to
prevent harm to the water resource (Secti on 373.219, F.S.). A wa ter shortage program
is implemented to prevent serious harm to the water resource (Sections 373.175 and
373.246, F.S.). Additionally, the protection of water resources will, in part, be achiev ed
through the reservation of water for fish and wildlife or public health and safety (Section
373.223(4), F.S.). The concept ual model identifying t he relationships between these
water resource protection requirements is set forth in Figure | in this Part.

(c) The rules implem enting water resource protection tools, inc luding Ch apters
40E-2, 40E-8, 40E-20, 40E-21, and 40E-22, F. A.C., identify the sp ecific factors and
conditions that will be applied and cons idered in implementing t he conc eptual model.

Due to the extreme variations in water re  source conditions, climatic condition s,
hydrologic conditions, and economic cons iderations that wil | be faced when

implementing these rules, it is critical to apply such criteria flexibly and to reserve for the
governing board the ability to implement water resource protection and allocatio n

programs considering all of the District's ~ missions under Chapter 373, F.S., and to
balance water supply, flood protection, resource protection and wate r quality protection
needs. Implementation of the recovery and prev ention strategies will be achieved in
compliance with the assurances to consumptive users and to natural systems contained
in the LEC Plan and the LWC Plan.

(d) The phasing and timetables for im plementation of structural component s in
recovery and prevention strat egies contained in approved regional water s upply plans
are found to meet the requirements in Sect ion 373.0421(2), F.S., for the expeditious
and practicable recovery of the MFLs.

(e) Upon completion of each project or pr oject phase of a recovery or prevention
plan the District will certify the  availability of water, as defined in  Rule 40E- 8.021(5),
F.A.C.

(f) In order to ensure that the actual and projected performance of prevention and
recovery strategies approved int he regional waters supply p lans is sufficient to meet
water resource needs, including MFLs, a nd the existing and pr ojected reasonab le-
beneficial uses, the District will update recovery and prevention strategies on a periodic
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basis, bas ed on new information and system performance. The performa nce of the
recovery and prevention strat egies in comparison to t he performance projected in the
regional water supply plans, will be asse  ssed by the District for each recovery or
prevention strategy phase. Based on the actual perfo rmance and new information
obtained regarding the water resources, the Dis trict will review and revise, if necessary,
recovery and prevent ion strategies throug h the regional water supply  plan updat e
process every five years, or sooner, as required by Section 373.0361, F.S. At that time,
the governing board will determine if rule modificatio ns to the MFL or recovery and
prevention strategies are necess ary to cont inue to meet the requ irements of Sections
373.042 and 373.0421, F.S.

Figure 1: Conceptual Relationship Among the Harm, Serious Harm and Significant Harm Standards

Water Resource

Protection Standards Observed Impacts
N NO HARM ormal Pennined Operation
Water Permittable Envircumental Festoration
levels [flow Reservation of Water | Water {1-in-10 level of certainty)
decreasing
Phase I Water Shortage HARM Temporary loss of water
Phase II Water Shortage resource functions taking
1to 2 vears te racover
Drought | MINIMUM FLOWS & LEVELS
severity . - SIGNIFICANT HARM Water resource funcrions
increasing Phase IIl Water Shartags require wultiple years o
TeCover
Phase IV Water Shortage Penmanent or irrevarsible
SERIOUS HARM loss of water resource
¥ functions

(2) The Everglades and the Caloosahatchee River.

(a) As the effective date of this rule , September 10, 2001, the Everglades and
Caloosahatchee River have experienced MF L violations. As a result, the LEC Plan and
the LWC Plan contain approved recovery strategies, pursuant to Section 373.0421, F.S.
Included in these recovery and prevention strategies is the CERP.

(b) MFLs for many ar eas within the Everglades and t he Caloosahatchee River,
served by the C&SF Project, will not be achieved immediately upon adoption of this rule
largely because of the lack of adequate regional st orage or inef fective water drainage
and distribution infrastructure . Although not all locations  within the Everglades are
currently in violation of the proposed MFL, t he Everglades, as a whole, is subject to a
recovery strategy. The LEC Plan identifies the structural and non- structural remedies
necessary for the recovery of MFL water  bodies. These structural and non-structural
remedies are also int ended to restore t he Everglades and the Caloosahatchee River
above the MFLs, through Chapter 373, F.S., aut horities of the District. The projected
long-term restoration of flows and leve Is in the Everglades res ulting fro m
implementation of the LEC Plan and the CERP is documented in the LEC Plan, and are
intended to more closely approximate “ pre-drainage” conditions. The planned
components include implementing consumptiv e use and water shortage programs,
removing conveyanc e limitations, implement ing revised C&SF Project operational
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programs, storing additi onal freshwater, reserving water for the protection of fish and
wildlife, and developing alter native sources for water supply. These components will be
implemented over the next 20y ears, resulting in a phased restoration of the affected
areas.

(c) The District, as the U.S. Army Corps of Engineers’ local sponsor of the C&SF
Project, is charged with impl  ementing the CERP, in accordance with t he Water
Resources Development Act of 2000 (WRDA ), Title VI entitled “Com  prehensive
Everglades Restoration,” and in accordance with State law. Assurances regarding water
availability for consumptive uses and prot ection of natural systems are set forth in
WRDA, Chapter 373, F.S., CERP and the LEC Plan, which  will be followed by the
District in implementing this chapter. Additional quantities of water for both consumptive
uses and the natural systems m ade available from the CERP and other water resource
development projects will be documented and protected on a project basis. For project
components implemented under CERP, the additi onal quantity, distribution and timing
of delivery of water th at is made available for the natu ral system for consumptive use,
will be identified consistent with purposes of the CERP. Under  State law, water
reservations and water allocations to consum ptive uses will be uti lized to protect water
availability for the intended purposes.

(3) Lake Okeechobee. The LEC Plan ¢ ontains an approved preve ntion strategy
for Lake Okeeechobee pursuant to Section 373. 0421, F.S. The prevention strategy
consists of implementing the District’s water shortage plan, includings  upply s ide
management, as simulated in the LEC Plan, and constructing and operating water
supply and resource development projects.

(4) Biscayne Aquifer. The LEC Plan contains an approved prevention strategy for
the Biscay ne Aquifer pursuant to Section 373.0421, F.S., w hich cons ists of the
following:

(a) Maintain coastal canal stages at  the minimum operation levels shown in
Table J-2 of the LEC Plan;

(b) Apply conditions for permit i ssuance in Chapter 40E-2 or 40E-20, F.A.C., to
prevent the harmful movement of saltwater intrusion up to a 1-in-10 year level of
certainty;

(c) Maintain a ground water monitoring network and u tilize data to initiate water
shortage actions pursuant to Rule 40E-8.441, F.A.C. and Chapters 40E-21 and 40E-22,
F.A.C;

(d) Construct and operate water resource and water supply developm ent
projects; and

(e) Conduct research in high risk areas to identify where the portions of the
saltwater front is adjacent to existing and future potable water sources.

(5) Lower West Coast Aquifers. The LWC Plan identifies a prevention strategy for
the LWC Aquifers, pursuant to Section 373.0421, F.S., as follows:

(a) Establish “no harm” max imum permittable levels for each aquifer (regulatory
levels) for a 1-in-10 year level of certainty;

(b) Implement rule criteria to pr event harm through the consumptive us e
permitting process, including conditions for permit issuance in Rule 40E-2.301, F.A.C.;

(c) Construct and operate water resource and supply development projects; and
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(d) Implement the water shortage plan in Chapter 40E-21, F. A.C., as needed to
prevent serious harm during drought conditions  in excess of a 1-in -10 year level of
certainty.

(6) St. Lucie River and Es tuary. The following is the prevention strategy for the
St. Lucie River and Estuary:

(a) Discharges from the North Fork  will be managed wit  hin the operational
protocols of the Ten Mile Creek Project scheduled to  be com pleted by 2004. Flo w
targets will be consis tent with the CERP performance requirements for Indian River
Lagoon.

(b) A research and monitoring strategy for the North and South Forks of the St.
Lucie River will be d eveloped a nd implem ented in ¢ oordination with the Upper Eas t
Coast Regional Water Supply Plan update.

(7) Northwest Fork of the Loxahatchee River Recovery Strategy: Purpose and
Intent.

(a) The Northwest Fork of the Loxahatch ee Riveris currently not meeting the
MFL and requires implementation of a recovery strategy to achieve the MFL as soon as
practicable, consistent with Section 373.0421, F.S. The reco very strategy consists of
projects contained wit hin the following approved plans: the Lower East Coast Regional
Water Supply Plan (LEC Plan), the Co mprehensive Everglades Restor ation Plan
(CERP), and the Northern Palm Beach =~ County Comprehensive Water Management
Plan (NPBCCWMP) . Four phases of reco very are identified in the Technical
Documentation to Support Development of Minimum Flows and Levels for the
Northwest Fork of the Loxahat chee River, November 2002, which are p rojected to
increase flows to meet the MFL for the Nort hwest Fork of the Loxahatchee River. As
part of the recovery strategy, as provided in this rule, the consumptive u se permitting
and water shortage requirements in this  Chapter and Chapters 40E-2 and 40E-21,
F.A.C., shall apply to consum ptive use direct and indirect withdrawals from surface and
groundwater sources from the Northwest Fo  rk of the Loxahat chee River and those
areas directly tributary to the Northwest Fork.

(b) In addition to implementation of th is MFL recovery strategy, the District
commits to restore freshwater flows to the Northwest Fork of the Loxahatchee River
above the MFL through Chapt er 373, F. S., and the Comprehensive Everglades
Restoration Plan and its associated authorities. The District will continue to partner with
the Florida Department of Environmental Protection in establishing a practic al
restoration goal and plan for the Loxahatchee River watershed. Recognizing that natural
seasonal fluctuations in water flows are nec essary to ensure that the functi ons of the
Loxahatchee River are protected, this restor ation goal and plan will inc lude a more
complete set of seasonally managed flow criteria for the river that are driven primarily by
natural rainfall and runoff patterns within the watershed.

(c) The District shall continue to oper  ate the G-92 struct ure and associated
structures to provide approximately 50 cfs or more over Lainhart Dam to the Northwest
Fork of the Loxahatc hee River, when the District dete rmines that water supplies ar e
available.

(d) Additionally, it is the intent of t he District to continue the current operational
protocols of the G-92 structur e so as not to reduce the hi storical high, average and low
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flows as estimated over the 30 year period of rainfall record used as the basis for the
MFL for the Northwest Fork of the Loxahatchee River.

(e) It is the District’s intent to implem ent, along with other par tners, projects to
meet the practical restorat ion goal dev eloped according to paragraph (b). Projects
contained in the Comprehensiv e Everglades Restoration Pl an, the LEC Plan and the
NPBCCWMP will pr ovide incre ased storage and co nveyance within the basin with a
goal of providing more water for restorati on of the Northwest Fo rk of the Loxahatchee
River.

(f) To protect water made available fo  r the recover y and restoration of the
Loxahatchee River through implem entation of these associat ed projects, the Distri ct
intends to adopt water reservations for  the Loxahat chee River, pursuant to Section
373.223(4), F.S., on a project by project basis over the next 20 ye ars. In addition, the
SFWMD intends to adopt an initial reser vation to protect existing water used for
protection of fish and wil dlife, consistent with the practical restoration goal identified for
the Loxahatchee Riv er, by 2004. Future reserv ations related to t he Loxahatchee River
will be ¢ onsistent with the reservations being developed for restorati  on of the
Everglades under CERP, and will reflectt he needs of the natural system through a
range of hydrologic conditions. These wat er reservations are intended to prevent the
future allocation to consumptive uses the  freshwater intended fo r restoration of the
Loxahatchee River. The reservations will be implemented through the consumptive use
permit program, operational protocols, wate r shortage rules, and other appropriate
provisions in Chapter 373, F.S.

(g) As reservations are adopted t o restore the Loxahatchee River beyond that to
be achi eved by the MFL, the D istrict sha Il revi se the mi nimum flow and | evel and
associated prevention and recovery strat egy, as appropriate, under Sections 373.042
and 373.0421, F.S., to be consistent with the reservation.
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(8) Lake Istokpoga. The water  levels in Lake Istokpoga are controlled by
operation of water control st  ructures (G-85 and, primar ily, S-68) as guided by a
regulation schedule adopted by the U. S. Army Corps of Engineers and implemented by
the District. The existing regulation schedul e, typical regional weather patterns, and
present levels of inflows from area creeks make violation of the Lake’s minimum level
unlikely; no such events have occurred sinc e implementation of the Lake regulation
schedule. Analysis of the current regulatio n schedule and operati onal policies for the
Lake indic ate the pr oposed Lake Istokpoga  minimum level will be met for the
foreseeable future. Therefore, the preventi on strategy for Lake Istokpoga consists of
continuation of the current
operational plan and regulation schedule. T he District, in coordination with other
appropriate agenc ies, should also plana nd operate e xtreme Lake drawdowns for
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environmental purposes in a manner that, to t he greatest extent possible, avoids a MFL
violation. If significant changes t o the La ke’s water level management occ urs due to
new information, altered operational plans, or regulation schedule, a re-evaluation of the
minimum level criteria will be conducted. This re-evaluation will occur as part of the next
Lake Istokpoga MFL update which is sc heduled to occurin 2010, or sooner, if
significant changes to Lake management are proposed.

Specific Authority §§ 9, 10 P.L. 83-358, 373.044, 373.113, 373.171 FS. Law
Implemented 373.016, 373.036, 373.0361, 373.042, 373.0421, 373.175, 373.216,
373.219, 373.223, 373.246 FS. History—New 9-10-01, Amended 11-11-02, 4-1-03, 1-19-
06.

40E-8.431 Consumptive Use Permits.

(1) Consumptive use permit applications that propose to withdraw water directly
or indirectly from a MFL water body, that meet the conditions for permit issuance in Part
Il of Chapter 373, F.S., (including implem enting rules in this chapter, Chapter 40E-2,
F.A.C., the Water Use Basis of Review, and Chapter 40E-20, F.A.C., as applic able),
and are consistent wit h the approved recovery and prevention strategies under Section
373.0421, F.S., will be permitted. Consumptive use permit applications will be revie wed
based on the recovery and prevention stra tegy approved at the time of permit
application review.

(2) An existing permit will not be subjec  t to revocation or modification by the
District, prior to permit expiration, based on its impact on a MFL water body , unless the
District has determined in t he regional water supply plan that the reasonable-beneficial
use served by the existing permitted allo  cation can otherwis e be met from new or
alternative water sources available (in pl ace and operational) concurrent with suc h
revocation or modification.

(3) A permittee must comply with the requi rements of Rule 40E-2.351, F.A.C., in
order to obtain a permit transfer to a new permittee.

Specific Authority 373.044, 373.113, 373.171 FS. Law Implemented 373.016, 373.036,
373.0361, 373.042, 373.0421 FS. History—New 9-10-01.

40E-8.441 Water Shortage Plan Implementation.

(1) Water shortage restrictions will be  imposed as required by District rules on
the direct or indirect withdrawals from a MFL water body if a MFL exceedance occurs or
is projected to occur during climatic conditions more severe than a 1 in 10 year drought,
to the extent consumptive uses contri bute to such exceedance. Under these
circumstances, the District will equitably d istribute available supplies to prevent serious
harm to the water resources, pursuant to Sections 373.175 and 373.246, F .S., and the
District’'s Water Shortage Plan, Chapter  40E-21, F. A.C. The Water Shortage Plan
utilizes a phased cu tback approac h with the severity of us e restrictions increasin g
commensurate with increased potential for serious harm to the water resources.

(2) Water shortage restrictions will not be used in place of a component in an
approved recovery plan to provide hydrologic benefits that are ultimately to be provided
by such recovery strategy.

(3) MFL criteria will n ot be utiliz ed to tr igger water shortage restrictions during
climatic conditions less severe than a 1 in 10 year level of drought.
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(4) Water shortage restrictions will be  implemented ¢ onsidering the factors in
Chapter 40E-21, F.A.C., and thi s rule. In declaring a water shortage to protect a MFL
water body, the governing board shall give consideration to:

(a) The level of drought;

(b) Whether the MFL criteria will be or is being exceeded due to direct or indirect
withdrawals;

(c) The magnitude of the impact on the MFL water body, including water
resource functions addressed by the MFL, from such withdrawals;

(d) The magnitude of the regional hydr  ologic improvements projected to be
derived from the proposed cutbacks;

(e) Water management actions signific antly contributing to the MFL exceedance;
and

(f) The practicality of using other methods, such as deliveries of water from the
regional system, to reduce MFL exceedances.

(5) The establishment and implementation of MFLs shall not lim it the District’s
ability to impose water shortage restrictions pursuant to Sections 373.175 and 373.246,
F.S., and the District's Water Shortage Plan, Chapter 40E-21, F.A.C., when water levels
in a MFL water body are above an establish ed MFL, nor shall it limit the District’s ability
to allow for the discharge or withdrawal
of water from a MFL water body, when water levels are below an established MFL.

(6) Phase lll water shortage restricti  ons may be imposed, consistent with the
factors herein, when a MFL criteria ex ceedance or violation is imminent. Phase lllo r
greater water shortage restrictions shall be implemented allowing for a shared adversity
between continuing consumptive use and water resource needs.

Specific Authority 373.044, 373.113 FS. Law Implemented 373.042, 373.0421, 373.175,
373.246 FS. History—New 9-10-01.
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Excerpts from Florida Administrative Code. Chapter 62,
Rules of the FDEP,

Section 62-302.700.Special Protection, Outstanding Florida Waters,
Outstanding National Resource Waters.

a It shall be the Departnent policy to afford the highest protection to
Qutstanding Florida Waters and Qutstanding National Resource Waters.
No degradation of water quality, other than that allowed in
subsections 62-4.242(2) and (3), F.AC, is to be perntted in
Qutstanding Florida Waters and Qutstanding National Resource Wters,
respectively, notwi thstanding any other Department rules that allow
water quality | owering.

b A conplete listing of Qutstanding Florida Waters and CQutstanding
Nati onal Resource Waters is provided in subsections (9) and (10).
Qutstanding Florida Waters generally include the follow ng surface
waters (unless nanmed as Qutstandi ng National Resource Waters):

(a) Waters in National Parks, Preserves, Menorials, WIdlife Refuges
and W derness Areas;

(b) Waters in the State Park System and W/ derness Areas;

(c) Waters wthin areas acquired through donation, trade, or
purchased under the Environmentally Endangered Lands Bond
Pr ogram Conservation and Recreation Lands Program Land
Acqui sition Trust Fund Program and Save Qur Coast Program

(d) Rivers designated under the Florida Scenic and WId Rivers
Program federal WIld and Scenic Rivers Act of 1968 as anended,
and Myakka River WId and Scenic Designation and Preservation
Act ;

(e) Waters within National Seashores, National Marine Sanctuaries,
Nati onal Estuarine Research Reserves, and certain National
Monunent s;

(f) Waters in Aquatic Preserves created under the provisions of
Chapter 258, F.S.;

(g) Waters within the Big Cypress National Preserve;

(h) Special Waters as listed in paragraph 62-302.700(9)(i), F.AC;
and

(i) Certain Waters within the Boundaries of the National Forests.

c Each water body denonstrated to be of exceptional recreational or
ecol ogi cal significance may be designated as a Special Wter.

d The followi ng procedure shall be used in designating an Qutstanding
Nat i onal Resource Water as well as any Special Wter:

(a) Rul emaki ng procedures pursuant to Chapter 120, F.S., and Chapter
62-102, F.A . C., shall be foll owed,

(b) At least one fact-finding workshop shall be held in the affected
ar ea;

(c) Al local county or rmunicipal governnments and state legislators
whose districts or jurisdictions include all or part of the
water shall be notified at |least 60 days prior to the workshop
inwiting by the Secretary;
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(d) A prominent public notice shall be placed in a newspaper of
general circulation in the area of the proposed water at |east
60 days prior to the workshop; and

(e) An economc inpact analysis, consistent with Chapter 120, F.S.,
shall be prepared which provides a general analysis of the
i mpact on growh and devel opment including such factors as
i npacts on planned or potential industrial, agricultural, or
ot her devel opment or expansion.

e The Conmission nay designhate a water of the State as a Special Water
after making a finding that the waters are of exceptional recreational
or ecological significance and a finding that the environnental,
social, and econonmic benefits of the designation outweigh the
envi ronnental , social, and econom c costs.

f The Commission nmay designate a water as an Qutstanding National
Resource Water after naking all of the follow ng findings:

(a) That the waters are of such exceptional recreational or
ecol ogi cal significance that water quality should and can be
mai ntai ned and protected under all circunstances other than
tenmporary degradation and the |l owering allowed by Section 316 of
t he Federal Clean Water Act; and

(b) That the level of protection afforded by the designation as
Qut standing National Resource Waters is clearly necessary to
preserve the exceptional ecological or recreational significance
of the waters; and

(c) That the environmental, social, and econonic benefits of the
designation outweigh the environnental, social, and economc
cost s.

g The policy of this section shall be inplenented through the pernitting
process pursuant to Rule 62-4.242, F.A C

h For each Qutstanding Florida Water |listed wunder subsection 62-
302.700(9), F.A C, the last day of the baseline year for defining the
exi sting anbient water quality (paragraph 62-4.242(2)(c), F.AC) is
March 1, 1979, unl ess otherw se indicated. VWere appli cabl e,
Qut standi ng Fl orida Water boundary expansions are indicated by date(s)
following “as nmod.” under subsection 62-302.700(9), F.A C. For each
Qutstanding Florida Water boundary which expanded subsequent to the
original date of designation, the baseline year for the entire
Qutstanding Florida Water, including the expansion, remins Mirch 1,
1979, unl ess ot herw se indicated.

i Qut standi ng Florida Waters:

(a) Waters within National Parks and National Menorials.

National Park or

Nati onal Menori al Count y

3. Evergl ades Nati onal Monr oe/ Dade/

Park (as nod. 8-8-94) Col lier
(b) Waters within National WIdlife Refuges.

Wldlife Refuge Count y

6. Crocodil e Lake Monr oe

(12-1-82; as nod.

5-14-86, 4-19-88,

8- 8-94)

10. Great Wite Heron Monr oe

(as nmod. 5-14-86,

4-19- 88)
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(c) (c) Waters within State Parks, State WIldlife Parks, and State
Recreati on Areas.

State Park or State

Recreation Area Count y
4. Bahi a Honda State Monr oe
Park (as nod. 5-14-86)

41. John Pennekanmp Monr oe

Coral Reef State Park

(as nmod. 5-14-86,

4-19- 88)

53. Long Key State Monr oe
Recreati on Area

(d) Waters within State O nanental Gardens, State Botanical Sites,
State Historic Sites, and State Ceol ogical Sites.

State Ornanent al
Gardens, State
Botanical Site, State
Hi storic Site, or

State Ceological Site Count y
4. Fort Zachary Tayl or Monr oe
State Historic Site

(10-4-90)

5. Indian Key State Monr oe
Historic Site (10-4-90)

6. Key Largo Hanmock Monr oe
State Botanical Site

(5-14-86)

15. Wndl ey Key Fossil Monr oe

Reef State Geol ogi cal
Site (10-4-90)

(e) Waters within State Preserves, State Underwater Archaeol ogical
Preserves, and State Reserves.

State Preserve or State

Reserve Count y
15. San Pedro State Monr oe
Under wat er

Ar chaeol ogi cal Preserve

(10-4-90)

(f) Waters wthin Areas Acquired through Donation, Trade, or
Purchased Under the Environnentally Endangered Lands Bond
Pr ogr am Conservation and Recreation Lands Program Land
Acqui sition Trust Fund Program and Save Qur Coast Program

Program Area Count y
13. Coupon Bi ght Monr oe
(10-4-90; as nod.

8- 8-94)

15. Curry Hamock Monr oe
(8-8-94)

42. North Key Largo Monr oe

Hamock (5-14-86; as
nod. 4-19-88, 10-4-90,

8- 8-94)

(g) Waters within National Seashores.

(h) Waters within State Aquatic Preserves.
Aquatic Preserves Count y
23. Lignunvitae Key Monr oe
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(i) Special Waters.

(j) Waters within Rivers Designated Under the Florida Scenic and
Wild Rivers Program, Federal Wild and Scenic Rivers Act of 1968
as amended, and Myakka River Wild and Scenic Designation and
Preservation Act

(k) Waters within National Preserves

(1) Waters within National Marine Sanctuaries

Mari ne Sanctuary Count y
1. Key Largo Monr oe
2. Looe Key (12-1-82) Monr oe

(m Waters within National Estuarine Research Reserves

(n) Certain Waters within the Boundaries of the National Forests

(10) Qutstandi ng National Resource Waters:

(a)

(b)

(c)

(d)

The Conmi ssion designates the followi ng waters as Qutstandi ng National
Resource Waters:

1. Biscayne National Park, as described in the docunment entitled
“Qutstanding National Resource Waters Boundary Description and
Map for Biscayne National Park”, dated June 15, 1989, herein
adopted by reference.

2. Everglades National Park, as described in the document entitled
“Qutstanding National Resource Waters Boundary Description and
Map for Everglades National Park”, dated June 15, 1989, herein
adopted by reference.

It is the intent of the Conmi ssion that water bodies designated as
Qut st andi ng National Resource Waters shall be protected and nmi ntai ned
to the extent required by the federal Environnental Protection Agency.
Therefore, the designations set forth in paragraph 62-302.700(10)(a),
F.A.C., shall not be effective until the Florida Legislature enacts
| egislation specifically authorizing protection and nmaintenance of
Qut standi ng National Resource Waters to the extent required by the
federal Environnental Protection Agency pursuant to 40 C F. R 131.12.

It is also the intent of the Conmission to utilize the Surface Water
| mproverrent and Managenment Act planning process, as outlined in
Section 373.451, F.S., and Chapter 62-43, F.A.C., to establish the
nunerical standards for water quality paraneters appropriate for
Ever gl ades and Bi scayne National Parks’ status as outstandi ng National
Resource Waters.

The baseline for defining the existing anbient water quality
(paragraph 62-4.242(2)(c), F.A C) in CQutstanding National Resource
Waters is a five year period from March 1, 1976 to March 1, 1981,
unl ess ot herwi se indicated.

Specific Authority 403.061, 403.087, 403.088, 403.804, 403.805 FS. Law
I npl emented 403.021, 403.061, 403.062, 403.087, 403.088, 403.101,
403. 141, 403.182, 403.502, 403.702, 403.708, 403.918 FS. Hi story—New 3-
1-79, Amended 8-10-80, 8-24-82, 9-30-82, 11-30-82, 2-1-83, 6-1-83, 3-1-
84, 8-16-84, 12-11-84, 1-17-85, 5-8-85, 4-29-86, 5-14-86, 5-22-86, 5-28-
86, 10-29-86, 2-18-87, 4-9-87, 11-24-87, 12-15-87, 1-26-88, 4-19-88, 12-
28-88, 4-10-89, 9-13-89, 10-4-89, 12-20-89, 1-28-90, Fornerly 17-3.041,
Anended 10-4-90, 11-8-90, 7-11-91, 8-18-91, 12-11-91, 6-18-92, 1-5-93,
8-8-94, Formerly 17-302.700, Amended 1-23-95, 4-3-95, 4-12-95, 7-16-96,
4-4-01, 12-11-03, 1-9-06.
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Other Related Correspondence

2006 Update Minimum Flows and Levels
Priority List and FDEP Transmittal Letter

SouTH FLORIDA WATER MANAGEMENT DISTRICT

3301 Gun Club Road, West Palm Beach, Florida 33406 * (561) 686-8800 » FL WATS 1-800-432-2045 « TDD (561) 697-2574
Mailing Address: P.O. Box 24680, West Palm Beach, FL 33416-4680 * www.sfwmd.gov

January 23, 2006

Ms. Colieen Castille, Secretary

Florida Department of Environmental Protection
2600 Blairstone Road

MS 49

Tallahassee, FL 32399-3000

Dear Secretary Castille:

As required by Section 373.042(2) Florida Statutes, the South Florida Water
Management District (District) submits its revised “2006 Minimum Flows and Levels
(MFL) Priority List and Schedule for Establishment” to the Department of Environmental
Protection. The District's Governing Board approved the updated list of MFL Priority
Water Bodies and Schedule on November 9th, 2005. The District's MFL Priority Water
Body list has been slightly revised, relative to the previous (2005) list, which was sent to
the FDEP in April 2005. The modified list shown below reflects additional time needed
to establish the MFL for Florida Bay.

2006 Minimum Flows and Levels Priority List and Schedule for Establishment

Region Priority Water Body Year Established
Lower East 4 Florida Bay 2006
Coast Biscayne Bay — South 2006
L.oxahatchee River Tributaries 2007

During the past year, the District initiated an effort in cooperation with the Department of
the Interior (USFWS, Everglades National Park and Biscayne National Park) to develop
an integrated set of restoration goals and targets for Biscayne Bay, Florida Bay and the
Everglades. This effort is still underway. The intent is to identify long-range
management goals and objectives that balance water needs and water distribution
requirements of these three areas that are of critical importance to the future of South

Florida.

The National Park Service, Fish and Wildlife Service, Department of Interior and the
District have made great strides in recent months to resolve these issues, but the result
has been a delay in the development of the MFL document for Florida Bay.
Determining the long-term goal for management of the bay is a critical step toward
estimating whether the system is presently experiencing significant harm, and hence the
nature of a recovery plan that may be needed. We hope to have these issues resolved
in the coming months so that the MFL process can proceed to completion during 2006.

GOVERNING BOARD Execurive OFFICE

Kevin McCarty, Chair Alice J. Carlson : Lennart E. Lindahl, P.E. Carol Ann Wehle, Executive Director
Irela M. Bagug, Vice-Chair Michael Collins Harklev R. Thornton

Painela Brooks-Thomas Nicntde I Gaviérreg, jr Van Malcoiny & Wade, {r.
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Secretary Colleen Castille
January 23, 2006
Page 2

We look forward to the Department’'s approval of this revised list so that it can be
published in the Florida Administrative Weekly. If you have any questions, please
contact Carlyn Kowalsky, Director, Water Supply Department, at 561-682-6240.

wille

Sincerely,

Carol Ann Wehle

Executive Director

South Florida Water Management District
CWijl

c: Janet Liewellyn, FDEP
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Appendix B

The Use of Conceptual Ecological Models to Guide
Ecosystem Restoration in South Florida
(Ogden 2005)

A Conceptual Ecological Model of Florida Bay (Rudnick
2005)

A Conceptual Model of Ecological Interactions in the
Mangrove Estuaries of the Florida Everglades
(Davis 2005)
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THE USE OF CONCEPTUAL ECOLOGICAL MODELS TO GUIDE ECOSYSTEM

RESTORATION IN SOUTH FLORIDA

John C. Ogden', Steve M. Davis', Kimberly J. Jacobs!, Tomma Barnes', and Holly E. Fling?
! South Florida Water Management District
P.O. Box 24680
West Palm Beach, Florida, USA 33406

2 University of Florida
3205 College Avenue
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Abstract:  Conceptual ecological models, as used in the Everglades restoration program, are non-quantitative
planning tools that identify the major anthropogenic drivers and stressors on natural systems, the ecological
effects of these stressors, and the best biological attributes or indicators of these ecological responses. Con-
ceptual ecological models can be used with any ecological restoration and conservation program and can
become the primary communication, planning, and assessment link among scientists and policy-makers. A
set of conceptual ecological models has been developed for South Florida restoration as a framework for
supporting integration of science and policy and are key components of an Adaptive Management Program
being developed for the Comprehensive Everglades Restoration Plan. Other large-scale restoration programs
also use conceptual ecological models. This special edition of Wetlands presents 11 South Florida regional
models, one total system model for South Florida, and one international regional model. This paper provides
an overview of these models and defines conceptual ecological model components. It also provides a brief
history of South Florida’s natural systems and summarizes components common to many of the regional
models.

Key Words: South Florida, Everglades, ecosystem restoration, conceptual ecological models, applied sci-
ence strategy, adaptive management, sea-level rise, water management, urban development, agricultural de-

velopment

INTRODUCTION

The rapid expansion of human impacts on entire
natural ecosystems, and the resulting increasing scales
of degradation of these environments, has created new
challenges for the natural resource managers who are
responsible for protecting and restoring the wild lands
of the United States. Chesapeake Bay’s waters are
greatly degraded, Louisiana’s coastline is receding into
the Gulf of Mexico, and the Florida Everglades are
both hydrologically altered and spatially fragmented.
Programs designed to reverse these undesirable trends
require integration of science and policy at scales not
previously attempted in order to establish agreement
on restoration objectives as the basis for restoration
planning and to create the foundation for experimen-
tation and monitoring for adaptive management. The
challenge of organizing and applying good scientific
understandings is especially great given the large spa-
tial and temporal scales at which regional ecosystems
operate and at which restoration plans must be de-
signed and implemented to resolve these issues. Yet,
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current understanding of large, regional ecosystems is
often substantially incomplete, and existing knowledge
is widely scattered in place and time (and all too often
unpublished). Despite these challenges, resource agen-
cies and institutions must move forward with planning
and implementing complex restoration programs be-
fore further degradation occurs. The need is for a log-
ical process for synthesizing, organizing, and prioritiz-
ing existing knowledge of these ecosystems as a basis
for maximizing an effective role for science in sup-
porting the planning and assessment of regional res-
toration programs.

Since 1995, teams that have been planning and im-
plementing restoration programs in South Florida have
developed a set of non-quantitative conceptual ecolog-
ical models as a framework for supporting this inte-
gration of science and policy. These conceptual mod-
els identify where there is broad agreement about ma-
jor anthropogenic stressors on natural systems, ecolog-
ical effects of these stressors, and best biological
attributes or indicators of these ecological responses.
In short, the models provide qualitative explanations
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of how natural systems have been altered l?y human
stressors, which in turn provides planners with the in-
formation needed to focus on the best de.sign and as-
sessment strategy for the regional restoration program.
In South Florida, these models have become powerful
tools for developing consensus and communicating
prevalent views of the major ‘‘working hypotheses’’
that explain what we know and don’t know about the
stressor linkages and effects in the greater Everglades
basin, as a basis for developing an evolving set of
performance measures, monitoring programs, and an
adaptive management strategy for dealing with nu-
merous uncertainties in ecosystem responses. It is im-
portant to emphasis that these conceptual models are
non-quantitative, and have been designed primarily as
planning tools for Everglades restoration. Secondarily,
these models have contributed to discussions of re-
search priorities in the context of the science needed
to support Everglades restoration.

This initial paper describes the development and
principal application of conceptual models. The fol-
lowing papers provide the scientific framework and
underpinnings for 11 South Florida regional models,
one total system model for South Florida, and one in-
ternational regional model. Conceptual ecological
models can be used with any ecological restoration and
conservation program and, when developed and ap-
plied appropriately, can become the primary commu-
nication, planning, and assessment link among scien-
tists and policy-makers.

HISTORY OF THE GREATER FLORIDA
EVERGLADES ECOSYSTEM

South Florida was once a diverse mosaic of hydro-
logically interconnected landscapes and communities
(Beard 1938, Davis 1943, Douglas 1947, Davis and
Ogden 1994, Gunderson 1994, Browder and Ogden
1999). The expansive freshwater Everglades covered
an area of about 1.2 million ha (Davis et al. 1994) and
was the heart of a 3.6 million ha wetland system (Da-
vis and Ogden 1994). The pre-drainage South Florida
ecosystem has been characterized as a hydrologically
interconnected, slow flowing system that extended
from the Kissimmee River and Lake Okeechobee
southward over low-gradient lands to the estuaries of
Biscayne Bay, Ten Thousand Islands, and Florida Bay
and eastward and westward to the northern estuaries
(Figure 1). Excess water flowed overland to the Ca-
loosahatchee Estuary and into the Gulf of Mexico,
overland to the St. Lucie and Loxahatchee River Es-
tuaries and Indian River and Lake Worth Lagoons into
the Atlantic Ocean, and spilled over the low southern
shore of Lake Okeechobee into the Everglades and
south to Florida Bay (Obeysekera et al. 1999). Lake

Okeechobee had no direct connection to the Atlantic
Ocean or the Gulf of Mexico.

The South Florida natural ecosystem is the product
of a unique combination of climate, soil, and topog-
raphy (Obeysekera et al. 1999). Water depth and dis-
tribution, temporally and spatially, were largely deter-
mined by seasonal and annual rainfall, evaporation,
transpiration, natural topography, outflow through nat-
ural streams into the ocean, and the system’s capacity
for surface- and ground-water storage (SFWMD 1992,
Fennema et al. 1994). This large water-storage capac-
ity resulted in a system much wetter, but not neces-
sarily deeper, than the current system. Alternating high
and low water depths and distribution patterns of sur-
face water and ground water in the freshwater wet-
lands, as well as variations in water flow volumes and
rates through wetlands and into estuaries largely de-
termined soil and vegetation patterns. Hydrology also
determined the distribution, abundance, and seasonal
movements and reproductive dynamics of all aquatic
and many terrestrial animals in the Everglades (Powell
1987, Kushlan 1989, Davis and Ogden 1994, Fennema
et al. 1994, Holling et al. 1994, Walters and Gunder-
son 1994). The effects of this slow-moving sheet of
water, in concert with natural climatic events such as
fires, freezes, storms, hurricanes, floods, droughts, and
sea-level change (Craighead 1964, Wanless et al.
1994, Browder and Ogden 1999) created and sustained
a mosaic of ponds, marshes, hardwood hammocks, and
forested wetlands. Local topographic and substrate dif-
ferences were responsible for fine-scale vegetation pat-
terns (Browder and Ogden 1999). The large spatial
extent and connectivity of the Everglades were essen-
tial for sustaining populations of species with narrow
habitat requirements or large feeding ranges and sus-
taining regional levels of aquatic production necessary
to support large numbers of higher vertebrates (Harsh-
berger 1914, Harper 1927, Ogden et al. 1999).

South Florida’s rapidly increasing population has
impacted the South Florida ecosystem. By the late
1990s, almost 6 million people were living along the
coast of South Florida (Gannon 1996). Given the large
numbers of people living in former low-lying wet-
lands, water management has been a constant and nec-
essary practice for South Florida. Land was drained
for urban and agricultural development, and canals and
conservation areas were constructed for flood control,
water retention, water supply, irrigation, and transport.
South Florida now contains one of the largest water-
management systems in the world, the Central and
Southern Florida (C&SF) Project (USACE 1960, Light
and Dineen 1994, USACE 1998) that was authorized
by the US Congress in 1948 and constructed during
the 1950s—1970s. This infrastructure was designed for
a projected population of only 2 million people in
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2000 (USACE and SFWMD 2004). Population in
South Florida is now projected to increase to 8-15
million people by 2050 (USACE 1998, Harwell et al.
1999, National Park Service 2000, US Army Corp of
Engineers 2003).

At present, approximately one-third of the original
extent of the greater wetland system in South Florida
has been lost or converted to other land uses, including
about one-half of the true Everglades (Tebeau 1990,
Chapman 1991, Davis et al. 1994, Harwell et al. 1996,
Harwell 1997, Harwell 1998, M. Duever, South Flor-
ida Water Management District, pers. comm. 2002).
Remaining wetlands have been increasingly impacted
by water-management practices. The Everglades has
lost 50% of its habitat, and 70% less water flows
through the system (USFWS 1999). Around 6.4 billion
kilograms of water are lost into the ocean every day
for flood control, and water demand for human con-
sumption increases daily. Large flood control releases
from Lake Okeechobee and major canals during the
wet season and water demand withdrawals during the
dry season have altered habitat conditions in northern
estuaries. Disruption of sheet flow through the Ever-
glades has reduced the amount of fresh water flowing
into southern estuaries. In both Florida and Biscayne
Bays salinity levels have risen, water clarity and sea-
grass habitat have been reduced, algal blooms have
occurred, and fish and invertebrate populations have
decreased as fresh water flowing from the Everglades
has decreased. Many hectares of habitat have been af-
fected by phosphorous. Nesting wading bird popula-
tion has been reduced 90-95% since the 1930s, and
68 plant and animal species are now listed as threat-
ened or endangered, while nearly 600,000 hectares are
being invaded by exotic species (USFWS 1999).

As a result of Everglades habitat degradation and an
increasing human population, Congress authorized the
Comprehensive Everglades Restoration Plan (CERP)
in 2000 (USACE and SFWMD 1999, Water Resources
Development Act of 2000) to assist in the restoration
of South Florida’s natural systems (SFERTF 2000).
Estimated to cost $8.2 billion (in 1999 dollars), the
project will span over thirty-five years. It may be the
largest environmental restoration project ever autho-
rized. The main restoration objectives of the plan are
to increase water storage capacity of the system sub-
stantially and distribute water in a manner to reestab-
lish ecologically desirable patterns of depth, distribu-
tion, and flow in freshwater wetlands and desirable
salinity regimes in estuaries (Ogden et al. 2003). It is
expected that these improvements in hydrologic pat-
terns will result in substantial improvements in the sys-
tem’s ecological condition (Ogden et al. 2003). The
plan specifies that it will be based on the ‘‘best avail-
able science’’ and the concept of ‘‘adaptive assess-

ment,”> which will allow the plan to be flexible so
modifications can be made based on new information
(Ogden et al. 2003). Modifications will be made as
needed through the adaptive management process dis-
cussed below.

ROLE OF SCIENCE IN SUPPORTING
EVERGLADES RESTORATION

Applied Science Strategy

An ‘‘applied science strategy’’ was developed in
South Florida as a process for linking science and
management during the planning and implementation
of the South Florida ecosystem restoration programs
(Ogden et al. 1997, Science Coordination Team 1997,
Ogden and Davis 1999). The purpose of the strategy
has been to organize and convert large amounts of
existing scientific and technical information into plan-
ning and assessment tools that would support restora-
tion. An organizing process is required for large-scale
restoration planning because information from many
disciplines is widely scattered in time and place, fo-
cused efforts are needed to include ‘‘best professional
opinion,”” and a large degree of consensus regarding
major cause-and-effect relationships is necessary. Og-
den et al. (2003) described the applied science strategy
in more detail.

Role of Conceptual Ecological Models

The principle organizing component in the applied
science strategy is a set of non-quantitative, conceptual
ecological models of 11 major physiographic regions
in South Florida. These conceptual models are being
used as planning tools to guide and focus scientific
support for the South Florida ecosystem restoration
initiatives and to build understanding and consensus
among scientists and managers regarding the set of
working hypotheses that explain the sources and ef-
fects of major anthropogenically induced changes in
the natural systems of South Florida. The hypotheses
identify specific, large-scale stressors on the natural
systems, ecological effects of these stressors, and rec-
ommended biological and ecological attributes of the
natural systems that can best serve as indicators of the
effectiveness of restoration programs designed to re-
duce or eliminate the effects of the identified stressors.
In other words, each hypothesis describes ecological
linkages between a stressor and a key attribute of the
natural system that has been altered due to effects of
that stressor.

Conceptual ecological models have become an es-
sential part of South Florida’s restoration planning
process because both scientists and managers now de-



Ogden et al., CONCEPTUAL ECOLOGICAL MODELS IN SOUTH FLORIDA 799

pend on the models to help build scientific consensus
regarding ecosystem linkages and responses, as a
framework for creating performance measures used
both to plan the design of the restoration programs and
assess responses of the natural systems during imple-
mentation of each program, and to identify research
needs. Managers appreciate these models because of
their role in organizing effective application of existing
science in support of decision-making during the res-
toration planning process. Scientists value the intellec-
tual and integrative processes of developing working
hypotheses and laying out linkages in conceptual mod-
els as a basis for identifying gaps in knowledge and
setting research priorities. Specific hydrologic, water
quality, biological, and ecological performance mea-
sures derived from stressors and attributes in the mod-
els (RECOVER 2004), in addition to focusing resto-
ration planning on quantitative objectives, also define
the content of system-wide monitoring programs de-
signed to measure system responses to restoration ef-
forts.

Adaptive Management

Conceptual ecological models are key components
of an Adaptive Management Program that is described
in the Programmatic Regulations for the Comprehen-
sive Everglades Restoration Plan (Department of De-
fense 2003). Adaptive management is a continuous
process of seeking a better understanding of the inter-
actions between the natural and human systems and
refining and improving a restoration plan to respond
to changes or unforeseen circumstances and new sci-
entific and technical information.

The CERP Adaptive Management Program is cur-
rently being designed to anticipate future uncertainties
and respond to system responses for success. These
uncertainties include unanticipated and undesired re-
sponses and events in natural and human systems of
South Florida that result from CERP implementation
or from non-CERP influences, including external driv-
ers in conceptual ecological models. A successful
adaptive management program will provide early
warnings of undesired impacts and allow decision-
makers to integrate science and management effec-
tively as a basis for providing on-going refinements in
the plan to ensure that its goals are achieved.

A draft framework for the strategy to be used to
implement adaptive management is presented in Fig-
ure 2. The conceptual ecological models, as the source
for performance measures, serve tasks in Box 2: Per-
formance Assessment. Performance assessments are
based on information obtained through a system-wide
monitoring program that focuses on physical and bi-
ological elements identified by assessment perfor-
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Figure 2. The CERP Adaptive Management Process.

mance measures. Response of the system to restoration
efforts is determined by applying monitoring data to
performance measures and assessment protocols. Re-
sults of these analyses will determine what portions of
the restoration plan are successful or not. Conceptual
ecological models will be revised to the extent that
monitoring and assessment activities result in improve-
ments in our understanding of cause-and-effect rela-
tionships in the natural systems.

SUMMARY OF SOUTH FLORIDA
CONCEPTUAL ECOLOGICAL MODELS

This paper introduces a Total Systems Model and
eleven regional conceptual ecological models: 1) Ev-
erglades Ridge and Slough, 2) Everglades Southern
Marl Prairies, 3) Everglades Mangrove Estuaries, 4)
Big Cypress Regional Ecosystem, 5) Florida Bay, 6)
Biscayne Bay, 7) Lake Okeechobee, 8) Caloosahatch-
ee Estuary, 9) St. Lucie Estuary, 10) Loxahatchee Wa-
tershed, and 11) Lake Worth Lagoon (Figure 1).

Development of the Conceptual Ecological Models

Through workshops, participants identified causal
hypotheses that best explain major anthropogenically-
driven alterations in each landscape. Participants then
created lists of appropriate stressors, ecological effects,
and attributes (indicators) for each region. The objec-
tive was to identify physical and biological compo-
nents and linkages in each landscape that best char-
acterized changes explained by hypotheses. Each pre-
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parer (model lead) used hypotheses and lists of com-
ponents to draft a model and prepare a supporting
narrative to explain organization of the model and sup-
porting science for hypotheses (RECOVER 2001,
2003).

In addition to the set of regional conceptual models
developed, a Total System Model for South Florida
has been created for several purposes beyond the scope
of regional models. The Total System Model is used
to identify working hypotheses that are relevant to all
or a substantial subset of regional models, as a basis
for determining stressors, ecological linkages, and at-
tributes that are associated with the most important
changes that have occurred over much of the natural
areas of South Florida. Inclusion of working hypoth-
eses at total system scales elevates the significance of
these hypotheses in overall planning for restoration.
The Total System Model also allows for a better char-
acterization of stressors and ecological linkages that
are operating at larger scales than can be presented
adequately in regional models (e.g., altered nesting and
foraging patterns by wading birds) and of altered hy-
drologic conditions having ecological effects across
boundaries of adjacent regional models (e.g., altered
nutrient and sediment transport between freshwater
and estuarine regions). Unlike most regional models,
the Total System Model includes consideration of
working hypotheses that address changes that have oc-
curred in upland landscapes in South Florida (e.g.,
pinelands).

SUMMARY OF THE INTERNATIONAL MODEL

Located on the Caribbean Coast in the state of Quin-
tana Roo, the Sian Ka’an Reserve and South Florida,
USA are remarkably similar. Valuable lessons in eco-
system ecology are being learned from the South Flor-
ida Ecosystem Restoration Initiative that can and
should be applied to the Sian Ka’an Biosphere Re-
serve. The conceptual ecological model for the Sian
Ka’an Reserve does not explain effects that have al-
ready occurred on ecological habitats and linkages be-
tween hypotheses but, rather, predicts effects that will
occur due to current human pressures. The model pre-
dicts linkages allowing scientists to measure and pro-
tect precious attributes. The purpose of this conceptual
ecological model is to identify important attributes and
conditions required for their success. Sian Ka’an has
the opportunity to test conceptual ecological models in
a system that has not been extensively or intensively
developed or degraded as South Florida ecosystems.

The Sian Ka’an Conceptual Ecological Model is
analogous to the Everglades Total System model in
scope and scale. The process for constructing the Sian
Ka’an Biosphere Reserve model was modified slightly

Driver

Stressor|

Attribute

Figure 3. Simplified diagram of a conceptual ecological
model.

from that of Everglades’ conceptual ecological models.
Drivers, stressors, attributes, and effects/linkages were
initially identified from a series of local workshops
with area experts, primarily from Amigos de Sian
Ka’an (ASK) and the National Commission for Pro-
tected Natural Areas (CONANP) staff in November
1999 in Cancin.

MODEL COMPONENTS

The models include all major external drivers,
stressors, ecological effects, and attributes that illus-
trate the major cause-and-effect linkages in each mod-
eled region, regardless of their connection to the
CERP. A schematic diagram of a conceptual ecologi-
cal model is presented in Figure 3. Models depict gen-
eral pathways by which driving forces (in rectangles)
affect attributes of the ecosystem (in hexagons) that
are important to ecosystem function and those viewed
by people in south Florida as valuable and important
to maintain. External drivers create internal stressors
(ovals) that have various effects (diamonds) on the
ecosystem, which are reflected in changes to ecosys-
tem attributes (hexagons). To help illustrate the actual
nature of the model components, examples of a work-
ing hypothesis as diagramed in a conceptual model are
shown in Figure 4.

These major components of the models are defined
as follows:

* Drivers—major driving forces that occur outside the
natural system, which have large-scale influences on
natural systems. Drivers are natural forces (e.g., sea-
level rise) or anthropogenic (e.g., water manage-
ment).

* Stressors—physical or chemical changes that occur
within natural systems that are brought about by
drivers, causing significant changes in biological
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Figure 4. An example of an Everglades working hypothe-
sis as diagramed in a conceptual model.

components, patterns and relationships in natural
systems.

* Ecological Effects—physical, chemical, and biolog-
ical responses caused by stressors.

* Attributes—a parsimonious subset of all potential bi-
ological elements or components of natural systems
that are representative of overall ecological condi-
tions of the system. Attributes typically are popula-
tions, species, guilds, communities, or processes. At-
tributes, also known as indicators or endpoints, are
selected to represent known or hypothesized effects
of stressors (e.g., nesting wading bird numbers) and
elements of systems that have important human val-
ues (e.g., endangered species, sports fishing).

In the text for the models, attributes are discussed
before ecological effects even though they are at the
end of the pathway in the diagrams. Chapters are or-
ganized in this manner to provide the reader with
background information on stressors and attributes pri-
or to reading the discussion of ecological effects and
critical linkages that are the basis for causal hypothe-
ses.

As we learn more about how the ecosystem func-
tions, it is possible that additional pathways could be
added to the models or adjustments made to existing
pathways. Models are flexible planning tools that, at

any given time, reflect the current state of scientific
knowledge about the regional or total system.

Although each regional model has a specific set of
components, many key components overlap among
models. Below is a generalized discussion of the more
widespread drivers, stressors, and attributes that are
common to most or all of the regional models. The
information is presented here once, rather than repet-
itively within each regional model paper. Because eco-
logical effects and critical linkages are more likely to
vary among regional models, all effect discussions are
retained in narratives for each model and are not sum-
marized in the following general discussion.

Drivers

Each model lists or implies three major drivers: sea-
level rise, water management, and urban and agricul-
tural development. These drivers affect many attri-
butes, but most frequently water quality, water levels,
water patterns, water flow, toxin concentrations, hab-
itat, and species composition.

Sea-Level Rise. There is strong evidence that present
rates of sea-level rise in South Florida, which are at-
tributed to global climate change, will massively re-
configure the geomorphology, circulation patterns, sa-
linity patterns, and ecological processes during the
Twenty-First Century (Wanless et al. 1994). The entire
South Florida ecosystem is dependent on water flow
and habitat area. Given that Florida is characterized by
very small topographic relief, a conservatively esti-
mated sea-level rise of 0.75 m over the next century
(Wanless et al. 1994) will reduce shoreline habitat,
overall habitat extent, and mix sediments and salinities
altering water composition. Effects are further ex-
plained in the following attributes and linkages and
within each model.

Water Management. Since the mid-1800s, water
management has been designed to accommodate and
support an influx of population. Water supply and
flood control have been achieved by a complex system
of structural and operational modifications to the nat-
ural system. Alterations affecting hydrology include
construction of canals, channelization of natural wa-
terways, filling, draining, and/or impoundment of wet-
lands, and creation of new inlets to the Atlantic Ocean.
These modifications have 1) contributed to substantial
reduction in spatial extent, 2) provided a network of
canals and levees that have accelerated spread of de-
graded water and exotic species, 3) greatly reduced
water storage capacity within remaining natural sys-
tems, 4) created an unnatural mosaic of impounded
and overdrained marshes in the Water Conservation
Areas, and 5) substantially disrupted natural patterns
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of sheet-flow direction, location, and volume
(SFWMD 1992, Science Subgroup 1993, Davis and
Ogden 1994, Fennema et al. 1994, Light and Dineen
1994). Declines in many ecological attributes corre-
spond to development of the water management Sys-
tem.

Urban and Agricultural Development. Increasing
population forced engineers to drain extensive areas of
wetlands, both large and small, to provide space for
development, provide flood protection, and to accom-
modate increasing urban and agricultural water de-
mands. Clearing and paving of land prevents precipi-
tation drainage and water-table replenishment.

Agricultural runoff contaminates water with nitro-
gen, phosphorus, pesticides, herbicides, and fungi-
cides. Citrus farms, vegetable fields, cattle ranchers,
and sugarcane fields now reside where flowing water
once nourished native vegetation and animal species.
This rapid, mass development resulted in fragmented
habitats, degraded shoreline and coastal habitats, and
contaminated water supplies.

Stressors

Stressors common to all or many of the models in-
clude altered hydrology, degraded water quality, re-
duced spatial extent, physical alterations, increases in
exotic species, and boating and fishing pressure.

Altered Hydrology. Change in direction, volume, and
timing of freshwater flow has altered hydrology in
South Florida. Water-management practices for flood
control and water supply have resulted in unnatural
discharges of water to prevent flooding and water
withdrawals for irrigation and consumption that reduce
flow volumes during drought conditions. For inland
models (Everglades Ridge and Slough, Southern Marl
Prairies and Big Cypress Regional Ecosystem), altered
hydrology takes the form of altered hydropatterns, es-
pecially altered hydroperiods (period of inundation).
For Lake Okeechobee, lake stages are often too high
or too low. Salinity regimes of all estuaries (Ever-
glades Mangrove Estuaries, Caloosahatchee Estuary,
St. Lucie and Indian River Lagoon, Loxahatchee Wa-
tershed, and Lake Worth Lagoon Conceptual Ecolog-
ical Models) have been altered from changes in loca-
tion, volume, and timing of fresh water.

The South Florida wetland ecosystems relied on a
continuous and slow-moving sheet of water. Any in-
terruption in that flow of water results in altered hy-
dropatterns. Hydropattern includes depth, period of in-
undation, and sheet flow. Many species are dependent
on specific hydropatterns, including fish, alligators (A!-
ligator mississippiensis Daudin), benthic communities,
submerged aquatic vegetation (SAV), and wading

birds. With a shortened hydroperiod, the amount of
water and duration of surface-water flooding in natural
wetlands dramatically decreases, reducing the extent
and quality of habitat and food supply for many spe-
cies. Drier conditions can facilitate major shifts in the
composition of affected wetland plant communities to
a composition similar to upslope communities. An al-
tered and less hospitable landscape allows for invasion
of exotic species and a drier community opens the area
up to more frequent and damaging fires.

Estuarine environments are sensitive to freshwater
inputs. Modifications to natural patterns of volume,
distribution, circulation, or timing of freshwater dis-
charges can alter an estuary’s salinity regime (Haunert
et al. 1994). During the wet season, rainfall that was
historically retained within the undeveloped watershed
now reaches estuaries faster and in greater volume.
During the dry season, less fresh water flows into es-
tuaries, allowing encroachment of saltwater upstream.
A heightened sea level will also continue to mix more
saltwater with areas previously filled with fresh water,
altering water quality and habitat conditions. The sa-
linity regime of an estuary is a primary determinant of
the species composition of communities, as well as
strongly influencing functions of these communities
(Kennish 1990, Sklar and Browder 1998). All estua-
rine biota have adapted to a given salinity range and
a given degree of salinity variability. Rapid and un-
natural fluctuations in salinity have contributed to ma-
jor impacts on SAV abundance and distribution, pro-
ductivity, community composition, predator-prey re-
lationships, and food-web structure. It is a major factor
limiting the distribution and abundance of alligators
(Dunson and Mazzotti 1989, Mazzotti and Dunson
1989) and survival of juvenile crocodiles (Crocodylus
acutus Cuvier) (Mazzotti et al. 1988, Mazzotti 1989,
Mazzotti and Dunson 1989, Moler 1991).

Degraded Water Quality. Water quality throughout
South Florida has been degraded by elevated nutrient
loads, inputs of contaminants, and elevated suspended
solids. Phosphorus increases can be traced back to ap-
plication of fertilizers to urban and agricultural lands
and processing of human and agricultural waste prod-
ucts, run off of which is facilitated by water-manage-
ment practices (Drew and Schomer 1984, Post et al.
1999). Absence of adequate storage and treatment fa-
cilities requires delivering flood waters rapidly into
wetlands and receiving water bodies with little poten-
tial for amelioration of nutrient and dissolved organic
matter loads. High peak flow rates also scour canal
bottoms and erode canal banks, elevating suspended
solid loads during sporadic rain-driven events,
Productivity and food web structure of all ecosys-
tems are strongly influenced by patterns of nutrient
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cycling and transport. Increased input of nutrients to
the Everglades has resulted in adverse effects and a
dramatic shift from diverse herbaceous communities
to communities dominated by a few invasive exotic
and native species (Davis 1994, David 1996, Porter
and Porter 2002). Nutrient enrichment in estuarine sys-
tems has resulted in loss of seagrasses, algal blooms,
and lethal low oxygen levels or anoxic events. Increas-
es in areas of low dissolved oxygen and shifts in spe-
cies composition of benthic invertebrates to more pol-
lution-tolerant organisms are linked to increased nu-
trient levels (Barbour et al. 1996).

Contaminants include pesticides, fungicides, herbi-
cides, microorganisms from sewage treatment plants,
oils, greases, mercury, and other heavy metals such as
copper and zinc. They can be introduced into the sys-
tem from boating, as well as urban development and
agricultural practices. Zooplankton and fish show di-
rect toxic effects of these contaminants. Indirect effects
can occur through the process of bioaccumulation or
biomagnification through the food web, increasing tox-
ic load to top predators (Day et al. 1989). Influx of
contaminants and toxins is also altering water quality
for human consumption.

Water clarity is affected by increased phytoplankton
production, suspended solid loading, and sediment sus-
pension. Phytoplankton production, which is stimulat-
ed by elevated nutrients, increases water color. Sus-
pended solids that result from erosion and sediment
suspension increase turbidity. Increased turbidity and
water color can lead to SAV reduction.

Reduced Spatial Extent and Fragmentation. Drainage
of wetlands and subsequent conversion of land into ag-
ricultural and urban uses have reduced total spatial ex-
tent of natural habitat and fragmented existing habitat
within inland Everglades regions. Space was one phys-
ical characteristic that was necessary for all other phys-
ical and ecological components of these systems to be
in place; it is the foundation of the mosaic of habitats
in a low profile terrain (Craighead 1971, DeAngelis
and White 1994). Loss of spatial extent has reduced
the range of habitat options available for faunal pop-
ulations (DeAngelis and White 1994). Extensive space
was necessary for supporting robust numbers of higher
vertebrates, such as wading birds and alligators, re-
quiring large feeding and hunting ranges during dif-
ferent seasons and a range of hydrologic conditions in
the nutrient-poor system (Browder 1976, Mazzotti and
Brandt 1994). Fragmentation and habitat loss affects
populations by reducing spatial extent of their prey
base where it no longer supports viable populations.
In many cases, due to development, lost spatial extent
and connectivity of habitat cannot be restored on a

large scale and must influence expectations for eco-
system restoration.

Physical Alterations. Construction of water-manage-
ment canals and structures and resulting compartmen-
talization have affected both inland and estuarine re-
gions. Compartmentalization by the system of canals
and levees in inland regions has substantially disrupted
natural patterns of sheet-flow direction, location, tim-
ing, and volume. Natural vegetation mosaic and hab-
itat ranges of native animal species have been affected.
Construction of canals has altered freshwater flow to
estuaries and increased transport of nutrients, contam-
inants, and suspended solids. Water-control structures
have decreased spatial extent of some estuaries and
interfered with migration patterns of many estuarine
species by acting as a barrier between the freshwater
and saltwater habitats. Physical alterations have been
made to the estuaries, including opening and widening
of inlets, dredging and maintenance of navigation
channels, development of shoreline and interior basins,
and draining and filling of wetlands. Construction and
dredging of canals stirs up sediments, reducing water
clarity, and severely disrupts benthic communities.

Exotic Species. Introduction, both intended and un-
intended, of non-native species of plants and animals
has resulted in a dramatic shift in plant community
structure, loss of tree island habitat, and localized
shifts in animal community structure, especially fish
communities. Spread of these non-native species has
been facilitated by stressors on the system.

Alterations in habitat, hydrology, and water quality
have facilitated spread of exotic vegetation. Exotic
species invade areas where dominant native vegetation
has been damaged or stressed, allowing light penetra-
tion for exotic species germination. Lowered water ta-
bles result in transition from wetland to upland envi-
ronments, and corresponding stress allows plants such
as Melaleuca (Melaleuca quinquenervia (Cav.) Blake)
to become established. Tree islands have been invaded
with Brazilian pepper (Schinus terebinthifolius Raddi),
Melaleuca, and Old World climbing fern (Lygodium
microphylla (Cav.) R.Br.). Increased nutrient concen-
trations can produce dramatic shifts from diverse her-
baceous communities to communities dominated by a
few invasive exotic and nuisance native species, such
as cattails (Typha spp.) and willows (Salix spp.). In-
troduction of nutrients also allows Hydrilla sp., water
hyacinths (FEichhornia crassipes (Mart.) Solms) and
water lettuce (Pistia stratiotes Linnaeus) to expand in
open waters. Melaleuca and torpedograss (Panicum
repens Linnaeus), have expanded over large areas of
Lake Okeechobee, displacing native plants.

Animal communities most affected by exotic spe-
cies invasion are fish communities (Trexler et al.
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2001). Canals provide corridors of permanently flood-
ed, deep-water habitat that would not otherwise occur
and allow expansion of exotic and higher trophic level
fishes into areas where they could not survive naturally
(Howard et al. 1995). Introduction and spread of non-
native fishes may alter dynamics of marsh fish com-
munities, foraging behavior of wading birds, or genetic
biodiversity. Prevalence of higher trophic fishes in ca-
nals may diminish the value of this habitat, which
might serve as a dry season refugium for aquatic and
amphibious fauna. Exotic fish and amphibian species
prey on native species and compete with them for re-
sources (Dineen 1984, Duever et al. 1986).

Boating and Fishing Pressure. As the population of
South Florida has increased, so has recreational and
commercial boating and fishing pressure. Boats tra-
versing shallow flats and running aground result in
seagrass scarring and sediment resuspension. Boat
wakes erode banks of waterways, releasing solids into
the waterway and damaging shoreline habitat. Dredg-
ing to increase navigation eliminates benthic organ-
isms and SAV and increases suspended solids. Sus-
pended solids created by wake erosion and dredging
may cover productive adjacent bottom communities,
suffocating residing organisms. Boat collisions are the
leading cause of human-related manatee (Trichechus
manatus Linnaeus) deaths (W. Dexter Render and As-
soc. 1995). Fishing pressure from sport and commer-
cial fisheries impacts standing stocks of many species
(Post et al. 1999).

Attributes

The inland models and estuarine models require dif-
ferent attributes, but among the inland models and
among the estuarine models, many similar attributes
are used. Attributes that are used in most models,
whether for an inland or an estuarine region, include
wading birds and endangered and keystone species.
Attributes common to only inland models include veg-
etation mosaic, periphyton mats, small aquatic fauna,
and freshwater fish communities. Attributes common
to only estuarine models include benthic communities,
oysters, SAV, shoreline herbaceous wetlands, and
mangrove habitats, fisheries, and nearshore reefs.

Wading Birds. Wading birds are good biological in-
dicators throughout South Florida because of their
close association with hydropattern. The current man-
aged system has reduced nesting birds from 75 to 90
% compared to the 1930s. Numbers of snowy egrets
(Egretta Thula Molina), tri-colored herons (Egretta
tricolor Muller), white ibis (Eudocimus albus Linnae-
us), and wood storks (Mycteria Americana Linnaeus)
have relocated away from estuaries and into impound-

ed central and northern Everglades. Also, white ibis
and wood storks have altered the timing of nesting
compared to historical patterns (Ogden 1994). It is hy-
pothesized that the reduction in nesting birds correlates
to a substantial decline in abundance and availability
of aquatic prey base caused by water-management
practices. For animals such as wading birds that op-
erate over large spatial scales, compartmentalization
and peripheral drainage have converted a single, ex-
pansive wetland system into several, smaller, hydro-
logically independent systems. Levees and canals have
replaced shallowly flooded marsh edges with either
overdrained or more deeply flooded marsh along levee
slopes.

Endangered and Keystone Species. Many species are
either unique to the South Florida ecosystem or are
keystone animals at landscape and regional scales, and
they are classified as attributes to the area, including
the West Indian manatee, Florida panther (Puma con-
color coryi Bangs), Everglades snail kite (Rostrhamus
sociabilis Vieillot), Cape Sable seaside sparrow (Am-
modramus maritimus mirabilis Howell), American al-
ligator, American crocodile, and pink shrimp (Penaeus
duorarum Burkenroad). The manatee, panther, snail
kite, seaside sparrow, and crocodile are listed on the
endangered species list. Keystone species are those im-
portant to the overall health of the region. For exam-
ple, alligators and crocodiles are often considered key-
stone species since their holes and trails provide im-
portant refugia for aquatic fauna during dry periods
(Craighead 1968). They are top predators that greatly
influence size, classes, distribution, and abundance of
marsh animals.

Vegetation Mosaic. The vegetation mosaic in a given
locale is primarily a function of climate, soil type, and
suitable water conditions, including depth of water ta-
ble, length and frequency of inundation, flow, and wa-
ter quality. These plant communities, in turn, provide
food and/or habitat for wildlife. Thus, changes in dis-
tribution, abundance, and species composition of plant
communities have a direct effect upon type and quality
of associated animal communities (Alexander and
Crook 1975, McPherson et al. 1982, Sharitz and Gib-
bons 1989). Habitat loss directly impacts availability
of resources required by organisms that use these ar-
eas. However, distribution of these habitats across the
landscape is even more important because few organ-
isms use only one habitat type, particularly in a sea-
sonally fluctuating landscape. Models often target spe-
cific types of vegetation such as tree islands, marsh
plant communities, and upland and wetland habitats as
attributes.
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Periphyton Mats. Periphyton is important as a food-
web base, as habitat structure for fishes and inverte-
brates (Geddes and Trexler 2003), for oxygenating the
water column, and in forming marl soils. Communities
of green algae and diatoms may be especially impor-
tant to periphyton grazers. Water-management practic-
es and changes in water chemistry, including increased
levels of total phosphorus, have changed spatial dis-
tribution and species composition of periphyton mats
(Browder et al. 1994, Davis 1994). Shortened hydro-
periods cause a reduction in proportion of diatoms and
green algae and an increase in calcareous blue-green
algae, thus reducing food value of periphyton and af-
fecting productivity of the Everglades. In nutrient-en-
riched areas, species characteristic of low-nutrient wa-
ters are replaced by filamentous species.

Small Aquatic Fauna. Aquatic fauna of freshwater
Everglades’ marshes include myriad small fishes, am-
phibians, reptiles, crustaceans, snails, and other inver-
tebrates that play enormously important roles in food
webs, nutrient cycles, and energy transfers from pri-
mary consumers to the highest trophic levels in the
ecosystem. Total abundance of aquatic fauna in the
system has been greatly reduced due to combined ef-
fects of reduced spatial extent of wetlands, shortened
hydroperiods, altered water recession rates, compart-
mentalization, and possible reductions in secondary
production associated with shifts in periphyton com-
position (Dalrymple 1987, Browder et al. 1994, Davis
et al. 1994, Loftus and Eklund 1994, Howard et al.
1995, Trexler and Jordan 1999, Turner et al. 1999,
Trexler and Loftus 2000, Diffendorfer et al. 2001,
Kobza et al. 2004, Trexler et al. 2005).

Freshwater Fish Communities. Population density of
small marsh fishes in the Everglades is directly related
to duration of uninterrupted flooding (Trexler and Lof-
tus 2000), and maximum densities are reached only
after multiple years of continual surface water (Loftus
et al. 1990, Loftus and Eklund 1994, Turner et al.
1999). These small fishes are important links in the
ecosystem, as they are a primary source of food for
wading birds such as wood storks and roseate spoon-
bills (Ajaia ajaja Linnaeus) (Bjork and Powell 1994,
Ogden 1994). Marsh fish are impacted by water flow,
shortened hydroperiods, and reduced habitat.

Coastal Attributes

Benthic Communities. Benthic organisms provide es-
sential ecological and biological functions in estuaries
and can influence environmental quality. They are of-
ten used as water-quality indicators because they are
primarily sedentary and, thus, have limited escape
mechanisms to avoid disturbances (Bilyard 1987).

They can provide an easily monitored record of effects
of short- and long-term environmental changes
through species composition and abundance changes.
They have been used extensively as indicators of pol-
lution and natural fluctuation impacts in estuarine en-
vironments (Gaston et al. 1985, Bilyard 1987, Holland
et al. 1987, Boesch and Rabalais 1992).

Oysters. Oysters are an important component of ben-
thic invertebrate communities and are treated as a sep-
arate attribute by most estuarine models. The Eastern
oyster (Crassostrea virginica Gmelin) is the dominant
species in oyster reef communities in South Florida.
Oyster bars provide habitat and food for other species,
including the oyster catcher (Haematopus palliates
Temminck). Under natural conditions, oyster reefs can
be very large and provide extensive attachment area
for oyster spat and numerous associated species such
as mussels, tunicates, bryozoans, and barnacles
(Woodward-Clyde 1998). Over 40 species of macro-
fauna may be living in oyster beds (Bahr and Lanier
1981), with the total number of species exceeding 300
(Wells 1961). Oysters also create substrate to support
other species and filter water to remove suspended ma-
terials. Individual oysters filter 4 to 34 liters of water
per hour, removing phytoplankton, particulate organic
carbon, sediments, pollutants, and microorganisms
from the water column. This process results in greater
light penetration, promoting growth of SAV immedi-
ately downstream from oyster bars.

Distribution and abundance of oysters are influenced
by availability of planktonic food, water quality and
clarity, salinity, and the presence of a suitable substrate
for attachment of veliger larvae. They require salinity
levels above 3-5 ppt, with an optimal salinity range
between 12 and 28 ppt varying with geographical re-
gion (Loosanoff 1932, Chanley 1958, Galtsoff 1964,
Woodward-Clyde 1998). Increased oligohaline condi-
tions have limited distribution of oysters in South Flor-
ida estuaries. Also, higher salinity levels increase neg-
ative effects from saltwater predators such as oyster
drills (Stramonita sp.) (Hofstetter 1977, White and
Wilson 1996) and the protozoan parasite dermo (Per-
kinsus marinus Dermo), which is limited to salinities
greater than 9 ppt and has been implicated as a cause
of 50 percent of adult oyster mortality in Florida
(Mackin 1962, Quick and Mackin 1971, Volety 1995).
Thus, oyster distribution, health, and abundance reflect
water quality, salinity, and substrate quality of an es-
tuary (Andrews et al. 1959, Sellers and Stanley 1984,
Lenihan 1999, Livingston et al. 2000).

Submerged Aquatic Vegetation. SAV is a critical
food source for many species and foraging and hiding
ground for others. It provides habitat for myriad ani-
mals, including juveniles of many commercially and
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recreationally valuable species (Zieman 1982). Sea-
grasses affect water quality through nutrient uptake
and storage, binding of sediments by their roots, and
trapping of particles within their leaf canopy. With
growth of lush seagrass beds, these mechanisms drive
the area towards a condition of clear water, lowering
nutrients for algae growth and concentrations of sus-
pended sediment in the water column. SAV requires
sunlight to photosynthesize, thus murky water caused
by silt, turbidity, color, or phytoplankton is stressful.
SAV is intolerant of changes in salinity, toxicity, and
water clarity and can be used to document changes
within the ecosystem.

Shoreline Herbaceous Wetlands and Mangrove Habi-
tats. Mangrove communities provide habitat for ma-
rine organisms, protect shorelines from erosion, and
enhance water quality (Savage 1972). Detritus pro-
duced by mangroves is the basis of the food chain for
South Florida’s marine and estuarine ecosystems.
Mangroves provide nursery grounds for sport and
commercial fisheries, including spotted seatrout (Cy-
noscion nebulosus Cuvier), common snook (Centro-
pomus undecimulis Bloch), and pink shrimp (Lindall
1973, Harris et al. 1983). Mangrove roots act to trap
sediments and prevent shoreline erosion and provide
attachment surfaces for various marine organisms. Ad-
ditionally, mangrove forests provide habitat for a high-
ly diverse population of birds (Odum et al. 1982).
Also, these coastal wetlands help maintain water and
habitat quality by filtering sediments and nutrients
from inflowing waters.

Shoreline herbaceous wetlands and mangrove hab-
itats have lost much of their spatial extent, connectiv-
ity, and ecological function through dredge-and-fill
and drainage activities (Estevez 1998, National Safety
Council 1998). In some areas, drainage for agricultural
and urban development has reduced overland flows of
fresh water to mangroves, and channelization has di-
verted fresh water away from coastal feeder streams
and creeks, resulting in greater concentrated runoff
that changes salinity balance, reduces flushing of de-
tritus, and washing of nutrients directly into the estuary
without the benefit of mangrove filtration (Estevez
1998).

Fisheries. Diversity and dimensions of stable fisher-
ies are good indicators of the state of an ecosystem.
At least 70 percent of Florida’s recreationally and
commercially sought fishes depend on estuaries for
part of their life histories (Lindall 1973, Harris et al.
1983, Estevez 1998). Within the estuary, seagrass
communities, mangroves, oyster reefs, and stable ben-
thic communities provide critical refugia and food
sources for juvenile fish such as redfish (Sciaenops
ocellatus Linnaeus), grouper, snook and spotted sea-

trout. Decline in juvenile abundance and distribution
of these and other species, along with overall decline
in species richness may be related to fishing pressure
and a decrease in suitable habitat and/or a result of
alterations in salinity regime and timing of freshwater
discharges (Christensen 1965, Browder and Moore
1981, M. Hedgepeth, South Florida Water Manage-
ment District, pers. comm.).

Nearshore Reefs. Nearshore reefs form bands of
unique marine habitat offshore of the Atlantic Coast
and are included as attributes in eastern northern es-
tuarine models. Reef development is typically slow
and occurs over geologic time scales, so impacts to
reefs may cause ecological problems that require long
time frames for recovery. Nearshore reefs are adverse-
ly affected by high level discharges, resulting silt and
salinity plumes, and possibly changes due to nutrient
enrichment. Reefs provide habitat for many marine
species of socio-economic value to tourism and local
fisheries. Continental shelf fish biodiversity is influ-
enced by various reef structures and is also susceptible
to sedimentation.

LITERATURE CITED

Alexander, T. R. and A. G. Crook. 1975. Recent and long-term
vegetation changes and patterns in south Florida. south Florida
ecological study, University of Miami, Coral Gables, FL, USA.
Part II. PB-264-462. 7

Andrews, J. D., D. Haven, D. B. Quayle. 1959. Freshwater kill of
oysters in James River, Virginia 1958. Virginia Fisheries Labo-
ratory, Gloucester Point, VA, USA.

Bahr, L. M. and W. P. Lanier. 1981. The ecology of intertidal oyster
reefs of the south Atlantic Coast: a community profile. United
States Fish and Wildlife Service, Washington, DC, USA. FWS/
OBS-81/15.

Barbour, M. T., J. Gerritsen, and J. S. White. 1996. The development
of the stream condition index for Florida. Florida Department of
Environmental Protection, Tallahassee, FL, USA.

Beard, D. B. 1938. Everglades National Park Project. U.S. Depart-
ment of the Interior, Washington, DC, USA.

Bilyard, G. R. 1987. The value of benthic infauna in marine pollu-
tion monitoring studies. Marine Pollution Bulletin 18:581-585.
Bjork, R. D. and G. V. N. Powell. 1994. Relations between hydro-
logic conditions and quality and quantity of foraging habitat for
roseate spoonbills and other wading birds in the C-111 basin. Na-
tional Audubon Society Final Report to South Florida Research

Center, Everglades National Park, Homestead, FL, USA.

Boesch, D. F. and N. N. Rabalais. 1992. Effects of hypoxia on
continental shelf benthos: comparisons between the New York
Bight and the northern Gulf of Mexico. Geological Society, Spe-
cial Publication 58:27-34.

Browder, J. A. 1976. Water, wetlands, and wood storks in southwest
Florida. Ph. D. Dissertation. University of Florida, Gainesville,
FL, USA.

Browder, J. A. and D. Moore. 1981. A new approach to determining
the quantitative relationship between fishery production and the
flow of fresh water to estuaries. p. 403-430. In R. Cross, and D.
Williams (eds.) Proceedings of the National Symposium on Fresh-
water Inflow to Estuaries. Department of the Interior, United
States Fish and Wildlife Service, Washington, DC, USA. FWS/
OBS-81/04.

Browder, J. A., P. J. Gleason, and D. R. Swift. 1994. Periphyton in
the Everglades: spatial variation, environmental correlates, and



Ogden et al., CONCEPTUAL ECOLOGICAL MODELS IN SOUTH FLORIDA 807

ecological implications. p. 379—416. In S. M. Davis and J. C.
Ogden (eds.) Everglades, the Ecosystem and its Restoration. St.
Lucie Press, Delray Beach, FL, USA.

Browder, J. A. and J. C. Ogden. 1999. The natural South Florida
system II: predrainage ecology. Urban Ecosystems 3:245-277.
Chanley, P. E. 1958. Survival of some juvenile bivalves in water of

low salinity factor. Ecological Monographs 31:239-266.

Chapman, A. E. 1991. History of South Florida. p. 3142 In T. D.
Boswell (ed.) South Florida: Winds of Change. Department of
Geography, University of Miami, Coral Gables, FL, USA.

Christensen, R. F. 1965. An ichthyological survey of Jupiter Inlet
and Loxahatchee River. M. S. Thesis. Florida State University,
Tallahassee, FL., USA.

Craighead, F. C. 1964. Land, mangroves, and hurricanes. The Fair-
child Tropical Garden Bulletin 19:1-28.

Craighead, F. C. 1968. The role of the alligator in shaping plant
communities and maintaining wildlife in the southern Everglades.
Florida Naturalist 41:2—7, 69-74, 94.

Craighead, F. C., Sr. 1971. The Trees of South Florida. Volume 1:
The Natural Environments and Their Succession. University of
Miami Press, Coral Gables, FL, USA.

Dalrymple, G. H. 1987. The herpetofauna of Long Pine Key in re-
lation to vegetation and hydrology. /n R. C. Szaro (ed.) Manage-
ment of amphibians, reptiles, and small mammals in North Amer-
ica: proceedings of the symposium: July 19-21, 1988, Flagstaff,
AZ, USA. Rocky Mountain Forest and Range Experiment Station,
United States Department of Agriculture Forest Service, Fort Col-
lins, CO, USA. General Technical Report RM-166.

David, P. G. 1996. Changes in plant communities relative to hydro-
logic conditions in the Florida Everglades. Wetlands 16:15-23.
Davis, J. H., Jr. 1943. The natural features of southern Florida. Flor-

ida Geological Survey Bulletin 25.

Davis, S. M. 1994. Phosphorus inputs and vegetation sensitivity in
the Everglades. p. 357-378. In S. M. Davis and J. C. Ogden (eds.)
Everglades, the Ecosystem and its Restoration. St. Lucie Press,
Delray Beach, FL, USA.

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. p. 419—444. In S. M. Davis
and J. C. Ogden (eds.) Everglades, the Ecosystem and its Resto-
ration. St. Lucie Press, Delray Beach, FL, USA.

Davis, S. M. and J. C. Ogden. 1994. Towards ecosystem restoration.
p- 769=796. In S. M. Davis and J. C. Ogden (eds.) Everglades,
the Ecosystem and its Restoration. St. Lucie Press, Delray Beach,
FL, USA.

Day, J. W., C. A. S. Hall, W. M. Kemp, and A. Yanez-Arancibia.
1989. Estuarine Ecology. John Wiley & Sons, Inc., New York,
NY, USA.

DeAngelis, D. L. and P. S. White. 1994. Ecosystems as products of
spatially and temporally varying driving forces, ecological pro-
cesses, and landscapes. p. 9-27. In S. M. Davis and J. C. Ogden
(eds.) Everglades, the Ecosystem and its Restoration. St. Lucie
Press, Delray Beach, FL, USA.

Department of Defense. 2003. Programmatic Regulations for the
Comprehensive Everglades Restoration Plan; Final Rule. Federal
Register, Volume 68, Number 218. p. 64200-64249. /n Depart-
ment of Defense, Department of the Army, Corps of Engineers,
Washington, DC, USA. 33 CFR Part 385, November 12, 2003.

Diffendorfer, J. E., P. M. Richards, G. H. Dalrymple, and D. L.
DeAngelis. 2001. Applying linear programming to estimate fluxes
in ecosystems or food webs: an example from the herpetological
assemblage of the freshwater Everglades. Ecological Modelling
144:99-120.

Dineen, J. W. 1984. The fishes of the Everglades. p. 258-268. In P.
J. Gleason (ed.) Environments of South Florida: Past and Present
II. Miami Geological Society, Miami, FL, USA.

Douglas, M. S. 1947. The Everglades River of Grass. Rinehart, New
York, NY, USA.

Drew, R. D. and N. S. Schomer. 1984. An ecological characteriza-
tion of the Caloosahatchee River/Big Cypress watershed. United
States Department of the Interior, Minerals Management Service
and Fish and Wildlife Service, Washington, DC, USA. FWS/OBS-
82/58.

Duever, M. J., J. E. Carlson, J. F. Meeder, L. C. Duever, L. H.
Gunderson, L. A. Riopelle, T. R. Alexander, R. L. Myers, and D.
P. Spangler. 1986. The Big Cypress National Preserve. New York,
NY, USA. National Audubon Society Research Report No. 8.

Dunson, W. A. and F. J. Mazzotti. 1989. Salinity as a limiting factor
in the distribution of reptiles in Florida Bay: A theory for the
estuarine origin of marine snakes and turtles. Bulletin of Marine
Sciences 44:229-244.

Estevez, E. 1998. The story of the greater Charlotte Harbor water-
shed. Charlotte Harbor National Estuary Program, Fort Myers, FL,
USA.

Fennema, R. J., C. J. Neidrauer, R. J. Johnson, W. A. Perkis, and
T. K. MacVicar. 1994. A computer model to simulate natural
south Florida hydrology. p. 249-289. In Davis, S.M., and J.C.
Ogden (eds.), Everglades, the Ecosystem and Its Restoration. St.
Lucie Press, Delray Beach, FL, USA.

Galtsoff, P. S. 1964. The American oyster (Crassostrea virginica).
Fishery Bulletin of the Fish and Wildlife Service 64:1—480.

Gannon, M. 1996. The New History of Florida. University Press of
Florida, Tallahassee, FL, USA.

Gaston, G. R., P. A. Rutledge, and M. L. Walther. 1985. Effects of
hypoxia and brine on recolonization by microbenthos off Cam-
eron, Louisiana (USA). Contributions in Marine Sciences 28:79—
93.

Geddes, P. and J. C. Trexler. 2003. Uncoupling of omnivore-medi-
ated positive and negative effects on periphyton mats. Oecologia
136:585-595.

Gunderson, L. H. 1994. Vegetation of the Everglades: determinants
of community. p. 323-341. In S. M. Davis and J. C. Ogden (eds.)
Everglades: the Ecosystem and its Restoration. St. Lucie Press,
Delray Beach, FL.

Harper, R. M. 1927. Natural Resources of Southern Florida 18th
Annual Report, Florida Geological Survey, Tallahassee, FL.
Trans. Wagner Free Institute of Science Philadelphia 7(3):51-187.

Harris, B. A., K. D. Haddad, K. A. Steidinger, and J. A. Huff. 1983.
Assessment of fisheries habitat: Charlotte Harbor and Lake Worth,
Florida. Florida Department of Natural Resources, Bureau of Ma-
rine Research, St. Petersburg, FL, USA.

Harshberger, J. W. 1914. The vegetation of South Florida. Trans
Wagner Free Institute of Science Philosophy 3:51-189.

Harwell, M. A. 1997. Ecosystem management of South Florida. Bio-
science 47:499-512.

Harwell, M. A. 1998. Science and environmental decision-making
in South Florida. Ecological Applications 8:580-590.

Harwell, M. A., J. H. Gentile, A. Bartuska, C. C. Harwell, V. Myers,
J. Obeysekera, J. C. Ogden, and S. C. Tosini. 1999. A science-
based strategy for ecological restoration in South Florida. Urban
Ecosystems 3:201-222.

Harwell, M. A., J. F. Long, A. M. Bartuska, J. H. Gentile, C. C.
Harwell, V. Myers, and J. C. Ogden. 1996. Ecosystem manage-
ment to achieve ecological sustainability: The case of South Flor-
ida. Environmental Management 20:497-521.

Haunert, D. E., F. Lund, J. Steward, and R. Virnstein (eds.). 1994,
Surface water improvement and management (SWIM) plan for the
Indian River Lagoon. South Florida Water Management District,
West Palm Beach, FL, USA.

Hofstetter, R. P. 1977. Trends in the population levels of the Amer-
ican oyster (Crassostrea virginica) on public reefs in Galveston
Bay, Texas. Texas Parks and Wildlife Department, Austin, TX,
USA. Technical Series 24.

Holland, A. F., A. T. Shaughnessy, and M. H. Hiegel. 1987. Long
term variation in mesohaline Chesapeake Bay macrobenthos: spa-
tial and temporal patterns: Estuaries 10:227-245.

Holling, C. S., L. H. Gunderson, and C. J. Walters. 1994. The struc-
ture and dynamics of the Everglades system: guidelines for eco-
system restoration. p. 741-756. In S. M. Davis and J. C. Ogden
(eds.) Everglades, the Ecosystem and its Restoration. St. Lucie
Press, Delray Beach, FL, USA.

Howard, K. S., W. F. Loftus, and J. C. Trexler. 1995. Seasonal
dynamics of fishes in artificial culvert pools in the C-111 basin,
Dade County, Florida. Everglades National Park, Homestead, FL,
USA.



808

WETLANDS, Volume 25, No. 4, 2005

Kennish, M. I. 1990. Ecology of Estuaries. Volume 2. CRC Press,
Boca Raton, FL, USA.

Kobza, R. M., I. C. Trexler, W. F. Loftus, and S. A. Perry. 2004.
Community structure of fishes inhabiting aquatic refuges in a
threatened karstic wetland and its implication for ecosystem man-
agement. Biological Conservation 116:153—165.

Kushlan, J. A. 1989. Wetlands and wildlife, the Everglades per-
spective. p. 773-790. In R. R. Sharitz, and J. W. Gibbons (eds.)
Freshwater wetlands and wildlife. United States Department of
Energy, Oak Ridge, TN, USA. Symposium Series No. 61.

Lenihan, H. S. 1999. Physical-biological coupling on oyster reefs:
How habitat structure influences individual performance. Ecolog-
ical Monographs 69:251-275.

Light, S. S. and J. W. Dineen. 1994. Water control in the Everglades:
A historical perspective. p. 47-84. In S. M. Davis and J. C. Ogden
(eds.) Everglades, the Ecosystem and its Restoration. St. Lucie
Press, Delray Beach, FL,, USA.

Lindall, W. N. Jr. 1973. Alterations of estuaries of South Florida: a
threat to its fish resources. Marine Fisheries Review 35-10:1-8.
Livingston, R. J., F. G. Lewis, G. C. Woodsum, X. F. Niu, B. Gal-
perin, W. Huang, J. D. Christensen, M. E. Monaco, T. A. Battista,
C. J. Klein, R. L. Howell 1V, and G. L. Ray. 2000. Modeling
oyster population response to variation in freshwater input. Estu-

arine, Coastal and Shelf Science 50:655-672.

Loftus, W. F,, J. D. Chapman, and R. Conrow. 1990. Hydrological
effects on Everglades marsh food webs, with relation to marsh
restoration efforts. p. 1-22. In G. Larson and M. Soukup (eds.)
1986 conference on science in the national parks proceedings,
Volume 6: fisheries and coastal wetlands research. George Wright
Society, Hancock, MI, USA.

Loftus, W. F. and A. M. Eklund. 1994. Long-term dynamics of an
Everglades fish community. p. 461-483. In S. M. Davis and J. C.
Ogden (eds.) Everglades, the Ecosystem and its Restoration. St.
Lucie Press, Delray Beach, FL, USA.

Loosanoff, V. L. 1932. Observations on propagation of oysters in
James and Corrotoman Rivers and the seaside of Virginia. Vir-
ginia Commission of Fisheries, Newport News, VA, USA.

Mackin, J. G. 1962. Oyster disease caused by Dermocystidium mar-
inum and salinity. Proceedings of the National Shellfisheries As-
sociation 46:116:128.

Mazzotti, F. J. 1989. Factors affecting nesting success of the Amer-
ican crocodile, Crocodylus acutus, in Florida Bay. Bulletin of Ma-
rine Sciences 44:220-228.

Mazzotti, F. J. and L. A. Brandt. 1994. Ecology of the American
alligator in a seasonally fluctuating environment. p. 485-505. In
S. M. Davis and J. C. Ogden (eds.) Everglades, the Ecosystem
and its Restoration. St. Lucie Press, Delray Beach, FL, USA.

Mazzotti, F. J., A. Dunbar-Cooper, and J. A. Kushlan. 1988. Des-
iccation and cryptic nest flooding as probable causes of embryonic
mortality in the American crocodile, Crocodylus acutus, in Ev-
erglades National Park, Florida. Florida Scientist 52:65-72.

Mazzotti, F. J. and W. A. Dunson. 1989. Osmoregulation in croc-
odilians. American Zoologist 29:903-920.

McPherson, B. F., M. Sabanskas, and W. A. Long. 1982. Physical,
hydrological, and biological characteristics of the Loxahatchee
River Estuary, Florida. Water Resources Investigations, United
States Geological Survey, Tallahassee, FL, USA. Open-File Re-
port 82-350 M.

Moler, P. E. 1991. American crocodile population dynamics. Florida
Game and Freshwater Fish Commission, Tallahassee, FL, USA.
National Park Service. 2000. Planning for South Florida’s future:
The Central and Southern Florida Project. Ed. Nanciann Regalado.

April 28, 2000. www.nps.gov/ever/current/restudy.htm

National Safety Council. 1998. Coastal challenges: a guide to coastal
and marine issues. National Safety Council’s Environmental
Health Center, Washington, DC, USA.

Obeysekera, J., J. A. Browder, L. Hornung, and M. A. Harwell.
1999. The natural South Florida system I: climate, geology, and
hydrology. Urban Ecosystems 3:223-244.

Odum, W. E., C. C. Mclvor, and T. J. Smith III. 1982. The Ecology
of the mangroves of South Florida: a community profile. United
States Fish and Wildlife Service, Washington, DC, USA. FWS/
OBS-81/24.

Ogden, J. C. 1994. A comparison of wading bird nesting colony
dynamics (1931-1946 and 1974-1989) as an indication of eco-
system conditions in the southern Everglades. p. 533-570. In S.
M. Davis and J. C. Ogden (eds.) Everglades, the Ecosystem and
its Restoration. St. Lucie Press, Delray Beach, FL, USA.

Ogden, J. C., J. A. Browder, J. H. Gentile, L.. H. Gunderson, R.
Fennema, and J. Wang. 1999. Environmental management sce-
narios: ecological implications. Urban Ecosystems 3:279-303.

Ogden, J. C. and S. M. Davis. 1999. The use of conceptual ecolog-
ical landscape models as planning tools for the South Florida eco-
system restoration programs. South Florida Water Management
District, West Palm Beach, FL, USA.

Ogden, J. C., S. M. Davis, and L. A. Brandt. 2003. Science for a
regional ecosystem monitoring and assessment program: the Flor-
ida Everglades example. p. 135-163 In D. E. Busch and J. C.
Trexler (eds.) Monitoring Systems: Interdisciplinary Approaches
for Evaluating Ecoregional Initiatives. Island Press, Washington,
DC, USA.

Ogden, J. C., S. M. Davis, D. Rudnick, and L. Gulick. 1997. Natural
systems team report to the southern Everglades restoration alli-
ance. Final draft. South Florida Water Management District, West
Palm Beach, FL, USA.

Porter, J. W. and K. G. Porter. 2002. The Everglades, Florida Bay,
and Coral Reefs of the Florida Keys: an Ecosystem Sourcebook.
CRC Press, Boca Raton, FL, USA.

Post, Buckley, Schuh, and Jernigan, and W. Dexter Bender and As-
sociates, Inc. 1999. Synthesis of technical information volume 1:
a characterization of water quality, hydrologic alterations, and fish
and wildlife habitat in the greater Charlotte Harbor watershed.
Charlotte Harbor National Estuary Program, Fort Myers, FL,
USA.

Powell, G. V. N. 1987. Habitat use by wading birds in a subtropical
estuary: implications of hydrography. Auk 104:740-749.

Quick, J. A, Jr. and J. G. Mackin. 1971. Oyster parasitism by La-
byrinthomyxa marina in Florida. Florida Department of Natural
Resources, Tallahassee, FL, USA. Marine Research Laboratory
Professional Paper Series No. 13.

RECOVER. 2001. Monitoring and assessment plan. Restoration Co-
ordination and Verification, c/o Jacksonville District, United
States Army Corps of Engineers, Jacksonville, FL, USA and
South Florida Water Management District, West Palm Beach, FL,
USA, First Draft, March 2001.

RECOVER. 2003. CERP Monitoring and assessment plan. Resto-
ration Coordination and Verification, c/o Jacksonville District,
United States Army Corps of Engineers, Jacksonville, FL, USA
and South Florida Water Management District, West Palm Beach,
FL, USA. Second Draft, March 2003.

RECOVER. 2004. Draft CERP system-wide performance measures.
Restoration Coordination and Verification Program (RECOVER),
c/o South Florida Water Management District, West Palm Beach,
FL, USA and United States Army Corps of Engineers, Jackson-
ville District, Jacksonville, FL, USA, June 18, 2004.

Savage, T. 1972. Florida mangroves as shoreline stabilizers. Florida
Department of Natural Resources, Tallahassee, FL, USA. Profes-
sional Paper No. 19.

Science Coordination Team. 1997. Integrated science plan. Report
to the South Florida Ecosystem Restoration Task Force and Work-
ing Group (SFERTF). Office of the Executive Director, SFERTF,
Florida International University, Miami, FL, USA.

Science Subgroup. 1993. Federal objectives for the South Florida
restoration. South Florida Management and Coordination Working
Group, South Florida Ecosystem Restoration Task Force, Miami,
FL, USA.

Sellers, M. A. and J. G. Stanley. 1984. Species profiles: life histories
and environmental requirements of coastal fishes and invertebrates
(North Atlantic)—American oyster. United States Fish and Wild-
life Service, Washington, DC, USA. FWS/OBS-82/11.23.

Sharitz, R. R. and J. W. Gibbons. 1989. Freshwater Wetlands and
Wildlife. Savanna River Ecological Laboratory, University of
Georgia, GA, USA.

Sklar, F. H. and J. A. Browder. 1998. Coastal environmental impacts
brought about by alterations of freshwater flow in the Gulf of
Mexico. Environmental Management 22:547-562.



Ogden et al., CONCEPTUAL ECOLOGICAL MODELS IN SOUTH FLORIDA 809

SFERTF. 2000. Coordinating success. South Florida Ecosystem
Restoration Task Force, Miami, FL, USA.

SFWMD. 1992. Surface water improvement and management plan
for the Everglades: supporting information needs document. South
Florida Water Management District, West Palm Beach, FL, USA.

Tebeau, C. W. 1990. Man I the Everglades: 200 Years of Human
History in the Everglades National Park. University of Miami
Press, Coral Gables, FL, USA.

Trexler, J. and F. Jordan. 1999. Fish and aquatic macroinvertebrate
population studies in the Water Conservation Areas. Final Report
for South Florida Water Management District contract No. C-
E6636, West Palm Beach, FL, USA.

Trexler, J. C. and W. F. Loftus. 2000. Analysis of relationships of
Everglades fish with hydrology using long-term data bases from
the Everglades National Park. Report to Everglades National Park,
Homestead, FL, USA.

Trexler, J. C., W. F. Loftus, and S. Perry. 2005. Frequency of dis-
tribution limits of Everglades fishes demonstrated with a twenty-
five year intervention study. Oecolgia, in press.

Turner, A. M., J. C. Trexler, C. F. Jordan, S. J. Slack, P. Geddes,
J. Chick, and W. F. Loftus. 1999. Targeting ecological features
for conservation: standing crops in the Florida Everglades. Con-
servation Biology 13:898-911.

USACE. 1960. Central and Southern Florida Project. General design
memorandum. Part I, Supplement 33, US Army Corps of Engi-
neers, Jacksonville, FL., USA.

USACE. 1998. Overview: Central and Southern Florida Project
comprehensive review study. US Army Corps of Engineers, Jack-
sonville, FL, USA.

USACE. 2003. Municipal and industrial (M & I) water use forecast,
initial Comprehensive Everglades Restoration Plan (CERP) up-
date. July 2003. US Army Corps of Engineers, Jacksonville Dis-
trict, Jacksonville, FL, USA.

USACE and SFWMD. 1999. Central and Southern Florida Project
comprehensive review study final integrated feasibility report and
programmatic environmental impact statement. US Army Corps
of Engineers, Jacksonville District, Jacksonville, FL, USA and
South Florida Water Management District, West Palm Beach, FL,
USA.

USACE and SFWMD. 2004. Why restore the Everglades? What is
the existing Central and Southern Florida Project? http:/

www.evergladesplan.org/about/why_restore_04.cfm, US Army
Corps of Engineers, Jacksonville District, Jacksonville, FL, USA
and South Florida Water Management District, West Palm Beach,
FL, USA.

USFWS. 1999. South Florida multi-species recovery plan. US Fish
and Wildlife Service Southeast Region, Atlanta, GA, USA.

Volety, A. K. 1995. A study of the histozoic oyster parasite, Per-
kinsus marinus: 1. Disease processes in American oysters, II. Bio-
chemistry of P. marinus. Ph. D. Dissertation. College of William
and Mary, Virginia Institute of Marine Science, Williamsburg,
VA, USA.

W. Dexter Bender and Associates, Inc. 1995. Lee County manatee
protection plan draft. Lee County, FL, USA.

Walters, C. J. and L. H. Gunderson. 1994. A screening of water
policy alternatives for ecological restoration in the Everglades. p.
757-767. In S. M. Davis and J. C. Ogden (eds.) Everglades, the
Ecosystem and its Restoration. St. Lucie Press, Delray Beach, FL,
USA.

Wanless, H. R., R. W. Parkinson, and L. P. Tedesco. 1994. Sea level
control on stability of Everglades wetlands. p. 199-223. In S. M.
Davis and J. C. Ogden (eds.) Everglades: the Ecosystem and Its
Restoration. St. Lucie Press, Delray Beach, FL, USA.

Water Resources Development Act of 2000. Public Law No. 106-
541, signed December 11, 2000. Title VI, Section 601, of the act,
describes authorizations specific to the Comprehensive Everglades
Restoration Plan.

Wells, H. W. 1961. The fauna of oyster beds with special reference
to the salinity factor. Ecological Monographs 31:239-266.

White, M. E. and E. A. Wilson. 1996. Predators, pests, and com-
petitors. p. 559-579. In V. S. Kennedy, R. I. E. Newell, and A.
F. Able (eds.) The Eastern Oyster (Crassostrea virginica). Mary-
land Sea Grant College Publication, Baltimore, MD, USA. UM-
SG-TS-96-01.

Woodward-Clyde, Inc. 1998. Distribution of oysters and submerged
aquatic vegetation in the St. Lucie Estuary. Prepared for the South
Florida Water Management District, West Palm Beach, FL, USA.

Zieman, J. C. 1982. The ecology of the seagrasses of South Florida:
a community profile. U. S. States Fish and Wildlife Service,
Washington, DC, USA.

Manuscript received 7 March 2005; revisions received 7 July 2005;
accepted 7 September 2005.






WETLANDS, Vol. 25, No. 4, December 2005, pp. 870-883
© 2005, The Society of Wetland Scientists

A CONCEPTUAL ECOLOGICAL MODEL OF FLORIDA BAY

David T. Rudnick!, Peter B. Ortner?, Joan A. Browder?, and Steven M. Davis*
' Coastal Ecosystems Division
South Florida Water Management District
3301 Gun Club Road
West Palm Beach, Florida, USA 33406
E-mail: drudnic@ sfwmd.gov

2 Atlantic Oceanographic and Meteorological Laboratory
National Oceanic and Atmospheric Administration
4301 Rickenbacker Causeway
Miami, Florida, USA 33149

3 Southeast Fisheries Science Center
National Marine Fisheries Service
National Oceanic and Atmospheric Administration
75 Virginia Beach Drive
Miami, Florida, USA 33149

“RECOVER Section
South Florida Water Management District
3301 Gun Club Road
West Palm Beach, Florida, USA 33406

Abstract: Florida Bay is a large and shallow estuary that is linked to the Everglades watershed and is a
target of the Greater Everglades ecosystem restoration effort. The conceptual ecological model presented
here is a qualitative and minimal depiction of those ecosystem components and linkages that are considered
essential for understanding historic changes in the bay ecosystem, the role of human activities as drivers of
these changes, and how restoration efforts are likely to affect the ecosystem in the future. The conceptual
model serves as a guide for monitoring and research within an adaptive management framework. Historic
changes in Florida Bay that are of primary concern are the occurrence of seagrass mass mortality and
subsequent phytoplankton blooms in the 1980s and 1990s. These changes are hypothesized to have been
caused by long-term changes in the salinity regime of the bay that were driven by water management.
However, historic ecological changes also may have been influenced by other human activities, including
occlusion of passes between the Florida Keys and increased nutrient loading. The key to Florida Bay res-
toration is hypothesized to be seagrass community restoration. This community is the central ecosystem
element, providing habitat for upper trophic level species and strongly influencing productivity patterns,
sediment resuspension, light penetration, nutrient availability, and phytoplankton dynamics. An expectation
of Everglades restoration is that changing patterns of freshwater flow toward more natural patterns will drive
Florida Bay’s structure and function toward its pre-drainage condition. However, considerable uncertainty
exists regarding the indirect effects of changing freshwater flow, particularly with regard to the potential for
changing the export of dissolved organic matter from the Everglades and the fate and effects of this nutrient
source. Adaptive management of Florida Bay, as an integral part of Everglades restoration, requires an
integrated program of monitoring, research to decrease uncertainties, and development of quantitative models
(especially hydrodynamic and water quality) to synthesize data, develop and test hypotheses, and improve
predictive capabilities. Understanding and quantitatively predicting changes in the nature of watershed-es-
tuarine linkages is the highest priority scientific need for Florida Bay restoration.

Key Words:  ecosystem restoration, estuaries, Florida Bay, Everglades, adaptive management, seagrass,
freshwater flow, salinity effects
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BACKGROUND

Florida Bay is a triangularly shaped estuary, with
an area of about 2200 km? that lies between the south-
ern tip of the Florida mainland and the Florida Keys
(Figure 1). About 80% of this estuary is within the
pboundaries of Everglades National Park and much of
the remainder is within the Florida Keys National Ma-
rine Sanctuary. A defining feature of the bay is its
shallow depth, which averages about 1 m (Schomer
and Drew 1982). Light sufficient to support photosyn-
thesis can reach the sediment surface in almost all ar-
eas of the bay, resulting in dominance of seagrass beds
as both a habitat and a source of primary production.
The shallowness of Florida Bay also affects its circu-
lation and salinity regime. Except for basins near the
northern coast (near freshwater sources), the bay’s wa-
ter column is vertically well-mixed and usually iso-
haline. In contrast, its complex network of shallow
mud banks restricts horizontal water exchange among
the bay’s basins and between these basins and the Gulf
of Mexico (Smith 1994, Wang et al. 1994). In areas
with long residence times, the salinity of Florida Bay
water can rise rapidly during drought periods due to
excess of evaporation over precipitation and freshwa-
ter inflow (Nuttle et al. 2000). Salinity levels as high
as twice that of seawater have been measured (Mclvor
et al. 1994). Another defining feature of the bay is that
its sediments are primarily composed of carbonate
mud, which can scavenge inorganic phosphorus from
bay waters (DeKanel and Morse 1978).

Until the 1980s, Florida Bay was perceived by the
public and environmental managers as being a healthy
and stable system, with clear water, lush seagrass beds,
and highly productive fish and shrimp populations. In
the mid-1980s, however, catches of pink shrimp de-
creased dramatically (Browder et al. 1999), and in
1987, a mass mortality of turtle grass (Thalassia tes-
tudinum Banks & Soland ex. Koenig) beds began
(Robblee et al. 1991). By 1992, the ecosystem ap-
peared to change from a clear water system, dominated
by benthic primary production, to a turbid water sys-
tem, with algae blooms and resuspended sediments in
the water column. The conceptual ecological model
presented here focuses on these changes in seagrass
communities and water quality as central issues to be
considered by environmental managers.

The Florida Bay Conceptual Ecological Model is
one of eleven regional models that are being used as
tools for synthesis, planning, assessment, and com-
munication within the adaptive management frame-
work of the Everglades Restoration Plan. This frame-
work and a summary of all of the conceptual ecolog-
ical models are described in Ogden et al. (2005). Over-
views of the history and challenges of Everglades

restoration are presented in Ogden et al. (2005) and
Sklar et al. (2005). The format and symbols of the
Florida Bay model follows that of Ogden et al. (2005)
and the other conceptual models published in this issue
of Wetlands. Furthermore, the organization of this pa-
per follows the conceptual model diagram, with major
sections on drivers and stressors, and ecological attri-
butes (generally structural components of the ecosys-
tem) and their links to stressors. A final section con-
siders expectations and uncertainties regarding future
responses to restoration efforts.

This simple model does not address spatial com-
plexity in Florida Bay. Florida Bay is, indeed, not so
much a singular estuary, but a complex array of more
than forty basins, with distinct characteristics, that are
partitioned by a network of mud banks and islands
(Schomer and Drew 1982, Fourqurean and Robblee
1999). The structure of vegetative habitats, as well as
water quality and ecosystem processes, vary distinctly
with this spatial variation. Nevertheless, only a single,
generic model is described and intended to summarize
the main characteristics and trends of the bay. While
the structure of this model is appropriate for most areas
of the bay, the relative importance of model compo-
nents differ considerably among subregions. Any ap-
plication of this model (e.g., recommendations for a
specific set of monitoring parameters and guidelines)
must accommodate the degree of spatial variability of
the bay.

EXTERNAL DRIVERS AND ECOLOGICAL
STRESSORS

Following observations of Florida Bay’s dramatic
ecological changes in the 1980s, it was commonly as-
sumed that a direct cause of these changes was a long-
term increase in salinity, which in turn was caused by
the diversion of freshwater away from Florida Bay via
South Florida Water Management District canals.
However, subsequent research has indicated that these
ecological changes may not be attributable to a single
cause. While decreased freshwater inflow and resultant
increased salinity have been part of the problem, it
appears that other human activities, as well as natural
forces, may have also played a role (Boesch et al.
1993, Armentano et al. 1997, Fourqurean and Robblee
1999). The conceptual ecological model presented
here includes both natural and anthropogenic sources
of stress (Figure 2). The discussion of external drivers
and ecological stressors below is organized by stressor
(ovals in Figure 2), with consideration of the main
drivers (rectangles in Figure 2) that influence each
stressor.
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Florida Bay Conceptual Ecological Model
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Figure 2. Florida Bay Conceptual Ecological Model Diagram. The format of this figure follows Ogden et al. (2005). Rect-
angles represent major external drivers of ecological change, ovals represent ecological stressors, diamonds represent ecological
linkages and functions that mediate the effect of stressors on attributes, and hexagons represent ecosystem attributes to be
monitored as part of the adaptive assessment process. Increases or decreases noted in diamonds with ‘< Ruppia and Halodule™
and *‘> Nitrogen and Phosphorus’’ refer to pre-restoration changes.

Altered Salinity Regime

Florida Bay’s salinity regime varies greatly over
time and space. This variation ranges from coastal ar-
eas that can be nearly fresh during the wet season, to
large areas of the central bay that can have salinity
levels near 70 psu during prolonged droughts, to near-
ly stable marine conditions (about 35 psu) on the west-
ern boundary of the bay or near Florida Keys’ passes.
The main factors that determine the salinity regime in
the bay are the inflow of freshwater from the Ever-
glades, the difference between rainfall and evaporation
over the bay, and exchange with marine waters of the
Gulf of Mexico and Atlantic Ocean. Both freshwater
inflow and exchange with the Atlantic have changed
drastically in the past hundred years, resulting in an

alteration of the bay’s salinity regime (Swart et al.
1999, Brewster-Wingard et al. 2001, Dwyer and Cro-
nin 2001).

Freshwater inflow to Florida Bay decreased in vol-
ume and changed in timing and distribution during the
twentieth century because of water management. Hy-
drologic alteration began in the late 1800s but accel-
erated with construction of drainage canals by 1920,
the Tamiami Trail by 1930, and the Central and South
Florida (C&SF) Project and the South Dade Convey-
ance System from the early 1950s through 1980 (Light
and Dineen 1994). With diversion of freshwater to the
Atlantic and Gulf of Mexico coasts to the north, the
bay’s mean salinity inevitably increased. Isotopic stud-
ies of carbonate preserved in coral skeletons and bur-
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ied ostracod shells confirmed this trend (Swart et al.
1999, Dwyer and Cronin 2001). Paleoecological stud-
ies also indicated that salinity variability within the
bay also changed during the twentieth century, with
an increase in variability in the northeastern bay,
where freshwater inflows are channelized (Brewster-
Wingard et al. 2001), and a decrease in variability in
the southern bay (Swart et al. 1999).

Paleoecological studies indicated that a cause of sa-
linity changes in the southern bay was construction of
the Flagler Railway across the Florida Keys from 1905
to 1912 (Swart et al. 1996, 1999). In the nineteenth
century, prior to railway construction and water man-
agement, southern Florida Bay had a lower mean sa-
linity and more frequent periods of low (10 psu—20
psu) salinity than during the twentieth century. The
extent and frequency of high salinity events in the
southern bay does not appear to have changed between
centuries. The bay’s salinity regime changed abruptly
around 1910 because passes between the Keys were
filled to support the railway. Thus, water exchange be-
tween Florida Bay and the Atlantic Ocean was de-
creased, and this probably caused an increase in water
residence time and a change in water circulation pat-
terns within the bay.

Two important natural controls of salinity, sea-level
rise and the frequency of major hurricanes, must also
be considered. Florida Bay is a very young estuary,
the product of sea level rising over the shallow slope
of the Everglades during the past 4,000 years (Wanless
et al. 1994). With rising sea level, the bay not only
became larger but also became deeper. With greater
depth, exchange of water between the ocean and the
bay increased. All else being equal, this would result
in a more stable salinity regime with salinity levels
increasingly similar to the ocean. However, a factor
that has counteracted rising sea level is accumulation
of sediment, which makes the bay shallower. Most
sediment that accumulates in Florida Bay is carbonate
precipitated from water by organisms living in the bay
(Bosence 1989). The extent to which these sediments
accumulate is a function of the biology of these or-
ganisms (including skeletal carbonate production),
chemical dynamics in the water column and sediments,
and the physical energy available to transport some of
these sediments from the bay. Major hurricanes are
thought to be important high-energy events that can
flush the bay of accumulated sediments. However,
since 1965, no major hurricane has directly affected
Florida Bay. Resultant sediment accumulation, with
associated alteration of depth, circulation patterns, res-
idence time, salinity, and nutrient storage may have
influenced ecological changes in recent decades.

Nitrogen and Phosphorus Inputs

Productivity and food-web structure in all ecosys-
tems are strongly influenced by internal nutrient cy-
cling and import and export of these nutrients.
Throughout the world, estuarine ecosystems have un-
dergone dramatic ecological changes because they
have been markedly enriched by nutrients derived
from human activity (National Research Counci]
2000). These changes have often been catastrophic,
with loss of seagrasses, increased algal blooms, and
increased incidence of hypoxic and anoxic events.
Augmentation of nitrogen and phosphorus inputs to an
estuary is a potentially important stressor.

The degree to which nitrogen and phosphorus inputs
have stressed Florida Bay is unclear. In general, the
bay is relatively rich in nitrogen and poor in phospho-
rus, especially towards the eastern region of the bay
(Boyer et al. 1997). This spatial pattern is at least part-
ly a function of natural biogeochemical processes (e.g.,
P retention by the bay’s carbonate sediments and rel-
atively low N in adjacent marine waters) and thus may
have existed prior to recent human influences. Little
direct evidence confirms that nutrient inputs to the bay
or concentrations within the bay have increased during
the past century, but with expanding agricultural and
residential development in South Florida, and partic-
ularly development of the Florida Keys, some nutrient
enrichment almost certainly has occurred (Lapointe
and Clark 1992, Orem et al. 1999). Anthropogenic nu-
trients that enter Florida Bay are derived not only from
local sources (fertilizers and other wastes from agri-
cultural and residential areas), but also from remote
sources. Contributions of nutrients from atmospheric
deposition and from the Gulf of Mexico, which may
include nutrients from the phosphate fertilizer industry
of the Tampa-Port Charlotte area and residential de-
velopment from Tampa to Naples, are significant ex-
ternal nutrient sources (Rudnick et al. 1999).

Different sub-regions of the bay are differentially
influenced by these local or remote sources, depending
on the magnitude of inputs, relative abundance of dif-
ferent nutrients, internal cycling pathways and rates,
and water residence time (Boyer et al. 1997, Rudnick
et al. 1999, Childers et al. 2005). Algal bloom occur-
rence in the central and western bay is influenced by
a combination of these factors (Tomas et al. 1999,
Brand 2002). Despite the lack of definitive data, it is,
nevertheless, a reasonable hypothesis that a chronic
increase in nutrient inputs occurred in Florida Bay in
the twentieth century and that this increase contributed
to the bay’s recent ecological changes. Development
of a water quality model driven by appropriately
scaled hydrodynamic and hydrologic models is essen-
tial to understand and evaluate quantitatively the po-
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tential effects of past nutrient inputs and predict the
effects of future management scenarios.

Water management is a driver of nutrient stress in
that the canal system can transport materials through
wetlands toward the bay, decreasing nutrient retention
by wetlands and thereby increasing inputs to the bay.
Altered nutrient transport via canals may also alter the
chemical composition of nutrients entering the bay.
These inputs from the Everglades and the Gulf of
Mexico are affected not only by changes of freshwater
flowing from Taylor Slough and Shark River Slough,
but also by changes in the bay’s circulation. Nutrient
cycling and retention within the bay are sensitive in
particular to changes in residence time (a function of
circulation) that were caused by Flagler Railway con-
struction, as well as the balance of sea-level rise and
sedimentation or sediment removal by major hurri-
canes. Hurricanes may be particularly important, as
nutrients (organic and inorganic) can accumulate in
sediments, and the absence of major hurricanes during
the past few decades may have resulted in an accu-
mulation of nutrients.

Pesticides and Mercury

With the widespread agricultural and residential de-
velopment of South Florida, application and release of
pesticides and other toxic materials has increased. De-
position of mercury from local and global sources has
also increased in the past century and is of particular
concern because of high concentrations of methylmer-
cury in upper trophic level species (Cleckner et al.
1998). Altered biogeochemistry resulting from chang-
es in water quality (e.g., sulfate availability), which in
turn affects methylation rates, has also played a role
in increased mercury bioaccumulation (Cleckner et al.
1999). Pesticides and mercury are of concern because
they can affect human health through consumption of
fish or other biota with high concentrations of these
toxins and because other species also may be adversely
affected by these compounds. To date, no evidence
links observed ecological changes in Florida Bay to
inputs of toxic compounds. Nevertheless, endocrine-
disrupting endosulfans, with concentrations that could
have biological effects, have been found in upstream
canals and the biota of associated lakes (Scott et al.
2002, G. Graves, personal communication). Addition-
ally, mercury levels remain elevated in fish in eastern
Florida Bay despite decreases observed elsewhere
(Strom and Graves 2001, Evans et al. 2003). Water
management affects the distribution of these toxic ma-
terials and potentially their transport to Florida Bay
(Scott et al. 2002, Rumbold et al. 2003). Controlling
water levels in wetlands may also influence the de-
composition of pesticides and mercury methylation

rates because these processes are sensitive to the pres-
ence of oxygen and sulfate in soils, which are affected
by water levels.

Fishing Pressure

For any species that is the target of recreational or
commercial fishing, fishing pressure directly affects
population dynamics and community structure. Com-
mercial fishing has been prohibited within Everglades
National Park since 1985, but populations that live
outside of the Park boundaries for at least part of their
life cycle, including most of Florida Bay’s sportfish
species, are affected by fisheries (Tilmant 1989). Rec-
reational fishing pressure within the Park also affects
these populations (e.g., the size structure of the gray
snapper assemblages [Faunce et al. 2002]).

ECOLOGICAL ATTRIBUTES

The set of Florida Bay’s attributes presented here
(hexagons in Figure 2) includes both indicators of eco-
system condition and attributes deemed to be intrin-
sically important to society. Attributes, in most cases,
are biological components of the ecosystem, including
seagrass, mollusks, shrimp, fish, and birds, but also an
aggregated attribute (water-quality condition) that in-
cludes phytoplankton blooms, turbidity, and nutrient
concentrations. While the list of biological compo-
nents is broad, it is clear from their links to stressors
(see diamonds and associated arrows, linking to stress-
ors in ovals, in Figure 2) that these attributes are not
equally weighted; the most significant and causally in-
terconnected attribute of this conceptual ecological
model is the seagrass community. Details of each at-
tribute and its linkages to the conceptual model’s set
of stressors are given below.

Seagrass Community

The structural and functional foundation of the Flor-
ida Bay ecosystem is its seagrass community (Zieman
et al. 1989, Fourqurean and Robblee 1999). These
plants are not only a highly productive base of the food
web, but are also a principal habitat for higher trophic
levels and strongly influence the physical and chemical
nature of the bay. Understanding how seagrasses affect
water quality is essential to understanding the bay’s
current status and predicting its response to restoration
and other human activities.

Seagrasses affect water quality by three mecha-
nisms: nutrient uptake and storage, binding of sedi-
ments by their roots, and trapping of particles within
their leaf canopy. With growth of dense seagrass beds,
these mechanisms drive the bay towards a condition
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of clear water, with low nutrient availability for algae
growth within the water column and low concentra-
tions of suspended sediment in the water. Paleoeco-
Jogical studies and historic observations suggest that
T testudinum in Florida Bay proliferated and increased
in density during the mid-twentieth century (Brewster-
Wingard and Ishman 1999, Zieman et al. 1999, Cronin
et al. 2001), while other common species (Halodule
wrightii Aschers and Ruppia maritima Linnaeus) like-
ly decreased in distribution and density. From the
1960s through the mid-1980s, dense 7. testudinum
beds expanded throughout central and western Florida
Bay, and the water column was reported to be crystal
clear (Zieman et al. 1999). Largely following the con-
ceptual model of Zieman et al. (1999), we hypothesize
that with the onset of a 7. testudinum mass-mortality
event in 1987 (Robblee et al. 1991), the three mech-
anisms given above reversed, initiating a cycle (large
diamond in Figure 2) that contributed to additional
seagrass habitat loss (or at least inhibited recoloniza-
tion) and favored the persistence of more turbid water
with episodic algal blooms (Stumpf et al. 1999).
Causes of the 1987 mass-mortality event can be
considered at two time scales—a multi-decadal period
that poised 7. testudinum beds for collapse and a short-
term period (of days—months) in 1987 when proximate
factors triggered mortality (Zieman et al. 1999). We
hypothesize that changes in two stressors, salinity and
a chronic and low-level increase in nutrient availabil-
ity, occurred over several decades and caused T. tes-
tudinum beds to grow to an unsustainable density (des-
ignated ‘‘overgrowth’’ in Figure 2) by the mid-1980s.
It is also likely that a decrease in shoal grass (Halodule
wrightii) and widgeon grass (Ruppia maritima) oc-
curred with the 7. testudinum increase. Thalassia tes-
tudinum overgrowth may have occurred because the
species had a competitive advantage over other sea-
grass species when the bay’s salinity regime was sta-
bilized, with few periods of low salinity (Zieman et al.
1999). Nutrient enrichment also may have played a
role, with a chronic accumulation of nutrients caused
by increased inputs over decades or decreased outputs
because of the absence of major hurricanes or closure
of Florida Keys’ passes. Once T. testudinum beds were
poised for collapse, multiple factors that acted over a
short time scale are hypothesized to have been a prox-
imate cause of mortality in 1987. These factors are
thought to be related to high respiratory demands of
dense grass beds and accumulated organic matter. Dur-
ing the summer of 1987, with high temperatures and
hypersaline water, respiratory demand may have ex-
ceeded photosynthetic production of dissolved oxygen,
causing sulfide concentrations to increase to lethal con-
centrations (diagram from Durako et al. in Mclvor et
al. 1994, Carlson et al. 1994). This hypothesis regard-

ing the proximate cause of seagrass mass mortality is
supported by a recent in situ study in Florida Bay
(Borum et al. 2005) that showed the importance of
anoxia and sulfide in surficial sediments as a potential
cause of 7. testudinum mortality.

Regardless of the cause of the mass-mortality event,
once this event was initiated, the ecology of Florida
Bay changed. A cycle resulting in continuing seagrass
habitat loss is depicted in the conceptual ecological
model. Continued seagrass mortality results in in-
creased sediment resuspension (Prager and Halley
1999, Stumpf et al. 1999) and increased nutrient (ni-
trogen and phosphorus) release from sediments, stim-
ulating phytoplankton growth in the water column.
The presence of both phytoplankton and suspended
sediment result in decreased light penetration to sea-
grass beds. This decreased light can limit seagrass
growth and sustain the feedback loop.

Dynamics of this feedback loop are probably not
independent of the salinity regime. Seagrass wasting
disease, caused by a slime mold (Labyrinthula sp.) in-
fection, is more common at salinities near or greater
than seawater (= 35 psu) than at low (15 to 20 psu)
salinities (Blakesley et al. 2003). High salinity may
have played a role in the initial seagrass mass mortality
event but more likely has served to promote seagrass
re-infection since that event. Incidence of this disease
may therefore be directly affected by water manage-
ment actions.

If the state of the seagrass community is to be used
as a criterion to decide success of environmental res-
toration efforts, scientists and managers must specify
the desirability of alternative states. Based on studies
of historic changes of seagrass communities in Florida
Bay and anecdotal information (Brewster-Wingard and
Ishman 1999, Zieman et al. 1999, Cronin et al. 2001),
it is likely that the Florida Bay of the 1970s and early
1980s, with lush 7. testudinum and clear water, was
probably a temporary and atypical condition. From an
ecological perspective, restoration should generally
strive for a more diverse seagrass community with
lower T. testudinum density and biomass than during
that anomalous period. A diversity of seagrass habitat
is expected to be beneficial to many upper trophic lev-
el species (Thayer et al. 1999).

Water Quality Condition

Water quality condition reflects the light field, nu-
trient availability in the ecosystem, and algal blooms
in the water column. All of these characteristics are
closely related to the condition of seagrasses and food
web structure and dynamics of the bay. While these
characteristics have been monitored and researched
since the early 1990s, earlier information is scarce for
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salinity and almost non-existent for the above water
quality characteristics. Thus, at the present time, we
do not know whether nutrient inputs to the bay have
actually increased in recent decades or whether periods
with sustained algal blooms and high turbidity oc-
curred in the past.

Studies of nutrient export from southern Everglades
canals and creeks flowing into Florida Bay have pro-
vided insights regarding the relationship between pat-
terns of freshwater discharge, nutrient dynamics, and
output to Florida Bay (Rudnick et al. 1999, Davis et
al. 2003, Sutula et al. 2003). Results show that phos-
phorus loads to the bay do not greatly increase with
increased freshwater inputs to the bay, but given the
phosphorus limitation of the eastern bay, any increase
in phosphorus availability is likely to affect productiv-
ity patterns. Unlike phosphorus, total nitrogen loads
probably do increase with more freshwater flow (Rud-
nick et al. 1999), and algal growth in western and
sometimes central Florida Bay can be nitrogen limited
(Tomas et al. 1999). The potential thus exists for hy-
drologic restoration to increase nitrogen loading and
stimulate phytoplankton blooms (Brand 2002). Be-
cause most of the nitrogen that is exported from the
Everglades to the bay is in the form of organic com-
pounds (Rudnick et al. 1999), the fate of these com-
pounds within the bay is a critical unknown; if these
compounds are easily decomposed and their nitrogen
becomes available to algae, then increased freshwater
flow could stimulate algal growth. In addition to or-
ganic nitrogen decomposition rates, other critical un-
knowns regarding the availability of nitrogen for algal
productivity include rates of nitrogen fixation and de-
nitrification within the bay and the residence time of
water in bay’s sub-basins.

Finally, as emphasized earlier, light penetration
through Florida Bay waters is a key to the health of
seagrasses. Light penetration is largely a function of
turbidity from algae and suspended sediment. Al-
though light levels were potentially limiting to sea-
grass growth during the early and mid-1990s, in more
recent years, only the northwest corner of the bay is
potentially light-limiting (Kelble et al. 2005). For suc-
cessful restoration of Florida Bay, light penetration
must be sufficient to ensure viable seagrass habitat.
Such a light-penetration criterion has been used in oth-
er estuaries (Dennison et al. 1993) and is an important
success criterion for Florida Bay.

Benthic Grazers

Consumption of phytoplankton by bivalves and oth-
er benthic filter feeders and suspension feeders (espe-
cially sponges and tunicates) may have significant im-
pacts on the distribution, magnitude, and duration of

algal blooms. Increases or decreases in algal blooms
may be related to significant increases or decreases in
grazer abundance and biomass. Decreased grazing may
have occurred in the 1990s because of seagrass habitat
loss, which could have decreased grazer abundance.
Additionally, grazers may have been negatively af-
fected by cyanobacterial blooms (Synechococcus sp.,
the dominant phytoplankter in central Florida Bay’s
blooms [Phlips and Badylak 1996]). These blooms
may have played a role in the large-scale mortality of
sponges in southern Florida Bay in the early 1990s
(Butler et al. 1995). Such a loss of grazers would have
enabled larger blooms to occur, decreasing light pen-
etration, and thereby reinforcing the feedback loop of
seagrass mortality and algal blooms.

Benthic grazers abundance, biomass, species com-
position, and distribution are valuable in a monitoring
program not only because of their functional link with
phytoplankton blooms, but also because these grazers
are ecological indicators. Paleoecological and recent
studies of the bay have inferred that long-term changes
in molluscan species composition are largely a func-
tion of salinity and seagrass habitat availability (Brew-
ster-Wingard and Ishman 1999).

Pink Shrimp

Pink shrimp (Farfantepenaeus duorarum Burken-
road) are economically important to society as a highly
valued fishery species and are also ecologically im-
portant as a major dietary component of game fish and
wading birds. Furthermore, pink shrimp are an indi-
cator of Florida Bay’s productivity because the bay
and nearby coastal areas are primary shrimp nursery
grounds. This nursery supports the shrimp fishery of
the Tortugas grounds (Ehrhardt and Legault 1999).
Hydrologic and ecological changes in the Everglades
and Florida Bay may have impacted this fishery, which
experienced a decrease in annual harvest from about
4.5 million kg per year in the 1960s and 1970s to only
about 0.9 million kg per year in the late 1980s (Ehr-
hardt and Legault 1999). This decrease may have been
associated with seagrass habitat loss or high salinity
(50 to 70 psu) during the 1989-1990 drought; exper-
iments have shown that pink shrimp mortality rates
increase with salinities above about 35 psu, and
growth rates are optimal at 30 psu (Browder et al.
2002). Shrimp harvest statistics indicate that shrimp
productivity increases with increasing freshwater flow
from the Everglades (Browder 1985). This may be be-
cause greater freshwater inflows reduce the frequency,
duration, and spatial coverage of hypersaline events in
Florida Bay (Browder et al. 1999, 2002). The statis-
tical relationship between indices of freshwater flow
and shrimp productivity is sufficiently robust to be
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used by the National Marine Fisheries Service in man-
agement of the offshore fishery (Sheridan 1996).

Fish Community

The health of Florida Bay’s fish populations is of
great importance to the public; sport fishing is a major
economic contributor to the region (Tilmant 1989).
Recruitment, growth, and survivorship of these fish
populations are affected by many factors, including sa-
linity, habitat quality and availability, food-web dy-
namics, and fishing pressure. Changes in mangrove
and seagrass habitats are likely to influence the struc-
ture and function of the fish community. However,
seagrass mass mortality appears to have had a greater
influence on fish community structure than on the ab-
solute abundance of fish; no dramatic bay-wide de-
creases in fish abundance were observed along with
seagrass mass mortality (Thayer et al. 1999). Rather,
a shift in fish species composition occurred as a result
of seagrass habitat loss and sustained algal blooms.
When demersal fish markedly declined, pelagic fish
such as the bay anchovy, which feed on phytoplank-
ton, increased (Thayer et al. 1999). More recently,
changes in the opposite direction have been observed
(Powell et al. 2001). While causes of these changes
are not well-established, there is no question that
stressors, such as altered salinity regimes, not only af-
fect upper trophic level populations directly but also
affect them indirectly through habitat and food-web
changes.

Another important stressor that needs to be consid-
ered with regard to fish populations is the impact of
pesticides and mercury. As concentrations of mercury
and some pesticides greatly increase in upper trophic
level species, such as sport fish (via the process of
bioaccumulation) that people eat, a human health issue
potentially exists. Pesticides and mercury can also
have ecological impacts by physiologically stressing
organisms (particularly reproductive functions). While
toxic contaminant inputs to Florida Bay do not appear
to be associated with recent large-scale changes in the
bay ecosystem, biotic exposure to toxicants could
change in association with restoration-related changes
in upstream water management.

Among the many fish species that could be used as
indicators of the health of the ecosystem’s upper tro-
phic level, the spotted sea trout (Cyrnoscion nebulosus
Cuvier in Cuvier and Valenciennes) is unique because
it is the only major sport fish species that spends its
entire life in the bay (Rutherford et al. 1989). Changes
in the bay’s sea trout population and toxic residues in
this species thus reflect changes in the bay itself, as
well as upstream restoration actions that affect the
quantity and quality of water entering the bay. Sea

trout are a particularly good restoration indicator for
central Florida Bay, where they are commonly found
and where prolonged periods of hypersalinity are com-
mon. This species is known to be sensitive to hyper-
salinity; density of post-larvae has been found to be
greatest at an intermediate salinity range of 2040 psu
(Alsuth and Gilmore 1994). For northeastern Florida
Bay, the abundance of common snook (Centropomus
undecimalis Bloch), red drum (Sciaenops ocellatus
Linnaeus, 1766), crevalle jack (Caranx hippos Linnae-
us), and mullet are also being considered as potential
restoration indicators.

Fish-Eating Birds

Florida Bay and its mangrove coastline are impor-
tant feeding and breeding grounds for waterfowl and
wading birds. Conceptual ecological models for other
regions of the Everglades, particularly the Everglades
Mangrove Estuaries Conceptual Ecological Model
(Davis et al. 2005), present more detailed descriptions
of the use of bird populations as ecological indicators
and consider a wide variety of birds. For the Florida
Bay Conceptual Ecological Model, we consider only
fish-eating birds that are characteristic of the marine
environment, such as great white herons, reddish
egrets, osprey, brown pelicans, and cormorants. These
birds are important predators within the bay and are
potentially impacted by any stressors that affect their
prey base, including salinity changes, nutrient inputs,
toxic compounds, and fishing pressure. As with other
top predators, these bird species may also be especially
vulnerable to toxic contaminants.

RESTORATION RESPONSES: EXPECTATIONS
AND UNCERTAINTIES

In this section, we present a prospective view of
Everglades restoration. The Conceptual Ecological
Model, while largely based on past ecological dynam-
ics, still serves as a guide. The foremost purpose of
this section is to identify those components and link-
ages (with associated ecological processes) that are
most sensitive to changing watershed management,
have a strong effect on the entire estuarine ecosystem,
and yet are poorly understood relative to the infor-
mation needs of the adaptive management process.
This includes consideration of salinity and hydrody-
namics, nutrient inputs and phytoplankton blooms, and
benthic habitat and higher trophic level responses to
restoration. Working hypotheses regarding each of
these high priority aspects of the Florida Bay concep-
tual model are also presented here. We use the term
““working hypothesis’’ in the sense that the described
predictions and relationships, while generally not test-
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able with strict experimental control, can be assessed
as part of a long-term adaptive management program.

Salinity Responses

The conceptual model explicitly illustrates the cen-
tral importance of water management on the Florida
Bay ecosystem, largely mediated through changing sa-
linity. An expectation of the Everglades restoration
plan is that salinity in the bay will decrease, expanding
the spatial extent and duration of oligohaline to poly-
haline conditions, while decreasing the extent and du-
ration of hypersaline conditions. However, a quanti-
tative understanding of the relationship between wet-
land hydrologic conditions, freshwater flow, and re-
sultant salinity throughout the bay is still lacking. An
important step toward gaining this understanding and
a predictive capability for environmental management
is the synthesis of a broad array of available hydro-
logic, hydrodynamic, and salinity information within

a hydrodynamic model. Development of such a model

is challenging, given the shallow and complex mor-
phology of Florida Bay. To date, restoration planning
has only used simple statistical estimates of salinity,
largely as a function of wetland water stages, and these
estimates have been limited to near-shore embayments.
Predicting salinity change. within the entire bay re-
quires understanding of changing water inputs, ex-
changes, and circulation. The effects of restoration ef-
forts thus will be strongly influenced not only by
changing freshwater flow, but also by sea-level rise
and changing bay morphology.

Working Hypotheses: Relationships of Mud Bank Dy-
namics, Sea-Level Rise, and Circulation. Circulation
and salinity patterns, and thus ecological patterns, are
strongly influenced by Florida Bay’s mud banks,
which are dynamic features. The response of these
banks to sea-level rise and the changing frequency and
intensity of tropical storms cannot confidently be pre-
dicted. Based on the persistence of mud-bank spatial
distributions over centuries and past patterns of accre-
tion (Wanless and Tagett 1989), we hypothesize that
sediments will accrete on banks at rates comparable to
rates of sea-level rise and that the spatial pattern of
banks and basins will remain largely unchanged in fu-
ture decades, despite the likelihood that tropical storm
activity will increase during the coming decade (Gol-
denberg et al. 2001). If these hypotheses are true, then
water circulation within the bay will continue to be
restricted by mud banks, even with sea-level rise, and
exchange of bay water with seawater of the Atlantic
Ocean and Gulf of Mexico will not markedly increase.
However, as the depth of basins increases (historic
sediment accretion of banks has greatly exceeded sed-

iment accretion in basins; Wanless and Tagett (1989)),
the residence time of water in basins and the potential
for stratification and oxygen stress would also in-
crease. Moreover, with increased depth, light penetra-
tion to seagrass communities would decrease. Alter-
natively, if mud bank accretion does not keep up with
sea-level rise, the exchange and circulation of Gulf of
Mexico and Atlantic water in Florida Bay will in-
crease, shifting the bay from an estuarine to a more
marine system and minimizing the influence of any
watershed restoration actions. Such increased circula-
tion could also ameliorate the historic effect of the
Flagler Railway and Keys Highway, which decreased
water exchange between the bay and Atlantic, in-
creased water residence time in the bay, and probably
changed circulation and salinity patterns. Finally, with
rising sea level, the mangrove shoreline along the
northern bay will likely move inland.

Water Quality Responses

Restoration of the Everglades will have effects on
the watershed’s estuaries beyond changing freshwater
input and salinity. Restoration will also affect material
(particularly dissolved nutrient) inputs as stormwater
treatment areas decrease nutrient inputs to the Ever-
glades (Chimney and Goforth 2001) and changing hy-
drologic conditions modify biogeochemical cycles and
transport within the wetlands. Changing flow and sa-
linity will affect biogeochemical cycling within the es-
tuaries via direct effects of salinity on abiotic processes
(e.g., phosphorus sorption-desorption) and indirect ef-
fects of changing community structure and associated
physical and biogeochemical characteristics (e.g., sed-
iment stabilization and resuspension with changing
seagrass cover). The ecological consequences of these
changes are uncertain, but one concern is that phyto-
plankton blooms could be stimulated by Everglades
restoration because of potential increases in nitrogen
inputs (Brand 2002). Nevertheless, an expectation of
Everglades restoration is that such a change in Florida
Bay water quality will not occur. Development of a
coupled hydrodynamic-water quality model of the bay,
combined with monitoring and research of biogeo-
chemical processes will improve understanding and
adaptive management responses to this and other as-
pects of the restoration.

Working Hypotheses: Relationships of Water Quality
and External Nutrient Sources. Changing the flow of
water through the Everglades and resultant changes in
the structure and function of these wetlands will alter
the delivery of materials to downstream coastal eco-
systems, including Florida Bay. Quantitative predic-
tions of these changes are not possible at this time, but
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it is reasonable to expect that phosphorus outputs from
the Everglades, which are very low, will not change,
and nitrogen outputs from the Everglades, which are
much greater (Rudnick et al. 1999), could change.
Given that most nitrogen output is in the form of dis-
solved organic matter (DOM), a major uncertainty is
the extent to which this DOM can be decomposed by
heterotrophic bacteria and phytoplankton and provide
nutrients (particularly nitrogen) for phytoplankton. De-
pending upon the proportion of this bioavailable DOM
and the relationship of DOM quality and quantity to
freshwater flow, restoration of natural water inflows
from the Everglades could affect the composition,
magnitude, duration, and distribution of phytoplankton
blooms.

Hydrologic restoration of the Everglades could also
affect Florida Bay water quality by changing water
circulation and water residence time in the bay. In-
creased freshwater inputs from the Everglades, with
lower phosphorus concentrations than in Gulf of Mex-
ico waters, could decrease phosphorus inputs from the
Gulf (moving the zone of influence of P-limiting Ev-
erglades water westward in the bay) and thus decrease
the density and prevalence of Synechococcus blooms
in central Florida Bay (Boyer and Jones 1999). Fur-
thermore, the magnitude of phytoplankton blooms
varies as a function of the residence time of waters
within the bay’s basins and exchange of these waters
with adjacent marine waters. Increased freshwater
flow, along with the potential restoration of passes
through the Florida Keys, could decrease bay water
residence time and phytoplankton blooms.

Working Hypotheses: Relationships of Water Quality
and Changing Internal Bay Structure and Func-
tion. Everglades restoration will affect Florida Bay
water quality via changes in the bay’s internal biogeo-
chemical cycles. These internal changes will likely be
mediated through changing seagrass community struc-
ture and function. An expectation of the restoration is
that changing salinity will increase seagrass species
diversity and spatial heterogeneity such that large scale
T. testudinum die-off events will be prevented. In turn,
water-quality degradation associated with such events
will be prevented. Die-off events can increase phyto-
plankton growth because of increased sedimentary nu-
trient mobilization, decreased benthic uptake of nutri-
ents and resultant reduction in competition for water-
column nutrients, and decreased grazing pressure from
benthic filter feeders (due to loss of their habitat). Sed-
iment resuspension due to seagrass die-off can supply
additional water-column nutrients via both porewater
advection and desorption of surface-bound nutrients
from resuspended particles. The latter process is salin-

ity dependent and will be affected by hydrologic res-
toration, which may thus influence phosphorus avail-
ability for phytoplankton (with lower phosphorus
availability as a function of lower salinity).

Nitrogen cycling and availability within the bay are
likely to change with restoration, and these internal
changes are likely to have greater effects on phyto-
plankton production than those derived from changing
nitrogen inputs from the Everglades. Recent studies
found that rapid and variable rates of nitrogen fixation
and denitrification occur within bay sediments (partic-
ularly benthic microbial mats) and seagrass beds (Na-
gel 2004, Evans 2005). There is high uncertainty re-
garding the magnitude of large-scale (space and time),
integrated rates of nitrogen cycling, and changes that
may occur with restoration.

Seagrass Community and Trophic Web Response

An expectation of Everglades restoration is that
changing patterns of freshwater flow toward more nat-
ural patterns will drive Florida Bay’s seagrass com-
munity and trophic web toward its pre-drainage con-
dition.

Working Hypotheses: Multiple Factors Affect the Flor-
ida Bay Seagrass Community. Spatial coverage, bio-
mass, production, and taxonomic composition of sea-
grass beds in Florida Bay are controlled by the com-
bined and inter-related effects of light penetration, epi-
phyte biomass, nutrient availability, sediment depth,
salinity, temperature, sulfide toxicity, and disease. De-
creased salinity caused by increasing freshwater flow
will have a direct effect on seagrass communities
through physiological mechanisms, resulting in greater
spatial heterogeneity of seagrass beds, a decrease in
the dominance of T. testudinum, and an increase in
coverage by other seagrass species (H. wrightii
through much of the bay and R. maritima near the
northern coast of the bay). Decreased salinity will also
decrease the infection of 7. testudinum by the slime
mold, Labyrinthula. Light availability will depend
upon phytoplankton growth and sediment resuspen-
sion, which depend both on nutrient availability, graz-
ing, and stabilization of sediments by seagrass beds.

Working Hypotheses: Changing Salinity and Seagrass
Habitar Will Alter Fish Community Structure. Fish
and invertebrate species in Florida Bay are expected
to be affected by Everglades restoration efforts via re-
sponses to changing salinity and habitat. Decreasing
salinity, and especially reducing the frequency and du-
ration of hypersaline events, will increase the growth
and survival of estuarine species (especially juvenile
pink shrimp and juvenile spotted seatrout) and enhance
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the use of Florida Bay as a nursery. Increased seagrass
habitat diversity and heterogeneity (with less area cov-
ered by high density 7. festudinum) and minimizing
large-scale T. testudinum die-off events will increase
the survivorship and population size of these and other
higher trophic level species. Both recreational and
commercial fisheries are thus expected to benefit from
Everglades restoration.
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Abstract: A brackish water ecotone of coastal bays and lakes, mangrove forests, salt marshes, tidal creeks,
and upland hammocks separates Florida Bay, Biscayne Bay, and the Gulf of Mexico from the freshwater
Everglades. The Everglades mangrove estuaries are characterized by salinity gradients that vary spatially
with topography and vary seasonally and inter-annually with rainfall, tide, and freshwater flow from the
Everglades. Because of their location at the lower end of the Everglades drainage basin, Everglades mangrove
estuaries have been affected by upstream water management practices that have altered the freshwater heads
and flows and that affect salinity gradients. Additionally, interannual variation in precipitation patterns,
particularly those caused to El Nifio events, control freshwater inputs and salinity dynamics in these estuaries.
Two major external drivers on this system are water management activities and global climate change. These
drivers lead to two major ecosystem stressors: reduced freshwater flow volume and duration, and sea-level
rise. Major ecological attributes include mangrove forest production, soil accretion, and resilience; coastal
lake submerged aquatic vegetation; resident mangrove fish populations; wood stork (Mycteria americana)
and roseate spoonbill (Platelea ajaja) nesting colonies; and estuarine crocodilian populations. Causal linkages
between stressors and attributes include coastal transgression, hydroperiods, salinity gradients, and the ‘white
zone’’ freshwater/estuarine interface. The functional estuary and its ecological attributes, as influenced by
sea level and freshwater flow, must be viewed as spatially dynamic, with a possible near-term balancing of
transgression but ultimately a long-term continuation of inland movement. Regardless of the spatio-temporal
timing of this transgression, a salinity gradient supportive of ecologically functional Everglades mangrove
estuaries will be required to maintain the integrity of the South Florida ecosystem.

Key Words: Everglades, South Florida, ecosystem restoration, conceptual ecological model, mangrove
forest, tidal creeks, estuaries, salinity gradients, water management, sea-level rise, estuarine geomorphology,
fish communities, wood stork, roseate spoonbill, American crocodile

BACKGROUND southern Biscayne Bay, and the Gulf of Mexico from

the freshwater Everglades. The model boundary from

A brackish water ecotone of coastal bays and lakes, Turkey Point west to Lostman’s River delineates the
mangrove and buttonwood forests, salt marshes, tidal interface of Biscayne and Florida Bays and the Gulf
creeks, and upland hammocks separates Florida Bay, of Mexico that is affected by freshwater flows from

832



pavis et al., EVERGLADES MANGROVE ESTUARIES

833

the Everglades (Figure 1). The Everglades mangrove
estuaries are characterized by salinity gradients that
vary spatially with topography and seasonally and in-
ter-annually with rainfall, tide, and freshwater flow
from the Everglades. Because of their location at the
lower end of the Everglades drainage basin, Ever-
glades mangrove estuaries are particularly vulnerable
to changes in sea level and freshwater flow.
Everglades mangrove estuaries and their ecological
attributes, as influenced by sea-level rise and increased
freshwater flow (in both volume and duration), must
be viewed as spatially dynamic, with a possible near-
term balancing of transgression but ultimately a long-
term continuation of inland movement. Regardless of
the spatio-temporal timing of this transgression, a sa-
linity gradient supportive of ecologically functional
Everglades mangrove estuaries will be required to
maintain the integrity of the South Florida ecosystem.

EXTERNAL DRIVERS AND ECOLOGICAL
STRESSORS

All ecological processes and attributes in the man-
grove coastline of the southern Everglades are hydro-
logically controlled by sheet flow from the freshwater
wetlands to the north interacting with sea level in the
Gulf of Mexico and Florida Bay (Figure 2). Responses
to changes in freshwater flow from the implementation
of CERP are relatively short term in comparison to the
longer-term, progressively increasing changes result-
ing from relative sea-level rise.

Freshwater Flow

Construction and operation of South Florida’s water
management system during the Twentieth Century has
depleted freshwater flow to the Everglades mangrove
estuaries and has altered its timing and distribution
(Mclvor et al. 1994, VanZee 1999). There are numer-
ous examples of how ecological patterns and processes
in the mangrove estuaries are closely linked to patterns
of hydrology, salinity, and supply of marine-derived
phosphorus, all of which have been altered by reduced
freshwater flow (Chen and Twilley 1999, Ross et al.
2000). Because the upstream freshwater Everglades
system is so oligotrophic and phosphorus-limited (Noe
et al. 2001), the ocean is the source of the limiting
nutrient to these estuaries. This ‘‘upside-down’’ char-
acteristic of Everglades estuaries is a defining feature
and plays a strong role in the interaction of geomor-
phology and productivity (Childers et al. 2005).

Additionally, Childers et al. (2005) suggested that
water residence time, particularly during the dry
months, plays a key role in phosphorus cycling in Ev-
erglades mangrove estuaries. Along west coast sys-

tems, such as Shark River, low freshwater inflows at
this time allow salinity incursions up-estuary, extend-
ing the influence of the marine phosphorus source to
the oligohaline ecotone. In the Florida Bay mangrove
zone, though, the loss of freshwater inflow effectively
eliminates flushing, and water residence times are
long. During this time, Childers et al. (2005) hypoth-
esized that internal recycling of phosphorus (primarily
via subtidal and open water processes) and nitrogen
(primarily mediated by the mangrove wetlands) dom-
inate dry season dynamics.

Sea-Level Rise

The rate of relative sea-level rise for South Florida
increased above recent decadal rates beginning about
1930. Since that time, South Florida has had a relative
sea-level rise of about 23 cm (Wanless et al. 1994).
This is a rate of 30 cm per century. Anticipated re-
sponse to global warming is projected to result in a
global increase in sea level of about 60 cm in the com-
ing century. Sea-level rise may massively reconfigure
geomorphology, circulation patterns, salinity patterns,
and ecological processes during the Twenty-First Cen-
tury (Wanless et al. 1994).

Non-Native Plants and Fishes

The introduction and spread of non-native plants
and fishes are additional drivers and stressors on the
Everglades mangrove estuaries, although they are not
included in this model because of the overwhelming
influences of sea level and hydrology. The Mayan
cichlid presently dominates the fish community in
mangrove wetlands east of Taylor Slough (Trexler et
al. 2001), and the non-native plants Brazilian pepper
(Schinus terebinthifolius Raddi) and common colu-
brine (Colubrina asiatica (L..) Brongn) have invaded
mangrove forests. Although less pervasive than sea
level and freshwater flow, potential impacts from the
spread of non-native plants and fishes merit a better
understanding of their ecological roles and potentials
for control.

ECOLOGICAL ATTRIBUTES

Mangrove Forest Production, Soil Accretion, and
Resilience

Mangrove forests (red mangroves [Rhizophora man-
gle Linnaeus], black mangroves [Avicennia germinans
(L.) Linnaeus], white mangroves [Laguncularia race-
mosa (L.) Gaertn.f.)], and buttonwood [Conocarpus
erectus]) dominate primary productivity and soil ac-
cretion within the Everglades mangrove estuaries
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Figure 2. Everglades Mangrove Estuaries Conceptual Ecological Model diagram.

(Twilley 1998, Chen and Twilley 1999, Childers et al.
1999, Davis et al. 2004). That productivity appears to
reflect the nutrient status of the estuarine interface,
which is related to mixing of phosphorus-poor water
from the freshwater Everglades with relatively phos-
phorus-rich water from the Gulf of Mexico (Davis et
al. 2001 a, b, Davis et al. 2003, Childers et al. 2005).

Aboveground biomass and production in the man-
grove forests of Shark River Slough and other Gulf
estuaries increase from the ecotone toward the Gulf of
Mexico, reflecting the direct connection of these sys-
tems to the marine phosphorus source (Chen and Twil-
ley 1999, Rudnick et al. 1999, Childers et al. 2005).
Trees in the forests near the Gulf are able to allocate
more biomass to aboveground growth. The dwarf
mangrove forests along the northern margin of Florida
Bay reflect suppressed levels of aboveground produc-
tivity and seedling development, as influenced by min-
imal P supply from either the oligotrophic marshes of
the southern Everglades or Florida Bay (Koch 1997,
Koch and Snedaker 1997, Satula et al. 2003, Childers

et al 2005). High belowground production rates in the
dwarf mangrove forests appear to be a biomass allo-
cation phenomenon in which mangroves in the oligo-
trophic southern Everglades are foraging for nutrients
(Krauss et al. 2003). The counter-intuitive expectation
is that maintenance of oligotrophic conditions in the
southern Everglades [by increased freshwater inflows]
may promote peat accretion in these mangroves.

Red mangrove forests in South Florida can poten-
tially accrete organic peat substrate at 2—6 mm/year.
Disturbances (major hurricanes, fire, freeze, and
changing flushing) disrupt that rate and commonly re-
sult in phases of substrate subsidence from decay
(Smith et al. 1994, Cahoon and Lynch 1997). Nutrient
limitation and salinity stress also reduce that rate.

An important feature for maintenance of an existing
wetland environment, its recovery following distur-
bance events such as hurricanes, freezes, fires, or sa-
linity changes, or the successful shift from one wetland
type to another is maintenance of good flushing by
either fresh or saline waters (Wanless et al. 1995).
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Where flow and flushing diminish, wetland commu-
nities collapse (Wanless and Vlaswinkel 2005). This
is true for long-term maintenance of mangrove com-
munities and for mangrove communities invading for-
mer sawgrass wetlands.

Terrestrial communities embedded in the mangrove
forests include tropical forest communities and halo-
phytic prairies. Midden forests, thatch palm (Thrinax
spp.) hammocks, mixed coastal hammocks, and but-
tonwood hammocks contribute to local and landscape
species diversity within the mangrove zone (including
providing substrate for epiphytes) and are able to per-
sist because of the presence of elevated substrates like
storm berms and human-originated deposits (Craig-
head and Gilbert 1962, Craighead 1971). Halophytic
prairies dominated by Batis maritima Linnaeus, Sali-
cornia spp., and Blutaparon vermiculare (L.) Mears)
appear to represent a long-term landscape element that
becomes established where tropical storms alter coast-
al soils in such a way that mangrove and buttonwood
forests are killed (Craighead and Gilbert 1962, Craig-
head 1971, Armentano et al. 1995).

Coastal Lake Submerged Aquatic Vegetation
Communities

Coastal lakes such as Seven Palm Lake, Cuthbert
Lake, Long Lake, West Lake, Lake Monroe, and the
Taylor River ponds support seasonal beds of SAV un-
der oligohaline to mesohaline conditions. Species rich-
ness and total and species-specific percent cover of
SAYV found in the lakes, ponds, and bays that make
up this aquatic network vary both seasonally and inter-
annually in patterns that are related to salinity (Mor-
rison and Bean 1997). Salinity ranges for the suite of
10-12 species, including bladderwort (Utricularia
spp.) and naiads (Najas spp.) are well-documented,
with an upper limit of approximately 5-8 ppt, musk-
grass (Chara spp.) under mesohaline salinities of ap-
proximately 15-20 ppt, and widgeon grass (Ruppia
maritima Linnaeus) under mesohaline salinities of 10—
25 ppt.

Waterfowl] species that once occurred in large num-
bers in coastal lakes and basins of the mangrove zone
(Kushlan et al. 1982) are dependent on SAV as their
primary food resource. The local declines of American
coot (Fulica americana J.F. Gmelin), lesser scaup (Ay-
thya affinis Eyton, 1838), American widgeon (Anas
americana J.F. Gmelin), and white-cheeked pintail
(Anas bahamensis Linnaeus) correspond to decline in
that food resource, despite overall resurgence of pop-
ulations in other parts of North America. Recent high-
rainfall years have witnessed an increase in coot num-
bers on West Lake to approximately 2,000 during win-
ter 1996-1997 (O.L. Bass, Jr., Everglades National

Park, pers. comm.) but not to the population size of
approximately 50,000 that over-wintered there until
the 1960s (Kushlan et al. 1982).

Resident Mangrove Fish Populations

Oligohaline wetlands of the mangrove estuary sup-
port a resident community of small fishes that is func-
tionally important as an intermediate trophic level sup-
porting wading birds and other higher consumers (Lo-
renz 2000). Density and seasonal concentration of
small marsh fishes in the mangrove zone like sheeps-
head minnows (Cyprinodon variegatus Lacepede),
sailfin mollies (Poecilia latipinna Lesueur), topmin-
nows (Fundulus chrysotus Guenther), rainwater killi-
fish (Lucania parva Baird and Girard), and sunfish
(Lepomis marginatus Holbrook) reflect estuarine salin-
ity, nutrient status, hydroperiod, and drying patterns
(Lorenz 2000, Trexler and Loftus 2000), all of which
are controlled by freshwater flow and sea level.

The resident fish assemblage decreases in density
and size distribution when salinity exceeds 5-8 ppt
(Lorenz 1997, 1999, 2000). This relationship has been
demonstrated for Florida Bay mangrove wetlands, but
not for Gulf of Mexico estuaries. Furthermore, salinity
is inversely auto-correlated with hydroperiod in Flor-
ida Bay mangrove wetlands, and the relative contri-
bution of each of these variables is not known.

Densities of small fishes in Shark River Slough are
approximately 50 percent greater at Rookery Branch,
near the interface with the Gulf of Mexico, in com-
parison to more upstream sites (Trexler and Loftus
2000). Greater fish densities at Rookery Branch hy-
pothetically correspond to enhanced nutrient status and
productivity in that area (Childers et al. 1999). In con-
trast, lower fish densities at the estuarine interface of
Taylor Slough relative to sites upstream (Lorenz 1999,
2000, Trexler and Loftus 2000) correspond to low nu-
trient status and productivity there. Receding water
levels following an extended annual hydroperiod can
concentrate small fishes in Craighead Basin, at the es-
tuarine interface of Taylor Slough, to densities com-
parable to the estuarine interface of Shark River
Slough (Lorenz 2000).

Relationships of fish populations to hydrology in
gulf estuaries are unknown. Populations of small
marsh fishes in gulf estuaries may respond to hydro-
period and water recession patterns very differently
than Everglades marsh fish communities because of
more complex topography created by a dendritic pat-
tern of tidal creeks. Tidal creeks may further influence
the resident mangrove fish community as corridors for
immigration of juveniles of more marine species.
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wood Stork and Roseate Spoonbill Nesting Colonies

Large nesting colonies of wood storks (Mycteria
americana, Linnaeus) and great egrets (Ardea alba,
Linnaeus) in the Everglades during the early 1900s
were concentrated in Everglades mangrove estuaries
(Ogden 1994). East River, Lane River, Rookery
Branch, Broad River, and Rodgers River Bay colonies,
in the headwaters of the tidal rivers entering the Gulf
of Mexico, supported approximately 90 percent of the
total nesting population of these and other wading bird
species in the Everglades during the period 1931-
1946. Additional colonies along the southern mainland
of Florida Bay included Gator Lake, Mud Lake, Mud
Hole (located east of Gator Lake), Cuthbert Lake, and
Madeira Rookery. All of these coastal nesting colonies
collapsed during the second half of the Twentieth Cen-
tury (Ogden 1994). Larger fishes, such as sunfish and
topminnows that grow to 10 cm in length, are consid-
ered to be particularly important in the diets of wood
storks due to their higher vulnerability to capture (Og-
den et al. 1978).

A decrease in roseate spoonbill (Platelea ajaja, Lin-
naeus) nesting in northeast Florida Bay and a shift of
nesting distribution from eastern to western Florida
Bay accompanied the collapse of the wood stork nest-
ing colonies (Powell et al. 1989, Bjork and Powell
1994, Lorenz et al. 2002). Small fishes have been re-
ported to be the primary diet of roseate spoonbills in
Florida Bay (Allen 1942, Powell and Bjork 1990, Du-
mas 2000). Relatively sparse populations of marsh
fishes along the estuarine interface of northeast Florida
Bay today require very specific wetland drying pat-
terns to concentrate them and make them available in
densities adequate to support spoonbill nesting. Lorenz
(2000) reported a water-depth threshold of 12 cm, av-
eraged over the 21-day post-hatching period of roseate
spoonbills, that is necessary to concentrate the fish
prey base in Taylor Slough coastal sites. Water-level
recession to 12-cm depth during that period can con-
centrate normally low fish density in that region to 85
fish per square meter in remaining pockets of water.
The 12-cm depth threshold fits well with success or
failure of spoonbill nesting in northeast Florida Bay
colonies.

Collapse of coastal wood stork and great egret col-
onies, and of northeast Florida Bay roseate spoonbill
colonies, corresponded to construction of the Central
and South Florida (C&SF) Project and the resulting
reduction of freshwater flow to the estuarine interface
compared to Natural Systems Model (NSM) simula-
tions (VanZee 1999).

Estuarine Crocodilian Populations

The American alligator (Alligator mississippiensis
Daudin) was historically abundant and nested in fresh-

water mangrove areas of the Everglades (Craighead
1968). Today, nesting is limited, and few juveniles are
observed. Salinity is a major factor limiting distribu-
tion and abundance of alligators in estuarine habitats
(Dunson and Mazzotti 1989, Mazzotti and Dunson
1989). Alligators lose the capacity to we estuarine hab-
itats for feeding, growth, and reproduction when salin-
ity exceeds oligohaline levels (Joanen 1969). When
alligators occur in salt water, it is usually to feed, and
there is always a freshwater refugium in close prox-
imity (Jacobsen 1983, Tamarack 1988). In a natural
experiment in North Carolina, alligators that were ex-
posed to diversion of freshwater flows due to construc-
tion of a power plant relocated to the diversion canal
to maintain access to fresh water.

Small alligators are especially vulnerable to expo-
sure to salt water. In laboratory experiments, small al-
ligators ceased feeding and should signs of stress when
exposed to salinities greater than 10 ppt (Lauren
1985). Alligators do feed and gain mass at 4 ppt (Maz-
zotti and Dunson 1984). For these reasons, alligators
are good indicators of restoring freshwater flows to
estuarine systems and the subsequent reestablishment
of an extensive freshwater/brackish water zone.

The American crocodile (Crocodylus acutus Cuvier)
dwells in ponds and creeks of the mangrove estuaries
of Florida Bay (Ogden 1976, Mazzotti 1983). Ameri-
can crocodiles are tolerant of a wide salinity range as
adults because of their ability to osmoregulate (Maz-
zotti 1989). Juvenile crocodiles lack this ability (Maz-
zotti 1989), however, and their growth and survival
decrease at salinities exceeding 20 ppt (Mazzotti and
Dunson 1984, Mazzotti et al. 1988, Moler 1991). Ju-
venile crocodiles tend to seek freshwater pockets, such
as black mangrove stands, when those choices are
available.

ECOLOGICAL EFFECTS: LINKAGES BETWEEN
STRESSORS AND ATTRIBUTES

Coastal Transgression

The stability/instability of the shoreline and coastal
wetlands in the southern Everglades is manifest
through the dynamic interaction of freshwater out-
flows, sea-level rise, and saline water inflow, the rate
of import/export of sediment, and the capability of the
sedimentary environment or bio-sedimentary substrate
level to respond to changes in water level. In this time
of rapidly rising sea level (Wanless et al. 1997), most
mangrove communities are presently losing area of
coverage (Wanless et al. 2000). In the coming century,
the coastal mangrove community can be expected to
become increasingly dissected. Sustained rates of ac-
cretion of coastal marl shorelines of Florida Bay prob-
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ably are also incapable of keeping up with predicted
rates of sea-level rise, and over-topping and breaching
of embankments during storm events are likely under
future scenarios of rising sea level.

Where rates of peat or marl elevation buildup do
not keep up with rates of sea-level rise, shoreline trans-
gression and landward salinity intrusion will lead to
mangrove erosion along shorelines and mangrove
movement into interior landscapes. Saline intrusion
into freshwater wetlands underlain by peat substrate
may lead to wetland collapse and transformation to
open, saline ponds and estuaries (Wanless and Vlas-
winkel 2005). Saline intrusion into marl substrate wet-
lands results in an advancing zone of diminished pro-
ductivity (white zone) (Ross et al. 2002). Restoration
of freshwater flow volume, timing, and distribution
may slow the inland movement but will not change
the rate of erosion along the shoreline.

The coastal Everglades have also been re-configured
during the past century by filling in of tidal creeks.
Siltation and mangrove encroachment of tidal creeks
(Craighead 1971, Meeder et al. 1996) has progressed
to the extent that open water courses that were de-
scribed earlier this century are no longer recognizable
(G. Simmons, gladesman, pers. comm.). Reduced
freshwater flow volume and rising sea level are prob-
able contributing factors.

Coastal Hydroperiods and Salinity Gradients

Pre-drainage hydrologic conditions in the southern
Everglades produced prolonged pooling of freshwater
just upstream from the mangrove estuaries and pro-
longed durations of freshwater flow into the estuaries
(VanZee 1999). The freshwater pooling and inflow
supported wide salinity gradients, including a broad
oligohaline zone, in the mangrove estuaries.

A combination of reduced freshwater flow and in-
creased relative sea-level rise has resulted in higher
salinities in the formerly oligohaline mangrove zone
and significant saline intrusion into former freshwater
marshes of the lower Everglades (Ross et al. 2000,
Ross et al. 2002). Although surface-water salinities
fluctuate laterally through wet and dry seasons, saline
ground-water intrusion has moved and remains far in-
land of the position prior to drainage.

White Zone

At the landward interface of the mangrove estuaries
with marl wetlands, a ‘‘white zone’” band of sparse,
mixed mangrove and graminoid vegetation that ap-
pears white on color infrared or black-and-white aerial
photos. As with any upper bound on an oligohaline
ectone, this zone integrates the balance between fresh-

water flow and sea-level rise (Ross et al. 2002). Egler
(1952) described the white zone as a band of low, open
vegetation separating mangrove swamps adjacent to
the southeast saline Everglades coast (Taylor Slough
to Turkey Point) from sawgrass marshes of the inte-
rior. Its composition included a mixture of sawgrass
(Cladium jamaicense Crantz), spikerush (Eleocharis
spp.), and red mangrove. He considered the inner edge
to mark the farthest extent of storm tides. Ross et al.
(2000) documented changes in extent and plant species
composition of the white zone since Eglers work. They
found movement toward the interior of less than 1 km
up to about 4 km throughout the region over about 50
years. Movement was maximal in areas where virtu-
ally all freshwater has been blocked by canals and
management (wetlands east of US 1), and minimal in
wetlands where water flow was less impacted by ca-
nals, levees, and management (wetlands west of US 1
and directly south of the C-111 Canal). These patterns
suggest that freshwater inflows [at least] partially
counteract transgression driven by sea-level rise.
Working along a hydrologically isolated coastal tran-
sect south of Turkey Point, Meeder et al. (1996) doc-
umented an inland movement of the interior boundary
of the white zone of 1.9 km during 1940-1994. This
distance equated to a vertical shift of 13 cm during a
period in which sea level rose by only 11 cm.

WORKING HYPOTHESES FOR RESTORATION
Coastal Transgression

Sustained buildup of substrate by physical and bi-
ological processes in many coastal marl and mangrove
environments of South Florida will not be capable of
keeping up with rates of sea-level rise during the twen-
ty-first century. Where rates of peat or marl elevation
do not keep up with rates of sea-level rise, shoreline
transgression and landward salinity intrusion into man-
grove and freshwater wetlands will occur.

White Zone

If sea level continues to rise at its current rate or
faster, the leading edge of the white zone will continue
to move toward the interior, except along tidal creeks
or major drainages. These changes will be least evident
in areas in which freshwater input is augmented and
greatest in areas cut off from freshwater flow.

Coastal Tidal Channel Characteristics

The dendritic pattern, channel width and depth, flow
volume, and material transport of tidal watercourses
through the coastal mangrove estuaries are controlled



Davis et al., EVERGLADES MANGROVE ESTUARIES

839

by sea level interacting with the volume, timing, and
distribution of sheet flow and channel flow from the
southern Everglades. Many tidal creeks through coast-
al wetlands of the Everglades have disappeared entire-
ly during the past century because they have been
filled in with sediments and with the vegetation of sur-
rounding landscapes. Reduced freshwater flow volume
and rising sea level are probable contributing factors.
Restored freshwater inflow from the Everglades is ex-
pected to help sustain open watercourses through the
estuary that will more closely resemble historic pat-
terns, yet sea-level rise is expected to modify the pat-
terns of connectivity through the coastal wetlands and
create increased sediment loads.

Coastal Hydroperiod and Depth Patterns

Sheet flow in the southern Everglades prior to drain-
age produced persistent pooling of fresh water up-
stream from the mangrove estuaries and prolonged
freshwater flow into the mangrove estuaries. Reduced
volume and duration of freshwater flow have short-
ened hydroperiods in the southern Everglades, dis-
rupted in sheet flow, and reduced duration of pooling
along the sawgrass/mangrove ecotone. Restoration of
pre-drainage volume, distribution, and duration of
sheet flow in the southern Evergladeds will prolong
pooling of fresh water along the sawgrass/mangrove
interface and increase volumes and durations of fresh-
water flow to the estuaries.

Coastal Salinity Gradients

Prolonged pooling of fresh water upstream of the
mangrove estuaries and prolonged patterns of fresh-
water flow supported a wide salinity gradient, includ-
ing a broad oligohaline zone, in the mangrove estuary.
A combination of historical reduced freshwater flow
and increased relative sea-level rise have resulted in
higher salinities in the formally estuarine mangrove
zone and significant saline intrusion into former fresh-
water marshes of the lower Everglades. Increasing sea-
sonal freshwater sheet flow to the lower Everglades is
expected to provide a broader zone of salinity gradi-
ents in the lower Everglades and coastal wetlands and
should, in the short term, re-establish an oligohaline
zone in the coastal wetlands. Over a long-term period,
rising sea level is expected to result in high tides over-
topping coastal marl ridges and saline waters pene-
trating more deeply through tidal channels and man-
grove forests, shifting the areas of fresh and lower sa-
linity waters inland.

Production and Organic Soil Accretion of Coastal
Mangrove Forests

Production and organic soil accretion in the man-
grove forests of the coastal Everglades are controlled
by phosphorus availability, with relatively large inputs
from marine sources and small inputs from freshwater
sources. Increased freshwater sheet flow caused by im-
plementation of CERP projects is expected to maintain
low nutrient conditions in the southern Everglades
mangrove estuaries and in the oligohaline ecotone for-
ests of the western mangrove estuaries. Low nutrient
conditions are expected to enhance belowground pro-
ductivity by mangroves, which will maintain peat pro-
duction and soil elevation increases—ultimately en-
hancing the ability of these low salinity forests to
maintain themselves against sea-level rise.

Resilience of Coastal Mangrove Forests

Resilience of the mangrove forests of the coastal
Everglades after disturbance is dependent on hydro-
logic flushing by either fresh or saline water, which is
driven by sea level and sheet flow from the Ever-
glades. Resilience also varies with soil fertility. Im-
proved freshwater flow and flushing through the lower
Everglades and coastal wetlands (through both channel
and sheet flow) are expected to aid in recovery of wet-
lands from catastrophic setbacks (from hurricanes, fire,
freeze, and salinity changes).

Coastal Lake Submerged Aquatic Vegetation and
Waterfowl

Prolonged periods of elevated salinity in coastal
lakes and basins, resulting from diminished freshwater
flow volume and duration, have reduced seasonal du-
ration and cover of communities of SAV along shore-
lines and in tributaries. SAV communities will persist
in larger beds, longer into the dry season, and lower
in the estuarine system when oligohaline to mesoha-
line conditions are restored upon resumption of natural
freshwater flow volume and duration.

Resident Mangrove Fish Populations

The wet-season density, size structure, and relative
abundance of resident mangrove fish populations are
directly related to the time since the last dry-down, the
length of time the marsh was dry, and salinity in coast-
al ecotones. Responses of fishes are non-linear and
species-specific. The concentration of resident man-
grove fishes into high-density patches where wading
birds can feed effectively is controlled by the rate of
dry-season water-level recession and local topography/
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habitat heterogeneity. Restoration of persistent pools
of fresh-to-oligohaline water along the interface where
mangrove forests meet the Everglades will support in-
creased densities, size distributions, and seasonal con-
centrations of resident mangrove fishes due to com-
bined effects of prolonged hydroperiod, enhanced dry-
ing patterns, and extended periods of freshwater to oli-
gohaline salinity.

Wood Stork and Roseate Spoonbill Nesting Colonies

The collapse of coastal wood stork and great egret
nesting colonies in the tributary headwaters and south-
ern mainland of the Everglades mangrove estuary, and
the abandonment of roseate spoonbill nesting colonies
in islands of northeast Florida Bay, are attributed to
declines in population densities and seasonal concen-
trations of marsh fishes and other wading bird prey in
the southern Everglades. Restoration of densities and
seasonal concentrations of resident mangrove fishes in
persistent pools of fresh-to-oligohaline water imme-
diately upstream from the mangrove forests will pro-
vide the necessary prey base in juxtaposition to nesting
habitats to re-establish coastal nesting colonies of
wood stork and great egret and northeast Florida Bay
nesting colonies of roseate spoonbill.

American Alligator

American alligator distribution, abundance, repro-
duction, and body condition in the Everglades man-
grove estuaries are controlled by salinity. Reduced
freshwater flow into the mangrove estuaries of the
southern Everglades has resulted in succession of for-
mer freshwater mangrove areas to saltwater systems,
reducing American alligator populations in tidal rivers
and tributaries. With the resumption of natural patterns
of volume, timing, and distribution of flow to the Ev-
erglades, the American alligator is expected to repop-
ulate and resume nesting in the freshwater reaches of
tidal rivers in the mangrove estuaries.

American Crocodile

American crocodile relative density and juvenile
growth, survival, and condition increase when salinity
fluctuates below 20 ppt in shoreline, pond, and creek
habitats in Everglades mangrove estuaries. Alteration
of location and quantity of freshwater flow to the man-
grove estuaries has lowered the relative density of
crocodiles in areas where freshwater has been diverted
and decreased growth and survival of juvenile croco-
diles throughout the estuary in areas of higher salini-
ties. Restoration of Volume, timing, and distribution
of freshwater flow will result in an increase in relative

density of crocodiles in areas of restored flow, such as
Taylor Slough/Taylor River drainage. Reestablishing
the salinity gradient in the estuary will increase growth
and survival of juvenile crocodiles throughout the es-
tuary.
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I. Introduction

This report describes the activities of the second year of Critical Ecosystem Studies
Initiative (CESI) research into the use of statistical models to simulate salinity in Florida
Bay. The activities of the first year of CESI work are presented in Salinity Simulation
Models for North Florida Bay Everglades National Park (Marshall, et al 2003a).
Because this report describes follow-on activities, reference to the first year report may
be needed to understand all of the background for the second year of work. During the
first year of this investigation, two types of statistical modeling procedures were found to
be well-suited for use with time series data — SARIMA models (seasonal autoregressive
integrated moving average models) and multivariate linear regression models (MLR
models). SARIMA models were found to be useful for one-step forward predictions, but
for other simulation purposes, MLR models were found to be much easier to use and
almost as robust to the idiosyncrasies of time series data. Since the models are intended
for use with the output from the South Florida Water Management District (SFWMD)
Everglades watershed model (South Florida Water Management Model, or 2X2 model),
which simulates hydrologic conditions in south Florida beginning in 1965, MLR models
were selected for further development.

Tasks in the original Project Description for the Year 2 work are summarized as follows:

1. Coordinate with SFWMD to obtain 2X2 model data and evaluate the uncertainty
in the 2X2 model simulations;

2. Obtain any other data that may be needed to use MLR models with 2X2 model
data;

3. In conjunction with ENP staff, prepare MLR models of salinity, water level, or
flow;

4. Simulate salinity, water level, or flow using the 2X2 Natural System Model and

other appropriate input parameters;

Decode a previously prepared SARIMA model; and

6. Prepare draft and final reports.
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As the project progressed considerable experience and feedback were gained using MLR
salinity models. Additionally, when the uncertainty in the 2X2 model output was
evaluated, the structure of the MLR salinity models was modified, as described further in
the following sections of this report.

From the onset of the CESI work on statistical models, it was hoped that they would
prove useful for simulating salinity in Florida Bay for the Initial CERP (Comprehensive
Everglades Restoration Plan) Update (ICU) evaluations. However, when the Year 2
work began, it did not appear that the MLR models would be ready for this purpose, and
the scope of the Year 2 project was made intentionally broad to investigate the use of
MLR models to simulate other parameters besides salinity, such as water level or flow.
As the project progressed it became clear that MLR models were capable of making
acceptable simulations of salinity such that different water management schemes could
be evaluated, and that the revised schedule for the ICU evaluations was going to make it
possible for MLR models to be used for the evaluations. Therefore, the work being done
was concentrated on the development of MLR models for that purpose (ICU evaluations).

The first tasks were completed as scheduled. Residual plots were examined and the
updated dataset was assembled. In the midst of completing the project tasks, a need for
the MLR models developed at Everglades National Park for use with the Interim
Operational Plan (I0P) evaluation Congressional Report. ENP was tasked with
analyzing the water management regimes that had been modified to lessen the impact of
flow diversions on the Cape Sable seaside sparrow. MLR models were developed for use
with these evaluations, and valuable experience was gained that has benefited the CESI
project. In order to complete the IOP evaluations, a six-month extension of this CESI
project was requested and granted. The IOP evaluation model development procedure
also allowed the project dataset used for model development to be lengthened.

One committee that is charged with completing the ICU evaluations is the Southern
Estuaries Sub-team of RECOVER. Beginning in the spring of 2003, the Principal
Investigator has been coordinating with the Sub-team, preparing to use the models
developed by this CESI project for evaluating the established salinity performance
measures for Florida Bay and the southwest coast. At the time of preparation of this
report, the models presented herein are intended to be used by the Sub-team in this
manner.

When work re-started on this CESI project following the 0P evaluation activities, the
tasks to be completed were officially modified to take into account the focus on modeling
for ICU evaluation purposes. The revised Project Description included the following
revised list of tasks:

1. Contact / meet with SFWMD staff to coordinate the acquisition of 2X2 model
output and additional information about the modeling procedure.

2. Acquire the other data needed to create a complete input data set for running the
multivariate linear regression models with 2X2 model output, including the
historical record for wind at Key West and Miami weather stations.
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Eliminate flow parameters from MLR salinity models.

4. Meet with the Southern Estuaries Sub-team to obtain their needs for MLR salinity
models for ICU performance measure evaluations.

5. Prepare MLR salinity models for Joe Bay, Little Madeira Bay, Terrapin Bay,
Garfield Bight and North River using 2X2 model output to calibrate the MLR
salinity models. This task was completed. However, because the SFWMD
updated the 2X2 model output subsequent to their development, these models
were rendered obsolete. All future MLR salinity models will be developed from
real (observed) data.

6. Adapt the IOP models prepared from observed data for use with the Southern
Estuaries Sub-team performance measure evaluations by expanding the data used
for model development, where possible for Little Madeira Bay, Terrapin Bay,
Whipray Basin, Butternut Key, and Duck Key.

7. Prepare new MLR models using the longest period of record available for Taylor
River, Little Blackwater Sound, Highway Creek, and Bob Allen Key.

8. Run simulations at all stations using the following 2X2 model runs: NSM 4.5,
NSM 4.6, 95 Restudy, and 2000 CERP. These are the same runs being made by
the Southern Estuaries Sub-team at other stations.

9. Evaluate the level of uncertainty in the models and in the simulations. Some
statistical tests that may be used include the mean error, mean absolute error, root
mean square error, maximum absolute error, relative mean error and relative
absolute mean error.

10. Prepare draft and final Project Reports describing the activities that were
completed and present the findings.

Details on the activities of these revised tasks are presented in this report.

Il. Study Area and Data Set

The study area for this CESI project encompasses northeastern, north, and central Florida
Bay; the extreme southwestern coast of the Florida; and the Everglades watershed within
Everglades National Park. This modeling effort utilized data that have been collected at
15 to 60 minute increments and averaged to daily and monthly values. Salinity data is
taken from the ENP Marine Monitoring Network (MMN) data base. The stage data are
ENP Physical Monitoring Network Everglades water levels. Details about these data can
be found in Everglades National Park (1997a and 1997b), and Smith (1997, 1998, 1999,
and 2001). To these data other time series data were added, including wind data from the
National Weather Service (Southeast Regional Climate Center), and water level data
collected at Key West from the National Ocean Service. Wind data from Key West and
Miami were used as these locations had the longest continuous records for wind and were
considered to be representative of the regional wind patterns. Sea level data from Key
West were considered to be representative of the average effect of oceanic water level
influences, and, to some extent, the average water level patterns within Florida Bay.

The locations of each of the monitoring stations where water level and salinity data were
collected are presented in Figure 1. The salinity monitoring stations for which MLR



salinity models were prepared as part of this CESI study or the 10P evaluation (shown on
Figure 1) are as follows:

Joe Bay

Little Madeira Bay
Terrapin Bay
North River
Whipray Basin
Duck Key
Butternut Key
Taylor River

. Highway Creek
10. Little Blackwater
11. Bob Allen Key
12. Long Sound.

©CoNooA~wWNE

Continuous water level records in the Everglades begin in the 1950’s in some locations,
but most stage records date from the 1990’s. Continuous salinity data extend back to
1988 at several locations in northeast Florida Bay. Because the shortest data record (for
E146) begins on March 24, 1994, the period of data used for most of these modeling
activities begins on this date. The period of record extends through October 31, 2002,
which means that there are 3143 daily values in a record with no missing data. In reality,
most data sets contained some missing values. Information on the parameters that were
used for the modeling activities is presented in Table 1.

I11. Residuals Analysis and Variable Significance Level Evaluation

The first task of the second year of this CESI project was to evaluate the residuals from
the models that were developed in the first years work. Residuals (observed values
minus simulated values, or deviations) were computed for all MLR salinity models
including:

1. Residuals versus predicted values
2. Residuals versus time
3. Residual / probability / normal quartile.

Residual plots are presented in Appendix A. From the analysis of these diagnostic plots,
it was determined that the preliminary MLR salinity models do not significantly violate
any of the assumptions of linear regression model development, namely that the residuals
are approximately normally distributed with a mean of 0 and a constant variance.
However, the relatively large variability of the residuals indicates that there may be other
significant predictor (independent) variables that are currently not in the models. The
obvious example of a factor that is not currently included in the model is evaporation, and
evaporation is an important process in salinity variation. However, direct measurements
of evaporation on a daily basis are not available for use. Work by Nuttle (2003) has
produced monthly estimates for evaporation in Florida Bay. Use of a spline-curve



Figure 1. The Everglades and Florida Bay Study Area Showing Monitoring Stations
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Table 1. Summary of information about the dependent and independent variables used in

model development and verification, and in simulations.

Variable Name I?ependent o | variable Type Units Data Source Location
ndependent
Littleé\/ladeira Dependent Salinity PSU ENP Near-shore Florida Bay
ay
Terrapin Bay Dependent Salinity PSU ENP Near-shore Florida Bay
Long Sound Dependent Salinity PSU ENP Near-shore Florida Bay
Joe Bay Dependent Salinity PSU ENP Near-shore Florida Bay
Little Dependent Sajinity ENP Near-shore Florida Bay
Blackwater PSU
Sound
North River Dependent Salinity PSU ENP Southwest Coast
Taylor River Dependent Salinity PSU ENP Mangrove Zone
Highway Dependent Sajinity ENP Mangrove Zone
Creek PsU
Whipray Basin Dependent Salinity PSU ENP Open Water Florida Bay
Duck Key Dependent Salinity PSU ENP Open Water Florida Bay
Butternut Key Dependent Salinity PSU ENP Open Water Florida Bay
Bob Allen Key, Dependent Salinity PSU ENP Open Water Florida Bay
Cp Independent Water Level Ft, NGVD 29 ENP Craighead Pond
E146 Independent Water Level Ft, NGVD 29 ENP Taylor Slough
Everd Independent Water Level Ft, NGVD 29 ENP So. Of FL City
Ever6 Independent Water Level Ft, NGVD 29 ENP So. Of FL City
Ever7 Independent Water Level Ft, NGVD 29 ENP So. Of FL City
G3273 Independent Water Level Ft, NGVD 29 ENP East of S.R. Slough
NP206 Independent Water Level Ft, NGVD 29 ENP East of S.R. Slough
NP46 Independent Water Level Ft, NGVD 29 ENP Rocky Glades
NP62 Independent Water Level Ft, NGVD 29 ENP East of S.R. Slough
P33 Independent Water Level Ft, NGVD 29 ENP Shark River Slough
P35 Independent Water Level Ft, NGVD 29 ENP Shark River Slough
P37 Independent Water Level Ft, NGVD 29 ENP Taylor Slough
P38 Independent Water Level Ft, NGVD 29 ENP Shark River Slough
R127 Independent Water Level Ft, NGVD 29 ENP Taylor Slough
uwndkw Independent E-W Wind N/A NWS Key West
vwndkw Independent N-S Wind N/A NWS Key West
uwndmia Independent E-W Wind N/A NWS Miami
vwndmia Independent N-S Wind N/A NWS Miami
Kwwatlev Independent | Tide Elevation| Ft, NGVD 29 NOS Key West

method of interpolation to produce daily estimates did not create a time series that was
significant as a predictor variable when tested.

Other predictor variables that were not included in the preliminary MLR salinity models
that were investigated include the use of some measure of the hydraulic gradient in Shark
River Slough, Taylor Slough, and in the eastern panhandle area. The following gradient
independent variables were defined and evaluated:

R127 - E146
R127 - P37

P33 - P37

P33 — NP206
EVER4 - EVERG
EVERY - EVERA4.



Feedback on the preliminary models prepared during the first year of the project
indicated that there was concern with the high number of independent variables in some
of the models. An evaluation of the models (including gradient variables) showed that
the significance level threshold for keeping a parameter in a model could be raised as
high as 0.999 and there would still be 5-10 independent variables in each model, and the
R®value remained high. This means that there was not much loss in explanatory power
when the lesser significant parameters were dropped from the models, many of which
were expressions of cross-correlation in the data.

IV. Observed Versus Model-Produced Data for Model Development

During April, 2003 visits were made to the SFWMD to coordinate obtaining the 2X2
model output for the ICU runs when it becomes available. From these meetings, it was
learned that the 2X2 model output flow data may have a higher level of uncertainty
compared to the water level simulations. Additionally, some of the water management
structures have not been in place for the full 36-year period of the evaluations. Because
of this and the fact that the correlation analysis showed that flow data are not as highly
correlated to salinity at the locations in this study as water level in the Everglades (stage),
a decision was made not to include any structure flows in the updated models.

When 2X2 model output data are compared to observed data, the 2X2 data frequently
show a bias, greater at some stations than at others. A decision was made to adjust the
2X2 model data before they are input to the MLR salinity models in order to obtain a
“best” simulation. When this is done, a higher Pearson’s correlation coefficient value is
obtained for 2X2 stage output and observed data. Initially, the bias was computed from
the overlap period of 1995. When 2X2 model version 5.0 became available, this period
of comparison was increased to 1996-2000. The bias between the two series’ is then
added or subtracted to/from the 2X2 model data.

The Southern Estuaries Sub-team is charged with the development of tools for Interim
CERP Update (ICU) evaluations. They have developed performance measures for
salinity in the embayments of Florida Bay. MLR salinity models were considered for use
with the ICU performance measure evaluations at their July 2003 meeting. A
recommendation was made by the Sub-team to use the CESI MLR salinity models for
their performance measure evaluations for Florida Bay salinity. When the choice was
made between models developed from observed stage data and models developed from
2X2 model stage data, the decision was made to develop the models to be used for ICU
evaluations from the 2X2 model calibration/verification stage values, assuming that the
2X2 model would not be updated again for ICU evaluations.

However, the 2X2 model was subsequently re-calibrated, leading to the finding that
observed data are the appropriate data for model development are observed data.
Additionally, there is a strong aversion within the scientific community to using models
that were developed from other modeled data, despite the fact that they have the ability to
provide more accurate predictions, and are statistically sound.



Nonetheless, the models that were developed from 2X2 model output are presented
below. These models should only be used with 2X2 model version 5.0.19 stage data, and
historical wind and sea level data.

JOE BAY =68.2 - 6.6 (P33 -P35) + 3.2 (EVER4 - EVERS®) - 6.7 E146[lag2]
- 6.3 EVERG6[lag6] - 5.7 P35[lag7] - 0.094 uwndkw + 0.074 uwndkw[lag2]
- 0.155 uwndmia[lagl] - 0.161 vwndmia[lagl]+ 7.0 kwwatlev[lag2]

LITTLE MADEIRA BAY = 34.6+ 2.2 (P33-P35) - 1.44 CP - 4.4 CP[lag21]
+ 1.9 NP46[lagl7] - 2.4 R127[lag8] - 2.9 P33 - 0.15 vwndmia[lagl]
+ 3.8kwwatlev

TERRAPIN BAY =325 -4.0 (EVER4 - EVERG) - 8.7 CP[lagl] - 4.5 E146
+ 4.4 G3273[lag2] + 2.2 NP206[lagl] - 5.1 P33[lag2] - 4.4 P35[lag6]
- 0.31 uwndkw[lagl] - 0.24 vwndkw([lag2] + 2.8 kwwatlev + 5.2 kwwatlev[lag2]

GARFIELD BIGHT =4.5 + 5.9 (P33-P35)[lagl] - 4.3 CP - 8.0 E146[lag1]
- 7.8 EVER4 - 6.0 NP46[lagl] + 4.4 P37[lagl] + 10.2 R127 - 0.19 uwndkw
- 0.14 uwndkw[lag2] + 0.09 vwndmia + 3.8 kwwatlev[lag1]

NORTH RIVER =18.3 + 4.6 (P33-P35)[lag3] + 2.9 (EVER4-EVERG) - 4.3 CP
+ 4.8 E146[lag2] - 4.9 NP206[lag3] - 2.4 NP46[lag?] - 2.8 P37[lag2]
+ 1.8 kwwatlev [lag2]

In all of the models that are presented in this report, the following naming conventions
have been adopted: kwwatlev is the water level measured at Key West; uwndmia and
vwndmia are the U and V vectors of wind as measured at the Miami weather station;
uwndkw and vwndkw are the U and V vectors of wind measured at Key West. These
components are computed as follows:

U = (Resultant wind speed) * Cosine (Resultant direction)

V = (Resultant wind speed) * Sine (Resultant direction).
Resultant wind speed and direction are the daily average values as reported in the
National Weather Service data archives. “Lag” refers to the value of the independent
variable at the day in the past to be used in the model with the present day values of the
other parameters.

The adjusted-R? values for these models prepared from 2X2 model output are as follows:

Joe Bay Salinity — 0.87

Little Madeira Bay Salinity — 0.79
Terrapin Bay Salinity — 0.81
Garfield Bight Salinity — 0.74
North River Salinity — 0.88.
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V. MLR Salinity Models for the IOP Evaluation

At a CESI project progress meeting in early August 2003, it was decided that MLR
salinity models would be used for the ENP 10P evaluations. The 10P evaluations were
deemed a priority by ENP. To complete them, a 6-month extension to this CESI project
was requested and granted. In the end, the IOP evaluation project was instrumental in
showing that MLR salinity models could be used to compare various operational
alternatives. It was also instrumental in determining the final activities for the second
year CESI project. After the IOP evaluation project started, it became clear that some of
the IOP models, prepared using observed data, could also be used for the ICU
evaluations.

Updated MLR salinity models were prepared for the IOP evaluation. These models are
physically defensible (see the Discussion section below) with terms in each model that
are reasonable. Examination of each model shows that the most important Everglades
water level station is Craighead Pond (CP), which appeared in all of the near shore
models. Some combination of wind vectors also appeared in all models except the North
River model (including all open water locations), which is as expected. Sea level (tide)
appeared in most models, but not all. Because the significance level was set at a very
high level for inclusion of a parameter in a model (0.999), it is expected that there are
other parameters that would have been significant had the significance level been
specified at a lower level more typically seen in other statistical evaluations (say 0.95 or
0.90). However, the fact that the significance level is so high means that there is little
doubt as to the importance of the parameters in the models in explaining the variation in
salinity when all of the other parameters are also being included.

Comparisons of water management operational scenarios were made using salinity
estimated by the IOP models. Stage simulations for 31 years of data from the 2X2 model
(ver. 4.5) for IOP, ISOP, Base 95 (same as 95 Restudy) and Natural Systems Model
(NSM 4.5) operational conditions were used with historical wind and sea level data to
simulate salinity with the IOP MLR salinity models. Comparative statistics prepared
from the time series simulations were then evaluated, and statistically significant
differences in salinity can be detected at most of the stations. This application showed
that the MLR models have done their job, simulating salinity and providing consistent
results that are supported by the current level of knowledge in hydrology and
physiography of Florida Bay. The operational comparisons show that the MLR salinity
models can adequately estimate salinity in a manner that will allow the comparisons to be
made.

The conclusions of the IOP evaluation study can be summarized as follows (Marshall,
2003b):

1. Statistical models can be used for the reasonable simulation of salinity using
multivariate linear regression techniques.

2. The evaluation procedure using the MLR salinity models with 2X2 model output
for Everglades water levels and historical data for wind and sea level to simulate

11



long-term operations for Base95 and IOP / ISOP water delivery scenarios show an
increase in salinity values at the following locations, primarily during the dry
season, for monthly average values (80% significance level):
e Little Madeira Bay
Terrapin Bay
North River
Whipray Basin
Duck Key
e Butternut Key
3. No effect of IOP / ISOP operations compared to Base95 31-year simulations was
seen in the salinity regime of Joe Bay and Long Sound.

The 0P salinity models that were developed are as follows and plots are presented in
Figures 2 - 9:

JOE BAY =37.1-3.1CP - 3.5EVERS6[lag6] - 10.5E146[lag6] - 0.19uwndkw -
0.09uwndkw([lag2] - 0.1vwndkw - 0.16vwndmia[lagl], Adj-R* = 0.74

LITTLE MADEIRA BAY = 66.4 — 3.6CP[lag?] - 6.3P33[lag2] - 0.83(P33-NP206) —
0.21uwndkw + 0.15uwndmia - 0.14vwndmia[lagl] + 0.8kwwatlev[lag2], Adj-R? = 0.56

TERRAPIN BAY = 106.9 - 6.3CP[lag1] - 11.1P33[lag2] - 0.45uwndkw -
0.23uwndkw[lagl] - 0.2uwndkwl[lag2] - 0.14vwndkw([lag2] + 0.46uwndmia +
1.9kwwatlev[lag2], Adj-R? = 0.76

LONG SOUND = 42.2 - 9.5CP[lag4] - 5.2EVER7[lag2] - 1.7EVER6[lag?] -
0.04vwndmia[lagl], Adj-R? = 0.80

NORTH RIVER = 36.7 - 4.3CP - 3.8CP[lag3] - 3.4NP206[lag3] + 0.6kwwatlev[lag2],
Adj-R*=0.86

WHIPRAY BASIN = 21.1 + 0.24ltmad[lag3] + 0.2terbay + 0.15terbay[lag3] -
0.04vwndkw([lag?] - 0.5kwwatlev[lag2], Adj-R? = 0.80

DUCK KEY = 10.2 + 0.3ltmad[lag1] + 0.4ltmad[lag3] + 0.10uwndkw[lagl] +
0.13vwndkw([lag2] + 0.5kwwatlev, Adj-R? = 0.70

BUTTERNUT KEY = 15.4 + 0.14Iltmad[lagl] + 0.44ltmad[lag3] + 0.03terbay[lag3] -
0.08uwndkw - 0.10uwndkw(lag2] + 0.4kwwatlev, Adj-R* = 0.65

12



Figure 2. Joe Bay salinity model development plot (IOP) — Calibration is March 24,
1995- October 31, 2002; Verification is March 24, 1994 — March 23, 1995.

Salinity
&

20 4

1094 1005 1006 097 1008 1000 2000 2001 2002 2003

——  Observed Simulated

Figure 3. Little Madeira Bay salinity model development plot (I0P) — Calibration is
March 24, 1995- October 31, 2002; Verification is March 24, 1994 — March 3, 1995.
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Figure 4. Terrapin Bay salinity model development plot (IOP) — Calibration is March 24,
1995- October 31, 2002; Verification is March 24, 1994 — March 3, 1995.
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Figure 5. Long Sound salinity model development plot (IOP) — Calibration is March 24,
1995- October 31, 2002; Verification is March 24, 1994 — March 3, 1995.
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Figure 6. North River salinity model development plot (IOP) — Calibration is March 24,
1995- October 31, 2002; Verification is March 24, 1994 — March 3, 1995.
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Figure 7. Whipray Basin salinity model development plot (IOP) — Calibration is March
24, 1995- October 31, 2002; Verification is March 24, 1994 — March 3, 1995.
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Figure 8. Duck Key salinity model development plot (IOP) — Calibration is March 24,
1995- October 31, 2002; Verification is March 24, 1994 — March 3, 1995.
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Figure 9. Butternut Key salinity model development plot (I0P) — Calibration is March
24, 1995- October 31, 2002; Verification is March 24, 1994 — March 3, 1995.
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VI. Additional MLR Salinity Models

New MLR salinity models were prepared from observed data as part of this second year
CESI project for Taylor River, Highway Creek, Little Blackwater Sound, and Bob Allen
Key. The models are as follows:

TAYLOR RIVER = 83.2 - 15.1CP[lag4] + 0.8kwwatlev - 7.8(P33-P37)[lagl] -
4.4srsdiff[lagd], Adj-R* = 0.78

HIGHWAY CREEK = 71.0 - 4.6E146[lagl] - 13.1EVERG6[lag3] - 3.4R127[lag3] +
0.15uwndkw[lagl] + 0.1vwndkw[lag2] + 0.2uwndmia[lag3] - 4.4(P33-P37),
Adj-R*=0.81

LITTLE BLACKWATER SOUND = 42.5 -7.65CP[lag6] - 6.3EVER7[lag5] +
0.1vwndkw, Adj-R? = 0.75

BOB ALLEN KEY =19.4 - 0.04uwndkw - 0.07uwndkw[lag2] - 0.06vwndkw[lag2] +
0.3ltmad + 0.25ltmad[lag3] + 0.08terbay[lag3], Adj-R* = 0.75.

Plots of the model simulations compared to the observed data for the model development
and verification periods are presented as Figures 10 -13.

Figure 10. Comparison of Observed and Simulated Data for the Taylor River MLR
Model — Calibration is March 24, 1995 — October 31, 2002; Verification is March 24,
1994 — March 3, 1995.
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Figure 11. Comparison of Observed and Simulated Data for the Highway Creek MLR
Model — Calibration is March 24, 1995 — October 31, 2002; Verification is March 24,

1994 — March 3, 1995.
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Figure 12. Comparison of Observed and Simulated Data for the Little Blackwater Sound
MLR Model — Calibration is March 24, 1995 — October 31, 2002; Verification is March

24,1994 — March 3, 1995.
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Figure 13. Comparison of Observed and Simulated Data for the Bob Allen Key MLR
Model — Calibration is September 9, 1998— October 31, 2002; Verification is September
9, 1997 — September 8, 1998.
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VII. Extended Period Models

The period of record for salinity and Everglades water level data at several stations
extends back in time beyond March 24, 1994 (the beginning date for the this CESI / I0P
dataset). For salinity, the period of record in the data available to the PI for Little
Madeira Bay extends to August 25, 1988, and the period of record for Terrapin Bay
extends to September 12, 1991. The period of record for the stage stations in the Little
Madeira Bay and Terrapin Bay models covers the extended periods. In addition, the
salinity models of Whipray Basin, Duck Key, and Butternut Key are a function of Little
Madeira Bay and Terrapin Bay salinity (in addition to wind and sea level parameters),
and the record at each of these open-water salinity stations extends at least as far as the
Terrapin Bay salinity data. Therefore, extended period models can also be developed for
these three open-water stations for the period extending to September 12, 1991. For these
five extended period models, the model development data continues through September
31, 2001. The period from October 1, 2001 through September 31, 2002 was used for
verification purposes in order to use the data from the start of the period for model
development because the late 1980’s was a period of relatively severe drought.

There were several objectives for preparing MLR salinity models with an extended
period of data. Although there have been several short duration dry periods during the
period of record used for development of the IOP/CESI models, there have been
questions as to how well the MLR salinity models will perform during extended periods

19



of drought, such as the severe drought experienced by south Florida in the mid-1980’s.
Therefore, one of the reasons for preparing the extended period models is to determine
the effect on the models of including this additional data.

The MLR salinity models developed with the extended period of data are as follows:

LITTLE MADEIRA BAY = 106.1 - 0.3CP[lag2] - 12.5P33[lag2] - 1.7(P33-NP206) -
0.25uwndkw + 0.13uwndmia - 0.19vwndmia[lagl] + .95kwwatlev[lag2], Adj-R? = 0.65

TERRAPIN BAY =101.2 - 7.4CP[lagl] — 10.0P33[lag2] - 0.36[uwndkw] -
0.20uwndkw[lagl] - 0.21uwndkw[lag2?] - 0.19vwndkw[lag2] + 0.31uwndmia +
1.4kwwatlev[lag2], Adj-R? = 0.71

WHIPRAY BASIN = 21.0 + 0.0004vwndkw[lag2] + 0.21kwwatlev[lag2] +
0.2ltmad[lag3] + 0.20terbay + 0.19terbay[lag3], Adj-R* = 0.77

DUCK KEY = 9.6 + 0.06uwndkwl[lag1] + 0.15vwndkw[lag2?] + 1.1kwwatlev +
0.33ltmad[lag1] + 0.45ltmad[lag3], Adj-R? = 0.70

BUTTERNUT KEY = 14.6 + -0.06uwndkw - 0.09uwndkw[lag2] + 0.96kwwatlev +
0.13ltmad[lag1] + 0.47ltmad[lag3] + 0.06terbay[lag3], Adj-R? = 0.66

Plots of these extended periods models showing the comparison between observed and
simulated data are presented in Figures 14 — 18.
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Figure 14. Comparison of Observed and Simulated Data for the Little Madeira Bay
Extended Period MLR Model — Calibration is August 25, 1988 — October 31, 2001,
Verification is November 1, 2001 — October 31, 2002.
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Figure 15. Comparison of Observed and Simulated Data for the Terrapin Bay Extended
Period MLR Model — Calibration is September 12, 1991 — October 31, 2001; Verification
is November 1, 2001 — October 31, 2002.
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Figure 16. Comparison of Observed and Simulated Data for the Whipray Basin Extended
Period MLR Model — Calibration is September 12, 1991 — October 31, 2001; Verification

is November 1, 2001 — October 31, 2002.
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Figure 17. Comparison of Observed and Simulated Data for the Duck Key Extended
Period MLR Model — Calibration is September 12, 1991 — October 31, 2001; Verification

is November 1, 2001 — October 31, 2002.
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Figure 18. Comparison of Observed and Simulated Data for the Butternut Key Extended
Period MLR Model — Calibration is September 12, 1991 — October 31, 2001; Verification
is November 1, 2001 — October 31, 2002.
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V1. Coupling the 2X2 Model and MLR Salinity Models for Salinity Simulations

The ICU evaluations for salinity performance measures will include the analysis of
simulations made using the MLR salinity models coupled with output from the 2X2
model for Everglades water level, and historic wind and sea level data. At the time of
preparation of this report, the only 2X2 model ICU output available on the SFWMM
(2X2) model version 5.0 website (accessed through www.evergladesplan.org) are 95
Restudy, 2000 CERP, NSM 4.5, and NSM 4.6. These 31- and 36-year stage simulations
were used to simulate salinity at the following stations:

Joe Bay

Little Madeira Bay
Terrapin Bay
Whipray Basin
Duck Key
Butternut Key
Taylor River
Highway Creek

. Little Blackwater Sound
10. Bob Allen Key

11. North River

12. Long Sound.

©CoNooA~WNE
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Before using the 2X2 model stage data for salinity simulations, the calibration /
verification run was evaluated to determine how well the most recent update to the 2X2
model simulated the stage records. The average value of the 2X2 model stage estimates
was compared to the average value of the observed time series for the 2X2 model
verification period of January 1, 1996 through December 31, 2000 to compute the bias of
the 2X2 model data. Then the 2X2 model data were adjusted by adding or subtracting
the value of the bias (as appropriate) before being used for salinity simulations in the
MLR salinity models. Comparison plots for each stage station are presented in Appendix
B. These figures show that the 2X2 model stage data is very close to the observed data at
some stations (P33 and EVER4 are examples) but not very close at others (P35 and R127
are examples). At R127 the deviation across the time series is almost perfectly constant
as evidenced in a Pearson’s correlation coefficient of almost 1.0 between the observed
and 2X2 model data, though the 2X2 model data are offset from the observed by about
1.7 feet, which is possibly a datum problem. At most locations the deviation is similar
through time, while at other locations the deviation varies over the time series.

Therefore, it can be expected that the adjustment of the 2X2 model data using the bias in
the 2X2 model data will improve the simulative capability for some of the 2X2 model
series’ more than others.

The plots of the simulations made with adjusted 2X2 model output for the 95 Restudy,
2000 CERP, NSM 4.5, and NSM 4.6, and historical wind and sea level data are presented
in the Appendices. In a similar manner, the Southern Estuaries Sub-team work will
produce new models for Garfield Bight, Shark River Slough, North River, Whitewater
Bay, and Manatee Bay/Barnes Sound. The simulations presented herein are intended to
be used as appropriate with the simulations produced by the new models, to compare the
various operational scenarios, and to assist in the interpretation of performance measures.

I1X. Model Error Statistics

The ability of the MLR salinity models to simulate the observed conditions can be
evaluated using a number of error statistics. For this project, the statistics that were
computed are described below.

1. Mean Square Error
The Mean Square Error, or MSE, is defined as the square of the mean of the squares of
all the errors, as follows:

2

N
MSE = %2(0 -P)
n=1

2. Root Mean Square Error
The Root Mean Square Error is defined as:
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RMS = ‘/i Y 0" - Py
N n=1

The Root Mean Square Error is a weighted measure of the error where the largest
deviations between observed and predicted values contribute most to this uncertainty
statistic. This statistic has units that are the same as the observed and predicted values. It
is thought to be the most rigorous tests of absolute error (Hamrick, 2003).

3. Adjusted — R?
The Coefficient of Multiple Determination (R?) is the most common measure of the
explanatory capability of a model. It is defined as:

R? = Sum of Squares Regression/Sum of Squares Total, or
= 1- (Sum of Squares Error/Sum of Squares Total)

R? measures the percentage reduction in the total variation of the dependent variable
associated with the use of the set of independent variables that comprise the model
(Neter, et al; 1990). When there are many variables in the model, it is common to use the
Adjusted Coefficient of Multiple Determination, which is R? divided by the associated
degrees of freedom.

4. Mean Error
The Mean Error is another measure of model uncertainty. It is defined as:

ME = ii(o(n) _ P(n))
N n=1

where O=observed values, P=predicted values, and N= number of observations used to
develop the model. Positive values of the mean error indicate that the model tends to
over-predict, and negative values indicated that the model tends to under-predict
(Hamrick, 2003.)

5. Mean Absolute Error
The Mean Absolute Error is defined as:

1 N
MAE == "|0®™ — p™
N n=1

Although the Mean Absolute Error tells nothing about over- or under-prediction, it is
considered as another measure of the agreement between observed values and predicted
values. It is preferred by some because it tends to cancel the effects of negative and
positive errors, and is therefore less forgiving compared to the Mean Error (Hamrick,
2003).

6. Maximum Absolute Error
The Maximum Absolute Error is defined as:
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MAX = mao™ -P™| : n=1N

The Maximum Absolute Error is the largest deviation between observed and predicted
values.

7. Nash-Sutcliffe Efficiency
The Nash-Sutcliffe Efficiency is a measure of model performance that is similar to R?. It
was first proposed for use with models in 1970 (Nash and Sutcliffe, 1970). It is defined

as:
N

Z(P—O)
NSE=1-"%

2(0—6)

The value of the NSE roughly corresponds to the percentage of variation that is explained
by a model.

8. Relative Mean Error
Relative measures of error are not as extreme as the absolute measures presented above.
Relative error statistics provide a measure of the error relative to the observed value. The
Relative Mean Error is defined as:

i(o(n) _ p(n))

RME =2l

O(n)

9. Relative Mean Absolute Error
The Relative Mean Absolute Error is defined as:

ilo(n) — pm

RMA = 25—

O(n)

Caution must be applied in the use of these two statistics when there can be small values
of the observed and predicted variable, and when they can have both positive and
negative signs (Hamrick, 2003).

10. Relative Mean Square Error

The Relative Mean Square Error is not as prone to fouling by small values and/or the
presence of both positive and negative values and is defined as (Hamrick, 2003):
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nz':(o(n) _ p(n))2
nzN;((ow -5y +(p"-0Y)

The Relative Mean Square Error has values between zero and one, with a model that
predicts well having a Relative Mean Square Error close to zero. According to this
measure, the most reliable models are the Whipray Basin and Bob Allen Key models, but
all models are considered by this measure to be very reliable.

RSE =

Table 2 presents a summary of the values of these statistics for the various models.

Table 2. Comparison of Model Uncertainty Statistics for MLR Salinity Models

mean root mean
sq error mse mean | abs max abs Nash-
(mse), (rmse), adj error, | error, error, Sutcliffe
station psu psu R-sq psu psu psu Efficiency
Joe Bay 25.8 5. 0.75 | -0.14 | 3.7 20.6 0.76
Little
Madeira 20.34.5 0.56 | 0.56 3.5 15.4 0.55
Bay
Teg:‘)f"” 32.65.] 0.75 | -099 | 5.4 5.4 0.67
Whipray 7227 08 | 011 | 22 10.1 0.77
Basin
Duck Key 9.7 3.1 0.71 | -0.18 | 2.27 14.4 0.71
Butternut | 15733 065 | 0.1 | 27 11.3 0.66
Key
Long Sound 153.9 0.8 0.31 2.7 18.9 0.81
Taylor River | 21.44.62 0.78 | -0.49 | 3.6 22.9 0.78
Highway | 45543 081 | 095 | 3.7 17.7 0.76
Creek
Little
Blackwater 14 3.7 0.75 | -0.14 | 29 15.7 0.76
Sound
North River 8.93.0 0.86 | 0.19 2.3 18.1 0.78
BopAllen | 7227 079 | 03 | 219p 0.81
ey

27



Table 2., continued.

rel mean rel mean abs rel mean sq
station error error error
Joe Bay 0.012 0.32 0.14
Little
Madeira Bay 0.027 0.14 0.29
Terrapin Bay 0.044 0.24 0.2
Whipray 0.034 0.07 0.12
Basin
Duck Key -0.007 0.09 0.17
Butternut 0.003 0.1 0.21
Key
Long Sound 0.021 0.18 0.11
Taylor River -0.06 0.47 0.13
Highway )
Creek 0.08 0.31 0.14
Little
Blackwater -0.007 0.16 0.14
Sound
North River 0.030.35 0.11
Bob Allen 0.010.06f 0.12
Key

When taken as a whole, these error statistics show that the MLR models are good to very
good at simulating salinity values.

X. Presentations

A poster presentation was made at the joint conference of the Florida Bay Science
Program and the Greater Everglades Ecosystem Restoration in April 2003. In this poster,
SARIMA models and MLR models were discussed, including the reasoning behind the
choice of MLR salinity models for the 2X2 model evaluations. The newly developed
models with gradients included were presented, along with the Whipray Basin transfer
model prepared from Joe Bay, Little Madeira Bay, and Terrapin Bay salinity.

A presentation was made by the PI to the Southern Estuaries Sub-team of RECOVER at
their July 11, 2003 meeting on the progress that has been made with MLR salinity
modeling.

On September 16-18, a poster was presented at the 2004 Estuarine Research Federation
Meeting in Seattle, Washington, detailing the progress in the development of MLR
salinity models and discussing the use of the models to simulate hypersaline conditions in
Florida Bay.

On October 31, 2003, a presentation was made at the Estuarine Indicators Workshop at
Sanibel Island, Florida. The current status of MLR salinity models was presented.
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XI. Discussion

The second year CESI activities have shown that the MLR salinity models presented
herein are capable of making reasonable and reliable simulations of salinity in the near-
shore embayments, the mangrove zone, and the open water of Florida Bay over a wide
range of hydrologic, meteorological, and sea level conditions. During this second year of
the project, the models of the near-shore embayments and mangrove zone evolved into
salinity relationships that have a physical basis in the parameters of the model, which are:

1. the variation of the elevation of the freshwater in the Everglades,
2. the variation in the elevation of sea level, and
3. the effect of wind direction and speed.

The MLR salinity modeling procedure relates them using a least squares method and
step-wise regression for parameter selection at a significance level of 0.999, which is a
very high threshold. The result is a weighting for each independent variable when used
in combination with the other independent variables in a linear combination model.

The range of salinity measured at the MMN stations varies widely. At stations in the
near-shore embayments and the mangrove zone (Joe Bay, Little Madeira Bay, Terrapin
Bay, Garfield Bight, North River, Long Sound, Taylor River, Highway Creek, Little
Blackwater Sound) the salinity varies between 0 psu and 35-55 psu. Depending on the
location, the salinity may only approach 0 psu (Little Madeira Bay and Terrapin Bay),
while at other near-shore locations the salinity remains at O psu for longer periods (weeks
in the case of Highway Creek and Taylor River). At most locations the transition from
high salinity values to low salinity values is more rapid (being described as “flashy” by
some) than the transition from low to high salinity values.

To be applied with confidence MLR salinity models must be developed considering the
physical phenomena that affect the salinity at a particular location and time in the estuary.
The Everglades and the near-shore embayments of Florida Bay are a coastal aquifer
system, with the fresh water body and the salt water body competing with each other as
other factors (wind, evaporation, direct rainfall) act to reinforce the effects of one or the
other or to provide mixing and translocation energy. Coastal aquifers have been studied
in other estuarine areas of Florida. Pandit, et al (1991) studied the coastal aquifer and the
interface of the surficial aquifer with the Indian River Lagoon in east central Florida.
Beneath the barrier islands / peninsulas and coastal plain mainland of the Indian River
Lagoon watershed the freshwater surficial aquifer is stored in porous sandy soils at a
higher elevation than the saline lagoon or ocean. The location within the soil strata of the
interface between the freshwater surficial aquifer and the denser saline water body can be
mapped using the Ghyben-Herzberg principle (Pandit et al, 1991). According to this
principle, if the elevation of the surficial aquifer is raised sufficiently by recharge, the
interface will move towards the coast. If the elevation of sea level is raised, the interface
moves towards the mainland (away from the coast) as the salt water intrudes. Because of
the density difference between the salt water mass and the freshwater mass, a larger
volume of freshwater (compared to salt water) is needed to cause the interface to move an
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equal distance. In addition, the interface between the surficial aquifer and the saltwater
body is known to be a zone of salinity gradient that moves in response to climatic
conditions. In south Florida, the U. S. Geological Survey (USGS) has prepared a ground
and surface water model that simulates the regional aquifers. Information on the USGS
model can be found on the SOFIA website.

In the Everglades, the water table (surficial aquifer) emerges above the ground most wet
seasons and freshwater flows as sheet flow towards Florida Bay and the southwest coast
of the Gulf of Mexico creating the unique ecosystems that exist in Everglades National
Park. While overland flow has less resistance than flow through the substrate, the porous
nature of the substrate means that freshwater is still flowing to the coast during the dry
season, as evidenced by the continued decline in stage levels at all locations in the
Everglades as the dry season evolves. During the dry season, evaporation may also be
contributing to the decline of water levels.

Confined to a soil matrix, the interface zone is not affected by other factors that can affect
a surface water body. In the absence of wind, direct rainfall, and evaporation, the change
in salinity gradient over distance is large within the interface zone, and the “width” of the
zone is relatively small. In an open estuary, the conditions are somewhat different.
Direct rainfall can dilute the upper layer of the salt water body. Evaporation works in the
opposite manner, reducing water mass in both bodies of water. Wind works to move the
fluid water bodies in translocation fashion as well as to mix horizontally and vertically
the different water masses. The result in estuarine surface water bodies is a relatively
wide interface with a relatively gradual salinity change over distance. Because the
conductivity probe at a monitoring station is fixed both vertically and horizontally, a
particular observation in the near-shore embayments and mangrove zone may be the
conductivity (salinity) of the freshwater lens, the interface zone, or the saltwater body,
depending on the location of the interface zone. With the exception of the most upstream
stations (North River, Highway Creek, and Taylor River), the salinity record shows that
the most of the monitoring stations in the near-shore embayments are usually monitoring
the salinity in the transition zone. Estuaries by definition are water bodies where a
transition zone can exist. In the mangrove zone, the stations are measuring the salinity of
the freshwater lens for a longer time.

Therefore, based on the coastal aquifer model presented above, it can be hypothesized
that the salinity at a near-shore location is correlated in some manner to elevation of
freshwater in the Everglades, sea level elevation, wind, and the watershed hydraulic
gradient. Salinity may also be correlated to evaporation and direct rainfall, but those two
parameters were not able to be investigated in this study. The results of the correlation
analysis using the SARIMA correlation coefficient plot evaluation procedure (see
Marshall, 2003) shows that the hypothesis is supported, in general, at the 95%
significance level. What is meant by “in general” is that salinity at all locations was
correlated with the stage measured at one or more stations in the Everglades, sea level,
wind parameters, and hydraulic gradient in the Everglades. At all locations, lagged
values of some of the independent variables were also correlated with salinity. However,
the salinity at various locations was not always correlated to the same stage observations,
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but salinity was always correlated with stage in some manner. This means, there are a
multitude of simple (univariate) linear regression models that could be prepared from this
dataset with a wide range of R? values. Substantially improved models can be prepared
by taking advantage of cross-correlation relationships in the stage data, and by including
wind and sea level.

In this study more than one correlated independent variable is used to improve the fit of
the models. The decision as to which independent variable to include in the models was,
at first, left to the canned step-wise regression process. The step-wise regression
procedure in SAS© begins by evaluating all independent variables that were identified as
candidate variables from the correlation evaluation, and then a simple linear regression
model is prepared from the candidate variable that produces a model with the highest R?
value. Then the other candidate independent variables are added to the model one by
one. For an independent variable to be kept in the model it must be significant at the
0.999 level using an F-test. If not, that independent variable is dropped from further
consideration. Using a lower significance level than 0.999 resulted in models with many
independent variables. Setting the selection threshold this high ensured that the
parameters in the final models are as highly significant as possible, and reduces the
overall Type I error rate.

If this canned step-wise regression process is left to its own devices, it may choose some
independent variables for the model that are not physically defensible, but were selected
by the program because of statistically advantageous cross-correlation relationships. In
particular, there were cases where the step-wise procedure kept a stage variable that
would seemingly be increasing salinity with increasing stage, i.e. the stage variable
would be in the model with a + sign instead of a — sign. Therefore, the step-wise
procedure was modified by eliminating the stage terms that were positive, or sea level
terms that were negative.

It was at this point in developing the procedure for building MLR salinity models that the
IOP evaluation began, and models using the above described procedure from this CESI
project were prepared and used. After the IOP work was completed, there were some
comments received regarding the inclusion in some models of stage stations that were not
thought to influence salinity at a certain location. The best example of this is the North
River IOP model, which includes stage at Craighead Pond (CP). Even though there is a
correlative relationship between CP stage and North River salinity, a cause-and-effect
relationship is not thought to be possible, because they are many miles apart and there are
physical barriers that will not allow a simple raising of the CP elevation (such as by local
rainfall) to decrease the salinity at North River. The Southern Estuaries Sub-team will be
modifying the IOP model of North River so that it includes primarily stage stations that
are directly upstream of the station in Shark River Slough.

Additionally, many of the models include P33, which is in Shark River Slough. The
presence of P33 in the models is seen as an expression of the regional nature of the
hydrology of the Everglades. There is known to be connectivity between Shark River
Slough and Taylor Slough, though there is thought to be less connectivity between the
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water in Shark River Slough and the mangrove zone of the eastern panhandle of ENP.
All models also include wind parameters, and most include sea level. Therefore, the new
models for Taylor River, Highway Creek, and Little Blackwater Sound were developed
using the concept of a combination of variables that represent the regional hydrology, the
local hydrology, wind and sea level elevation, using the step-wise selection method to
choose the appropriate independent variables at the 0.999 significance level.

At the open-water stations (Whipray Basin, Duck Key, Butternut Key, and Bob Allen
Key), the salinity rarely drops below 20 psu and frequently reaches above 40 psu. The
relationship between salinity at the open-water stations and the hydrology of the
Everglades is weaker than at the near-shore areas. However, there is a very strong
relationship between the salinity in the near-shore embayments and the salinity at the
open-water stations. The relationship is particularly strong for Terrapin Bay and Little
Madeira Bay. Therefore, the MLR salinity models for the open-water stations were
developed using the salinity at Terrapin Bay and Little Madeira Bay along with sea level
elevation and wind factors. This means that simulation of open-water salinity is made
using a two-step transfer function relationship (using Everglades stage to estimate Little
Maderia Bay and Terrapin Bays salinities, then using these salinities to estimate open-
water salinity). When Pearson correlation coefficients were compared, the two-step
process was found to provide a better simulation than open-water simulations from only
Everglades water levels. Therefore, the use of another transfer function to simulate open-
water salinity provides improved predictions.

In terms of deliverables, this second year activity produced the following products:

1. A set of salinity models that were developed from 2X2 model output that became
obsolete when the 2X2 model was re-calibrated:;

2. New MLR salinity models for Taylor River, Highway Creek, Little Blackwater
Sound, and Bob Allen Key;

3. New models using an extended period of data for Little Madeira Bay, Terrapin
Bay, Whipray Basin, Duck Key, and Butternut Key;

4. 31- or 36-year simulations of salinity at Joe Bay, Little Madeira Bay, Terrapin
Bay, Whipray Basin, Duck Key, Long Sound, Butternut Key, Taylor River,
Highway Creek, Little Blackwater Sound, and Bob Allen Key for use with ICU
evaluations; and

5. A detailed uncertainty analysis.

From the models that became obsolete it was learned that the improvement to fit using
2X2 model data for model development was not worth the benefit when the 2X2 model
was unknowingly re-calibrated, an exercise that is likely to happen again in the future.

The new models that were developed for Taylor River, Highway Creek, Little Blackwater
Sound, and Bob Allen Key have been added to the IOP models for Joe Bay, Little
Madeira Bay, Terrapin Bay, Long Sound, Whipray Basin, Duck Key, and Butternut Key
for the ICU evaluations that will be performed by the Southern Estuaries Sub-team of
RECOVER. A revised model for North River and (perhaps) Joe Bay will be developed
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by the USACOE, along with new models for Barnes Sound / Manatee Bay, Garfield
Bight, Whitewater Bay, Shark River Slough, and one other station not yet identified
(Buckingham, per. com.). The 31- or 36-year simulations in this CESI report will be
added to new simulations for four other water management scenarios (D13R Restudy,
D13R CERP, 2050 CERP, 2050 Restudy) and used directly for ICU performance
measure evaluations. New 31- or 36-year simulations will be generated by the USACOE
contractor for the new models that they will be developing.

Therefore, this CESI project has significantly extended the spatial coverage for the ICU
evaluations from five near-shore stations (Joe Bay, Little Madeira Bay, Terrapin Bay,
Garfield Bight, and North River) to include four open-water stations (Whipray Basin,
Duck Key, Butternut Key, and Bob Allen Key), another important near-shore station
(Little Blackwater Sound), and two stations in the mangrove zone (Taylor River and
Highway Creek). This will allow a more spatially comprehensive look at the operational
scenarios, particularly as it relates to the potential for hypersaline events in the open-
water areas of Florida Bay.

For the extended period of data the Little Madeira Bay model differed more from the IOP
model than the other stations. The R? value for the extended period Little Madeira Bay
model (0.65) is a substantial improvement over the R? value for the IOP model (0.56).
For Terrapin Bay, the extended period model coefficients are closer to the IOP model
than for Little Madeira Bay, and the R? value is less (0.71) than the R? value for the IOP
model (0.76). The Whipray Basin extended period model also had a slightly improved R?
value, but the values for the Duck Key and Butternut Key extended period models, and
the model coefficients were virtually the same as the IOP models. Therefore, this
evaluation of the use of the extended period to produce better models is inconclusive.
However, at all stations that the range of the data used for model development has been
extended, and there is greater confidence in the use of the models to estimate hypersaline
conditions because the model development data included a large number of high salinity
values.

The uncertainty evaluation produced a number of measures of the ability of the new
models developed by this study to simulate salinity. The error statistics show that all of
the MLR salinity models are good to very good in their ability to simulate salinity. The
highest relative mean error for the MLR salinity models developed by this study is about
3.5%, but there are several models with absolute relative mean error higher than 25%.
However, the relative absolute mean error is known to be highly affected when observed
and predicted quantities can have small values or values that have both positive and
negative signs, as is the case with the salinity in the near-shore waters and the mangrove
zone. It is the models for the stations in these areas that that have the highest values of
the relative absolute mean error.

All models also have a relative mean square error of close to 0, which means that the
models are rated as highly skilled according to this statistic, except for the Little Madeira
Bay model. In general, the uncertainty analysis shows that only the Little Madeira Bay
model would benefit from additional model modifications using the initial data set. The

33



extended period Little Madeira Bay model is a substantial improvement over the I0P
model, and should be considered for use with the ICU evaluations.

XII. Summary and Findings

This second year CESI project has evolved as the project period passed, and the end
product was a broader and more accurate set of MLR salinity models with a better handle
on model uncertainty than was possible with the original model scope. The IOP
evaluation for the Congressional Report provided an important opportunity to use the
initial second year project tasks in an application mode, which accomplished some of the
original objectives for the project. In turn this allowed additional salinity models to be
developed and simulations to be prepared which can now be used to provide a wider
spatial analysis in the ICU evaluations.

The following findings were produced by this project:

1. MLR salinity models that can reasonably simulate observed conditions at a
daily time step can be prepared from observed daily average values of
Everglades water levels, average daily sea level elevation, and average daily
wind speed and direction.

2. Other factors that were identified as potentially able to explain some of the
remaining error are evaporation and direct rainfall.

3. Craighead Pond is the stage station that shows up most frequently in the MLR
salinity models. The next most frequent stage station in model development
is P33.

4. A modification of the canned SAS© step-wise linear regression procedure for
parameter selection is needed to produce models with a physically defensible
basis.

5. A hydrologic model that shows promise in application to the Everglades /
Florida Bay system is the coastal aquifer model with fresh water and salt
water masses and an interface zone that can be affected by wind and LOCAL
evaporation factors.

6. The Little Madeira Bay MLR model prepared from an extended period of data
that included data from the severe drought conditions in the late 1980’s and
early 1990’s was improved as measured by the Adjusted-R? value, compared
to the model prepared for the IOP evaluation that began in 1995. For the
other stations, there was minimal improvement using the extended period
data.

7. According to a number of error statistics, the MLR salinity models prepared
for this study can be considered as good to excellent for simulation purposes.
However, a relatively high maximum absolute error for most of the models
may mean that a measure of local evaporation and rainfall would improve this
statistic and further improve the MLR salinity models.

8. The simulations produced by this project are ready to be used for the ICU
evaluations in a much broader fashion than was envisioned when this project
began.
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This work has shown that statistical models can be used when there is not enough
physical data to develop and implement detailed hydrodynamic models. In the case of
the Everglades and Florida Bay, not enough is known about the distribution of freshwater
flows into the Bay outside of the gauged creeks. Because of this and the lack of detailed
bathymetry needed to accurately describe the banks within the bay, a “traditional”
hydrodynamic model has not yet been developed that can adequately simulate salinity.
Therefore, MLR salinity models can be used in place of hydrodynamic models for
analysis of water management alternatives, and to serve as input to ecological models as
the next step of MLR salinity model utilization. MLR salinity models are relatively easy
and inexpensive to develop and utilize, and the concept of linear regression and analysis
of variance are familiar to most scientists and engineers. In the future, the more
sophisticated SARIMA models may be able to be used for system control using the very
accurate one-step forward predictions that can be made by these models, so that changes
to water delivery patterns can be evaluated in real-time.

The strength of the MLR salinity models presented herein is that they are physically
based, they have shown to be adaptable to changes in hydrology by simulating salinity
well for both wet and dry conditions (including severe drought), and they are capable of
being used to evaluate different flow scenarios by simulating salinity conditions from a
given set of input data (in this case 2X2 model data) and historical climatology. The
error statistics show that the models simulate good to very good, though there is an
occasional large residual.

However, there is work that still remains to be done on the MLR salinity models. For
example, a surrogate for evaporation is needed to determine if a measure of evaporation
will improve the simulative capability of the models. When it is considered how the
MLR salinity models are being used (i.e. with 2X2 model output over 31- and 36-year
periods), the surrogate must be a quantity that has been continuously measured since
1965. The only set of data that fits that requirement is the meteorological data available
from the National Weather Service, and the National Ocean Service records. Fortunately,
parameters that are used to estimate evaporation such air temperature and sea water
temperature are amongst the data that are available. Because the evaluation of extended
period models was somewhat inconclusive, additional evaluation of model performance
during wet and dry periods is also needed.

Now that it has been shown that MLR salinity models are capable of adequately
simulating salinity, they can be coupled with ecological models at the daily, weekly, or
monthly time scales. Though not shown in this report, simulated monthly average values
track observed monthly average values very well, and the output from the daily MLR
salinity models are easily transformed into weekly or monthly values, with the statistical
power that comes from preparing simulations at the daily level and aggregating to
develop less frequent simulations. Since the extended period models showed that the
MLR salinity models were capable of simulating drought conditions as well as wet
periods, MLR salinity models can be used with ecological models to evaluate the effect
of hypersaline conditions. To assist with those evaluations, the preparation of MLR
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salinity models for the remaining MMN stations should be accomplished to increase the
spatial resolution of the simulations.
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July 11, 2005

Ms. Melody Hunt, PhD

South Florida Water Management District
3301 Gun Club Road

West Palm Beach, FL 33406

Subject: Extension of Taylor River Salinity Historical Reconstruction (1970-2005)
Dear Ms. Hunt:

Environmental Consulting & Technology, Inc. (ECT) has previously prepared a historical
reconstruction of the salinity time series for the Taylor River monitoring station (also
known as Argyle Hendry and TR) located in Taylor Slough in Everglades National Park
(ENP). The Taylor River station is a part of the ENP Marine Monitoring Network, and
salinity has been measured there since July 14, 1988. As part of the Minimum Flows and
Levels modeling work, ECT developed a historical reconstruction of the salinity time
series for Taylor River for the period 1970 through 2000. It was requested that the
historical reconstruction be extended to the most recent date possible, given the
limitations of the data, and that the dataset be “refreshed”.

To begin this task, a new reconstruction data set was prepared, which is comprised as
follows:

e Craighead Pond stage (CP) data are the original data obtained from DeWitt Smith
of Everglades National Park from beginning of record on October 1, 1978 through
October 31, 2002, with data from November 1, 2002 through November 3, 2003
obtained from the South Florida Natural Resources Center website,
www.sfnrc.ever.nps.gov (see note below), and evaluated for completeness;

e P33 stage data were obtained fresh from the SFWMD DBHYDRO database
website, www.sfwmd.gov/org/ema/dbhydro;

e P35 stage data were obtained fresh from the SFWMD DBHYDRO database
website;

e P37 stage data were obtained fresh from the SFWMD DBHYDRO database
website;

o Key West water level (kwwatlev) data were the data originally assembled for the
Critical Ecosystems Studies Initiative (CESI) multivariate linear regression
modeling project (Marshall, 2003) from January 1, 1970 through October 31,
2002, and for November 1, 2002 through November 3, 2003 new data were
obtained from the National Ocean Service (NOS) website.
http://tidesonline.nos.noaa.gov/ ; and

e Taylor River salinity (TR) data were the original data obtained from DeWitt
Smith of Everglades National Park from beginning of record on July 14, 1988
through October 31, 2002, with data from November 1, 2002 through May 22,
2005 obtained from SFWMD and compared to the incomplete data available from
the South Florida Natural Resources Center website (see note below).




The available data in DBHYDRO for P33, P35, and P37 ends on November 3, 2003,
which is the limit as to how recent this data can be used in the MLR salinity model for
Taylor River.

For the CP stage data, the original data were directly downloaded from the ENP validated
database, and are known to be a complete series, with missing values included. Data that
were downloaded from the SFNRC website are known to contain missing values along
with missing dates that are not represented in the downloaded time series. Therefore, for
the approximate two-year period of data obtained from this site, the data were evaluated
visually and an appropriate symbol for missing values entered where needed.

For the National Ocean Service Key West water level data, data can only be downloaded
for a year at a time, in hourly values that must be averaged to daily average values. This
laborious process had been completed previously for the data from1970 through 2000. It
was beyond the scope of this project to freshen this data. However, new data were
downloaded and processed into daily average values for the period January 1, 2001
through November 3, 2003.

As was presented in the December 7, 2004 letter report, the model that was used to fill
the period January 1, 1970 through July 13, 1988 and missing values in the observed
Taylor River data was the CESI Taylor River multivariate linear regression (MLR)
salinity model originally developed from observed salinity data for ENP (Marshall,
2004). The daily value salinity model is:

Taylor River salinity = 83.17 - 15.09CP[lag4] + 0.835Kwwatlev - 7.83(P33-P35)[lagl] -
4.34(P33-P35)[lag4]

where:
CP = stage (NGVD) at Craighead Pond
Kwwatlev = Key West water level (MSL)
P33 = stage (NGVD) at P33
P35 = stage (NGVD) at P35
Lagl = one-day lag
Lag4 = four-day lag.

Details on model development can be found in Marshall, 2004. For historical
reconstruction modeling purposes the Craighead Pond record had to be extended into the
past before the beginning of the period of available CP data of October 1, 1978 using the
following model:

Craighead Pond (CP) water level = -0.165 + 0.47 P37 + 0.49 P37[lag3], R? = 0.87.

For the extended Taylor River salinity historical reconstruction, the daily values for CP
were simulated by this model for January 1, 1970 through September 30, 1978.



The extended daily Taylor River salinity reconstruction is presented as Figure 1 which
shows that this reconstruction is a mix of modeled and observed data. For the period
January 1, 1970 through September 30, 1978 CP input was simulated by the P37 model
presented above. Then this simulated CP data were used with observed data for P33,
P35, and kwwatlev in the TR MLR salinity model presented above for January 1, 1978
through September 30, 1978. The values on Figure 1 simulated in this manner are shown
in blue. From October 1, 1978 through July 13, 1988 (magenta-colored line on Figure 1)
all input data to the TR MLR salinity model were observed data, and the Taylor River
salinity for this period is produced by the model using observed input values. From July
14, 1988 through May 22, 2005 all data (yellow line) observed Taylor River data are
available and are utilized. Any gaps in the observed Taylor River salinity data were filled
by the MLR salinity model, assuming that all input data to the model were available for
that day. To summarize, the reconstructed Taylor River salinity time series consists of
data that were generated from CP and Taylor River models from January 1, 1970 through
September 30, 1978; using the Taylor River model only from October 1, 1978 through
July 12, 1988; and from observed data from July 13, 1988 through May 22, 2005.

Because it is desired that the historical reconstruction be utilized at a monthly time scale,
the daily values in the Taylor River mixed reconstruction presented above were averaged
to monthly values. There were several months that contained missing values for more
than 15 days out of the month, and these monthly averages were not retained in the
monthly mixed reconstruction time series, instead being replaced with a missing value for
that month. The months with more than 15 missing observed salinity values are as
follows:

e 1975 -June
1978 — November
1979 — December
1982 — November
1983 — April, May, June, October, December
1984 — September
1988 - January, June
1992 — September, November
1993 — July
1994 — December
2003 - December
2004 - January, February, March, April.

Examination of the daily and monthly plots and the daily uncertainty statistics from the
previous reconstruction show that the daily simulated values have a tolerance of about +/-
4.5 psu. However, some daily values may be as much as 10-15 psu in error during the
month of May, and, to a lesser extent, April, June, August, and September. Monthly
average values are generally within about 4 psu but individual averages may have an
error of about 9 psu. Because of the potential for large residuals, particularly at the daily
level, the following model limitations were previously presented and are repeated here:



e The highest variability is associated with the relatively short periods when the dry
season is ending and the wet season is beginning; however, the exact date or
period that this happens is not predictable.

e Because flow in Taylor Slough can cease for relatively long periods of time
during extended drought periods, salinity simulations have the potential for high
variability during extended droughts.

Even with these limitations, plots of the reconstructed salinity look reasonable, except for
the maximum values during the 1970-1974 drought when CP is estimated indirectly from
the P37 model.

Should you have any questions regarding this extension of the Taylor River historical
salinity reconstruction, please give me a call.

Respectfully,

Frank E. Marshall 111, PhD, P.E.



Figure 1. Extended Taylor River (TR) salinity daily historical reconstruction, 1970-
2005 using a mix of simulated and observed data.
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Figure 2. Extended Taylor River (TR) salinity monthly historical reconstruction,
1970-2005 using a mix of simulated and observed data.
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Influence of net freshwater supply on salinity in Florida Bay
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Abstract. An annual water budget for Florida Bay, the large, seasonally hypersaline
estuary in the Everglades National Park, was constructed using physically based models
and long-term (31 years) data on salinity, hydrology, and climate. Effects of seasonal and
interannual variations of the net freshwater supply (runoff plus rainfall minus evaporation)
‘on salinity variation within the bay were also examined. Particular attention was paid to
the effects of runoff, which are the focus of ambitious plans to restore and conserve the
Florida Bay ecosystem. From 1965 to 1995 the annual runoff from the Everglades into the
'bay was less than one tenth of the annual direct rainfall onto the bay, while estimated
annual evaporation slightly exceeded annual rainfall. The average net freshwater supply to
the bay over a year was thus approximately zero, and interannual variations in salinity
appeared to be affected primarily by interannual fluctuations in rainfall. At the annual
scale, runoff apparently had little effect on the bay as a whole during this period. On a
seasonal basis, variations in rainfall, evaporation, and runoff were not in phase, and the
net freshwater supply to the bay varied between positive and negative values, contributing
to a strong seasonal pattern in salinity, especially in regions of the bay relatively isolated
from exchanges with the Gulf of Mexico and Atlantic Ocean. Changes in runoff could
have a greater effect on salinity in the bay if the seasonal patterns of rainfall and
evapoFation and The Liming of the runoff i7¢ considered. One model was also used (o
stmutdate spatial and temporal patterns of salinity responses expected to result from
. changes in net freshwater supply. Simulations in which runoff was increased by a factor of
2 (but with no change in spatial pattern) indicated that increased runoff will lower salinity
values in eastern Florida Bay, increase the variability of salinity in the South Region, but
have little effect on salinity in the Central and West Regions.

»\—."_—“\q

structural changes in the bay’s ecosystems have also affected
the health of adjacent coastal systems, such as the coral reefs of
the Florida Keys.

Ecological decline in Florida Bay is widely considered to be
the result of long-term regional water management in south
Florida. Although there is general agreement about the nature
and extent of the impacts of water management in the exten-
sive wetlands of the Everglades, which lie immediately up-
stream of Florida Bay, the chain of cause and effect linking
water management to sea grass die-off and plankton blooms in
the bay has not yet been fully established. Because of manage-
ment practices, discharge of freshwater directly into the Atlan-
tic Ocean and farther north into the Gulf of Mexico has in-
creased up to a factor of 10, while the discharge of freshwater

1. Introduction

Florida Bay, a broad (2000 km?), shallow (approximately
1 m) estuarine lagoon nestled between the south Florida main-
land and the Florida Keys (Figure 1), occupies a large portion
of Everglades National Park and is contiguous with the Florida
Keys National Marine Sanctuary. It is bounded by the man-
grove wetlands of the mainland, the open marine systems of
the Gulf of Mexico, and the islands that compose the Florida
Keys. Bay waters support a valuable recreational fishery within
the bay itself [Tilmant, 1989] and a commercial shrimp fishery
in the Guif of Mexico [Costello and Allen, 1966]. Beginning in
1987, sudden and extensive die-off in the sea grass beds that
cover 95% of the bottom signaled a rapid, general decline in

the ecologicai health of the bay [Robblee et al., 1991;
Fourqurean et al., 1993; Phlips et al., 1995]. Increased turbidity
followed die-off in the grass beds [Boyer et al., 1999], and
recurrent blooms of cyanobacteria in the winters of 1991-1992
and 1992-1993 decimated the sponge population [Butler et al.,
1995]. The resulting changes in water quality and the long-term
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into Florida Bay and along the southwest coast of Florida has
decreased by an unknown but important amount [Light and
Dineen, 1994]. Because we do not know the sensitivity of the
Florida Bay ecosystem, primarily the extensive sea grass com-
munities, to variations in freshwater runoff, we cannot tell what
benefits restoring the historical runoff would have. Even with-
out this knowledge, plans for water management and ecosys-
tem restoration in south Florida [U.S. Army Corps of Engineers,
1998] are progressing, based, at least in part, on the assump-
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Figure 1.

Broad, shallow (<30 cm) seagrass-covered mudbanks (shaded area) restrict water exchange

between Florida Bay and the coastal ocean. Freshwater enters the bay as runoff through Taylor Slough and
as diffuse flow from the wetlands to the east. Regional discharge through Shark Slough (inset) also influences
salinity in the Gulf of Mexico on the western boundary of the bay. Locations are shown for sources of data
on rainfall (points in the bay), pan evaporation (Flamingo), and runoff (Taylor Sough Bridge and the control

structures S18C and S197 on the C111 canal).

tion that the ecological health of Florida Bay will be restored
by increasing the freshwater runoff to the bay to as near to
historic levels as possible.

Salinity is an intermediate link in the chain of cause and
effect that connects water-management activities to the struc-
ture and functions of the bay’s ecosystem. In Florida Bay,
salinity varies markedly in time and space (Figure 2). Hyper-
saline conditions (>40) (salinity values given in practical sa-
linity units) in one part of the bay frequently coexist with more
estuarine conditions (<30) in another. At some interior loca-
tions, salinity regularly fluctuates between hypersaline and
nearly freshwater conditions [Frankovich and Fourqurean,
1997]. Only within the confines of a few, semienclosed basins
along the north shore of the bay do salinity fluctuations closely
follow changes in canal discharge. The degree to which water
management and, consequently, runoff from south Florida in-
fluence salinity fluctuations in Florida Bay cannot be ascer-
tained without a detailed analysis. Therefore we have used
salinity, hydrology, and climate data from 1965 through 1995 to
investigate how the annual water balance and the variations in
freshwater fluxes have influenced the salinity in Florida Bay.

2. Background

2.1

Variation in estuarine salinity can be attributed to the in-
tensity of the two-way exchange between the estuary and the
coastal ocean, the net supply of freshwater that flows through
the estuary to the coastal ocean, and the salinity of the coastal
ocean at the estuary’s mouth. The two-way exchange between
estuary and ocean is driven by several physical processes, in-
cluding density differences, astronomical tides, and wind. The
net freshwater supply is the sum of runoff and direct rainfall
minus any evaporation from the estuary. The patterns of sa-
linity in estuaries result from a dynamic steady state in which
the advective flux of salt into or out of the estuary, which is
driven by the net freshwater supply, is balanced by a dispersive
flux from the two-way water exchange created by tides and
other hydrodynamic mixing processes.

In a classical estuary a positive net freshwater supply, usually
from heavy runoff delivered by river discharge, dilutes the
salinity in the estuary to below that of ocean water. Salinity

Factors Affecting Estuarine Salinity
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ranges from zero at the head of the estuary to the salinity of the
coastal ocean near the mouth. 77

Other estuaries may éxperience hypersaline conditions.
Many coastal bays and lagoons, like Shark Bay, Western Aus-
tralia [Smith and Atkinson, 1983]; Laguna Madre, Texas,
United States of America [Smith, 1988]; and Lagoa de Ara-
ruama, Brazil [Kjerfve et al., 1996], have higher average salin-
 jties near their mouths than the coastal ocean for most or all of
the year. Because theserinverse estuaries have a negative fresh-
water supply ‘caused by evaporation Tates higher than both
rainfall and runoff rates, salt concentrates 1o hypersaline con-
ditions. Salinities in these inverse estuaries can range from
zero near freshwater discharge to a greater-than-coastal salin-
ity in the main body of the estuary.

Seasonally hypersaline estuaries form a third class.of estuary
characterized by their episodic hypersalinity [Largier et al.,
1997]. These estuaries experience limited exchange with the
coastal ocean, and net freshwater supply fluctuates on the
positive and negative side of zero in response to climatic vari-
ations. Estuaries in this class are found in both temperate,
Mediterranean climates (e.g., Tomales, Mission, and San Di-
ego Bays, California, United States of America [Largier et al.,
1997]) and tropical, monsoonal areas (e.g., northern Australia
[Wolanski, 1986], Kenya [Kitheka, 1998], and Sri Lanka [Aru-
lananthan et al., 1995]). Since the net annual freshwater bal-
ance of seasonally hypersaline estuaries is close to zero, small
perturbations in the freshwater supply may lead to large
changes in the salinity of the estuary. Diversions of freshwater
runoff for urban or agricultural use, as in the Colorado River
Estuary, Mexico, can drastically change the salinity regime.
Small climactic variations can also have large impacts on sa-
linity: For example, a multidecadal trend of decreasing rainfall
has changed the Casamance River Estuary in Senegal from a
seasonally hypersaline estuary to a permanently inverse estuary
[Debenay et al., 1994]. In Laguna Madre, Texas, prolonged and
intense hypersaline conditions associated with droughts may
trigger the “brown tide” phenomenon by changing the struc-
ture of the plankton community [Rhudy et al., 1999].

Florida Bay is a seasonally hypersaline estuary (Figure 2a).
In the | bay a network of broad, shallow mud banks and the lack
of density stratification limit the magnitude of tidally driven
and baroclinic exchange flows. The influence of the south Flor-
ida climate is evident in runoff, rainfall, wind-driven tides, and
the salinity of the coastal ocean. Wet and dry periods fluctuate
seasonally and from year to year. Tides and currents in the bay
are particularly influenced by the sustained wimds associated
with the passage of fronts characteristic of the subtropical
winter weather [Wang et al., 1994]. Patterns of local runoff
from the Everglades directly affect salinity in the bay (Figure
2b). Variations in runoff from all of south Florida, including
Lake Okeechobee, influence the salinity of the Gulf of Mexico
along its border with Florida Bay thereby indirectly linking
regional patterns of runoff to salinity variations in the bay.

2.2. Regional Patterns in Florida Bay

Florida Bay lacks the clearly defined upstream/downstream
axis that, in most estuaries, organizes spatial variations in sa-
linity. However, several analyses of water-quality parameters,
for example, salinity, nutrient, chlorophyll, etc., have shovn a
consistent pattern. For example, Boyer et al. [1997] identified
three zones of similar water quality in Florida Bay: a core
region, a western region, and an eastern region. Other authors
have suggested dividing the bay into similar zones based on
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Figure 2. Salinity varies widely in time and space in Florida
Bay. (top) Temporal patterns in the Central Region reflect the
influence of sources of variation operating on seasonal and
interannual timescales. (middle) Spatial patterns in mean sa-
linity from February to March 1994 and (bottom) range of
salinity variation from 1990 to 1994 over the whole bay reveal
the influence of exchange with ocean waters and the localized
effect of runoff into the bay.

bank morphology and dynamics [Wanless and Tagert, 1989],
benthic mollusk communities [Turney and Perkins, 1972], sa-
linity and nitrogen [Fourgurean et al., 1993], and benthic plant
communities [Zieman et al., 1989)]. These schemes all suggest
that the primary axis of differentiation runs from northeast to
southwest, and most schemes include a separate, distinct re-
gion (of varying size) in the upper central part of the bay
adjacent to the Everglades.

On the basis of the work summarized above, for this study
we divided the bay into four regions (Figure 3) that differ in
their proximity to the Gulf of Mexico, areas of water flow
through the Florida Keys, and sources of freshwater runoff
from the mainland. In the Central Region, broad, shallow
banks (Figure 1) restrict exchange with the Gulf and the At-
lantic, and there is little freshwater runoff. Residence times are
high and hypersaline conditions are frequent and persistent
(Figure 2a). The East Region resembles the Central Region
with its limited oceanic exchange and long residence times;
however, it receives most of the bay’s freshwater runoff pri-
marily from the C111 canal and Taylor Slough (Figure 1).
Salinity in the East Region varies widely between nearly fresh
and hypersaline conditions (Figure 2b). In the South and West
Regions, salinity variations are less extreme (Figure 2b).
Greater exchange with the Gulf of Mexico and the Atlantic
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Figure 3. Subtidal banks and islands divide Florida Bay into 44 basins used to categorize the location of
salinity observations. On a larger scale, studies of water gquality, sediment type, faunal communities, and
benthic plant communities generally divide the bay into four regions of similar character. This study uses data
from an aggregation of basins within each of these four regions (hatched area) to characterize the spatial and

temporal variations in Florida Bay.

Ocean and a lack of direct runoff result in salinities nearer to
that of the coastal waters.

3. Methods

The main objectives of this study were (1) to establish the
annual and seasonal water balances and net freshwater sup-
plies for Florida Bay and (2) to evaluate the degree to which
the amounts of and variations in rainfall and runoff contribute
to the observed salinity variations in Florida Bay. The influence
on salinity of any of the components of the net freshwater
supply could not be demonstrated simply by searching for
correlations with salinity. Most factors controlling estuarine
salinity share climate as a common source of variation, and
each can be expected to exhibit similar patterns of variation.
The only way to understand the influence of a particular compo-
nent of the net freshwater supply on salinity in Florida Bay was to
isolate that component and quantify directly its effect on salinity.

This approach required spatially and temporally extensive
measurements of freshwater fluxes and salinity in the bay,
salinity models that incorporated different temporal and spa-
tial scales, and a framework for interpreting the simulated and
observed salinity variations. We assembled rainfall, runoff, and
evaporation data and a database of published and unpublished
salinity measurements in Florida Bay (see the appendix) that
spans the 31 years from 1965 through 1995. We used the
annual and monthly means of these data to establish the yearly
and seasonal water balances for Florida Bay. We then used the
data with physically based, mass balance salinity models in
comparative analyses to examine the effects of spatial and
temporal variations in net freshwater supply on the observed
salinity variations.

3.1

In general, physically based models treat salinity, S, as a
function of coastal ocean salinity, S, exchange fluxes with
the coastal ocean, QO+, and the fluxes of freshwater (rainfall,
Qp, runoff, O, and evaporation, Q), all of which vary in
time and space:

Sl;ll\ = f(Socn';l‘.kv QT‘;,I«:’ QEIj,k'/ QP“,I(? QRI;k) + R|/lk’ (l)

Framework for the Comparative Analyses

where the superscript and subscripts identify location (i), year
(/). and month (k). The residual errors, R, are the differences
between measured and simulated salinity and represent noise
in the data and salinity variations not explained by the pro-
cesses or assumptions inherent in the model formulations. We
employed models that differed in their spatial and temporal
resolution and compared the successes of the models in repro-
ducing observed salinity variations in order to draw inferences
about the importance for salinity variations of (1) interannual
and seasonal variations in net freshwater supply and (2) loca-
tion within the bay.

We used a measure of model efficiency, eff, to assess how
successfully each model reproduced the patterns of variation in
observed salinity data:

S35 R

ij ok
eff = 100 1”W.

@)
where R are the residual errors, Var (S) is the total variance
of the salinity measurements, and n is the number of observa-
tions. A model’s efficiency score (unitless) can be broadly in-
terpreted as the proportion of the variance in the data ex-
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plained by the model. In this sense, model efficiency is similar
to the coefficient of determination r?. In contrast to r? the
efficiency score can take on negative values if, for example, the
model produces a biased estimate of the data or if fluctuations
in the model are out of phase with fluctuations in the data. If
the efficiency score was zero, then the model explained the
variation in the data no better than did the mean of the data.
- If the efficiency score was 100%, then the residuals were zero,
and the model explained all of the variance in the data.

Any measure of model success is most useful if compara-
tively applied. That is, by examining the increase (or decrease)
in explanatory power between a null model and an alternative,
the power of the processes included in the alternative model to
explain variance in the data can be assessed. The null model
implicitly included in eff was the mean of the observed salinity
across all observations and all regions in Florida Bay (i.e., a
model with no temporal or spatial resolution). We developed
three alternative salinity models that contained increasing spa-
tial and temporal complexities. By comparing the efficiencies
of the alternative models, we were able to estimate the relative
contributions of two temporal components (interannual and
seasonal variations in freshwater fluxes) and one spatial com-
ponent (location of the salinity measurements) to the overall
variation of salinity in Florida Bay.

The first type of model, a static location model, only ac-
counted for the effects on salinity of position within the bay.
This model was simply defined as the average of the observed
salinity data, S, for all months and years in each region of the
bay:

S|;1,k = Sav,i + R{_;:,k’ (3)

The location model was applied to each of the four regions in
Figure 3. The model did not contain a temporal component
and could not explain any of the interannual or seasonal vari-
ations of salinity within any of the regions. The notation de-
notes that the model simulated a salinity value § for each
region (i), every year (j), and every month (k), but the pre-
dicted salinity for all months and years in a region was the
same value. Because the model has no temporal component
(only the spatial means are used), the residuals were expected
to contain all of the temporal variance in the data, and the
efficiency was expected to be low.

The second type of model, a steady state, spatially aggre-
gated “box” model, quantified the effects of location as well as
the effects of long-term, interannual variations in rainfall and
runoff on salinity within the bay:

Slj,k = f(Socm QTV? QElir QP'js QRIj) + le,k' (4)

The box model was implemented using annual time steps and
annual values of freshwater and exchange fluxes. Rainfall and
runoff were uniformly distributed over the bay (no spatial
component) and varied from year to year. Spatially explicit but
temporally constant estimates of evaporation and dispersive
exchange with the coastal ocean were derived for the model
during calibration. This model was applied to all four regions
in the bay (Figure 3). The residuals were expected to contain
all of the seasonal variance, and the efficiency was expected to
increase over that of the location model. -

The third type of model, a dynamic, spatially explicit model,
simulated the effects on salinity of location and both interan-
nual and seasonal variations in freshwater and exchange fluxes:

SI/‘,I\’ = f(Socm QT!;,k’ QE!I(: QP'jAka QRIJ‘I() + R,j‘,k (5)
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The dynamic model was based on the basin and bank geomor-
phology of Florida Bay and was driven by monthly values of
rainfall, runoff, and evaporation. Rainfall and evaporation
were applied uniformly across the bay, but runoff was added at
appropriate locations on the boundaries of the bay. Hourly
tides generated advective exchanges among 44 basins within
the bay. We expected this model, with the greatest spatial and
temporal complexity, to have the highest efficiency and explan-
atory power.

3.2. Salinity Data

We drew our salinity observations for this study from an
historical salinity database for Florida Bay and the west coast
of south Florida consisting of over 34,000 individual observa-
tions dating from 1947 (see the appendix). This database was
assembled from the results of many field studies and from
systematic, water-quality monitoring programs initiated in re-
sponse to the ecological crises of the late 1980s and early
1990s. Data from within Florida Bay are categorized according
to their location in a grid of 44 numbered basins. Boundaries of
the basins follow the geometry of the system of anastomosing
banks that physically subdivide the bay (Figure 3). This data-
base provides excellent spatial and temporal coverage begin-
ning with 1989 when mounting concern about conditions in the
bay resulted in the establishment of regular water-quality mon-
itoring surveys. However, the data from before 1989 are dis-
continuous and uneven with the highest number of observa-
tions clustered in the East Region of the bay. Because the data
available from before 1965 are extremely spotty, they were not
used in this study.

We aggregated the salinity data by subsampling and process-
ing data from the historical database to assure an unbiased
sampling of the interannual and seasonal salinity variations
and to provide a balanced representation of the regional vari-
ations in the bay. First, the data were aggregated in time by
computing the individual monthly average salinity in each ba-
sin for each month of record. Second, the data in each basin
were screened to assure they consistently represented seasonal
variations by excluding calendar years with data reported in
fewer than 11 months. Third, in all but the East Region, data
from two adjacent basins were combined to provide the most
continuous salinity record possible (maximum number of
years) over the 31 years (Figure 3). The resulting set of
monthly averaged salinity data characterized the interannual
and seasonal variations in salinity in each region of the bay for
1965 through 1995 (Figures 4 and 5). The nine years from 1987
to 1995 contain 34 station years (54%) of the data. We used
this data subset, the evaluation period subset, for our detailed
comparisons of the model results because it provided the most
complete temporal and spatial coverage of the bay. Our eval-
uation of the influence of the net freshwater supply on salinity
was primarily based on our analysis of these data. We used the
additional data in the complete 31-year record to evaluate the
predictive ability of the models. The distribution of salinity
data in the 9-year evaluation period was similar to that of the
complete 31-year record (Table 1).

3.3. Freshwater Flux Data

3.3.1. Runoff. Freshwater runoff into Florida Bay was es-
timated as the sum of monthly volume discharges in Taylor
Slough and the C111 canal (Figure 6a). Data for Taylor Slough
are available for the entire period from 1965 through 1995;
data for the C111 canal are only available beginning in 1970.
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Figure 4. Monthly salinity values for 1965 to 1995 for each of four aggregated basins in Florida Bay show
the combined influence of a strong seasonal cycle superimposed on interannual variation. The straight lines
indicate the average salinity in each region for the period.

Discharge in Taylor Slough is measured as it crosses the main
road through Everglades National Park (Figure 1). The flow
down Taylor Slough discharges into a compl_c_:gg_pf*pgg_diﬁgrfh
of the bay and is distributed from there into.the bay through
several, smaller channels. Discharge in the C111 canal is mea-
sured at the S18C and the S197 control structures (Figure 1).
The C111 canal conveys water from a regional network of

drainage canals. Most water that leaves the C111 canal dis-

charges into the mangrove wetlands between the S18C and the
$197 striictures. This freshwater then flows south into the East
Region of the bay. During infrequent periods of extremely high
flow, water is allowed to pass through the 8197 structure and
discharge directly into the extreme eastern end of Florida Bay.
These runoff data do not account for the net gain (or loss) of
freshwater from precipitation and evaporation over the area

Salinity

10 11 12

1 2 3 4 5 6 7 8 9
Month

Figure 5. Regional salinity averaged by month over all 31
years illustrates similarities and differences in the seasonal
patterns of variation. In all regions, salinity increases during
the dry season and decreases during the wet season. The am-
plitude of seasonal variation is greater in the Central and East
Regions (bold and dashed lines), which are isolated from ac-
tive exchange with the coastal ocean, which moderates the
seasonal variation in the South and West Regions (dotted and
fine lines).

between the flow-monitoring points and the coast. The contri-
bution of (ungauged) groundwater flow to the coast is also not
accounted for in these data. Evidence from natural groundwa-
ter tracers suggests that submarine groundwater discharge into
Florida Bay contributés only slightly to the net freshwater
supply [Corbezt et al., 1999).

3.3.2. Rainfall. The available long-term rainfall records
for land-based sites in south Florida do not provide reliable
estimates of rain falling directly onto the bay. Convective
storms form primarily along the coast early in the wet season
but do not form over the open water of the bay until late in the
wet season [Schomer and Drew, 1982). This produces higher
rainfall measurements at mainland stations just inland from
the Florida Bay coast than actually occur in the bay. Therefore,
to construct a long-term precipitation record for the bay, we
had to correct for this bias in the land-based records. We did
this by correlating land-based records with recently available
rainfall measurements from stations within the bay and using
this correlation to reconstruct rainfall for periods when no
rainfall data for the bay were available.

Rainfall is currently being measured at several marine-
monitoring network stations maintained in Florida Bay (D.

Table 1. Summary of the Monthly Average Salinity
Observations in Each Region of Florida Bay

1987-1995 1965-1995
Basin Mean SD Mean SD
East 30.8 9.8 30.6 9.6
South 37.0 52 38.1 5.2
Central 39.6 94 414 9.2
West 36.4 42 36.7 5.0
All basins 35.8 8.2 35.8 8.6

SD is standard deviation.

X
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Smith, Annual Data Reports: 1993-1996, Everglades National
Park, Homestead, Florida). We used the monthly totals for
1993 through 1996 from eight of these stations (Figure 1) to
estimate monthly bay-wide average rainfall for 1993 through
1996. We chose these stations because they reported at least 12
months of data within this period. We used linear regression to
identify relationships between the monthly totals at each of the
" eight marine monitoring stations and monthly rainfall amounts
from long-term records (National Weather Service, National
Oceanic and Atmospheric Administration (NOAA), data
available from the National Climatic Data Center, Asheville,
North Carolina) for Flamingo, Royal Palm, Tamiami Trail,
and Homestead (Figure 1). These relations, which have 7>
generally greater than 0.5, provided the means of extrapolating
the recent record of rainfall in the bay back in time over the
period 1965 through 1995. We calculated a bay-wide average
rainfall from the extrapolated records, using area weights
based on Thiessen polygons, to estimate annual and monthly,
bay-wide average rainfall (Figure 6b).

3.3.3. Evaporation. Evaporation has not been directly
measured in Florida Bay, and as yet little effort has been made
to evaluate the long-term evaporation rate or its seasonal or
regional variations. Several years (1965 through 1970) of pan
evaporation observations are available from a National
Weather Service cooperative observing station (data available
from the National Climatic Data Center) at Flamingo on the
southwest Florida mainland (Figure 1). The annual average of
these data (approximately 210 cm yr~™') appeared to be too
high to be accepted as direct estimates of evaporation in Flor-
ida Bay. By comparison, Morton [1986] estimates annual evap-
oration from Lake Okeechobee is 162 cm based on a calcula-
tion of its water budget. Recently, Pratt and Smith [1999]
estimated an annual evaporation rate of about 73 cm by using
a Dalton law formula and data collected at three sites in the
bay. However, since some data needed to apply this formula
were obtained from a fourth station outside of the bay, it is not
known what magnitude of error might have been introduced
into their estimate. Because of the lack of reliable evaporation
estimates we derived our own estimate of the long-term, bay-
wide, annual average evaporation rate, E g, from our calibra-
tion of the steady state box model using the annual averages of
the observed salinity data (see section 3.4.1). Then, we esti-
mated monthly values of evaporation, Q g, by multiplying the
long-term, annual rate by monthly weights, w,, derived from
the seasonal pattern in the pan data from Flamingo:

Q= Egw,, 6

where

3.4. Salinity Models

3.4.1. Steady state box model. The steady state box
model served two purposes. It allowed us (1) to estimate the
unknown evaporation flux and (2) to investigate what effect
year-to-year variations in net freshwater supply has had on bay
salinity. We formulated the box model following the approach
of Miller and McPherson [1991] at Charlotte Harbor. In this
approach the net effects of residual circulation and hydrody-
namic mixing were accounted for by a (unknown) net exchange
flux, O+, for each region of the bay that represented the cu-
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Figure 6. (a) Monthly runoff into Florida Bay was estimated

from measured discharges in Taylor Sough (1965 to 1995) and
in the C111 canal (1970 to 1995). The volumetric fluxes were
divided by the surface area of Florida Bay (200 km?) to yield an
equivalent bay-wide depth for runoff. The dashed line is the
total runoff for each calendar year. (b) Monthly rainfall onto
Florida Bay for 1965 to 1995 was estimated from relationships
between long-term rainfall data in the Everglades and more
recent (short term) rainfall data in Florida Bay. The dashed
line is the total rainfall for each calendar year.

mulative influx of seawater flowing into that region. These
exchange fluxes, expressed in cm yr~!, were assumed to be
constant with respect to season and year. Each region also
received a net supply of freshwater, Q, as a result of runoff,
direct rainfall, and evaporation. Invoking mass conservation
for both water and salt led to an expression for the steady state
salinity in each region. On an annual average basis a flux of
water, Q 1, with salinity, S_.,, entered each basin from the
ocean and a flux of water, Q1 plus Q, returned to the ocean
with the salinity in the basin. Equating the inflow and outflow,
advected fluxes of salt led to an expression for the annual
average, steady state salinity in the efflux (S,,,, i-c., an esti-
mate of the annual average salinity in a given region of the

bay):

Or
M Qr+ QF’

where Qr = Qp + Or — Of and the rainfall, runoff, and
evaporation fluxes are annual average values.

We applied the box model separately to each of the four
regions in the bay (Figure 3). Annual runoff and rainfall vol-
umes (Figure 6) were uniformly distributed over the entire
area of the bay. In the case of runoff we assumed that mixing
within the bay was vigorous enough to redistribute runoff
throughout the bay from its localized points of discharge in less
than a year. In the case of rainfall the available records from
points within the bay were insufficient to characterize any
spatial distribution that was not uniform. We thus applied the
same rainfall, Qp, and runoff, O, to each region, and we

Son =35 (7N
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Figure 7. Average monthly freshwater fluxes to Florida Bay
for 1970 to 1995. The net freshwater supply (fine line) fluctu-
ates between deficit and surplus because peaks in monthly
patterns of rainfall and runoff (bold and dotted lines) lag the
peak in monthly evaporation (dashed line) by about 4 months.

calibrated the unknown annual exchange fluxes, O 7, and an-
nual evaporation fluxes, O, for each region by individually
fitting the model to the observed salinity data (using least
squares minimization of the residuals). Following calibration
for each region, we calculated the annual, bay-wide evapora-
tion rate, E 5, as the average of the four regional values of O
(see (6)).

3.4.2. Dynamic, spatially explicit model. We used a dy-
namiic, spatially explicit mass balance model to investigate the
combined influence of seasonal and interannual variations in
net freshwater supply for two reasons. We needed a dynamic
model because residence times in the bay exceed 1 month and
we could not assume a steady state salinity response on a
seasonal or monthly timescale. We needed a spatially explicit
model to examine whether the influence of runoff on a
monthly scale would be confined to basins near the inflow
along the Everglades coast. We developed a model for this
purpose that maintains a running account of the water and salt
budgets in each of 44 well-mixed basins within the bay (Figure
3). The boundaries of these basins follow the system of the
anastomosing banks that dissect the bay. This geometry was
chosen because the banks are the primary controls on fluxes
within the bay and the basins offer a natural framework for
mass balance accounting. This approach traces its roots to the
Keulegan’s [1967] model for the response of a coastal lagoon to
forcing by ocean tides acting through an inlet. Tidal exchange
through the inlet is modeled using Manning’s equation and the
head difference between zero-velocity water bodies at either
end of the inlet channel. We adapted this approach to condi-
tions in Florida Bay where exchange is governed by the con-
striction of shallow banks, not narrow inlets, and we extended
it to a network of basins interconnected by flows over banks.

The dynamic mass balance model (Flux Accounting and
Tidal Hydrology at the Ocean Margin (FATHOM)) calculates
exchange with a coastal ocean and mixing among basins in a
bay as the results of tidally driven water fluxes across shallow
banks. At each hourly time step the model solves for uniform,
hydraulic flow across each bank based on the depth, width, and
frictional roughness of the bank and water levels in upstream
and downstream basins. Manning’s equation for friction flow in
chann:ls [see Henderson, 1966] is used to calculate water ve-
locity as a function of depth with a vertical resolution of 0.3 m.
These velocities are used with cross-sectional areas of banks to
calculate water fluxes. Salt fluxes are then calculated from
water fluxes and the salinity of an “upstream” basin. Details of
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the banks’ representation and the hydraulic-equation solutions
are given by Cosby et al. [1999]. Basically, FATHOM simulates
mixing of salt between adjacent basins as tidally driven flows
over a series of weirs.

In addition to the climate data needed for the box model,
FATHOM requires tide data to set the open-water boundary
conditions for the bay. Hourly tide stages along the Gulf of
Mexico and Atlantic boundaries of Florida Bay were interpo-
lated from NOAA tide tables for locations along the southern
Florida coast and along the Florida Keys. We used semidiurnal
tides and applied the same annual pattern for all years from
1965 to 1995. The effects of wind tides and wind mixing were
not included in this application of FATHOM. We assumed the
Gulf of Mexico and Atlantic salinity to be constant at 35. The
seasonal estimates of evaporation derived from the box mode]
(equation (6)) were applied using the same total evaporation
and seasonal pattern for all basins and all years simulated. Our
estimated monthly rainfall for the bay (Figure 6b) was evenly
distributed over the 44 basins, and monthly runoff (Figure 6a)
was added at five inflow points along the north shore of the
East Region. Runoff distribution among the inflow points was
determined by the proportions of the total runoff contributed
by measured flows in Taylor Slough and the C111 canal. Gen-
erally, the influence of the C111 canal has been to redistribute
runoff to the easternmost parts of the northern boundary
[Lorenz, 1999] relative to historical conditions. We derived the
length/depth distribution of each bank and the volume/depth
distribution of each basin from Geographic Information Sys-
tem (GIS) data that had a resolution of 20 m. On the basis of
this GIS data we assigned to each bank one of four widths (300,
1000, 3000, or 4000 m). We applied a value of 0.1 for Man-
ning’s n, the friction coefficient, for all banks (based on the
literature for sediments and substrates similar to those on the
banks in Florida Bay [e.g., Henderson, 1966}).

FATHOM calculates hourly values of water level and mean
salinity for each basin; monthly average salinity was calculated
for each basin based on these hourly values. Because of the
simplifying assumptions inherent in the representation of tidal
exchange in the model, the variation of salinity is not correctly
represented at timescales less than that represented in the
variation of monthly average salinity. For all but the East
Region (which consists of a single basin), simulated monthly
salinity values from two adjacent basins were averaged to pro-
vide regional salinity estimates that corresponded to the ob-
served data (Figure 3). We did not calibrate FATHOM in any
formal sense (e.g., optimization by least squares to fit the
salinity data). The inputs described above were applied to the
model, and the simulated salinity values were used without
further adjustment.

4. Results and Discussion
4.1. Water Balance for Florida Bay

Using the annual averages of rainfall and runoff for 1970 to
1995 estimated from our data for these inputs (Figure 6) and
the annual evaporation estimated from the application of the
box model to the salinity data for 1987 through 1995 (see
section 4.1.2), we derived an annual water balance for Florida
Bay for rainfall of 98 cm yr™?, for runoff of 9 cm yr™?, for
evaporation of 110 ¢cm yr™!, and for net freshwater supply to
the bay of —3 cm yr~'. We averaged the freshwater fluxes for
each month from 1970 through 1995 to derive an average
seasonal cycle of the water balance for Florida Bay (Figure 7).
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Figure 9. The simulated salinity values from the Flux Accounting and Tidal Hydrology at the Ocean Margin
(FATHOM) model (bold line) when compared to the observed salinity data (fine line) for 1987 to 1995
revealed the magnitude of salinity variations associated with both interannual and seasonal variations in
rainfall and runoff for each aggregated basin in Florida Bay. FATHOM was driven by monthly rainfall and
runoff and simulated the salinity for all four basins over the 9 years with an efficiency of 51%.

component to runoff in FATHOM,; all runoff was applied to
the small bays along the northeastern margin of the bay that
border the East Region (Figure 3), and no runoff was applied
directly to the Central Region. This agreed with the location of
the sources of runoff (Figure 1) and contrasted to the way
runoff was applied in the box model (uniformly to all regions).
Because of the increased spatial resolution and seasonal na-
ture of the inputs, FATHOM simulated salinity in the East and
Central Regions much more successfully than did the box
model. However, FATHOM did not simulate the salinity vari-
ations observed in the West Region with the same success. The
West Region is adjacent to the boundary with the Gulf of
Mexico where salinity in the model was assumed to be con-
stant. However, salinity does vary in the gulf adjacent to the
bay, and the lack of this source of variation in the model
contributed to the discrepancy.

Taken together, these seasonal results and the results from
the annual analysis of net freshwater supply suggested that
variations in the net freshwater supply influenced salinity in
Florida Bay at both the seasonal and interannual timescales.
Three factors, (1) location within the bay, (2) interannual vari-
ation of rainfall and runoff, and (3) seasonal variation of runoff
and precipitation, accounted for approximately 51% of the
observed salinity variation in the bay, each component contrib-
uting approximately equally (16%, 21%, and 14%, respective-
ly). Other important sources of variation not included in these
analyses, but which might have explained much of the remain-
ing 49% of salinity variation, were temporal and spatial pat-
terns of evaporation, wind-driven mixing and exchange with
the coastal ocean, spatial patterns of rainfall over the bay, and
variations of salinity at the Gulf of Mexico and Atlantic bound-
aries of the bay.

4.3. Model Reconstructions of Long-Term Salinity Variations
(1965-1995)

We compared simulation results from each model with sa-
linity observations from the complete 31-year (1965-1995) da-

tabase to assess the predictive ability of the models. The 31-
year record contains the temporally dense data used to
calibrate the models (9 years from 1987 to 1995 comprising
approximately 50% of the observations) and a sparser record
that contains approximately the same number of observations
over a longer period (22 years). Our purpose was not so much
to formally test the models (that would have required that we
evaluate only that data not used in calibration) as it was to
extend the models to identify critical areas in which improve-
ments could be made to both models and the supporting data.

The location model, based on regional means of the evalu-
ation period (1987 through 1995), attained an efficiency of
20% when applied to the complete 31-year record (Table 4).
This was not much different from the 16% efficiency achieved
for the evaluation period and suggested that the effects of
location have not changed much over the 3 decades under
consideration. Likewise, efficiency for the steady state box
model applied to all of the data was not significantly different
from the box model efficiency achieved on the evaluation pe-
riod (Table 4). We inferred from this that patterns of interan-
nual variations in freshwater fluxes and the patterns of re-
sponse in annual average salinity were relatively uniform over
the period.

However, the efficiency score for FATHOM decreased from
51% when applied to the shorter evaluation period to 28% for
the complete 31-year period probably because of the data used
to drive the models and the salinity data itself. Since the effi-
ciency for FATHOM declined even though the efficiencies of
the other models did not, the quality and quantity of the data
for the earlier period specific to FATHOM must have differed
from that in the later evaluation period. These kinds of data
include spatially explicit patterns of rainfall and runoff,
inonthly patterns of freshwater fluxes, and temporal and spatial
variations in salinity values along the Gulf of Mexico and
Atlantic Ocean boundaries. Given that FATHOM was the
most spatially and temporally complex of the models, it should
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Monthly rainfall varied from about 4 cm month™' during the
dry season to greater than 15 cm month™! at the peak of the
rainy season. Estimated evaporation was lowest in winter
(about 6 cm month™*) and reached a peak in early summer (13
cm month™'). Monthly runoff under the management prac-
tices in place during the period was uniformly low (less than 2
cm month™* for all months), but there appeared to be a ten-
dency toward slightly higher runoff in late summer (Figure 7).

4.1.1. Importance of rainfall. Under water-management
practices from 1970 through 1995 the average annual volume
of runoff into Florida Bay was less than one tenth of the
average annual volume of direct rainfall onto the bay. This
distinguishes Florida Bay from other nearby estuarine areas
where the ratio of runoff to direct rainfall was 1 to 2 orders of
magnitude greater (Table 2). Within the bay the effects of
runoff can be locally more important. For instance, in the East
Region where almost all direct runoff actually entered the bay,
the ratio of runoff to rainfall was larger (approximately 0.5).
Comparing salinity conditions in the East Region with those in
the Central Region provided an indication of the spatial vari-
ation in the magnitude of the effect of runoff to rainfall ratios
on salinity within the bay. Both regions were relatively isolated
from exchange with the ocean, but the Central Region received
little freshwater inflow from runoff. Salinity variations in the
two regions were similar (and high compared to other areas of
the bay), but the mean salinity in the Central Region (no
runoff) was 10 higher than that in the East Region (Table 1).

4.1.2. Estimated evaporation. The calibration of the box
model for each region in the bay provided an estimate of
annual average evaporation in each region for 1987 through
1995 (Table 3). We averaged the evaporation rates for each
region to estimate the annual evaporation rate for Florida Bay
as awhole. This average annual, bay-wide evaporation rate was
approximately 110 cm yr™', significantly lower than the esti-
mates derived from the pan data at Flamingo (210 cm yr™!)
and the water budget for Lake Okeechobee (162 cm yr~%).
Within the bay the estimates of annual evaporation varied
spatially (Table 3). The estimated rates were almost identical
in the Central, South, and West Regions (approximately 130
cm yr~ '), but the estimated rate for the East Region was more
than 30% lower. A spatial pattern in evaporation over the bay
(related to water depth, bottom cover, etc.) was expected, and,
theoretically, the calibration of the box model could recover
some of that pattern (to the degree to which the pattern is
reflected in the annual average salinities used to calibrate the
model).

Table 2. Comparison of Annual Freshwater Input Fluxes
for Florida Bay With Other Florida Estuaries

Area, Runoff,* Rainfall,> Inflow,® Runoff/

Estuary km? cm cm cm  Rainfall
Florida Bay® 2000 9¢ 98 107 0.1
Charlotte Harbor® 700 . 430 143 573 3.0
Indian River Lagoon® 568 635 131 766 4.8

“Annual volume is divided by area of estuary.

°Runoff and rainfall are annual averages for 1970 through 1995.

This is the sum of gauged flows in Taylor Slough and in the C111
canal at S18C.

9Source is Miller and McPherson [1991}.

“Source is Smith [1993).
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Table 3. Summary of the Box Model Calibration for 1987-
1995

Tide,” Qr,-b QE,-b
Basin cm cmyr! cmyr! r?
East 0 172 83 0.25
South 6 339 128 0.48
Central 1 198 129 0.67
West 8 345 122 0.63

“Source is N. P. Smith and P. A. Pitts (Harbor Branch Oceano-
graphic Institution, unpublished report, 1996).

®Values of Q and O were estimated during calibration by nonlin-
ear regression using observed annual average salinity.

The box model explained a much smaller proportion of the
variation in the annual average salinity values in the East
Region than elsewhere in the bay (based on the r? values,
Table 3). The lower estimated evaporation and the lower ex-
plained variance in the east may reflect an underestimation of
the freshwater fluxes either from runoff or direct rainfall into
this region. This underestimation probably resulted, at least in
part, from our decisions (1) to apply annual runoff uniformly
to each region under the assumption that mixing of runoff
throughout the bay was complete within a year and (2) to
ignore the effect of rainfall contributions from the Taylor
Slough area below the discharge gauge. If most of the runoff
(and some additional rainfall) had been added to the simula-
tions for the East Region, the estimated evaporation (and
perhaps the explained variance) would have been higher in
that region. Adding less runoff to the other regions would have
resulted in lower estimated evaporation rates. Lacking obser-
vations on distribution and mixing of runoff in the bay (and the
necessary resolution in the steady state, spatially aggregated
box model structure), we could not evaluate these potential
biases in the regional evaporation estimates. We therefore
averaged the annual evaporation rates from all four regions to
provide our best, unbiased estimate of the bay-wide annual
evaporation rate.

4.2. Influence of Net Freshwater Supply on Salinity

4.2.1. Sources of interannual variation. The average an-
nual net freshwater supply to Florida Bay is essentially zero.
However, there have been large fluctuations in both the annual
rainfall and annual runoff to the bay (Figure 6). From 1965 to
1993, annual direct rainfall onto the bay varied from about 75
cm yr~! to about 140 cm yr ™%, a range of interannual variation
of 65 cm yr~! (range is 65% of mean value). For the same
period the range of interannual variation of runoff into the bay
was only 23 cm yr~! (from 0 to 23 cm yr~! with a range of
250% of mean value). Given the absolute magnitudes and
ranges of interannual variations of rainfall and runoff, it seems
likely that annual variations of salinity in Florida Bay for the
last 3 decades have been primarily affected by variations in
annual rainfall and only to a lesser extent by changes in annual
runoff even though the percentage of changes in runoff have
been greater.

4.2.2. Results of the steady state model. A comparison of
the annual average salinity values simulated by the steady state
box model with the observed monthly salinity data supported
our conclusion that interannual variations in rainfall and run-
off explained much of the variation of salinity in all regions of
the bay (Figure 8). The box model, which was applied to each
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Figure 8.
salinity data (fine line) for 1987 to 1995 revealed

interannual variations in rainfall and runoff for each
driven only by annual rainfall and runoff and simulate

efficiency of 37%.

region using annual fluxes, attained an efficiency of 37% for
1987 through 1995 (Table 4). (For each region the simulated
average salinity for a given year was used for all months within
that year when calculating the efficiency by (2).) By contrast,
the efficiency score for the location model, the long-term mean
salinity for each region, was just 16% (Table 4). (For each
region the mean salinity was used for all months in all years
when calculating the efficiency by (2).) The difference in effi-
ciency can be attributed to the influence on salinity of inter-
annual fluctuations in rainfall and runoff. That is, approxi-
mately 21% of the variance of salinity in Florida Bay resulted
from interannual variations of freshwater fluxes.

The values of the exchange flux, Q 7, in the box model can be
interpreted as the water renewal rate, a function of tidal ex-
change with the Gulf of Mexico and the Atlantic. We com-
pared the magnitudes of the calibrated exchange fluxes with
observed tidal amplitudes in each region of the bay (Table 3)
and found a strong correlation, providing partial, qualitative
corroboration of the model calibration. The calibrated values
of Q4 (Table 3) were used to estimate residence times in each
region of the bay. Assuming that the average water depth in
each region is 100 cm, residence times in years were defined as
100/Q . These estimates of residence times ranged from 0.3
to 0.6 years and indicated that water in the East and Central
Regions would require over a year to be completely replaced
by exchange flux. The results of the residence time analysis and
the fact that observed fluctuations in the salinity data appear to
lag the simulated salinity (Figure 8) for all regions suggested
that annual average salinity was not in steady state with annual
variations in the net freshwater supply anywhere within the bay.

4.2.3. Seasonal effects. On a monthly basis the average
net freshwater supply fluctuated considerably between nega-
tive and positive values (Figure 7). The average net supply of
freshwater was positive during the rainy season (from June
through October) and was negative in the winter and spring.
Generally, salinity values during winter and spring exceeded

1987 1989 1991 1983 1995

The simulated salinity values from the box model (bold line) when compared to the observed

the magnitude of salinity variations associated with
aggregated basin in Florida Bay. The box model was
d the salinity of all four basins over the 9 years with an

the salinity of the adjacent ocean; during the rainy seasom,
salinity values dropped to below ocean salinity (Figure 5).
Although annual runoff was small compared to annual rainfall,
the seasonal variation in runoff was an important component
of the seasonal variation in net freshwater supply. For example,
total net freshwater supply during the rainy season was about
22 cm, of which more than 30% was contributed by runoff from
Taylor Slough and the C111 canal. This implies that changes in
the amount or the timing of the seasonal components of runoff
may have greater impact than changes in annual totals alone.

42.4. Results from the dynamic model. FATHOM at-
tained an efficiency score of 51% when compared to salinity
observations for 1987 through 1995, compared to 37% attained
by the steady state box model (Table 4). This suggested that
approximately 14% of the variance in observed salinity in Flor-
ida Bay was related to seasonal variations in net freshwater
supply. The increased efficiency largely resulted because
FATHOM very successfully simulated both the seasonal fluc-
tuations and interannual trends in salinity observations in the
East and Central Regions (Figure 9). There was a spatial

Table 4. Types of Variability in Salinity Derived From
Comparison of Model Results

Efficiency (Eff), %

Types of Variability® Model 1987-1995  1965-1995
Spatial basin means 16 20
Spatial and interannuai  box model 37 38
Location, interannual FATHOM 51 29

and seasonal

FATHOM is Flux Accounting and Tidal Hydrology at the Ocean
Margin model.

aVariability categorized as spatial (among basins, interannual),
based on annual averages, and seasonal, based on monthly averages.
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Table 5. Sensitivity of Monthly Average Salinity Simulated
by FATHOM to Increased Runoff From 1987 to 1995

Reference
Simulation Runoff Doubled
Basin Mean SD Mean SD
East 354 8.0 26.1 8.9
South 36.0 2.0 35.0 2.
Central 375 53 37.2 5.7
West 353 1.1 353 1.2

SD is standard deviation.

not have been surprising that its efficiency declined as it was
applied to the earlier periods where the salinity data were
sparse and flux data were increasingly uncertain. For example,
a program of regular salinity monitoring has only been in place
since about 1990; data from before this date are largely com-
pilations of incidental measurements. Also, rainfall measure-
ments from in the bay were only available from 1991, Before
that, monthly values of rainfall were extrapolated from land-
based stations based on regression equations calibrated on the
4 years of recent data in the bay. The exact cause(s) of the
salinity variations in Florida Bay in the 1960s and 1970s may
never be known.

4.4. Critical Gaps in Knowledge

Our analyses of net freshwater supply and our model recon-
structions of long-term salinity variations have identified sev-
eral areas where better information would improve our under-
standing of and ability to predict salinity variations in Florida
Bay. Generally, these areas can be grouped as uncertainties
relating to (1) complete lack of direct information about the
magnitude and the spatial and temporal variations in evapo-
ration in the bay; (2) insufficient long-term and seasonal data
on both terrestrial and oceanic boundary conditions of the bay;
and (3) the poor temporal and spatial coverage by currently
available measurements of direct rainfall into the bay.

For example, the first two of these relate to the unknown
causes of the lower evaporation rate estimated by the box
model for the East Region (Table 3). Using the available
information, we could not ascertain if the lower rate simply
reflected the spatial variations in evaporation that we knew
must be present in the bay (but which had not been quantified)
or if the lower rate arose because we did not account for direct
rainfall onto and runoff from the wetlands south of the Taylor
Slough and C111 canal discharge measurement points. In ei-
ther case a significant freshwater flux pertinent to the north-
eastern bay remains unquantified. The results of Corberr et al.
[1999] rule out the possibility that this unknown source could
be submarine groundwater discharge.

Another area of uncertainty about boundary conditions re-
lates to salinity variations along the Gulf of Mexico and At-
lantic boundaries of Florida Bay. In our models we assumed
this salinity was constant and equal to 35. However, freshwater
discharge from Shark Slough (Figure 1) joins a southward
flowing coastal current just north of Florida Bay and contrib-
utes to salinity variation at the northwestern boundary of the
bay. Recent data from this area have documented salinity
fluctuations of 26 to 39 [e.g., Boyer et al., 1999; Wang, 1998].
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4.5. Simulated Response to Increased Runoff

Even with the limitations of the data and the current model,
FATHOM simulated salinity variations for 1987 to 1995 rea-
sonably well (Figure 9). We therefore decided to use this
FATHOM application as a reference case and to investigate
the sensitivity of salinity in Florida Bay to changes in runoff
from Taylor Slough and the C111 canal. The experiment re-
ported here was relatively simple and is presented only to
demonstrate the usefulness of the model in such exercises and
to provide a rough measure of the responses of salinity in
Florida Bay to changes in the management of freshwater run-
off into the bay.

We conducted a model simulation in which monthly runoff
rates for every month from 1987 through 1995 were doubled.
Monthly rainfall and evaporation rates were not changed. The
increased runoff was applied to the model in the same loca-
tions (i.e., only the volume of runoff was increased, the spatial
distribution of runoff was not changed). The results of this
experiment were compared to the reference simulation (Table
5). In the East Region the increased runoff depressed the
mean salinity value by 9.3 below the mean for the reference
simulation. In the south, although the mean salinity was little
changed, the standard deviation of monthly salinity values in-
creased 40% (Table 5). Rather importantly for some manage-
ment options under consideration, doubling runoff without
changing its distribution along the northern boundary of the
bay had little effect on salinity in the Central Region. This is
significant because salinity in excess of 60, which occurs for
short periods in the Central Region [Fourqurean et al., 1993]
even though monthly means do not show it (Figure 8), is often
implicated in the ecological decline in the bay. Our experiment
simply doubled the runoff for all months. Our analysis of the
seasonal patterns in net freshwater fluxes suggested that the
same total annual volume of runoff increase, if applied in just
a few properly chosen months (instead of in all months), would
have a much larger effect on salinity in the bay. Management
options for ecosystem restoration in the Everglades and Flor-
ida Bay could certainly include changes in the timing as well as
amount of runoff. Our analysis of the effects of location in the
application of runoff also suggested that changing the runoff
points along the Everglades boundary would affect the distri-
bution of the freshwater within the bay. For instance, the
redistribution of runoff westward from the C111 canal into
Taylor Slough should bring larger salinity changes in the Cen-
tral Region. We plan to continue to use FATHOM to inves-
tigate the projected effects of various changes in runoff
amount, location, and timing on salinity distributions in Flor-
ida Bay.

5. Conclusions

The annual average water balance for Florida Bay from 1970
to 1995 was dominated by rainfall and evaporation, which were
approximately equal. Annual runoff was less than one tenth of
rainfall. Annually, the variations of salinity in Florida Bay for
the last 3 decades have been primarily affected by interannual
variations in rainfall volumes and somewhat less by changes in
annual runoff even though the relative changes in runoff over
the period have been greater.

Variations in the net freshwater supply influence salinity in
Florida Bay seasonally and interannually. Three factors (loca-
tion within the bay, interannual variation of rainfall and runoff,
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and seasonal variations of runoff and precipitation) accounted
for approximately 51% of the observed salinity variation in the
bay from 1987 to 1995, each component contributing approx-
imately equally (16%, 21%, and 14%, respectively). Other
important sources of variation not in these analyses but that
might have explained much of the remaining 49% of the
salinity variation were temporal and spatial patterns of evap-
oration, wind-driven mixing and exchange with the coastal
ocean, spatial patterns of rainfall over the bay, and variations
of salinity at the Gulf of Mexico and Atlantic boundaries of
the bay.

We identified several areas where better information would
improve our understanding of and ability to predict salinity
variations in Florida Bay. Generally, these areas could be
grouped as uncertainties relating to (1) complete lack of direct
information about the magnitude and the spatial and temporal
variations in evaporation in the bay; (2) insufficient long-term
and seasonal data on both terrestrial and oceanic boundary
conditions of the bay; and (3) poor temporal and spatial cov-
erage by currently available measurements of direct rainfall
into the bay.

Appendix: Florida Bay Historical Salinity
Database

Salinity measurements for Florida Bay are numerous but
scattered, reflecting the diverse character of the biologic, geo-
logic, and hydrologic studies that generated the data. The
available salinity record for Florida Bay began in 1936. Prior to
this, salinity observations were extremely rare, and references
to salinity conditions in the Florida Bay were mostly qualita-
tive. By the mid-1950s, spatially and temporally intensive data
were becoming available, but they were scattered in space and
time. In 1981 the National Park Service inaugurated routine
salinity monitoring in Florida Bay; by 1988 this network had
become sufficiently dense to meet many of the needs of man-
agement and science.

We compiled into a single database what we feel are the
most reliable salinity data for Florida Bay available in both
published and unpublished sources. Temporal coverage of the
database was reasonable, with a number of studies available in
each decade since 1940 (Table A1l). Spatial coverage was rea-
sonable in most areas, but in some areas no data were avail-
able. For instance, few data were available covering the exten-
sive shallow water banks in western Florida Bay primarily
because the area is inaccessible by boat. We searched exten-
sively for any source of data prior to 1990. For the data since
1990 we limited our sources to several spatially and temporally
intensive monitoring studies in the bay. Regardless of the
source, a salinity measurement was only included in the data-
base if it met the following criteria: (1) The observation was
made within Florida Bay or in waters immediately adjacent to
the bay. (2) The measurement was a discrete observation (i.e.,
the observation was not part of a high-frequency time series or
an average value taken over time or space). (3) The date and
time of the observation were known. (4) The latitude and
longitude of the location of the observation were available or
could be estimated. (5) The depth at which the observation was
made could be determined (i.e., surface, bottom, or interme-
diate depth).

Currently, the database contains over 34,000 salinity obser-
vations covering 1947 to 1995. Data sources in this compilation
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Table Al. Chronology of the Studies Included in the
Historical Database for Florida Bay

Decade

Study 1940 1950 1960 1970 1980 1990
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are organized by “study numbers” from 1 to 60. Each study
consists of salinity measurements drawn from a single or a few
closely related sources. Table A2 summarizes the number of
stations, number of measurements, location, and duration
(dates) of each study and includes references to the published
or unpublished literature from which the data were extracted.
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Number
of Number of Period
Study Location Stations Observations Sampled Reference

1 NW Florida Bay, 8 50 Mar. 1984 to Powell, A. B, D. E. Hoss, W. F. Hettler, D. §. Peters, L. Simoneausx,

Shark River Sept. 1985 and S. Wagner, Abundance and distribution of ichthyoplankton in
Florida Bay and adjacent waters, SFRC-87/01 , 45 pp., S. Fla. Res.
Cent., Everglades Natl. Park, Homestead, Fla., 1987.

2 west coast 31 31 June 1947 to Davis, C. C., Notes on the plankton of Long Lake, Dade County,
estuaries, May 1948 Florida, with descriptions of two new copepods, Q. J. Fla. Acad.
north, central, Sci., 10, 79-88, 1948.

NE Florida Bay

3 Long Sound, 14 30 Jan. 1977 to Creamer, D., Salinity observations east and west of U.S, Highway 1,
Manatee Bay March 1977 unpublished report, Fish and Wildl. Serv., Vero Beach, Fla., 1977.

4 nearshore Gulf of 48 1225 Mar. 1954 to Dragovitch, A., J. H. Finucane, and B. Z. May, Counts of red tide
Mexico, west June 1958 organisms, Gymnodinium breve, and associated oceanographic data
coast estuaries, from Florida west coast, 1957-1959, Spec. Rep. Fish 369, pp. 1-102,
NW Florida U.S. Fish and Wildl. Serv., Vero Beach, Fla., 1961.

Bay, Finucane, J. H., and A. Dragovitch, Counts of red tide organisms,
Whitewater Bay Gymnodinium breve, and associated oceanographic data from
Florida west coast, 1957-1959, Spec. Rep. Fish 289, pp. 202-295,
U.S. Fish and Wildl. Serv., Vero Beach, Fla., 1959,
Finucane, J. H., Distribution and seasonal occurrence of
Gymnodinium breve on the west coast of Florida, 1954-57, Spec.
Sci. Rep. Fish 487, 14 pp., U.S. Fish and WildL. Serv., Vero Beach,
Fla., 1964,

5  Buttonwood 19 75 Aug. 1962 to Lynts, G. W., Relationship of sediment-size distribution to ecological

Sound Feb. 1963 factors in Buttonwood Sound, Florida Bay, J. Sediment Petrol.,
36(1), 66-74, 1966.

6  Florida Bay, 8 2140 Mar. 1960 to Goodell, H. G., and D. S. Gorsline, Data report on the hydrography

Florida Keys Jan. 1961 of Apalachicola and Florida Bays, Fla. St. Univ. Sed.Res, Lab.
Contrib. 1, 316 pp., Fla. State Univ.,, Tallahassee, 1961,

7  Florida Bay, 32 54 Aug. 1958 to Lloyd, R. M., Variation in oxygen and carbon isotope ratios of

Florida Keys Jan. 1959 Florida Bay mollusks and their environmental significance, J.
: Sediment Perrol., 36(1), 84-111, 1964.

8  central, east 76 615 Dec. 1956 to McCallum, J. S., and K. S. Stockman, Salinity in Florida Bay, Geol.

Florida Bay April 1958 Misc. 21, 14 pp., Explor. and Prod. Res. Div., Shell Dev. Co.,
Houston, Tex., 1959.

9  east, central 166 1760 Jan. 1977 to Coleman, R. A., T. W. Schmidt, R. E. Hermance, P. W. Rose, P. C.
Florida Bay, Feb. 1979 Patty, W. B. Robertson Jr., Some hydrographic aspects of the
Bames Sound, estuarine area from northeastern Fiorida Bay to Barnes Sound,
Manatee Bay especially in restoring historical water conditions, unpublished

management report, 41 pp., S. Fla. Res. Cent., Everglades Natl.
Park, Homestead, Fla., 1979.
10 west, central 5 40 Nov. 1982 to Powell, G. V. N, S. M. Sogard, and J. G. Holmquist, Ecology of
Florida Bay Dec. 1986 shallow water bank habitats in Florida Bay, final report to S. Fla.
Res. Cent., Everglades Natl. Park, Homestead, Fla., 406 pp.,
Ornithol. Res. Unit, Natl. Audubon Soc., Tavernier, Fla., 1987.
11 NE Florida Bay 67 77 Feb. 1967 to Tabb, D. C,, T. R. Alexander, T. M. Thomas, and N. Maynard, The
Mar. 1967 physical, biological, and geological character of the area south of
the C-111 Canal in extreme southeastern Everglades National
Park, Homestead, Fla., final report, (contract 14-10-1-160-11), S.
Fla. Res. Cent., Natl. Park Serv., Homestead, Fla., 1967.
(Available as ML 67103, Rosenstiel Sch. of Mar. and Atmos. Sci.,
Univ. of Miami, Miami, Fla.)
12 Florida Bay 49 1665 April 1973 to Schmidt, T. W., Ecological study of fishes and the water quality
Sept. 1976 characteristics of Florida Bay, Everglades National Park, Florida,
final report, 144 pp-, S. Fla. Res. Cent., Everglades Natl. Park,
Homestead, Fla., 1979.

13 east, north, 262 3070 July 1978 to White, D. A., Oceanographic monitoring study, October 1980 to
central Florida Sept. 1983 October 1983, unpublished report, S. Fla. Res. Cent., Everglades
Bay Natl. Park, Homestead, Fla., 1983.

14 Florida Bay 13 275 Mar. 1977 to Bert, T. M., J. T. Tilmant, J. W. Dodrill, and G. E. Davis, Aspects of

June 1980 the population dynamics and biology of the stone crab (Menippe
mercenaria) in Everglades and Biscayne National Parks as
determined by trapping, Tech. Rep. SFRC-86/04, 77 pp., S. Fla.
Res. Cent., Everglades Natl. Park, Homestead, Fla., 1986.

15 east, NW Florida 30 160 Feb. 1982 to Rutherford, E. S., Larval and juvenile gamefish study, February 1982
Bay, Dec. 1983 to December 1983, unpublished report, S. Fla. Res. Cent.,
Whitewater Bay Everglades Natl. Park, Homestead, Fla., 1983.

16  NW Florida Bay 1 16 Jan. 1963 to Overstreet, R. M., Parasites of the inshore lizardfish, Synodus foetens,

Dec. 1964 from south Florida, M.S. thesis, 69 pp., Univ. of Miami, Miami,

Fla., 1966.
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Table A2. (continued)
Number
of Number of Period
Study Location Stations Observations Sampled Reference
17  NE Florida Bay 12 221 Mar. 1986 to Montague, C. L., R. D. Bartleson, and J. A. Ley, Assessment of
Sept. 1987 benthic communities along salinity gradients in northeastern Florida

Bay, Final Rep. CA5280-5-8004, S. Fla. Res. Cent., Natl. Park Serv.,
Homestead, Fla., 1989. (Available from Rosenstiel Sch. of Mar. and
Atmos. Sci., Univ. of Miami, Miami, Fla.)

18  west, central 50 350 June 1990 to Robblee, M. B., Salinity and temperature data collected at swim-over
Florida Bay, Nov. 1991 stations associated with sea-grass die-off monitoring, 1990 to 1991,
Sunset Cove unpublished data, S. Fla. Res. Cent., Everglades Natl. Park,

Homestead, Fla., 1991.
19  east Florida Bay 7 96 Oct. 1979 to Evink, G. L., Hydrological study in the area of Cross Key, Florida,
Nov. 1980 Environ. Res. FL-ER-16-81, 31 pp., Fla. State Dep. of Transp., Bur.
of Environ., Tallahassee, Fla., 1981.

20  west, central, 205 274 May 1984 to Thayer, G. W., W. F. Hettler Jr., A. J. Chester, D. R. Colby, and P. T.
south Florida June 1985 McElhaney, Distribution and abundance of fish communities among
Bay, Whitewater selected estuarine and marine habitats in Everglades National Park,
Bay Tech. Rep. SFRC-87/02, 166 pp., S. Fla. Res. Cent., Everglades Natl.

Park, Homestead, Fla., 1987.

21  central, east 43 75 June 1970 to Ogden, J. C., Field notes associated with Florida Bay field trips from

Florida Bay Sept. 1973, Tavernier, Florida, 1971 to 1973, 1977, Ornithol. Res. Unit, Natl.
Mar. 1977 Audubon Soc., Tavernier, Fla., 1977.

22  Florida Bay, 312 312 May 1966, Shaw, A. B., Salinity data collected from across Florida Bay associated
Barnes Sound, Jan. 1984 to with studies of the distribution of mollusk shells, maps, Amoco Oil,
Manatee Bay June 1984 Chicago, Il1., 1984.

23 west, central 47 230 May 1989 to Robblee, M. B., Salinity and temperature data associated with benthic
Florida Bay Dec. 1991 animal sampling of seagrass die-off impacted areas in Florida Bay,

1989 to 1991, unpublished data, S. Fla. Res. Cent., Everglades Natl.
Park, Homestead, Fla., 1992.

24  east, central, west 96 180 Aug. 1988 to Robblee, M. B., and J. W. Fourqurean, Field notes associated with the
Florida Bay, Oct. 1988 August 1988 C-111 canal water release, unpublished data, S. Fla.
Manatee Bay Res. Cent., Everglades Natl. Park, Homestead, Fla., 1988.

25 Florida Bay, 38 3190 May 1981 to Smith, D. T., Surface refractometer measurements made at marine
Whitewater Bay, Dec. 1995 monitoring stations, 1981 to 1995, unpublished data, S. Fla. Res.
west coast Cent., Everglades Natl. Park, Homestead, Fla., 1995.
estuaries

26  Florida Bay, 61 610 Aug. 1963 to Costello, T. J., D. M. Allen, and J. H. Hudson, Distribution, seasonal
Florida Keys Feb. 1969 abundance, and ecology of juvenile northern pink shrimp, Penaeus

duorarum, in Florida Bay area, NOAA Tech. Memo. NMFS-SEFC-
161, 84 pp., Natl. Oceanic and Atmos. Admin., Miami, Fla., 1986.

Hudson, J. H,, D. M. Allen, and T. J. Costello, The flora and fauna of
a basin in central Florida Bay, U.S. Fish Wildl. Serv., Spec. Sci. Rep.
Fish 604, 14 pp., Washington, D. C., 1970.

27 Florida Bay, 163 815 Oct. 1981 to Robblee, M. B., and T. W. Schmidt, Environmental data collected in
Whitewater Bay Oct. 1987 association with collections of pink shrimp, caridean shrimp, and

fishes in Florida Bay and Whitewater Bay, 1981 to 1987, unpublished
report, S. Fla. Res. Cent., Everglades Natl. Park, Homestead, Fla., 1987.
28 NW Florida Bay, 36 1540 May 1957 to Tabb, D. C., D. L. Dubrow, and R. B. Manning, Hydrographic data
Whitewater Bay May 1962 from the inshore bays and estuaries of Everglades National Park,
Florida, 1957-1959, ML 59253, 26 pp., The Mar. Lab., Univ. of
Miami, Miami, Fla., 1959.
Tabb, D. C., and D. L. Dubrow, Hydrographic data, supplement I,
from the inshore bays and estuaries of Everglades National Park,
Florida, 1959-1962, ML 62245, 22 pp., The Mar. Lab., Univ. of
Miami, Miami, Fla., 1962.
29 Florida Bay, 57 840 Sept. 1964 to Tabb, D. C., Prediction of estuarine salinities in Everglades National
- Whitewater Bay July 1967 Park, Florida, by the use of ground water records, Ph.D. dissertation,
107 pp., Univ. of Miami, Coral Gables, Fla., 1967.
30 Long Key 1 4215 Jan. 1981 to Swanson, J. W., Salinity, temperature, pH, DO monitoring data from
Dec. 1995 the Keys Marine Laboratory, unpublished data, Fla. Dep. of Environ.
Prot., Long Key, 1995 (Sea World, Orlando, Fla., collected data
during the period 1981 to 1987.)
31 Florida Bay 30 190 June 1989 to Fourqurean, J. W, R. D. Jones, and J. C. Zieman, Processes

July 1990

influencing water column nutrient characteristics and phosphorus
limitation of phytoplankton biomass in Florida Bay, Florida, USA:
Inferences from the spatial distributions, Estuarine Coastal Shelf Sci.,
36, 295-314, 1993.

Fourqurean, J. W., R. D. Jones, and J. C. Zieman, Water quality
obseivations from across Florida Bay (June 1989 to April 1990),
report (contracts CA5280-9-8001, CA5280-9-8008, CA5280-0-9009,
CAS5280-0-9010 and CAS5280-8-8007), Univ. of Va., Charlottesville,
Fla. Int. Univ., Miami, and S. Fla. Res. Cent., Everglades Natl. Park,
Homestead, Fla., 1991.
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Table A2. (continued)
Number
of Number of Period
Study Location Stations Observations Sampled Reference

32 NE, NW Florida 4 203 Dec. 1989 to Lorenz, J., Observations made during Ph.D. research in Florida Bay,
Bay Nov. 1991 1989 to 1991, Univ. of Fla., Gainesville, 1991.

33 east, central 44 220 June 1989 to Ley. J. A, and C. L. Montague, Influence of changes in freshwater
Florida Bay, Mar. 1990 flow on the use of mangrove prop root habitat by fish, report to S.
Whitewater Fla. Water Manage. Dist., 220 pp., Dep. of Environ. Eng. Sci.,
Bay, Shark Univ. Fla., Gainesville, 1991.

River

34 NW Florida Bay, 9 110 Sept. 1957 to Tabb, D. C, and D. L. Dubrow, Biological data on pink shrimp,
Buttonwood Mar. 1962 Penaeus duorarum, of north Florida Bay and adjacent estuaries in
Canal, Monroe County, Florida, September 1957-March 1962,
Whitewater unpublished data, ML 62239, 89 pp., The Mar. Lab., Univ. of
Bay, nearshore Miami, Miami, Fla., 1962.

Gulf of Mexico

35  Florida Bay, 18 355 Jan. 1962 to Gorsline, D. S., Final data report marine geology and oceanography

Florida Keys Dec. 1962 of Florida Bay, Apalachicola Bay and vicinity, Florida, observation
period January to December 1962, Rep. USC Geol. 65-1, Fla. State
Univ., Tallahassee, 1965.

36  West, central, 179 179 Oct. 1987 Robblee, M. B., Salinity observations following Hurricane Floyd in
east Florida October 1987, unpublished report, S. Fla. Res. Cent., Everglades
Bay Natl. Park, Homestead, Fla., 1987.

37  Florida Bay 31 80 June 1991 to Frankovitch, T. A., Epiphyte loads and production on the seagrass,

Feb. 1992 Thalassia testudinum, M.S. thesis, 136 pp., Dep. of Environ. Sci.,
Univ. of Va., Charlottesville, 1996,

38  central Florida 9 9 Oct. 1980 Gaby, R., Environmental observations along a transect across Florida

Bay Bay, October 1, 1980, report to Don Miller, Everglades Prot.
Assoc., Islamorada, Fla., 3 pp., Connell, Metcalf and Eddy, Inc.,
Coral Gables, Fla., 1980.

39  Florida Bay, 13 230 Jan. 1990 to Bugden, J., Water quality observations made in Florida Bay, 1990 to

Barnes Sound June 1991 1991, as part of a M.S. thesis on seagrass die-off, Fla. Int. Univ.,
Miami, 1991.

41 west coast 40 1495 April 1962 to Marshall, A, and R. Jones, Salinity data from Big Cypress and
estuaries, Mar. 1967 Everglades west coast estuaries, 1962 to 1967, unpublished data,
Whitewater Branch of River Basin Stud., Fish and Wildl. Serv., Vero Beach,
Bay Fla., 1967.

42 Card Sound 5 60 Oct. 1971 to Smith, R., Abundance and diversity of sponges and growth rates of

Oct. 1972 Spongia graminea in Card Sound, Florida, M.S. thesis, 56 Pp-
Univ. of Miami, Coral Gables, Fla., 1973.

43 Buttonwood 1 24 Jan. 1963 to Waldinger, F. J., Relationships of environmental parameters and

Canal Bridge Dec. 1964 catch of three species of the mojarra family (Gerridae),
Eucinostomus gula, Eucinostomus argenteus, and Diapterus plumeri,
collected in 1963 and 1964 in Buttonwood Canal, Everglades
National Park, Florida, M.S. thesis, 68 pp., Univ. of Miami, Coral
Gables, Fla., 1968.

44 Little Blackwater 17 50 Feb. and Mar.  Lee, C. C., The decomposition of organic matter in some shallow
Sound, Long 1966 water, calcareous sediments of Little Blackwater Sound, Florida
Sound Bay, Ph.D. dissertation, 106 pp., Univ. of Miami, Coral Gables,

Fla., 1969.
45  Florida Keys 5 21 April 1976 to Helbling, R. J., Water quality data collected for Permanent Network
June 1977 Monitoring Program, unpublished data, Fla. Dep. of Environ.
Regul., Marathon, Fla., 1978.
46  Florida Bay 50 132 June 1989 to Zieman, J. C,, and J. W. Fourqurean, Water quality observations
Mar. 1991 associated with seagrass die-off research, 1989 to 1990,
unpublished data, Univ. of Va., Charlottesville, 1991.

47  Florida Bay, 75 2800 Jan. 1991 to Jones, R. D., Water quality observations in Florida and Manatee
Whitewater Dec. 1995 Bays and Barnes Sound, 1991 to 1995, unpublished data, (contract
Bay, west coast MAS5280-0-9015), Fla. Int. Univ., Miami, and the S. Fla. Res.
estuaries Cent., Everglades Natl. Park, Homestead, Fla., 1991-1995. °

48  NE Florida Bay, 28 125 Oct. 1985 to Swift, D., Water quality measurements taken in the marshes and
C-111 canal Aug. 1986 bays below the C-111 Canal in southwestern Dade County,

unpublished data, S. Fla. Water Manage. Dist., West Palm Beach,
1988.

49  NE Florida Bay, 8 78 July 1975 10 Rich, E., Environmental data collected in Florida Bay, unpublished
Florida Keys Sept. 1991 data, Univ. of Miami, Coral Gables, Fla., 1991.

50  West coast 19 65 April 1986 to Bancroft, G. T., S. D. Jewell, and A. M. Strong, Foraging and
estuaries, Sept. 1989 nesting ecology of herons in the lower Everglades relative to water

Whitewater Bay

conditions, Final Rep. 202-M86-0254-R, to S. Fla. Water Manage.
Dist., 156 pp. and appendix, Natl. Audubon Soc., Tavernier, Fla.,
1990.
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Dec. 1995

Table A2. (continued)
Number
of Number of Period
Study Location Stations Observations Sampled Reference

31 nearshore Gulf of 35 140 May 1971 to Lindall, W. N., Jr., J. R. Hall, W. A Fable Jr., and L. A. Collins,
Mexico, west Feb. 1972 Fishes and commercial invertebrates of the nearshore and
coast estuaries, estuarine zone between Cape Romano and Cape Sable, Florida,
Whitewater Bay South Florida Ecological Study Appendix E, Estuarine-Dependent

Marine Fishes, Part I, Sect. II, 59 pp., Gulf Coastal Fish. Cenr,,
St. Petersburg Beach Lab., Natl. Mar. Fish. Serv., St. Petersburg
Beach, Fla., 1973.
32 west, central 52 90 June 1988 to Durako, M. J., Environmental data collected in association with
Florida Bay Sept. 1990 seagrass die-off studies in Florida Bay, unpublished data, (contract
CAS5280-9-8002 to Fla. Mar. Res. Inst., Dep. of Nat. Resour., St.
Petersburg, Fla.) S. Fla. Res. Cent., Everglades Natl. Park,
Homestead, Fla., 1990.
53 west Florida Bay, 191 191 1972 Davies, T. D., Peat formation in Florida Bay and its significance in
Florida Keys interpreting the recent vegetation and geological history of the bay
area, Ph.D. dissertation, 338 pp., Pa. State Univ., University Park,
. 1980.
54  NE Florida Bay 119 440 Jan. 1978 to Mazzotti, F. J., The ecology of Crocodvius acutus in Florida, Ph.D.
Sept. 1989 dissertation, 161 pp., Pa. State Univ., University Park, 1983.
55  Buttonwood 1 150 June 1964 to Beardsley, G. L., Jr,, Distribution in the water column of migrating
Canal Bridge June 1965 juvenile pink shrimp, Penaeus duorarum, Burkenroad in
Buttonwood Canal, Everglades National Park, Florida, Ph.D.
dissertation, 91 pp., Univ. of Miami, Coral Gables, Fla., 1967.
- 56  Largo Sound, 5 250 Nov. 1982 to Skinner, R. H., Salinity observations from the water quality
nearshore Dec. 1986 monitoring program of John Pennekamp Coral Reef State Park,
] Atlantic Ocean unpublished data, 1982-1986.

57  nearshore Gult of 35 140 May 1971 to Collins, L. A., and J. H. Finucane, Ichthyoplankton survey of the
Mexico, west- Feb. 1972 estuarine and inshore waters of the Florida Everglades, May 1971
coast estuaries, to February 1972, NOAA Tech. Rep. NMFS 6, 75 pp.. Natl.
Whitewater Oceanic Atmos. Admin., Miami, Fla., 1984.

Bay
58  west, central 5 115 June 1989 to Sheridan, P. F., Environmental observations associated with seagrass
Florida Bay June 1990 die-off studies conducted in Florida Bay by the National Marine
Fisheries Service, unpublished data, Galveston Lab.. Galveston,
Tex., 1990.
Whitewater Bay 8 120 Jan. 1968 to Clark, S. H., Factors affecting the distribution of fishes in
June 1969 Whitewater Bay, Everglades National Park, Florida, Ph.D.
: dissertation, 100 pp., Univ. of Miami, Coral Gables, Fla., 1970.
60  Florida Bay 30 670 Sept. 1993 to Colvocoresses, J., Data from the Florida Marine Fisheries-

Independent Monitoring Program in Florida Bay, unpublished
data, Fla. Mar. Res. Inst.,, Marathon Lab., Marathon, Fla., 1995.
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Appendix F

Excerpt from FATHOM Model Report Appendix C:
Methodology to Determine Flows to Florida Bay






Figure 3.10: FATHOM inflow groups showing the distribution of flow among the
basins in each group; percentages give distribution of total inflow within each group
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FROM FATHOM FINAL REPORT, OCTOBER 2005, pp. 65-70

The distribution of inflow into the FATHOM basins always remains the same within
each inflow group. However, the distribution of inflow among the inflow groups changes
between MFL base case and the inflow alternatives examined in the sensitivity analysis.
The eastern inflow group provides inflow only to Manatee Bay. The distribution of
inflow from the northeastern inflow group into the FATHOM basins matches the
distribution of inflow measured at the USGS monitoring sites, (Figure 3.4). The
distribution of inflow from the central inflow group into the FATHOM basins is
determined so that each basin receives the same depth of inflow, distributed over the
surface of the basin With the exception of FATHOM basin 41. Basin 41 (Snake Bight)
receives no inflow in any of the inflow alternatives examined.

The magnitude of inflow assigned to the inflow groups varies depending on what
assumptions are made about how much the total inflow exceeds the amount measured at
the USGS monitoring stations and how this additional inflow is distributed between the
central and northeastern inflow groups, (Table 3.4). The inflow measured at the USGS
monitoring stations from February 1996 through September 2000 provides the basis for
calibrating estimates of inflow for the long-term period 1970 through 2002. It also serves
as the basis for characterizing the magnitude of additional, “ungauged” flow included in
the estimated inflow. The detailed description (below) of how the MFL base case inflow
is constructed will illustrate the approach used to construct four alternative inflow data
sets, (Table 3.5). A fifth alternative inflow data set is based on inflow calculated by the
enhanced PHAST wetland hydrology model.

The inflow data for the MFL base case is compiled from remote data on surface flows,
rainfall and evaporation in the Taylor Slough C111 wetland sub-basin by the following
detailed procedure:

e Monthly volumes of flow assigned to the eastern inflow group (Manatee Bay)
are equal to the monthly flows measured at the S197 control structure.

e Monthly volumes of flow assigned to the northeastern inflow group are the sum
of two components.

0 The first component consists of the monthly volumes of the surface water
discharge into the Taylor Slough C111 wetland sub-basin after accounting
for the discharge into the eastern inflow group through S197. This first
component is the sum of measured flows in Taylor Slough (TSB) and the
C111 canal (S18C) minus the flow measured at the S197 control structure.

0 The second component accounts for the additional inflow to Florida Bay
generated by rainfall over the Taylor Slough C111 wetland sub-basin in
excess of evapotranspiration. For the MFL base case, the inflow assigned
to the northeastern inflow group is calculated as the sum of all of the
surface flow (TSB + S18C — S197) and 12 percent of the calculated excess
rainfall. Adding 12 percent of the excess rainfall calibrates the total
inflow assigned to the northeast inflow group so that it equals the total



inflow measured at the USGS monitoring stations for the period February

1996 through September 2000.
In the calculation of excess rainfall, evapotranspiration is calculated as a fraction
(53 percent) of estimated total solar radiation by the method described by Abtew
(1996) for South Florida. Total solar radiation is estimated from radiation
incident at the top of the atmosphere, for given time of year, reduced by an
amount to account for attenuation by moisture in the air. The attenuation factor is
estimated from the daily range of temperatures measured at Royal Palm using the
method developed by the SFWMD (2003). Monthly values of excess rainfall
volume are calculated from the difference of Royal Palm rainfall minus estimated
evapotranspiration and multiplied by the area of the Taylor Slough C111 wetland
sub-basin (620 million square meters). Values of excess rainfall are set equal to
zero in months when evapotranspiration exceeds rainfall.

The magnitude of inflow assigned to the central inflow group in the MFL base
case is equal to 20 percent of the gauged flow measured by the USGS at their
estuarine creek monitoring stations, (Figure 1.4), for the period February 1996
through September 2000. The USGS data are the only direct estimates of inflow
to Florida Bay, and the total volume of measured inflow provides a logical
reference in reporting the volume of “ungauged” flow included in the estimated
inflow data. The 20 percent of additional inflow included in the MFL base case
as ungauged-flow is comparable to the magnitude of inflow estimated by the
USGS in four ungauged creeks (Hittle et al. 2001) for the same period. For the
historical reconstruction, creek flows are not available prior to 1996. Therefore,
the monthly values for inflow assigned to the central inflow group are calculated
as the measured monthly flow into Taylor Slough (TSB) multiplied by 0.67,
which is approximately equal to 20% of the USGS creek flows. Of the two major
sources of surface discharge into the Taylor Slough C111 wetland sub-basin, the
flow measured at TSB is closer to the central region of Florida Bay, and thus it is
considered to characterize better the temporal variation in the availability of
surface water for inflow to Florida Bay from the western portion of the wetland
basin. (Note that the addition of ungauged flow to the estimated inflow occurs
only in the reconstruction of the historical inflow; no additional ungauged flow is
included when inflow data are taken from output of the SFWMM)



Table 3.5: Summary of inflow alternatives
Data Set Description

MFL Base | Eastern Inflow Group - Monthly inflow was measured discharge at the S197
Case structure. All inflow was applied to Manatee Bay.

Northeastern Inflow Group - Monthly inflow was calculated from measured
discharge in Taylor Slough (TSB) and in the C-111 canal (difference in
measured discharge between the S18C and S197 structures). Excess rainfall
from the wetland basin was added in the amount needed for the total amount
of inflow for the period 1996-2000 (surface flow plus excess rainfall) to equal
the total discharge measured by the USGS from 1996-2000 in five creeks
(McCormick C., Taylor R., Mud C., Trout C., West Highway C.) The monthly
simulated inflow was applied to the FATHOM basins in this group based on
the observed USGS discharge proportions in the five creeks for 1996-2000.
(USGS estimates of un-gauged discharges into this group are not included).

Central Inflow Group - Monthly inflow added to the central inflow group was
proportional to the monthly measured discharge in Taylor Slough (TSB). The
total amount added in the period 1996 through 2000 is equal to 20% of the
flow in the Northeastern group. Central group inflow was added to Madeira
Bay, Santini Bight, Garfield Bight and Rankin Lake. There is no inflow to
Snake Bight

(The MFL base case inflow data set is the same as the RN-a alternative in
Progress Report Il and Progress Report 111.)

1 MFL BASE CASE CALCULATED SALINITY
RECONSTRUCTION - 1970 THROUGH 2002

The MFL base case input data represent the “best available” information on the fresh
water budget for Florida Bay in the period 1970 through 2002. Salinity calculations
based on the MFL base case input data and parameter values are the best estimate of
salinity conditions that occurred historically in Florida Bay. This section describes the
input data and parameter values that comprise the MFL base case, and it summarizes the
simulated salinity and calculated residence times based on these inputs. The fresh water
input from the upstream wetland basins is described in detail in the previous section.

The input data consist of the following time series of monthly data:
Rainfall,

Evaporation,

Inflow,

Boundary Salinity, and

Sea level.

The model parameters include:
e Tides (semi-diurnal, diurnal, and the spring-neap cycle),
e Bathymetry, and
e Bottom Friction (in flow over banks).



Table 4.1: Sources of input data to FATHOM for the MFL base case. Input data
cover the period 1970 through 2002. Sources of the data are indicated in
parentheses.

FATHOM Indirect Data
Input (Regional Index)
Rainfall Flamingo, Royal Palm,

Tavernier (NCDC)

Evaporation Air temperature (mean and
range) from Flamingo, Royal
Palm and Tavernier (NCDC),
relative humidity and wind
speed (seasonal pattern) from
Joe Bay (DBHYDRO)

Boundary S12T flow, P33 level
salinity (DBHYDRO)
Inflow TSB flow, S18c flow, S197

flow, S175 flow (DBHYDRO)

Sea level Key West sea level (NOAA)



Conversion: 1 x 10° cubic meters = 811 acre-ft

month

NI NOGRWN

annual ave

FATHOM MODEL CALCULATIONS

| MFL base Case wetland inflow

tsb Taylor Slough Bridge flow data

s18c S18C canal flow data

s197 S197 canal flow data

rpl Royal Palm rainfall

evap Evap calculated after Abtew (1996) using SFWMD simple method for estimating radiation input

usgs tot total measured USGS flows (McCormick Creek, Taylor River, Mud Creek, Trout Cove, West Highway Creek)

tsb+s18c-s197

Estimated surface input to Taylor Slough C111 wetland basin

excess rain Estimated excess rainfall in Taylor Slough C111 wetland basin (including Long Pine)
central Inflow assigned to FATHOM Central inflow group

ne Inflow assigned to FATHOM Northeastern inflow group

east Inflow assigned to FATHOM Eastern inflow group

Calculations:

central =0.67 * tsb
ne = tsb+s18c-s197+ 0.12*excess rain
east =s197

Input data - regional index data

10**6 m3  10**6 m3
tsb s18c
1.69 5.60
1.19 5.34
0.55 5.19
0.30 3.51
0.69 4.46
4.71 21.74
5.33 16.38
6.84 24.85
9.12 30.43
8.23 24.85
3.42 11.56
2.01 6.37

44.07 160.28

10**6 m3

s197
0.36
0.89
1.16
0.18
0.38
6.19
1.82
5.09
5.70
6.82
1.62
0.05

30.24

cm/mo

rpl

4.84
4.41
5.13
7.01
14.17
21.31
17.12
21.48
20.30
12,51
6.53
3.97

138.78

cm/mo

evap u
8.76
9.34
12.07
12.85
13.95
12.60
13.00
12.22
10.53
9.44
8.03
7.94

130.72

MONTHLY DATA

Intermediate calc.

sgs tot

10**6 m3

10**6 m3 10**6 m3

tsb+s18c-

s197
6.93
5.65
4.58
3.64
4.77
20.26
19.89
26.60
33.85
26.27
13.36
8.33

174.11

excess
rain
4.21
4.19
0.41
7.81
20.94
63.97
32.37
57.82
61.52
29.35
11.69
2.85

297.11

10**6 m3

central
1.13
0.80
0.37
0.20
0.46
3.15
3.57
4.58
6.11
5.51
2.29
1.35

29.53

FATHOM input

10**6 m3

ne
7.44
6.15
4.63
4.58
7.28
27.94
23.77
33.54
41.23
29.79
14.76
8.67

209.76

10**6 m3

east
0.36
0.89
1.16
0.18
0.38
6.19
1.82
5.09
5.70
6.82
1.62
0.05

30.24



FATHOM MODEL CALCULATIONS

YEARLY TOTAL DATA

10**6 m3 10**6 m3 10**6 m3 cml/yr cml/yr 10**6 m3 10**6 m3  10**6 m3 10**6 m3 10**6 m3 10**6 m3
tsb+s18c- excess
Year tsb s18c s197 rpl evap u sgs tot s197 rain central ne east
1970 13.06 16.37 0.00 117.17 113.98 0.00 29.43 196.32 8.75 52.99 0.00
1971 0.84 4.05 0.00 94.69 118.25 0.00 4.88 164.59 0.56 24.64 0.00
1972 27.49 125.83 14.07 151.54 112.37 0.00 139.25 348.17 18.42 181.03 14.07
1973 19.33 31.45 0.28 134.95 114.45 0.00 50.50 333.80 12.95 90.56 0.28
1974 8.51 0.02 0.00 115.47 110.92 0.00 8.53 283.33 5.70 42.53 0.00
1975 9.18 28.79 0.37 135.00 122.42 0.00 37.60 365.22 6.15 81.42 0.37
1976 39.71 63.41 0.00 146.46 125.84 0.00 103.13 348.41 26.61 144.94 0.00
1977 34.97 55.59 5.82 147.50 128.20 0.00 84.74 312.37 23.43 122.22 5.82
1978 24.93 63.14 3.26 188.85 127.46 0.00 84.81 462.05 16.70 140.26 3.26
1979 14.19 54.59 12.22 138.43 126.30 0.00 56.56 269.83 9.51 88.94 12.22
1980 25.24 83.18 39.89 185.45 139.92 0.00 68.52 461.47 16.91 123.90 39.89
1981 49.37 164.27 69.22 154.20 147.64 0.00 144.42 416.17 33.08 194.36 69.22
1982 50.74 122.95 39.76 162.10 138.40 0.00 133.92 323.55 33.99 172.75 39.76
1983 29.83 395.31 142.29 186.84 139.28 0.00 282.85 469.13 19.99 339.15 142.29
1984 26.08 172.28 23.34 117.86 146.03 0.00 175.02 225.54 17.48 202.09 23.34
1985 23.94 234.62 14.48 125.76 138.28 0.00 244.08 211.48 16.04 269.46 14.48
1986 10.73 259.00 35.76 96.29 126.26 0.00 233.98 96.73 7.19 245.59 35.76
1987 17.34 237.59 33.29 110.11 125.96 0.00 221.65 218.00 11.62 247.81 33.29
1988 37.71 330.78 104.63 155.93 122.56 0.00 263.86 441.26 25.26 316.81 104.63
1989 9.46 71.23 0.00 92.71 133.71 0.00 80.69 129.99 6.34 96.29 0.00
1990 13.33 85.60 0.00 109.04 124.44 0.00 98.93 159.76 8.93 118.10 0.00
1991 28.75 153.05 3.49 138.40 116.92 0.00 178.31 298.09 19.26 214.08 3.49
1992 39.73 212.22 55.66 146.43 125.36 0.00 196.29 418.82 26.62 246.55 55.66
1993 67.20 230.68 3.18 114.07 134.68 0.00 294.69 116.50 45.02 308.67 3.18
1994 104.25 319.98 37.14 138.89 136.09 0.00 387.10 237.28 69.85 415.57 37.14
1995 101.72 366.35 117.00 155.52 130.64 0.00 351.06 348.64 68.15 392.90 117.00
1996 64.04 168.93 33.03 121.11 148.07 292.25 199.94 179.39 42.91 221.47 33.03
1997 100.65 217.33 44.44 165.46 145.60 327.93 273.54 364.29 67.44 317.26 44.44
1998 77.17 214.83 36.73 155.96 137.83 280.19 255.27 334.32 51.70 295.39 36.73
1999 102.11 201.70 51.64 164.67 141.66 370.79 252.16 439.70 68.41 304.93 51.64
2000 104.36 232.54 31.45 126.67 142.91 103.21 305.45 191.14 69.92 328.39 31.45
2001 102.40 198.05 25.69 152.20 136.60 0.00 274.76 345.37 68.61 316.20 25.69
2002 76.01 173.59 19.91 134.09 134.89 0.00 229.70 294.05 50.93 264.98 19.91
annual ave  44.07 160.28 30.24 138.78 130.72 17411 297.11 29.53 209.76 30.24
12-year
total 968.39 2689.25 459.37 1713.46 1631.25 3198.27 3567.58 648.82  3626.38 459.37
33-year
total 1454.37 5289.31 998.05 4579.80 4313.92 5745.64 9804.75 974.43  6922.21 998.05
average for | |
period 7.35 17.12 2.99 12.62 12.14 24.54 21.48 26.10 4.93 24.61 2.99

mar 96 -
oct 00 percent of usgs gauged flows: 0.20 1.00 0.12




dec year
1970.04
1970.13
1970.21
1970.29
1970.38
1970.46
1970.54
1970.63
1970.71
1970.79
1970.88
1970.96
1971.04
1971.13
1971.21
1971.29
1971.38
1971.46
1971.54
1971.63
1971.71
1971.79
1971.88
1971.96
1972.04
1972.13
1972.21
1972.29
1972.38
1972.46
1972.54
1972.63
1972.71
1972.79
1972.88
1972.96
1973.04
1973.13
1973.21
1973.29
1973.38
1973.46
1973.54
1973.63
1973.71
1973.79
1973.88
1973.96
1974.04

Year
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1973
1974

PR PR PR e PR e
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10**6 m3

tsb

0.06
0.06
0.00
0.00
0.00
3.87
6.44
0.18
0.80
1.26
0.38
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.55
0.15
0.11
0.00
0.00
0.00
0.00
0.00
1.01
9.54
9.00
2.08
3.61
1.69
0.57
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.53
6.16
8.79
2.81
0.04
0.00
0.00

10**6 m3

s18c
2.05
1.24
0.33
0.00
0.00
1.66
6.95
0.60
0.68
2.02
0.85
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.24
0.06
1.47
1.14
0.97
0.10
0.01
0.01
0.00
0.12
19.51
80.55
13.51
5.27
2.43
2.85
1.44
0.14
0.11
0.00
0.00
0.00
0.00
0.01
2.51
15.47
9.43
3.06
0.48
0.38
0.02

FATHOM MODEL CALCULATIONS

10**6 m3

s197
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.46
7.10
3.40
1.17
0.63
0.31
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.28
0.00
0.00
0.00
0.00
0.00
0.00

MONTHLY FLOW BY YEAR
cm/mo cm/mo 10**6 m3
rpl evap u sgs tot
9.2 2
6.0 8.1
6.3 9.4
0.2 10.1
16.4 11.7
20.6 11.2
15.7 11.3
10.9 10.9
12.6 9.5
17.3 8.4
1.6 7.9
0.4 7.5
15 8.3
2.2 8.0
1.0 11.4
0.5 11.7
4.7 125
27.2 11.9
7.3 11.8
11.7 11.4
155 9.5
115 8.5
3.3 6.9
8.3 6.4
2.9 6.8
6.9 8.1
3.6 10.4
18.0 10.9
12.1 11.8
22.1 10.7
25.5 111
19.4 10.9
13.1 9.5
13.7 8.6
11.9 6.1
2.4 7.4
4.9 7.5
5.1 8.3
2.7 9.9
1.2 10.4
7.8 11.8
23.1 11.6
22.6 10.4
36.6 11.0
13.2 9.2
9.8 9.3
1.0 7.5
6.8 7.4
0.8 6.9

10**6 m3
tsb+s18c-
s197
2.10
1.29
0.33
0.00
0.00
5.53
13.39
0.79
1.48
3.28
1.23
0.00
0.00
0.00
0.00
0.00
0.00
0.09
0.25
0.06
2.01
1.29
1.07
0.10
0.01
0.01
0.00
0.12
19.05
82.98
19.10
6.18
5.41
4.23
2.01
0.14
0.11
0.00
0.00
0.00
0.00
0.01
3.77
21.63
18.21
5.87
0.53
0.38
0.02

10**6 m3
excess
rain
6.07
0.00
0.00
0.00
29.39
58.09
27.54
0.31
19.81
55.11
0.00
0.00
0.00
0.00
0.00
0.00
0.00
94.64
0.00
2.02
37.22
18.53
0.00
12.18
0.00
0.00
0.00
44.21
1.39
70.84
89.24
52.63
22.34
31.47
36.04
0.00
0.00
0.00
0.00
0.00
0.00
71.41
75.72
159.03
24.57
3.07
0.00
0.00
0.00

10**6 m3 10**6 m3

central
0.04
0.04
0.00
0.00
0.00
2.59
4.32
0.12
0.54
0.85
0.25
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.01
0.00
0.37
0.10
0.07
0.00
0.00
0.00
0.00
0.00
0.67
6.39
6.03
1.39
2.42
1.13
0.38
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.03
412
5.89
1.88
0.03
0.00
0.00

ne
2.83
1.29
0.33
0.00
3.53
12.50
16.70
0.82
3.85
9.90
1.23
0.00
0.00
0.00
0.00
0.00
0.00
11.44
0.25
0.31
6.48
3.51
1.07
1.56
0.01
0.01
0.00
5.43
19.22
91.48
29.81
12.50
8.10
8.01
6.33
0.14
0.11
0.00
0.00
0.00
0.00
8.58
12.85
40.71
21.16
6.24
0.53
0.38
0.02

10**6 m3

east
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.46
7.10
3.40
1.17
0.63
0.31
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.28
0.00
0.00
0.00
0.00
0.00
0.00



dec year
1974.13
1974.21
1974.29
1974.38
1974.46
1974.54
1974.63
1974.71
1974.79
1974.88
1974.96
1975.04
1975.13
1975.21
1975.29
1975.38
1975.46
1975.54
1975.63
1975.71
1975.79
1975.88
1975.96
1976.04
1976.13
1976.21
1976.29
1976.38
1976.46
1976.54
1976.63
1976.71
1976.79
1976.88
1976.96
1977.04
1977.13
1977.21
1977.29
1977.38
1977.46
1977.54
1977.63
1977.71
1977.79
1977.88
1977.96
1978.04
1978.13
1978.21

Year
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1975
1975
1975
1975
1975
1975
1975
1975
1975
1975
1975
1975
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1976
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1978
1978
1978
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10**6 m3

tsb
0.00
0.00
0.00
0.00
0.00
1.78
2.99
3.13
0.60
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.35
3.93
1.20
2.23
1.21
0.26
0.00
0.00
0.00
0.00
0.00
0.25
13.20
3.87
5.77
12.54
2.95
1.14
0.00
0.00
0.00
0.00
0.00
1.22
9.54
0.81
211
16.44
3.43
0.58
0.83
0.23
0.42
0.39

10**6 m3

s18c
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.92
14.06
8.81
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.02
30.03
0.00
14.76
14.86
2.74
0.00
0.00
0.00
0.00
0.00
0.00
3.70
14.88
0.00
2.46
31.00
3.55
0.00
0.00
0.00
5.14
0.00

FATHOM MODEL CALCULATIONS

10**6 m3

s197
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.37
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.82
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MONTHLY FLOW BY YEAR
cm/mo cm/mo 10**6 m3
rpl evap u sgs tot
0.2 8.8
0.3 8.5
135 9.7
5.8 11.1
23.6 11.1
27.3 11.0
16.1 10.3
6.4 9.5
15.2 8.1
5.4 8.6
0.8 7.4
0.4 7.7
2.1 8.1
0.6 11.0
0.2 11.2
26.3 12.0
30.1 12.2
18.0 12.6
22.1 12.4
17.7 10.2
135 9.5
2.6 7.8
1.3 7.7
2.4 9.6
5.4 8.8
0.5 10.6
9.8 12.5
20.7 12.3
20.7 11.5
10.0 12.9
35.4 11.9
22.4 10.4
5.5 9.6
10.7 7.7
3.0 8.1
5.0 9.5
4.2 9.0
1.8 10.6
1.6 11.6
325 12.6
22.0 12.0
14.0 12.9
11.3 12.4
29.7 11.0
9.0 10.2
7.3 8.0
9.1 8.5
8.4 9.7
11.7 10.0
7.1 13.0

10**6 m3
tsb+s18c-
s197
0.00
0.00
0.00
0.00
0.00
1.78
2.99
3.13
0.60
0.00
0.00
0.00
0.00
0.00
0.00
0.00
6.26
18.00
9.64
2.23
1.21
0.26
0.00
0.00
0.00
0.00
0.00
1.27
43.23
3.87
20.53
27.40
5.68
1.14
0.00
0.00
0.00
0.00
0.00
4.92
18.61
0.81
4.57
47.44
6.98
0.58
0.83
0.23
5.56
0.39

10**6 m3
excess
rain
0.00
0.00
24.07
0.00
77.74
101.41
36.13
0.00
43.99
0.00
0.00
0.00
0.00
0.00
0.00
88.62
111.53
33.61
60.40
46.34
24.72
0.00
0.00
0.00
0.00
0.00
0.00
52.22
57.02
0.00
145.73
74.52
0.00
18.92
0.00
0.00
0.00
0.00
0.00
123.40
62.18
7.05
0.00
115.94
0.00
0.00
3.80
0.00
10.20
0.00

10**6 m3 10**6 m3

central
0.00
0.00
0.00
0.00
0.00
1.19
2.00
2.10
0.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.23
2.64
0.81
1.49
0.81
0.17
0.00
0.00
0.00
0.00
0.00
0.17
8.84
2.59
3.86
8.40
1.97
0.76
0.00
0.00
0.00
0.00
0.00
0.81
6.39
0.54
1.41
11.02
2.30
0.39
0.56
0.15
0.28
0.26

ne
0.00
0.00
2.89
0.00
9.33
13.95
7.33
3.13
5.88
0.00
0.00
0.00
0.00
0.00
0.00
10.63
19.65
22.03
16.89
7.79
4.17
0.26
0.00
0.00
0.00
0.00
0.00
7.54
50.07
3.87
38.02
36.34
5.68
3.41
0.00
0.00
0.00
0.00
0.00
19.72
26.07
1.66
4.57
61.35
6.98
0.58
1.29
0.23
6.79
0.39

10**6 m3

east
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.37
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.82
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00



dec year
1978.29
1978.38
1978.46
1978.54
1978.63
1978.71
1978.79
1978.88
1978.96
1979.04
1979.13
1979.21
1979.29
1979.38
1979.46
1979.54
1979.63
1979.71
1979.79
1979.88
1979.96
1980.04
1980.13
1980.21
1980.29
1980.38
1980.46
1980.54
1980.63
1980.71
1980.79
1980.88
1980.96
1981.04
1981.13
1981.21
1981.29
1981.38
1981.46
1981.54
1981.63
1981.71
1981.79
1981.88
1981.96
1982.04
1982.13
1982.21
1982.29
1982.38

Year
1978
1978
1978
1978
1978
1978
1978
1978
1978
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1982
1982
1982
1982
1982
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10**6 m3

tsb
0.13
0.40
1.15
2.15
2.62
13.46
3.65
0.34
0.00
0.00
0.00
0.00
0.85
3.37
1.45
1.27
0.87
2.61
3.15
0.13
0.48
0.07
0.03
0.03
0.03
0.04
5.62
5.50
2.72
7.20
2.28
1.53
0.18
0.00
0.77
0.07
0.00
0.00
0.00
0.15
19.41
15.73
10.73
2.50
0.00
0.00
0.00
0.00
0.26
1.10

10**6 m3

s18c
1.67
0.00
0.00
4.36
0.00
18.97
25.68
7.31
0.00
0.00
0.00
0.00
12.95
15.36
0.10
2.91
0.00
14.98
3.55
0.02
4.72
0.00
0.00
0.00
0.04
0.25
14.89
8.25
11.51
25.32
5.40
7.51
10.02
0.00
9.65
0.00
0.00
0.00
0.00
0.00
56.89
71.63
26.10
0.00
0.00
0.00
0.00
0.00
0.16
0.00

FATHOM MODEL CALCULATIONS

10**6 m3

s197
0.00
0.00
0.00
0.00
0.00
1.95
1.31
0.00
0.00
0.00
0.00
0.00
0.00
4.96
0.00
0.00
0.00
3.48
3.79
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.80
5.94
17.63
2.25
8.27
0.00
0.00
3.62
0.00
0.00
0.00
0.00
0.00
18.20
39.40
7.99
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MONTHLY FLOW BY YEAR
cm/mo cm/mo 10**6 m3
rpl evap u sgs tot
16.0 12.0
12.9 12.2
22.1 11.7
15.9 12.4
29.0 12.0
32.1 10.5
24.5 8.9
3.4 7.6
5.8 7.5
4.7 8.4
11 10.2
0.7 11.8
27.1 11.2
13.3 11.6
14.4 12.4
17.0 12.1
11.0 11.6
25.1 10.8
12.9 8.9
1.7 8.6
9.5 8.5
7.3 10.0
3.4 9.3
3.3 14.0
11.0 12.0
12.8 15.8
37.1 12.6
31.4 12.9
23.5 13.7
22.4 11.7
11.2 10.7
18.7 8.2
3.4 9.1
0.8 10.8
15.5 10.0
5.2 13.7
0.3 14.5
12.5 16.5
8.8 14.4
15.4 15.1
52.0 12.7
33.0 11.0
4.4 10.3
4.7 9.4
1.6 9.2
0.7 9.9
2.3 10.2
7.0 12.8
20.3 13.7
18.5 15.0

10**6 m3
tsb+s18c-
s197
1.80
0.40
1.15
6.51
2.62
30.49
28.02
7.65
0.00
0.00
0.00
0.00
13.80
13.78
1.55
4.18
0.87
14.12
2.92
0.15
5.20
0.07
0.03
0.03
0.07
0.29
20.51
7.94
8.28
14.89
5.43
0.77
10.20
0.00
6.80
0.07
0.00
0.00
0.00
0.15
58.10
47.97
28.83
2.50
0.00
0.00
0.00
0.00
0.43
1.10

10**6 m3
excess
rain
25.25
417
64.79
21.26
105.59
133.75
97.04
0.00
0.00
0.00
0.00
0.00
98.05
10.18
11.83
30.47
0.00
88.75
24.61
0.00
5.93
0.00
0.00
0.00
0.00
0.00
151.77
115.06
60.56
66.26
2.66
65.16
0.00
0.00
34.33
0.00
0.00
0.00
0.00
1.41
243.77
136.67
0.00
0.00
0.00
0.00
0.00
0.00
40.66
21.76

10**6 m3 10**6 m3

central
0.09
0.27
0.77
1.44
1.76
9.02
2.44
0.22
0.00
0.00
0.00
0.00
0.57
2.26
0.97
0.85
0.58
1.75
2.11
0.09
0.32
0.05
0.02
0.02
0.02
0.03
3.77
3.68
1.82
4.83
1.53
1.02
0.12
0.00
0.52
0.05
0.00
0.00
0.00
0.10
13.01
10.54
7.19
1.67
0.00
0.00
0.00
0.00
0.18
0.74

ne
4.83
0.90
8.93
9.06
15.29
46.54
39.66
7.65
0.00
0.00
0.00
0.00
25.57
15.00
2.97
7.83
0.87
24.77
5.87
0.15
5.91
0.07
0.03
0.03
0.07
0.29
38.73
21.75
15.55
22.84
5.75
8.59
10.20
0.00
10.92
0.07
0.00
0.00
0.00
0.32
87.35
64.37
28.83
2.50
0.00
0.00
0.00
0.00
5.31
3.71

10**6 m3

east
0.00
0.00
0.00
0.00
0.00
1.95
1.31
0.00
0.00
0.00
0.00
0.00
0.00
4.96
0.00
0.00
0.00
3.48
3.79
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.80
5.94
17.63
2.25
8.27
0.00
0.00
3.62
0.00
0.00
0.00
0.00
0.00
18.20
39.40
7.99
0.00
0.00
0.00
0.00
0.00
0.00
0.00



dec year
1982.46
1982.54
1982.63
1982.71
1982.79
1982.88
1982.96
1983.04
1983.13
1983.21
1983.29
1983.38
1983.46
1983.54
1983.63
1983.71
1983.79
1983.88
1983.96
1984.04
1984.13
1984.21
1984.29
1984.38
1984.46
1984.54
1984.63
1984.71
1984.79
1984.88
1984.96
1985.04
1985.13
1985.21
1985.29
1985.38
1985.46
1985.54
1985.63
1985.71
1985.79
1985.88
1985.96
1986.04
1986.13
1986.21
1986.29
1986.38
1986.46
1986.54

Year
1982
1982
1982
1982
1982
1982
1982
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1986
1986
1986
1986
1986
1986
1986

=
o

n
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10**6 m3

tsb
12.53
3.06
4.91
6.65
10.66
7.93
3.62
5.04
5.57
0.38
0.07
0.00
3.15
3.12
2.16
5.21
3.19
1.79
0.16
0.00
0.00
0.00
0.00
1.15
6.59
6.70
2.24
5.25
4.11
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.97
7.78
4.54
5.87
3.57
1.04
0.16
0.37
0.07
0.16
0.08
0.00
3.00
3.02

10**6 m3

s18c
24.16
2.02
7.68
17.36
40.32
27.17
4.06
10.21
60.58
73.23
38.85
4.77
44.68
16.65
38.98
73.50
0.00
32.68
1.19
0.00
0.00
3.49
0.00
9.83
15.80
26.78
36.89
42.91
29.22
4.95
2.41
3.52
1.51
1.25
0.71
0.28
1.12
52.96
26.49
57.62
53.40
28.94
6.83
11.57
0.85
10.82
9.77
0.00
32.84
57.96

FATHOM MODEL CALCULATIONS

10**6 m3

s197
12.50
2.20
0.00
4.66
9.79
10.61
0.00
7.32
25.61
34.29
5.82
0.00
24.52
7.65
11.98
24.14
0.95
0.00
0.00
0.00
0.00
3.90
0.00
6.24
0.00
8.84
3.31
1.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
457
0.00
9.91
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.46
0.00

MONTHLY FLOW BY YEAR
cm/mo cm/mo 10**6 m3
rpl evap u sgs tot
24.7 12.6
14.0 13.8
21.7 13.3
19.9 11.5
14.0 9.7
16.5 7.9
2.4 8.0
24.0 8.7
19.5 9.2
9.2 12.3
7.4 13.7
1.8 15.3
27.7 13.6
12.4 14.6
26.2 13.7
30.9 10.9
7.8 9.8
12.3 8.8
7.6 8.7
0.5 9.8
2.9 10.4
7.6 13.5
0.8 14.5
25.6 15.4
9.2 14.4
24.0 14.1
20.0 13.3
21.1 11.5
1.2 10.9
4.3 9.2
0.7 9.2
0.8 10.5
0.7 10.7
6.8 14.5
6.1 15.5
14.6 16.4
9.2 13.7
30.0 12.7
13.5 11.4
18.5 9.7
14.2 8.3
7.0 7.4
4.4 7.4
4.1 8.2
3.9 9.4
12.9 11.3
4.2 13.8
1.2 13.3
8.1 11.6
13.1 12.3

10**6 m3
tsb+s18c-
s197
24.20
2.89
12.59
19.35
41.19
24.49
7.69
7.92
40.54
39.33
33.09
4.77
23.31
12.11
29.16
54.57
2.24
34.47
1.35
0.00
0.00
-0.41
0.00
4.75
22.39
24.64
35.81
47.12
33.32
4.99
2.41
3.52
1.51
1.25
0.71
0.28
2.10
56.17
31.03
53.58
56.97
29.98
6.99
11.94
0.92
10.98
9.85
0.00
31.38
60.99

10**6 m3
excess
rain
75.01
0.86
52.63
52.53
26.90
53.21
0.00
94.73
64.20
0.00
0.00
0.00
87.20
0.00
77.70
123.61
0.00
21.69
0.00
0.00
0.00
0.00
0.00
63.66
0.00
60.88
41.38
59.62
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
107.56
12.87
54.35
36.70
0.00
0.00
0.00
0.00
9.92
0.00
0.00
0.00
4.61

10**6 m3 10**6 m3

central
8.40
2.05
3.29
4.45
7.14
5.31
2.43
3.37
3.73
0.26
0.04
0.00
2.11
2.09
1.45
3.49
2.14
1.20
0.11
0.00
0.00
0.00
0.00
0.77
4.41
4.49
1.50
3.52
2.75
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.65
5.21
3.04
3.94
2.40
0.70
0.11
0.25
0.05
0.11
0.05
0.00
2.01
2.03

ne
33.20
2.99
18.91
25.65
44.42
30.87
7.69
19.29
48.24
39.33
33.09
4.77
33.77
12.11
38.49
69.40
2.24
37.07
1.35
0.00
0.00
-0.41
0.00
12.38
22.39
31.94
40.78
54.28
33.32
4.99
241
3.52
1.51
1.25
0.71
0.28
2.10
69.07
32.57
60.11
61.38
29.98
6.99
11.94
0.92
12.17
9.85
0.00
31.38
61.54

10**6 m3

east
12.50
2.20
0.00
4.66
9.79
10.61
0.00
7.32
25.61
34.29
5.82
0.00
24.52
7.65
11.98
24.14
0.95
0.00
0.00
0.00
0.00
3.90
0.00
6.24
0.00
8.84
3.31
1.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.57
0.00
9.91
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.46
0.00



dec year
1986.63
1986.71
1986.79
1986.88
1986.96
1987.04
1987.13
1987.21
1987.29
1987.38
1987.46
1987.54
1987.63
1987.71
1987.79
1987.88
1987.96
1988.04
1988.13
1988.21
1988.29
1988.38
1988.46
1988.54
1988.63
1988.71
1988.79
1988.88
1988.96
1989.04
1989.13
1989.21
1989.29
1989.38
1989.46
1989.54
1989.63
1989.71
1989.79
1989.88
1989.96
1990.04
1990.13
1990.21
1990.29
1990.38
1990.46
1990.54
1990.63
1990.71

Year
1986
1986
1986
1986
1986
1987
1987
1987
1987
1987
1987
1987
1987
1987
1987
1987
1987
1988
1988
1988
1988
1988
1988
1988
1988
1988
1988
1988
1988
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1990
1990
1990
1990
1990
1990
1990
1990
1990
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10**6 m3

tsb
0.90
2.05
0.99
0.06
0.03
0.13
0.00
0.10
0.02
0.14
0.02
1.58
3.50
2.90
7.40
1.40
0.16
0.10
0.03
0.00
0.00
0.11
7.54
8.36
12.34
4.49
4.22
0.50
0.02
0.00
0.00
0.00
0.00
0.00
0.00
1.93
2.09
3.20
2.01
0.21
0.01
0.00
0.00
0.00
0.00
0.14
1.37
2.71
2.27
2.79

10**6 m3

s18c
58.88
52.72
6.19
10.20
7.20
14.27
1.10
7.15
0.21
5.91
7.96
9.03
14.14
25.31
72.63
56.58
23.30
12.58
2.06
0.49
0.00
3.09
70.20
37.68
112.06
44.04
40.08
4.53
3.99
2.79
1.06
0.43
0.22
0.25
0.90
14.23
22.21
16.74
6.59
2.77
3.04
2.30
0.94
0.50
0.19
2.13
0.59
2.83
31.72
16.36

FATHOM MODEL CALCULATIONS

10**6 m3

s197
22.03
8.07
0.00
0.66
0.53
4.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.07
18.99
6.82
0.00
0.00
0.00
0.00
0.00
0.00
25.11
0.00
69.54
2.93
7.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MONTHLY FLOW BY YEAR
cm/mo cm/mo 10**6 m3
rpl evap u sgs tot
20.1 11.2
11.5 10.7
2.8 9.9
4.2 7.6
10.3 6.7
3.1 8.6
15 8.6
4.8 10.6
0.4 13.9
20.6 13.4
3.3 12.7
10.5 12.8
17.3 12.1
26.0 10.3
10.4 8.3
12.1 7.0
0.1 7.6
9.8 7.4
2.3 8.9
2.0 11.3
3.7 13.6
17.4 13.5
26.9 11.0
33.5 11.7
335 10.6
13.2 9.8
10.5 9.7
2.7 7.4
0.3 7.7
2.2 8.8
0.0 9.4
3.4 12.5
5.7 13.2
4.7 14.5
10.6 12.7
22.0 12.7
23.4 12.5
12.0 11.3
4.5 9.2
3.1 8.5
1.0 8.4
0.0 8.3
2.0 9.0
3.2 11.2
5.3 12.4
20.3 12.5
20.4 12.7
11.6 12.5
17.3 11.6
11.6 10.2

10**6 m3
tsb+s18c-
s197
37.74
46.70
7.18
9.61
6.69
10.00
1.10
7.25
0.23
6.05
7.98
10.61
17.64
25.14
61.04
51.16
23.46
12.67
2.08
0.49
0.00
3.20
52.63
46.03
54.87
45.60
37.25
5.03
4.00
2.79
1.06
0.43
0.22
0.25
0.90
16.16
24.29
19.94
8.60
2.99
3.05
2.30
0.94
0.50
0.19
2.27
1.96
5.54
33.99
19.16

10**6 m3
excess
rain
55.00
4.73
0.00
0.00
22.46
0.00
0.00
0.00
0.00
44.39
0.00
0.00
32.18
97.18
12.64
31.62
0.00
15.18
0.00
0.00
0.00
23.86
98.56
135.42
141.84
20.92
5.48
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
57.95
67.34
4.70
0.00
0.00
0.00
0.00
0.00
0.00
0.00
48.22
47.94
0.00
35.16
8.39

10**6 m3 10**6 m3

central
0.60
1.37
0.66
0.04
0.02
0.09
0.00
0.07
0.02
0.09
0.01
1.06
2.34
1.95
4.96
0.94
0.10
0.07
0.02
0.00
0.00
0.08
5.05
5.60
8.27
3.01
2.83
0.33
0.01
0.00
0.00
0.00
0.00
0.00
0.00
1.30
1.40
2.15
1.35
0.14
0.01
0.00
0.00
0.00
0.00
0.09
0.92
1.81
1.52
1.87

ne
44.34
47.27
7.18
9.61
G839
10.00
1.10
7.25
0.23
11.37
7.98
10.61
21.50
36.80
62.56
54.96
23.46
14.50
2.08
0.49
0.00
6.06
64.46
62.28
71.89
48.11
37.90
5.03
4.00
2.79
1.06
0.43
0.22
0.25
0.90
23.12
32.38
20.50
8.60
2.99
3.05
2.30
0.94
0.50
0.19
8.06
7.72
5.54
38.21
20.17

10**6 m3

east
22.03
8.07
0.00
0.66
0.53
4.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.07
18.99
6.82
0.00
0.00
0.00
0.00
0.00
0.00
25.11
0.00
69.54
2.93
7.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00



dec year
1990.79
1990.88
1990.96
1991.04
1991.13
1991.21
1991.29
1991.38
1991.46
1991.54
1991.63
1991.71
1991.79
1991.88
1991.96
1992.04
1992.13
1992.21
1992.29
1992.38
1992.46
1992.54
1992.63
1992.71
1992.79
1992.88
1992.96
1993.04
1993.13
1993.21
1993.29
1993.38
1993.46
1993.54
1993.63
1993.71
1993.79
1993.88
1993.96
1994.04
1994.13
1994.21
1994.29
1994.38
1994.46
1994.54
1994.63
1994.71
1994.79
1994.88

Year
1990
1990
1990
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1993
1993
1993
1993
1993
1993
1993
1993
1993
1993
1993
1993
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
1994
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10**6 m3

tsb
3.24
0.78
0.02
0.01
0.00
0.01
0.00
1.01
4.83
3.37
2.67
4.56
8.90
3.28
0.12
0.11
1.10
0.62
0.36
0.01
6.45
8.87
7.87
9.46
2.19
2.12
0.57
2.48
2.25
2.35
2.23
1.80
4.27
9.20
9.46
11.18
12.82
6.51
2.65
3.30
2.96
5.37
1.65
3.13
4.03
0.55
16.19
21.35
19.40
15.58

10**6 m3

s18c
19.86
5.20
2.97
2.48
2.28
1.13
0.13
10.56
24.70
10.21
15.14
47.76
30.28
4.98
3.41
2.36
1.25
2.08
0.42
0.17
47.49
25.44
39.72
41.00
25.28
20.11
6.89
27.02
5.80
6.53
2.41
6.72
33.14
21.62
20.91
35.00
48.27
19.22
4.04
5.93
25.69
11.38
12.54
12.51
25.62
4.41
31.63
57.84
43.60
49.65

FATHOM MODEL CALCULATIONS

10**6 m3

s197
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.49
0.00
0.00
0.00
0.00
0.00
0.00
0.00

33.72
7.13
8.78
6.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.18
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.45
7.25

24.44

MONTHLY FLOW BY YEAR
cm/mo cm/mo 10**6 m3
rpl evap u sgs tot
12.2 8.9
3.3 7.7
1.8 7.4
8.2 7.4
3.1 8.8
8.1 11.2
7.8 11.5
259 11.9
14.1 11.2
7.9 11.5
19.3 11.6
17.5 9.5
22.9 8.1
1.0 7.0
2.6 7.1
2.9 8.1
3.1 8.6
9.0 11.8
6.2 11.7
2.1 14.8
56.6 10.8
17.0 12.0
11.3 9.8
13.9 10.7
4.2 10.8
19.9 7.8
0.2 8.5
11.0 8.1
3.6 9.8
6.5 12.5
6.8 13.8
12.0 14.4
10.9 12.7
12.7 14.0
15.6 13.1
8.7 10.5
22.7 9.3
2.8 8.4
0.6 8.0
7.6 8.5
9.2 8.6
3.7 12.9
17.7 13.6
8.9 15.2
1.7 13.8
7.6 14.7
13.9 13.2
34.4 10.0
14.2 10.4
10.4 7.2

10**6 m3
tsb+s18c-
s197
23.10
5.98
2.99
2.49
2.28
1.13
0.13
11.57
29.53
13.58
17.81
52.32
35.69
8.26
3.53
2.47
2.36
2.70
0.78
0.18
20.22
27.17
38.82
44.44
27.47
22.23
7.46
29.49
8.05
8.88
4.64
8.52
37.40
30.82
30.37
46.18
57.90
25.73
6.69
9.22
28.65
16.74
14.18
15.64
29.65
4.96
47.82
73.73
55.75
40.80

10**6 m3
excess
rain
20.05
0.00
0.00
5.07
0.00
0.00
0.00
86.33
18.01
0.00
47.91
49.16
91.61
0.00
0.00
0.00
0.00
0.00
0.00
0.00
283.98
31.16
9.26
19.53
0.00
74.87
0.00
17.89
0.00
0.00
0.00
0.00
0.00
0.00
15.61
0.00
83.00
0.00
0.00
0.00
4.30
0.00
25.38
0.00
0.00
0.00
4.38
151.13
23.14
20.07

10**6 m3 10**6 m3

central
2.17
0.52
0.01
0.00
0.00
0.00
0.00
0.67
3.24
2.26
1.79
3.06
5.96
2.20
0.08
0.07
0.74
0.41
0.24
0.01
4.32
5.94
5.28
6.34
1.47
1.42
0.38
1.66
1.51
1.58
1.49
1.20
2.86
6.17
6.34
7.49
8.59
4.36
1.77
2.21
1.98
3.60
1.10
2.10
2.70
0.37
10.85
14.30
13.00
10.44

ne
25.51
5.98
2.99
3.10
2.28
1.13
0.13
21.93
31.69
13.58
23.55
58.22
46.68
8.26
3.53
2.47
2.36
2.70
0.78
0.18
54.29
30.91
39.93
46.78
27.47
31.22
7.46
31.64
8.05
8.88
4.64
8.52
37.40
30.82
32.25
46.18
67.86
25.73
6.69
9.22
29.16
16.74
17.23
15.64
29.65
4.96
48.34
91.87
58.52
43.21

10**6 m3

east
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.49
0.00
0.00
0.00
0.00
0.00
0.00
0.00
33.72
7.13
8.78
6.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.18
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.45
7.25
24.44



dec year
1994.96
1995.04
1995.13
1995.21
1995.29
1995.38
1995.46
1995.54
1995.63
1995.71
1995.79
1995.88
1995.96
1996.04
1996.13
1996.21
1996.29
1996.38
1996.46
1996.54
1996.63
1996.71
1996.79
1996.88
1996.96
1997.04
1997.13
1997.21
1997.29
1997.38
1997.46
1997.54
1997.63
1997.71
1997.79
1997.88
1997.96
1998.04
1998.13
1998.21
1998.29
1998.38
1998.46
1998.54
1998.63
1998.71
1998.79
1998.88
1998.96
1999.04

Year
1994
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1995
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1996
1997
1997
1997
1997
1997
1997
1997
1997
1997
1997
1997
1997
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1999

Mon
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10**6 m3

tsb
10.76
9.17
6.40
1.66
0.34
3.02
9.45
15.53
13.72
12.39
15.07
8.40
6.59
3.98
1.55
0.48
0.06
1.85
8.44
6.91
7.78
9.98
18.77
3.77
0.46
0.04
0.00
0.03
0.01
1.50
26.73
11.86
17.64
20.89
5.27
0.92
15.76
6.71
5.81
6.02
2.84
1.16
0.51
2.95
7.93
15.39
17.54
8.63
1.68
4.12

10**6 m3

s18c
39.20
36.87
18.11
13.47
12.69
19.91
49.68
38.76
50.63
39.35
65.86
16.99
4.02
5.77
1.77
0.88
0.59
9.58
48.67
16.84
13.40
21.04
42.32
5.15
2.94
2.12
1.25
0.84
0.66
1.84
61.87
28.23
36.08
41.86
16.59
1.66
24.34
4.53
19.98
28.64
13.70
15.40
6.93
7.30
21.83
50.65
22.92
19.60
3.33
6.77

FATHOM MODEL CALCULATIONS

10**6 m3

s197
0.00
0.00
0.00
0.00
0.00
0.00
25.09
9.51
20.43
9.02
52.34
0.61
0.00
0.00
0.00
0.00
0.00
0.00
18.87
0.62
0.00
0.00
13.54
0.00
0.00
0.00
0.00
0.00
0.00
0.00
37.12
0.00
0.00
6.04
0.00
0.00
1.27
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
34.68
0.00
2.05
0.00
0.00

MONTHLY FLOW BY YEAR
cm/mo cm/mo 10**6 m3

rpl evap u sgs tot
9.5 8.1
6.7 8.9
0.8 8.9
8.8 13.8
6.8 13.9
15.9 14.7
38.6 12.6
16.6 12.8
30.0 11.8
12.6 9.7
11.9 7.8
2.4 8.3
4.3 7.5
4.1 8.2
1.8 11.1 3.64
4.2 13.2 0.23
4.9 13.9 1.62
20.0 14.3 0.68
15.3 13.8 43.79
8.4 15.8 41.40
20.2 14.9 12.40
15.6 13.0 48.11
23.9 10.1 100.55
0.8 9.6 33.11
1.9 10.1 6.72
5.9 10.5 9.93
15 10.7 1.79
4.2 14.6 0.87
5.2 11.0 0.09
12.8 16.8 1.38
53.1 14.0 78.02
16.8 15.7 55.74
17.4 14.2 26.39
20.4 11.7 62.13
9.2 11.8 37.98
6.0 8.4 10.74
12.9 6.3 42.87
5.6 8.2 19.55
13.2 9.1 38.19
12.6 12.1 36.55
0.1 13.9 1.49
15.6 15.6 0.12
5.8 14.8 0.00
13.4 14.1 0.39
16.2 13.0 15.55
46.1 10.4 64.40
7.2 9.6 53.12
18.7 8.3 41.17
15 8.6 9.66
8.0 9.0 9.19

10**6 m3
tsb+s18c-
s197
49.96
46.03
24.51
15.13
13.03
22.93
34.04
44.78
43.92
42.71
28.59
24.78
10.62
9.74
3.32
1.37
0.65
11.43
38.23
23.13
21.18
31.02
47.55
8.91
3.40
2.16
1.25
0.86
0.68
3.33
51.48
40.10
53.72
56.70
21.86
2.58
38.82
11.24
25.79
34.66
16.55
16.57
7.44
10.25
29.76
31.36
40.46
26.18
5.01
10.89

10**6 m3
excess
rain
8.88
0.00
0.00
0.00
0.00
7.40
161.30
23.22
113.20
17.95
25.57
0.00
0.00
0.00
0.00
0.00
0.00
35.88
9.07
0.00
32.71
16.42
85.32
0.00
0.00
0.00
0.00
0.00
0.00
0.00
242.56
6.80
20.05
54.17
0.00
0.00
40.72
0.00
25.35
3.50
0.00
0.00
0.00
0.00
19.88
221.41
0.00
64.17
0.00
0.00

10**6 m3 10**6 m3

central
7.21
6.14
4.29
1.11
0.23
2.02
6.33
10.40
9.19
8.30
10.09
5.62
4.42
2.66
1.04
0.32
0.04
1.24
5.65
4.63
5.21
6.69
12.58
2.52
0.31
0.02
0.00
0.02
0.01
1.00
17.91
7.95
11.82
14.00
3.53
0.61
10.56
4.50
3.89
4.03
1.90
0.78
0.34
1.98
5.31
10.31
11.75
5.78
1.12
2.76

ne
51.03
46.03
2451
15.13
13.03
23.82
53.40
47.57
57.50
44.87
31.65
24.78
10.62
9.74
3.32
1.37
0.65
15.73
39.32
23.13
25.11
32.99
57.79
8.91
3.40
2.16
1.25
0.86
0.68
3.33
80.59
40.91
56.13
63.20
21.86
2.58
43.71
11.24
28.83
35.08
16.55
16.57
7.44
10.25
32.14
57.93
40.46
33.88
5.01
10.89

10**6 m3

east
0.00
0.00
0.00
0.00
0.00
0.00
25.09
9.51
20.43
9.02
52.34
0.61
0.00
0.00
0.00
0.00
0.00
0.00
18.87
0.62
0.00
0.00
13.54
0.00
0.00
0.00
0.00
0.00
0.00
0.00
37.12
0.00
0.00
6.04
0.00
0.00
1.27
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
34.68
0.00
2.05
0.00
0.00



dec year
1999.13
1999.21
1999.29
1999.38
1999.46
1999.54
1999.63
1999.71
1999.79
1999.88
1999.96
2000.04
2000.13
2000.21
2000.29
2000.38
2000.46
2000.54
2000.63
2000.71
2000.79
2000.88
2000.96
2001.04
2001.13
2001.21
2001.29
2001.38
2001.46
2001.54
2001.63
2001.71
2001.79
2001.88
2001.96
2002.04
2002.13
2002.21
2002.29
2002.38
2002.46
2002.54
2002.63
2002.71
2002.79
2002.88
2002.96

Year
1999
1999
1999
1999
1999
1999
1999
1999
1999
1999
1999
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2001
2001
2001
2001
2001
2001
2001
2001
2001
2001
2001
2001
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
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10**6 m3

tsb
2.10
0.01
0.00
0.02
2.90
3.74
10.27
18.06
34.27
15.51
11.11
15.35
9.86
0.33
1.03
0.00
0.60
5.29
20.16
19.20
28.23
3.97
0.34
0.03
0.00
0.00
0.00
0.09
0.54
4.90
16.55
19.86
29.25
22.54
8.65
4.58
0.20
0.10
0.02
0.11
6.67
28.14
14.27
13.19
6.58
0.21
1.94

10**6 m3

s18c
1.05
0.86
0.23
0.60
18.73
21.09
22.01
31.31
65.33
19.06
14.66
19.26
12.15
7.02
7.18
0.76
11.10
26.06
38.57
39.36
57.21
5.29
8.58
0.19
0.00
0.00
0.26
1.34
4.95
24.29
37.20
36.23
49.02
26.02
18.53
11.95
2.89
0.61
0.26
1.80
38.25
43.20
28.08
25.41
9.06
2.13
9.95

FATHOM MODEL CALCULATIONS

10**6 m3

s197
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.49
46.15
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.57
29.88
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
6.09
2.97
16.63
0.00
0.00
0.00
0.00
0.00
0.00
0.00
9.86
10.04
0.00
0.00
0.00
0.00
0.00

MONTHLY FLOW BY YEAR
cm/mo cm/mo 10**6 m3

rpl evap u sgs tot
0.7 10.7 0.32
1.8 14.6 0.83
2.1 15.3 0.00
14.5 16.0 0.00
16.4 13.2 6.66
10.6 14.0 38.39
28.4 13.1 32.63
36.0 10.6 61.37
35.9 8.8 129.64
6.5 8.1 68.69
3.7 8.0 23.06
14 9.1 16.85
3.8 10.0 16.78
8.6 13.3 0.49
10.7 14.5 0.31
35 15.9 0.00
22.2 14.0 0.00
16.0 14.2 1.50
19.5 12.9 21.11
18.0 11.3 46.18
17.6 9.9

0.7 9.4

4.8 8.5

11 10.6

0.0 10.2

7.6 11.1

7.8 14.9

11.7 14.9

22.1 14.5

17.0 13.8

32.7 12.2

28.3 10.7

15.2 8.4

3.3 7.7

5.4 7.6

35 9.0

5.7 9.4

4.1 12.6

1.9 14.0

22.4 14.3

34.4 12.1

29.7 12.6

12.1 12.7

10.5 10.7

2.1 10.6

5.0 8.8

2.7 8.2

10**6 m3
tsb+s18c-
s197
3.15
0.88
0.23
0.62
21.63
24.83
32.27
43.88
53.45
34.57
25.77
34.61
22.00
7.35
8.21
0.76
11.70
31.35
58.73
57.00
55.56
9.26
8.92
0.22
0.00
0.00
0.26
1.43
5.49
29.19
47.66
53.12
61.64
48.56
27.19
16.53
3.09
0.71
0.28
1.91
35.05
61.30
42.35
38.60
15.64
2.34
11.90

10**6 m3
excess
rain
0.00
0.00
0.00
0.00
19.48
0.00
94.95
157.33
167.94
0.00
0.00
0.00
0.00
0.00
0.00
0.00
51.09
10.75
40.66
41.47
47.18
0.00
0.00
0.00
0.00
0.00
0.00
0.00
47.03
20.05
127.05
109.33
41.91
0.00
0.00
0.00
0.00
0.00
0.00
50.00
137.95
106.10
0.00
0.00
0.00
0.00
0.00

10**6 m3 10**6 m3

central
1.41
0.01
0.00
0.01
1.94
2.50
6.88
12.10
22.96
10.39
7.44
10.28
6.60
0.22
0.69
0.00
0.40
3.54
13.51
12.87
18.91
2.66
0.23
0.02
0.00
0.00
0.00
0.06
0.36
3.28
11.09
13.31
19.60
15.10
5.80
3.07
0.13
0.06
0.02
0.08
4.47
18.85
9.56
8.84
441
0.14
1.30

ne
3.15
0.88
0.23
0.62
23.97
24.83
43.67
62.76
73.60
34.57
25.77
34.61
22.00
7.35
8.21
0.76
17.83
32.64
63.61
61.97
61.22
9.26
8.92
0.22
0.00
0.00
0.26
1.43
11.13
31.59
62.91
66.24
66.67
48.56
27.19
16.53
3.09
0.71
0.28
7.91
51.60
74.03
42.35
38.60
15.64
2.34
11.90

10**6 m3

east
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.49
46.15
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.57
29.88
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
6.09
2.97
16.63
0.00
0.00
0.00
0.00
0.00
0.00
0.00
9.86
10.04
0.00
0.00
0.00
0.00
0.00
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Used in 2000 Base, 2050 Base, CERP1,
and NSM Model Runs

Summary Table
Effects of Future CERP Scenarios on

Salinity Conditions at the Taylor River Site and
Northeastern Florida Bay






Descriptions, Features and Assumptions of Model Runs

Description, Features and Assumptions used in 2000
Base, 2050 Base, CERP1, and NSM Model Runs
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Descriptions, Features and Assumptions of Model Runs

Model Run Name : 2000B1

Description :

The 2000B1 Existing condition represents conditions that existed in South
Florida in 2000, when CERP was approved. In general, assumptions in the
2000BL1 represent structures, operations, system demands and land use that
were in place in the year 2000. Where emergency operations were in place at
that time, operations more representative of "normal” operations have been used
in the 2000 existing condition for long-term simulation. The 2000 existing
condition is a planning base, and since planning by nature is iterative the
simulation is labeled 2000B1, with the expectation that it will be updated as
assumptions change over time through the review process.

The Initial CERP Update is being undertaken by an interagency,
interdisciplinary team of the RECOVER program in CERP. The purpose of the
update is to incorporate new information gained since the C&SF Comprehensive
Review Study was released (July 1999). The scope of this effort is to:

e update planning conditions from the 1995 data used in the Restudy to 2000
data, such as land use, population, and water use

e update structural, operational and regulation schedule changes to the water
management system

¢ update forecasts of 2050 conditions based on new data since the Restudy

¢ evaluate the performance of the Comprehensive Plan using the latest
updated versions of the South Florida Water Management Model (SFWMM)
and the Natural System Model (NSM)

document all findings in a technical report

Planning for water resources purposes in South Florida relies strongly
upon a computer simulation tool called the South Florida Water Management
Model, which is capable of simulating the daily hydrology and operations of the
water management system. The model requires input data, termed
“assumptions”, that govern the results, or outputs, of a given model simulation.
Use of this modeling tool allows informed discussion as to what assumptions
appear reasonable as input data. In addition to the use of new data, the SFWMM
and NSM have undergone updating and improvements to increase accuracy of
predictions.

The first updated model run for the 2000 Existing Condition will be posted
on the web at http://modeling.cerpzone.org/cerp_recover/pmviewer/pmviewer.jsp
for agency and public review. In the planning process, conditions that exist at the
time of the investigation, or study, are collectively called the “existing condition.”
The existing condition is a reasonable depiction of current, relevant
circumstances in the planning area.



Descriptions, Features and Assumptions of Model Runs

Planning by its nature is iterative. This web posting begins the review and
discussion of the assumptions for the 2000 Existing Condition. These
assumptions may change over time, as the review process proceeds.
Additionally, as external review of the calibration/verification of the SFWMM goes
forward, there is the potential that the outputs (results) of the model may be
refined as well.

The assumptions for the 2000 Existing Condition as currently modeled for
the Initial CERP Update are to be used for planning purposes only and are
presented in the table below.

The assumptions for the proposed 2000 Existing Condition should not be
construed as those that will necessarily be contained within the “Pre-CERP
Baseline” as called for in the draft Programmatic Regulations (August
2002). The definition of the assumptions to be used in the Pre-CERP
Baseline will be coordinated through an interagency process as required
by sub-part 385.35 of the draft Programmatic Regulations.

Feature Assumptions
Regional Input Data

Climate

e The climatic period of record is from 1965 to 2000.

¢ Rainfall estimates have been revised and updated for 1965-2000.

e Revised evapotranspiration methods have been used for 1965-2000.
Topography

Updated November 2001 and September 2003 using latest available
information (in NGVD 29 datum). Nov 2001 update (Documented in November
2001 SFWMD memorandum from M. Hinton to K. Tarboton) includes:

e USGS High Accuracy Elevation data from helicopter surveys collected 1999-
200 Ofor Everglades National Park and Water Conservation Area (WCA) 3
south of Alligator Alley

e USGS Lidar data (May 1999) for WCA-3A north of Alligator Alley

¢ Lindahl, Browning, Ferrari & Helstrom 1999 survey for Rotenberger Wildlife
Management Area.

e Stormwater Treatment Area surveys from 1990s

e Aerometric Corp. 1986 survey of the 8-1/2 square mile area

e Includes estimate of Everglades Agricultural Area subsidence

e Other data as in SFWMM v3.7

e FWC survey 1992 for the Holey Land Wildlife Management Area.



Descriptions, Features and Assumptions of Model Runs

September 2003 update includes:

e Reverting to FWC 1992 survey data for Rotenberger Wildlife Management
Area.

e DHI gridded data from Kimley —Horn contracted survey of EAA, 2002-2003.
Regridded to 2x2 scale for EAA outside of STAs and WMAs.

Sea Level

e Sea level data from six long-term NOAA stations were used to generate a
historic record to use as sea level boundary conditions for the 1965 to 2000
evaluation period.

Land Use

e All land use has been updated using most recent FLUCCS data (1995),
modified in the Lower East Coast urban areas using 2000 aerial photography
(2x2 scale).

(Documented in August 2003 SFWMD memorandum from J. Barnes and K.
Tarboton to J. Obeysekera).

Natural Area Land Cover (Vegetation)

Vegetation classes and their spatial distribution in the natural areas comes from
the following data:

e Walsh 1995 aerial photography in Everglades National Park

e Rutchey 1995 classification in WCA-3B, WCA-3A north of Alligator Alley and
the Miami Canal, WCA-2A & 2B

¢ Richardson 1990 data for Loxahatchee National Wildlife Refuge

e FLUCCS 1995 for Big Cypress National Preserve, Holey Land &
Rotenberger Wildlife Management Areas & WCA-3A south of Alligator Alley
and the Miami Canal.

(Documented in August 2003 SFWMD memorandum from J. Barnes and K.
Tarboton to J. Obeysekera).

Lake Okeechobee Service Area

LOSA Basins

e Lower Istokpoga, S-4, North Lake Shore and Northeast Lake Shore demands
and runoff based on AFSIRS modeling.

Lake Okeechobee

e Lake Okeechobee Regulation Schedule WSE according to WSE decision
trees.
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¢ Lake Okeechobee Supply Side management policy for Lake Okeechobee
Service Area water restriction cutbacks as per rule 40E-21 and 40E-22 (13.5
—11.0 ft. trigger line). A 67% maximum cutback will be implemented.

e Emergency flood control backpumping to Lake Okeechobee from the
Everglades Agricultural Area.

e Kissimmee River inflows based on interim schedule for Kissimmee Chain of
Lakes using the UKISS model.

e Best Management Practices runoff reduction assumed to be 0%. BMP
Makeup water (Replacement Water Rule) target has an average of 102 KAF
per year for the 36-yr period. Actual deliveries can be less due to
conveyance limitations, WCAs above schedule and suspension of makeup
water deliveries due to SSM.

Caloosahatchee River Basin

e Caloosahatchee River Basin irrigation demands and runoff were estimated
using the AFSIRS method based on existing planted acreage.

e Public water supply daily intake from the river is included in the analysis.
St. Lucie Canal Basin

¢ St. Lucie Canal Basin demands estimated using the AFSIRS method based
on existing planted acreage.

¢ Basin demands include the Florida Power & Light reservoir at Indiantown.
Seminole Brighton Reservation

¢ Brighton Reservation demands were estimated using the AFSIRS method
based on existing planted acreage.

e Demands are in agreement with the entitlement quantities as per Table 7,
Agreement 41-21 (Nov 92).

e Supply-side management applies to this agreement.
Seminole Big Cypress Reservation

¢ Big Cypress Reservation irrigation demands and runoff were estimated using
the AFSIRS method based on existing planted acreage.

e The 1in 5 demand is in agreement with the Seminole Compact (Work Plan =
2606 MGM, Model = 2659 MGM) .

e Supply-side management applies to the Compact.
Everglades Agricultural Area

o Everglades Agricultural Area irrigation demands are simulated using climatic
data for the 36 year period of record and a soil moisture accounting
algorithm, with parameters calibrated to match historical regional
supplemental deliveries from Lake Okeechobee.
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e Best Management Practices assumed to reduce runoff 0% annually.
Everglades Construction Project Stormwater Treatment Areas
e Stormwater Treatment Areas 1W, 5 & 6 operational.

e Stormwater Treatment Area 2 complete but not connected to the regional
system.

e Operation of Stormwater Treatment Areas assumes 6" minimum depth
during periods of drought.

Holey Land Wildlife Management Area
e As per Memorandum of Agreement between the FWC and the District.
Rotenberger Wildlife Management Area

¢ Interim Operational Schedule as defined in the Operation Plan for
Rotenberger (SFWMD Jan 2001).

Water Conservation Areas

Water Conservation Area 1 (ARM Loxahatchee National Wildlife Refuge)

e Current C&SF Regulation Schedule. Includes regulatory releases to tide
through LEC canals.

¢ No net outflow to maintain minimum stages in the LEC Service Area canals
(salinity control), if water levels are less than minimum operating criteria of 14
ft.

e The bottom floor of the schedule (Zone C) is the area below 14 ft. Any water
supply releases below the floor will be matched by an equivalent volume of
inflow from Lake Okeechobee.

Water Conservation Area 2 A&B

e Current C&SF regulation schedule. Includes regulatory releases to tide
through LEC canals.

¢ No net outflow to maintain minimum stages in the LEC Service Area canals
(salinity control), if water levels in WCA-2A are less than minimum operating
criteria of 10.5 ft. Any water supply releases below the floor will be matched
by an equivalent volume of inflow from Lake Okeechobee.

Water Conservation Area 3 A&B

e Current C&SF regulation schedule. Includes regulatory releases to tide
through LEC canals.

¢ No net outflow to maintain minimum stages in the LEC Service Area canals
(salinity control), if water levels are less than minimum operating criteria of
7.5 ft in WCA-3A. Any water supply releases below the floor will be matched
by an equivalent volume of inflow from Lake Okeechobee.
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Lower East Coast Service Areas

Public Water Supply and Irrigation

¢ Public water supply wellfield pumpages and locations are based on actual
pumpage data for calendar year 2000 (includes Miami-Dade County Water
and Sewer Department West Wellfield Aquifer Storage and Recovery
system).

e Irrigation demands are based upon existing land use and calculated using
AFSIRS, reduced to account for landscape and golf course areas irrigated
using reuse waterand landscape areas irrigated using public water supply.

Seminole Hollywood Reservation

e Hollywood Reservation demands are set forth under VI.C of the Water Rights
Compact.

Natural Areas

e For the Northwest Fork of the Loxahatchee River, the District operates the G-
92 structure and associated structures to provide approximately 50 cfs over
Lainhart Dam to the Northwest Fork, when the District determines that water
supplies are available.

e Flows to Pond Apple Slough through S-13A are adjusted in the model to
approximate measured flows at the structure.

e Flows to Biscayne Bay are simulated through Snake Creek, North Bay, the
Miami River, Central Bay and South Bay.

Canal Operations
e C&SF system and operating rules in effect in 2000.

e Includes operations to meet control elevations in the primary coastal canals
for the prevention of saltwater intrusion.

e Includes existing secondary drainage/water supply system.

e Excludes portions of the South Dade Conveyance System that follow rules
for Test 7 Phase 1 water deliveries to Everglades National Park, as per
Restudy 1995 Existing Condition.

Western Basins and Big Cypress National Preserve

Western Basins

¢ Estimated and updated historical inflows from western basins at two
locations: G- 136 and G-406. The G-406 location represents potential inflow
from the C-139 Basin into STA 5. Data for the period 1978 - 2000 is the
same as the data used for the C-139 Basin Rule development.
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(Documented in June 2002 SFWMD memorandum from L. Cadavid and L. Brion
to J. Obeysekera).

Big Cypress
e The northern end of Big Cypress receives flows from S-190.

e Tamiami Trail culverts are not modeled in SFWMM due to the coarse (2x2
mile) model resolution.

Everglades National Park and Florida Bay

Everglades National Park

e Water deliveries to Everglades National Park are based on Test 7 Phase 1
as per Restudy 1995 Existing Condition.

Region-wide Water Management and Related Operations

Water Management Rules

e The existing condition reflects the existing water shortage policies in 2000 as
reflected in South Florida Water Management District rule 40E-21.

e The impacts of declarations of water shortages on utility water use reflect
assumpti
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Model Run Name : 2050B1 - CERP Future Without
Project (2050) Condition

Description

The 2050B1 future without project condition represents predicted conditions that will
exist in South Florida in 2050, without the implementation of CERP projects. In general
assumptions in the 2050B1 represent structures, operations, system demands and land use
that are projected to be in place in the year 2050. The 2050 future without project
condition is used for planning purposes, and since planning by nature is iterative the
simulation is labeled 2050B1, with the expectation that it will be updated as assumptions
change over time. It is the 2050 future without project condition that we use in planning
to measure the benefits of the implementation of CERP.

Link to the 2050 future without project condition assumptions table:
http://pmviewer.cerpzone.org/cerp_recover/showDocument.do?documentiD=153

Feature Assumptions
Regional Input Data
Climate

e The climatic period of record is from 1965 to 2000.

¢ Rainfall estimates have been revised and updated for 1965-2000.

e Revised evapotranspiration methods have been used for 1965-2000.
These data are the same as the existing condition.

Topography

Updated November 2001 and September 2003 using latest available information
(in NGVD 29 datum). This update iincorporates the Nov 2001 update
(Documented in November 2001 SFWMD memorandum from M. Hinton to K.
Tarboton) includes:

e USGS High Accuracy Elevation data from helicopter surveys collected 1999-
2000 for Everglades National Park and Water Conservation Area (WCA) 3
south of Alligator Alley.

e USGS Lidar data (May 1999) for WCA-3A north of Alligator Alley

e Lindahl, Browning, Ferrari & Helstrom 1999 survey for Rotenberger Wildlife
Management Area (WMA).

e Stormwater Treatment Area (STA) surveys from 1990s
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Aerometric Corp. 1986 survey of the 8.5 square mile area

Includes estimate of Everglades Agricultural Area (EAA) subsidence
Other data as in SFWMM v3.7
FWC survey 1992 for the Holey Land Wildlife Management Area.

September 2003 update includes

e Reverting to FWC 1992 survey data for Rotenberger Wildlife Management
Area.

e DHI gridded data from Kimley —Horn contracted survey of EAA, 2002-2003.
Regridded to 2x2 scale for EAA outside of STAs and WMAs.

These data are the same as the existing condition. No subsidence will be
addressed;subsidence in the EAA and other areas may be addressed in the next
CERP Update.

Sea Level

e Sea level data from six long-term NOAA stations were used to generate a
historic record to use as sea level boundary conditions for the 1965 to 2000
evaluation period.

¢ A sensitivity analysis will be performed utilizing an 0.8 foot rise in sea level so
that the impacts of such a change on the performance of the water
management system can be assessed.

Land Use

¢ Lands not developed in the existing condition are assigned land use codes
crosswalked from county comprehensive plans (future land use).

Natural Area
Vegetation classes and their spatial distribution in the natural areas comes from
the following data:

e Walsh 1995 aerial photography in Everglades National Park

e Rutchey 1995 classification in WCA-3B, WCA-3A north of Alligator Alley and
the Miami Canal, WCA-2A & 2B

¢ Richardson 1990 data for Loxahatchee National Wildlife Refuge

e FLUCCS 1995 for Big Cypress National Preserve, Holey Land &
Rotenberger Wildlife Management Areas & WCA-3A south of Alligator Alley
and the Miami Canal. (Documented in August 2003 SFWMD memorandum
from J. Barnes and K. Tarboton to J. Obeysekera).

These data are the same as in the existing condition.
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Lake Okeechobee Service Area

LOSA Basins

* Lower Istokpoga, S-4, North Lake Shore and Northeast Lake Shore demands and runoff
are based on AFSIRS modeling using 2050 land use projections.

Lake Okeechobee

e Lake Okeechobee Regulation Schedule WSE according to WSE decision
trees.

e Lake Okeechobee Supply Side Management policy for Lake Okeechobee
Service Area water restriction cutbacks as per rule 40E-21 and 40E-22 (as
amended in September, 2001) (13.0 — 10.5 ft. SSM trigger line). .

e Adaptive Protocols are included.

¢ Kissimmee River Restoration and Headwaters Revitalization Project is
complete.

e Average annual environmental deliveries to the WCAs equal the annual
average Best Management Practices (BMP) Replacement Water Rule
volumes (102 ,000 ac-ft/year).

e BMP runoff reduction is assumed to be 0%; there are no makeup water
deliveries.

Caloosahatchee River Basin

e « Caloosahatchee River Basin irrigation demands and runoff were estimated
using the AFSIRS method based on projected acreage as per the 2000
Caloosahatchee Water Management Plan projections for 2020.

e « Public water supply daily intake from the river is ~10 MGD.
St. Lucie Canal Basin
e « St. Lucie Canal Basin demands were based on the Indian River Lagoon

draft feasibility study future without project condition projected acreages for
2050.

¢ « Basin demands include the Florida Power & Light reservoir at Indiantown.
Seminole Brighton Reservation

e « Brighton Reservation demands were estimated using the AFSIRS method
based on existing planted acreage.

11
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e « Demands are in agreement with the entitlement quantities as per Table 7,
Agreement 41-21 (Nov 92).

¢ * Supply-side management applies to this agreement.
Seminole Big  Big Cypress Reservation
e irrigation demands and runoff were estimated using the AFSIRS method
based on existing planted acreage.

e « Demands are in agreement with the Seminole Compact.

e « Supply-side management applies to the Compact.
Everglades Agricultural Area

e « Everglades Agricultural Area irrigation demands are simulated using
climatic data for the 36 year period of record and a soil moisture accounting
algorithm, with parameters calibrated to match historical regional
supplemental deliveries from Lake Okeechobee.

e « BMPs are assumed to reduce runoff 0% annually.

e « Demands reflect the construction of STA 3/4.
Everglades Construction Project Stormwater Treatment Areas

e « All Stormwater Treatment Areas are maintained at a 6" minimum depth
duringperiods of drought.

e * As compared to the existing condition:
0 STA-2is connected to the regional system
0 STA 3/4 and STA 1E are constructed and operational
0 STA-6 area increased from 870 to 2421 acres due to Phase 2
construction.

Holey Land Wildlife Management Area

e » Operations are similar to the existing condition as in the 1995 base
simulation for the Lower East Coast Regional Water Supply Plan
(LECRWSP, May 2000).

Rotenberger Wildlife Management Area

e « Interim Operational Schedule as defined in the Operation Plan for
Rotenberger (SFWMD July 2002).

Water Conservation Areas

12
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Water Conservation Area 1 (ARM Loxahatchee National Wildlife Refuge)

e « Current C&SF Regulation Schedule. Includes regulatory releases to tide
through lower east coast (LEC) canals.

¢ + No net outflow to maintain minimum stages in the LEC Service Area canals
(salinity control), if water levels are less than minimum operating criteria of 14
ft. The bottom floor of the schedule (Zone C) is the area below 14 ft. and
reads: "No net releases from WCA-1. Any water supply releases below the
floor will be matched by an equivalent volume of inflow from Lake
Okeechobee."

e «» Operations are the same as the existing condition.
Water Conservation Area 2 A&B

e « Rainfall driven operational criteria for determining timing of deliveries to and
discharges from WCA-2A.

Water Conservation Area 3 A&B
e « Rainfall driven operational criteria for determining timing of deliveries to and

discharges from WCA-3A.

e « Structural and operational modifications for L-67 canal conveyance and S-
355 structures as in the federally authorized Modified Water Delivery Project.
Refer to separate Modified Water Deliveries (MWD), 8.5 square mile area,
and C-111 table for details.

Lower East Coast Service Areas
Public Water Supply and Irrigation
e ¢ Projections are based upon IWR MAIN methodologies (September 2003

final report). The focus will be on changes in population / economic
projections and water conservation effectiveness.

* Projections take into account a 15% across the board increase in demand
to account for alternative treatment technologies.

» Wellfield distribution as in the LECRWSP for 2020 (LEC1).

* Irrigation demands are based on projected land use and calculated in the
same manner as the existing condition.

» Miami-Dade aquifer storage and recovery (ASR) West Wellfield is 15 MGD,
Northwest and Southwest Wellfields are 10 MGD each.

» Wastewater reuse has been incorporated in the estimation of landscape
irrigation demands for each county.

13
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Seminole Hollywood Reservation

¢ * Hollywood Reservation demands are set forth under VI.C of the Water
Rights Compact.

Natural Areas

¢ « For the Northwest Fork of the Loxahatchee River, the District operates the
G-92 structure and associated structures to provide approximately 50 cfs
over Lainhart Dam to the Northwest Fork, when the District determines that
water supplies are available.

e « Flows to Pond Apple Slough through S-13A are adjusted in the model to
approximate measured flows at the structure.

e « Flows to Biscayne Bay are simulated through Snake Creek, North Bay, the
Miami River, Central Bay and South Bay.
These data are the same as the existing condition.

Canal Operations

e « C-11 Water Quality Treatment Critical Project constructed (S-381 Ogee
Gated Spillway and Pumping Station S-9A).

» Western C-4 Structure (S-380) Critical Project constructed.

» C-4 Flood Mitigation Project includes 440 and 434 +/- acre impoundments
to store stormwater from the C-4 Basin.

* Recently completed S-25B and S-26 pumps will not be modeled since they
would be used very rarely during high tide conditions and the SFWMM uses
a long-term average daily tidal boundary.

» Operational adjustments to maintain water levels in the coastal canals to
meet minimum levels in the Biscayne Aquifer as proposed in the LECRWSP.

* Northwest Dade Lake Belt area assumes that the conditions caused by
currently permitted mining exist and that the effects of any future mining are
fully mitigated by industry.

e « Eastern Hillsboro Utility ASR is 5 MGD.

e « ACME Basin A flood control discharges are sent to C-51, west of the S-
155A structure, to be pumped into STA-1E. ACME Basin B flood control
discharges are no longer sent into the Loxahatchee National Wildlife Refuge,
but instead to C-51 East through the S-155A structure.

Western Basins and Big Cypress National Preserve

Western Basins

14
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e « Estimated and updated historical inflows from western basins at two
locations: G- 136 and G-406. The G-406 location represents potential inflow
from the C-139 Basin into STA 5. Data for the period 1978 - 2000 is the
same as the data used for the C-139 Basin Rule development.

(Documented in June 2002 SFWMD memorandum from L. Cadavid and L. Brion to J.
Obeysekera). Data are the same as the existing condition.

Big Cypress

¢ » The northern end of Big Cypress receives flows from S-190.

e « No Tamiami Trail culverts are modeled in the SFWMM due to the coarse
(2x2 mile) model resolution.

Everglades National Park and Florida Bay
e « Structural and operational modifications for L-67 extension canal as in the

federally authorized Modified Water Delivery Project.

e + 8.5 SMA as per the federally authorized Alternative 6D of the 8.5 SMA
project.

e « C-111 project features and operations as per Restudy 2050 Base.
Refer to separate MWD, 8.5.SMA, C-111 table for details.
Region-wide Water Management and Related Operations

¢ « The future without project condition reflects the existing water shortage
policies in 2000 as reflected in South Florida Water Management District rule
40E-21.

¢ *» The impacts of declarations of water shortages on utility water use reflect
assumptions contained in the LECRWSP.
These data are the same as in the existing condition.
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Model Run Name : CERP1
Description :

CERP1 is a simulation of the "with project” condition which incorporates new
information into modeling of the CERP with the latest version of the South Florida Water
Management Model (SFWMMV5.4). An alternative "with project” simulation named
CERPO has also been posted.

The major differences between the two alternative "with project” simulations are:

o CERP1 uses updated public water supply demands in the LEC (as in the 2050
future without project condition) and updated agricultural water supply demands
in the Caloosahatchee Basin (also in the 2050 future without) but limits average
annual water supply deliveries from Lake Okeechobee to the Caloosahatchee
Basin to be the same as annual average D13R volumes (consistent with the
Caloosahatchee Water Management Plan and Lower East Coast Regional Water
Supply Plan).

e CERPO uses D13R public water supply demands in the LEC and "D13R-like"
demands in the Caloosahatchee (C-43) Basin.

Modeling specification differences between CERPO & CERP1 and D13R were arrived at
through discussion with RECOVER project leaders and the Interagency Modeling
Center, CERP1 Modeling Team.

Comparison of Various CERP Model Runs

The Initial CERP Update (ICU) is being undertaken by the interagency,
interdisciplinary RECOVER Team. One purpose of the update is to incorporate
new information into the planning process that has been gained since the C&SF
Comprehensive Review Study was completed in July 1999. A second purpose is
to simulate the Comprehensive Everglades Restoration Plan (CERP) using the
latest versions of the South Florida Water Management Model (SFWMM) and the
Natural System Model (NSM). A set of principles was provided by RECOVER
project leaders to guide the simulation of the Comprehensive Plan with the new
data and updated tools. Those principles were:

e to use 2050 future without project assumptions for all non-CERP components
(as documented in the 2050 future without project condition, see link below)

e for all CERP projects, use project definitions as defined in C&SF Project
Comprehensive Review Study (July 1999, aka the “Yellow Book”) and
modeled in D13R (Nov. 98 version) , i.e., do not make changes to the Plan

e seek guidance from RECOVER project leaders should differences between
project definitions and modeled project assumptions occur

16
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Two model simulations for the Initial CERP Update have previously been
completed — a simulation of the 2000 existing condition and the 2050 without
project condition. Two additional model simulations have now been completed
and are being presented for review and evaluation by RECOVER’s Regional
Evaluation Team (RET) and the ICU Team. The nomenclature on the
performance measure graphics for these two additional simulations is “CERPQ”
and “CERP1". CERPO & CERP1 are simulations of the “with project” condition
that incorporate new information into modeling of the CERP with the latest
version of the SFWMM (version 5.4). Differences between CERPO & CERP1 are:

e CERPO uses D13R public water supply demands in the Lower East Coast
and “D13R-like” demands in the Caloosahatchee (C-43) Basin

e CERP1 uses updated public water supply demands in the Lower East Coast
(as in the 2050 future without project condition) and updated agricultural
water supply demands in the Caloosahatchee Basin (also in the 2050 future
without) but limits average annual water supply deliveries from lake
Okeechobee to the Caloosahatchee Basin to be the same as annual average
D13R volumes (consistent with the Caloosahatchee Water Management
Plan and Lower East Coast Regional Water Supply Plan)

Modeling specification differences between CERPO & CERP1 and D13R

All modeling specification differences between CERPO & CERP1 and D13R were
arrived at through discussion with RECOVER project leaders and the
Interagency Modeling Center, CERP1 Modeling Team. Modeling specifications
not listed here are consistent with those specified for D13R in the Yellow Book.
Some of the differences below are non-CERP project changes (e.g.,
implementation of the WSE schedule for Lake Okeechobee), and are listed
separately.

Modeling specification differences in CERP

Lake Okeechobee operations

e ASR injection at the bottom of Zone D of WSE (CERPO & CERP1 injection
begins ~ %2’ lower than D13R, hence puts water into ASR sooner); becomes
highest priority for injection

e ASR recovery follows new SSM line + %2’ and is ~ 1’ lower than D13R

e Injection for North of Lake Storage and EAA Reservoir now second in
priority; CERPO & CERPL1 injection ~ ¥’ higher than D13R; shape of line is
parallel to Zone D of WSE

e North of Lake Storage seepage losses assumed to be 50% in CERPO &
CERP1 (consistent with LECRWSP) compared to 100% in D13R

Other operational adjustments
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¢ Shift in STA 3-4 discharge priorities for hydropattern enhancement
e Flows allowed to Pond Apple Slough

e NSM stage targets based on NSMv4.6.2 ponding depths and adjusted due to
changes in topo; D13R used NSMv4.5 ponding depths

e L-67 weir heights adjusted due to changes in topo to enhance flows to ENP
Public water supply

e CERP1 includes a 15% conservation assumption compared to the D13R
assumption of 12%; D13R component AAA LEC Utility Water Conservation
(6%) is not included in CERP1

o CERP1 wellfield locations are the same as D13R with demands higher in
some wellfields (based on data from Gulf Engineering M&Il Report and bulk
sales) and lower in others (use of alternative sources, bulk purchasers)

Modeling specification differences for non-CERP projects (also included in
2050 future without project condition)

Lake Okeechobee operations
e WSE operation schedule for CERPO & CERP1; D13R used Run 25
Caloosahatchee and St. Lucie basins

¢ Revised time series hydrologic data created revised demands and runoff and
targets for environmental deliveries to the estuaries

Other operational adjustments

e BMP runoff reduction from the EAA calculated to be 0% in CERPO & CERP1;
D13R had 18% runoff reduction

e STAs to maintain 6” min depth in times of mild to moderate drought
Public water supply

¢ Includes updated M&l demand projections for the Lower East Coast based
on Gulf Engineering M&I Report

. Inclusion of additional utility ASR changes seasonality of wellfield withdrawals

e Raw water withdrawals by utility increased by 15% to account for anticipated
conversion to advanced treatment technologies with reject water lost to
system due to current unpermittability for reuse (canal recharge)
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Model Run Name : NSM4.6.2

Description

The Natural System Model (NSM) simulates the hydrologic response of an
Everglades watershed in its pre-drainage condition. Recent climatic data is used
to simulate the pre-drainage hydrologic response to current hydrologic input
allowing for meaningful comparisons between SFWMM simulations and NSM
simulations. Vegetation, topography, and river courses used by the NSM are
based on pre-drainage conditions.

NSM Version 4.6.2 uses the same climatic input, computational methods, and
model parameters calibrated and verified by the SFWMMv5.4 (e.g. ET,
Manning's "n") including:

updated tidal boundary stations

new rainfall based on "10-tin" interpolation

reformulated PET dataset

modified landscape coverage

updated soil storage coefficients

updated et and manning's coefficients

revised topography

updated inflow boundary flows into Lake Okeechobee and Lake Istokpoga
(dbhydro changes)

o expanded period of record through 2000
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Joel,

DRAFT

The 2X2 runs coupled to FATHOM model (shown in MFL document for Little Madeira Bay) were
received for our use on May 5, 2005. They are referenced by Danielle Lyons in an August 2004
email as :2000B2, 2050B2, and CERP1. NSM was not referenced.

The runs coupled with the Taylor River Model were received by Frank Marshall August 25, 2004
and (used for RECOVER modeling work). They are referenced by Xu Hong in an August 26,2004

email as: 2000CERP and 2050CERP. Also referenced by Frank Marshall in that exchange were

CERP1 and NSM4.6.2.

Features of some of these runs are summarized in the table below.

EXISTING
CONDITIONS

FUTURE WITHOUT
PROJECT
CONDITIONS

FUTURE WITH PROJECT
CONDITIONS

2000B1 (SFWMM 5.0)
The 2000B1 Existing cond ition
represents co  nditions that
existedi n South Fl oridai n

2000, wh en CERP was
approved. I n general,
assumptions inth ¢20 00B1

represent struc tures, operations,
system dem ands a nd 1 and use
that were in place int he year
2000. W here emergency
operations were in place at that
time, ope rations m ore
representative o f "normal"
operations ha ve bee nuse di n
the 200 0 ex isting con dition for
long-term simulation. The 2000
existing condition is a planning
base, a nd si nce pl anning by
nature is iterative the simulation
is lab eled 200 OBI1, withth e
expectationth atitwill b e
updated as ass umptions change
over tim e through th e review
process.

2050B1 (SFWMM 5.0)

(rainfall driven ops)
The 2050 fut ure witho ut
project co ndition re presents
predicted co nditions that will
exist in South Florida in 2050,
without the implementation of
CERP proj ects. In  general,
assumptions inth e 2050
represent structures,
operations,a ndl and use
projected to be in place in the
year 2050.

D13R (SFWMM 3.5.7)
Describes co  nditions that are
expected to existin 20 50ifth e
Comprehensive Evergla des
Restoration Plan (C ERP) is
implemented su bjectt o 1965-1995
climatic conditions.

Alternative D13R is the plan selected
by th e fu 1l Restu dy Teamasth e
initial d raft plan. Th e co mponents
contained i n Alternative D 13R a re
derived from com ponents whi ch
werede  velopedi nearl ier
Alternatives. Some components have
been m odified f rom t heir ori ginal
designi n ordert om eett he
environmental ob jectives of
restoration of historic sheetflow and
ecological connectivity.

2000B2 (SFWMM 5.4)
The 2000B2 Existing cond ition
simulation is an im proved
version of the previously posted
2000B1. The 20 00B2 i nherits
most o f th e assu mptions, data
and pr opertiesf romt he
2000B1. Mo difications to th e
2000B1 were m ade fol lowing
RECOVER T eview a nd other
minor c hanges to be ¢ onsistent

2050B2 (SFWMM 5.4)

(rainfall driven ops)
The 2 050B2 Fu ture w ithout
project condition simulation is
an improved versi on of the
previously po sted 2050B1.
The 2050B2 i nherits m ost of
the assu mptions, dataan d
properties fr om t he 205 0BI1.
Modifications to th e 2 050B1
were m ade f ollowing

CERP1 (SFWMM 5.0)
CERP1 is a sim ulation of t he "with
project” condition which incorporates
new information into modeling of the
CERP with the latest v ersion of the
South FI orida Water M anagement
Model (SFWMMVv5.4).

CERP1 uses updated pub lic water

supply demands in the LEC (as in the
2050 fu ture with outp roject
condition) and updated ag ricultural
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DRAFT

EXISTING
CONDITIONS

FUTURE WITHOUT
PROJECT
CONDITIONS

FUTURE WITH PROJECT
CONDITIONS

with t he new versi ono ft he
SFWMM (v5.4).

RECOVER r eview a nd other
minor changes to be consistent
with t he new versi on o ft he
SFWMM (v5.4).

water su pplyd emands inth e
Caloosahatchee Basin (alsoin th e
2050 fu ture witho ut)bu tli mits
averagea nnual wate 1 supply
deliveries from Lake Okeec hobee to
the Caloosa hatchee Basin to be the
same as annual ave rageD 13R
volumes (consi stentwi tht he
Caloosahatchee W ater Management
Plan and L ower East Coast Regional
Water Supply Plan).

2000B3 (SFWMM 5.4.3)
The 2000B3 ex isting con dition
simulation is an im proved
version of the previously posted
2000B2. The 20 00B3 i nherits
most o f'th e assu mptions, data
andpr opertiesf romt he
2000B2. Mo difications to th e
2000B2 were madet o be
consistent with th e new version
of the SFWMM (v5.4.3). These
changes only affect the way in
which stru cture flows in  th e
Stormwater Treatm ent Areas
are simulated.

2050B0 (SFWMM 5.4)

(rainfall driven ops)
Public water su pply d emands
are thos e that were projecte d
during the development of t he
CERP (the R estudy), as are
agricultural de mands in the
Caloosahatchee River basin.

CERPO (SFWMM 5.4)

CERPO is a sim ulation of t he "with
project" condition which incorporates
new information into modeling of the
CERP with the latest v ersion of the
South Fl orida Water M anagement
Model (SFWMMVvS5.4).
CERPOuses DI3R pu blic water
supply dem andsi nt he L ECan d
"D13R-like" dem andsi nt he
Caloosahatchee (C-43) Basin.

2050B3 (SFWMM5.4.3)
(NO rainfall driven ops)

Public water su pply d emands
are thos e that were projecte d
during the development of the
CERP (the R estudy), as are
agricultural de mands in the
Caloosahatchee River basin.

50B3S4 (SFEWMM5.4.3)

(rainfall driven ops)
50B3S4use s  Everglades
rainfall driven op erations
(similar to the prev iously
posted 20 S0BO and 2 050B2
scenarios) ba sed on N SMS4
targets to operate W CA2A,
WCA2B, WC A3A, W CA3B
and ENP. Public water supply
demands are t hose t hat we re
projected duri ng the
development of the CERP (the
Restudy), as are agric  ultural
demands i nt he
Caloosahatchee River basin.

CERPA (SFWMM 5.4.3)
CERPA is the latest simulation of the
CERP (D13R), using version 5.4.3 of
the SFW MM. CERPA mo deling
mimics closely the struct  ural and
operational intent of D 13R, using the
new t ool. It was ada pted f rom t he
CERPO scen ario with the following
differences:

Expanded storm water treatment
areas ass ociated wit h the Acceler8
Everglades C onstruction Pro  ject
configuration (as in the 2050B3)

Updated clim ate foreca sts as in
2050B3

Lake Okeec hobee operational
lines for ASR injection and deliveries
to N orth o f L ake Storage and EAA
Reservoir the same as in D13R

ASR recovery line modified due
toch anges inth esu pplysid e
management line

Offsets, tra  nslations, and
truncations to NSM targets use sam e
logic as D13R

C-9 reservoirm odele