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ABSTRACT 

This dissertation examines conservation issues within the Everglades,arenowned wetland 

ecosystem in central and southern Florida,USA.Everglades NationalPark,which includes aboutone fifth 

ofthe wetland,is home to the federally endangered Cape Sable seaside sparrow{Ammodramusmaritimus 

mirabilis).This sparrow is restricted to fi-eshwater prairies within ENP,and is a usefulindicator forthe 

spatial extentofa habitattype called "shorthydroperiod prairies." Water managementprotocols have 

increased hydroperiod and water depth in some areasthat have historically supported sparrows.Taller 

vegetation with fewer grassy clumps,which may provide less habitatfor nesting and foraging,now 

characterizesthese sites. Combining satellite images with plantsurvey data can detect patches ofvegetation 

in the freshwater prairies, with structural and floristic characteristics that are correlated with high sparrow 

density.These characteristics can be used to monitorthe effects ofwater managementchangeson 

hydrologic conditions in the sparrow prairies.The current water managementprogram has created water 

imbalances acrossthe Everglades ecosystem,while agricultural and luban land use has decreased wetland 

area.The Comprehensive Review Studyofthe Central and Southern Florida Flood Control Project("the 

Restudy")is an$8 billion restoration plan forthe Everglades.Its initial assumptionsand constraints prevent 

the consideration ofalternatives that may be more ecologically and economically efficient,such as 

converting agricultural lands into above-ground storage reservoirs.A true restoration ofthe Everglades 

requires a water managementsystem that provides appropriate hydrologic conditions for all native species 

throughouttheir range. 
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PART 1:EXECUTIVESUMMARY 

INTRODUCTION 

This dissertation examines conservation issues within the Everglades,arenowned wetland 

ecosystem in central and southern Florida,USA.Everglades NationalPark(ENP),which includes about 

one fifth ofthe incident watershed,is a Ramsar site,a World Heritage site,an International Biosphere 

Reserve,and home to over2000 native plantand animal species(Figure 1-1)(Lodge 1994).The federally 

endangered Cape Sable seaside sparrow(Ammodramusmaritimus mirabilis,American Ornithologists' 

Union 1999)is a usefulindicatorforthe spatial extent ofa habitattype called "shorthydroperiod prairies." 

These prairies,in turn,are directly affected by water managementdecisions,and can therefore be used as 
I 

indicators ofthe effect ofwater managementdecision-making.The expression ofthese prairies also 

illustrates the need for consideration oflarger expanses ofnatural areasto maintain population resilience 

under many natural and anthropomorphic disturbance regimes.Policies(especially water storage)and 

restoration programs mustbe made with a broad xmderstanding ofEvergladescommunitiesand the system 

as a whole.The restoration ofthe Everglades system requiresareconnection acrossthe entire watershed 

and enlargement ofnatural areas,and cannot be performed within the current administrative boundariesof 

the parks and preserves. Throughoutthis dissertation,I use the word"restoration" as defined bythe Society 

ofEcological Restoration(1995): 

"Ecologicalrestoration is the process ofassisting the recovery and managementofecological 

integrity. Ecological integrity includesa critical range ofvariability in biodiversity,ecological 

processes and structures,regional and historical context,and sustainable cultural practices." 

EVERGLADESPASTANDPRESENT 

The current Florida landscape had its origins as a piece ofthe African continent,sheared offwhen 

Laurasia separated fi-om Gondwanaland about 180 million years before present(YEP)(Klitgord et al. 

1984,Opdyke et al. 1987,Dallmeyer 1987).As Northern Hemisphere glaciers advanced and retreated for 



almost2million years,the Florida land area expanded and shrank as sea levels fluctuated.Ecological 

communities oscillated between freshwater and marine communities along the coast, while inland "high 

elevation"(about 15 m(49ft))communities experienced dry,cool periods(glacial)and warm,wetperiods 

(interglacial)(Brooks 1968,Perkins 1977).A meteoritic hitsome34 million YBP,along with successive 

reefformations,are mostlikely responsible forthe formative topography,and hence hydrology,ofthe 

Everglades(Petuch 1987). 

Kbsimmee River10 20 
ittiles 

kilometers 
10 30 

Fark/Preseive boundaxiies 

r~l SharkBiirer Sloi^ (̂inENF) Lake 

Oheechohee 
[S3 Taylor Slough(inENP) 

W,GA 

WCA 

Cypress 
National 

Gulfof 
Preseive 

Mexico 

Bisc 

Na nal 

Evexglades 
National 

Park 

Atlantic 

Ocean 

Figure 1-1. Map ofthe presentEverglades watershed,including major canals,sloughs and political 
boundaries ofparks and preserves. 



The all-familiar"swamp and marsh"ecosystem characteristic ofmostofthe extant Everglades 

probably developed about5000 years ago,as evidenced bypeat build-up along the interior(Gleason and 

Stone 1994).Such peatlayers can increase by almost 10cm(4in)per century,and areformed primarily by 

wetland plant communities(Moore and Bellamy 1974,Gleason and Stone 1994).The earliest evidence of 

humansin the Everglades originates from about 10,000 YEP,when Florida had a much drier climate than 

today(Webb e/al. 1984,Gleason and Stone 1994).Over2400YBP,native cultures practiced agricultural 

activity(primarily maize)in the expanding peatlands aroxuid Lake Okeechobee(Sears and Sears 1976). 

WhenEuropean settlers arrived in the 1600's,about20,000 Native Americansofthe Calusa and Tequesta 

tribes inhabited the state(Tebeau 1968,Carr and Beriault 1984).The current Miccosukee and Seminole 

tribes settled in the Evergladesregion in the 1800's.With the arrival ofEuropean settlers,the human 

population ofFlorida quickly grew to 140,000in 1860,and to over 14 million by 1998.It is expected to 

reach20 million by2020,with about 11 million people living within the Everglades watershed. 

LEGISLATIVE fflSTORY 

Federal water and wetlands policy has profoundly affected Florida's environmentthroughoutthe 

state's history.Five years after Florida gained statehood,the 1850Swampand Overflowed Lands Act 

granted ownership ofall wetlandsto the state, with the expressed intentthatthe state should drain them for 

agriculture and development(Purdum et al. 1998).Six large canals drained waterfrom Lake Okeechobee 

into the Atlantic and Gulfcoasts by 1927,and a 136km(85 mi)long levee along the southern shore of 

Lake Okeechobee wasraised to 10m(32ft)(Lightand Dineen 1994).In response totwo 1947hurricanes 

that overwhelmed the piecemeal drainage system.Congress passed the 1948 Flood Control Act,which 

authorized the Central and Southern Florida Flood Control Project.This projectgave the U.S.Army Corps 

ofEngineers(USACE)a mandate to drain and"reclaim" wetlands in Florida forthe next50 years.Asone 

ofits first undertakings,the USACE constructed a 160km(99 mi)levee between the Evergladesand the 

expanding coastal communities to the east. This levee lowered watertables in the eastby 1.5 m(5ft)(Light 

and Dineen 1994). 



The 1970's broughta dramatic reversalin policy goals,asthe Clean Water Act,the Water 

Pollution Control Act,and the Safe Drinking Water Actall targeted pollution ofwatersheds.While 

protection ofwetlands lagged for decades,dueto largely political disputes overthe definition ofa 

"wetland",wetland provisions in Congressional bills increased through the 1990's(Switzer 1998,Zinn and 

Copeland 1999).Along with the Coastal WetlandsPlanning,Protection and Restoration Actof1990 

(Breaux Act),the Swampbusterand Wetlands Reserve Program provisions underthe 1983(and successive) 

Food Security Acts have preserved about2833km^(700,000 acres)ofwetlands in the United States. 

Florida's legislative record has paralleled the national pattern in mostrespects.The droughtyears 

in the 1930's inspired the State to establish water conservation commissions,eventually leadingto the 1957 

Florida Water Resources Act.This actcreated the first governmental agency(DepartmentofWater 

Resources)that could regulate water withdrawals from surfece and groundwater sources(Purdam et al. 

1998).Bythe mid 1960's,mostofthe canals,levees,and spillgates were in place,buttheir hydrologic 

effects began to have serious negative consequencesfor Everglades NationalPark(ENP).The USACE 

initiated a"minimum water delivery"schedule in 1970to prevent droughtconditions in ENP.The 1970's 

broughtas much environmental legislative activity in Florida as it did for the restofthe nation.The Florida 

legislature passed fourlawsthatlinked watercontrol and conservation,natural areas protection,and 

population grovrth:the EnvironmentalLand and Water ManagementAct,the Comprehensive Planning Act, 

the Land Conservation Act,and the WaterResources Act(Purdam et al. 1998). 

Bythe early 1980's,attention turned to the quality and quantity ofthe state's groundwatersupply. 

Pesticides contaminated numerous wells,and sinkholes(here,an indication ofdropping watertables)began 

to appearthrou^outcentral Florida.The 1983 Water Quality Assurance Actattempted to address 

groundwater issues,and laterthe 1987 Surfece WaterImprovementand ManagementActattempted to 

protect and restore the state's surface waters(Purdam et al. 1998).In 1990,the state legislature enacted 

Preservation 2000,a$3 billion program to acquire sensitive natural areas and incorporate them into the 

state's parks and preserves.However,all ofthe previous legislation did notpreventthe federal government 

from suingthe state overthe deteriorating conditions in ENP.Asa settlement,the state enacted the 1994 

Everglades Forever Act(Florida Statutes 373.4592),which provided funding for a clean-up and restoration 



plan forthe Kissimmee River and the Everglades.Florida has spent$2.8 billion overthe past25 years to 

purchase8500km^(2.1 million acres)for conservation purposes(Purdam et al. 1998). 

TheRestudy 

The Comprehensive Review Study ofthe Central and Southern FloridaFlood ControlProject 

(referred to as"the Restudy")wasauthorized by Section 309(1)ofthe 1992WRDA and Section 528 ofthe 

1996 WRDA.The Restudy is a30-year restoration program that attemptsto restore a hydrologic condition 

that precludes further ecological decline in the Everglades.The plan recommends over sixty projects that 

will create almost90km^(35 mi^)ofreservoirs and watertreatment areas,as well as200aquifer injection 

wells.These new facilities will attemptto end the damaging water level fluctuations in Lake Okeechobee, 

limit unseasonable freshwater discharges into the area's estuaries(which affect salinity conditions),and 

create more natural hydroperiods in the national parks and Water Conservation Areas.The USACE 

estimatesthe costofthe Restudy implementation at$7.8 billion, with $182 million in annual operation and 

maintenance costs(USACE andSFWMD 1999).The Federal Water Resources DevelopmentAct(WRDA) 

of1996 obligated the Federal governmentto cover50%ofthe costs ofthe Everglades restoration. 

The USACE is leading the planning and organization ofthe Restudy.Other participating federal 

agencies include the U.S.Fish and Wildlife Service,the U.S.EnvironmentalProtection Agency,the U.S. 

Department ofAgriculture's Natural Resomces Conservation Service,the National Park Service,and the 

U.S.Geological Survey.Participating state agencies include the South Florida Water ManagementDistrict, 

the Florida Game and Fresh Water Fish Commission,and the Florida DepartmentofEnvironmental 

Protection.Several universities,stakeholder groups,and Native American tribes also participated in the 

developmentofthis plan. 

So far,the reaction tothe Restudy has been mostly adversarial. Urban residents complain thatthe 

agricultural industry should bear more ofthe financial burden,especially concerning water quality 

improvements.Agricultural and rural stakeholders feelimduly pressured to sell their land or have it be 

flooded,and.criticize the burgeoningluban population and its increasing water demands.Scientists warn 

thatthe Restudy doesn't do enough to restore the ecosystem,and that sacrifices by both agricultural and 
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urban sectors mustbe made.Despite the criticism,an important obstacle forthe Restudy is Congress;it will 

decide whetherto allocate the$4 billion in Federalfunds needed to getthe restoration project underway. 

SUMMARYOFPART2 

Everglades NationalPark(ENP)is a major partofanetwork ofnatural reserves thatincludes Big 

Cypress National Preserve,Biscayne NationalPark,Loxahatchee National Wildlife Refuge(Water 

Conservation Area 1),andtwo other Water Conservation Areas.These areas incorporate over 10,000km^ 

(3861 mP),about halfofthe predrainage Evergladesecosystem(Figure 1-1).This natural preserve network 

joins62other parks and preserves in the Western Hemisphere that are this large.Established in 1947,ENP 

encompasses4363km^(1685 mi^),15%ofthe original extentofthe Everglades system(Lightand Dineen 

1994).Like many globally recognized natural areas,neither the size northe delimited boundaries ofENP 

isolate it from agrowing human population and its attendant pressures.BecauseENP protects only the 

bottom fifth ofa watershed,activities that impacttheflow and quality ofwater outside ofENP affect it as 

well. 

The entire range ofthe Cape Sable seaside sparrow is within the boundariesofENP.Between 

1992and 1995,the number ofCape Sable seaside sparrows declined by over half,mostly in the population 

on the westside ofENP(Qunuttet al. 1998).Amongthe possible causesofthis population decrease 

(natural biologicalfluctuation,hurricane,fire,and inappropriate hydrology),excess water dueto 

uninformed water managementdecisionsseemsto be the mostlikely.Shortened hydroperiods,leading to 

increased fire frequency,isthe mostparsimonious explanation forthe disappearance ofseveral ofthe 

smaller subpopulations. Although ENP is one ofthe largest parks in the U.S.,itis still not"large enough" 

to protectthe endemic species within it, since it doesnotincludethe entire interacting system.The 

decisions forthe hydroperiod withinENP are not made solely with the needsofENP asa priority,but 

rather include consideration ofthe surroimding urban and agricultural areas.Asaresult,the waterregime 

withinENP is not adjusted to favor all the residentspecies. 



SUMMARYOFPART3 

The Cape Sable seaside sparrow inhabits the freshwater marl prairies within ENP.All other 

subspecies ofseaside sparrow,including the extinctDusky seaside sparrow(Ammodramus maritimus 

nigrescens,American Ornithologists'Union 1999),prefer saltmarshes along the Atlantic and Gulfcoasts 

(Postand Greenlaw 1994).When Howell first described the Cape Sable subspecies in 1919,hefoimd it in 

freshwaterSpartina bakerimarsheson the Cape Sable peninsula.Later,the Cape Sable seaside sparrow 

wasrediscovered in freshwater prairies further inland(Stimson 1956).These prairies,classified as short-

hydroperiod freshwater prairies,are typically dominated by graminoids such as CladiumJamaicense, 

Muhlenbergiafilipes,and Bhynchospora sp. 

Werner(1975)wasthe firstto conduct detailed plantsurveysin the inland Cape Sable seaside 

sparrow habitat,and included structural characteristics in hissurveys as well as floristic composition.He 

found thata high "vertical obscurity" height(a measure ofhorizontal vegetationthickness)wascorrelated 

with sparrow occupancy,as well asa higher percent cover/abundance ofMuhlenbergiafilipes and lower 

percent cover/abundance ofCladiumjamaicensis.A later sparrow survey by helicopter thatrecorded some 

vegetation characteristics also foimd more sparrows associated with Muhlenbergiafilipes(Kushlan and 

Bass 1983).Myresults demonstrate thatlow maximum vegetation height,high effective height(similarto 

"vertical obscurity"),and the prevalence ofRhynchospora andSchizachyrium rhtomatum are also 

correlated with sparrow occupancy. 

These marl prairies are subjectto seasonalflooding,naturally broughton by heavy rains in the wet 

season,or urmaturally by spillgates and canals.The amountand timing ofhigh water levels onthese 

prairies notonly affectthe sparrow's breeding season,butalso affectthe vegetation that characterizes its 

habitat.Onthe western side ofENP and the southem portion ofTaylor Slough(Figure 1-1),sparrow 

habitathasreceived more water and been inundated fora greater proportion ofthe year.The prairies in 

these areas are now dominated by Cladiumjamaicense,which has increased the maximum heightofthe top 

ofthe vegetation,while decreasing its relative thickness.The increase in CladiumJamaicense 

cover/abundance between Wemer'stransects in 1975 and mytransects in 1997demonstrates an increase in 

average annual hydroperiod and average annual ponding depth on these prairies. 
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SUMMARYOFPART4 

Vegetation mapsare critical to understanding the relationship between hydrology,elevation, 

disturbances,and the flora and fauna ofthe Everglades.Davis(1943)wasthe firstto constructa habitat 

map ofthe entire Evergladesecosystem,combining previous vegetation surveys and aerial photography. 

Since then,mapping efforts have become more detailed and technical.Two concurrent efforts using 

satellite images,aerial photography,and wetlands and soil maps,are producing habitat mapsforthe 

Everglades with a high level ofspatial and vegetational accuracy.The recent mappingschemes are 

dependentonthe classification ofthe habitat into selective and detailed plantcommunities,an area where 

botanists have cometo some(butnotcomplete)agreement.GeographicInformation Systems(GIS)have 

been instrumental in connecting all ofthese information sources.Researchersnow can combine maps, 

pointsurveys,and hydrology reports,resulting in a better overall picture ofthe extentand distribution of 

the hundreds ofplant communities in the Everglades. 

The detail ofhabitat mapsdepends upon the plantsurvey data available.I combined my plant 

surveys with Landsat satellite imagesto add accuracy and detail to the prevailing freshwater prairie 

classifications.Ifocused my classifications on four study areas with known Cape Sable seaside sparrow 

occupancy,as well as one area(Werner's(1975)Taylor Slough site)which has beenimoccupied since 1990 

(Cumuttet al. 1998).Ifound seven different spectral classes in my study areas that are identifiable from 

satellite images.The cover ofCladiumjamaiceme,Muhlenbergiafilipes,and the maximum vegetation 

heightand effective height variables best differentiated these classes,as did an index value forthe 

graminoids Rhynchospora sp.,Schizachyrium rhizomatum,and Schoeniis nigricans,and the herbaceous lily 

Hymenocallispalmeri.These classes mayrepresent plant associations,expressed in areas with particular 

hydroperiod length and average depth ofstanding water abovethe soil surface. More accurately detailed 

mapsofthese prairies can betterimprove water managementdecisions,and promote an understanding of 

short-term and long-term consequences ofwater regimes on vegetation composition and structure. 



SUMMARYOFPART5 

Although the Everglades receives over 1 m(3.3 ft)ofrain per year on average,the distribution of 

rain is notconsistentthroughoutthe year or between years.Uninformed water managementpractices,such 

as the flushing ofexcess,wetseason waterto the estuaries instead ofstoring it above or below ground, 

have created subsequent periods ofwater shortagesin south Florida.In addition,a burgeoning human 

population and continued loss ofnatural areas have furtherreduced the overall ecosystem's ability to store 

water.The Restudy proposesrestoration withoutcompromising the waterdemandsofurban and 

agricultural areas,and recommendsthe use ofAquifer Storage and Recovery(ASR)technology for water 

storage.Engineering,real estate,and land acquisition data analyses from theUSAGEcontendthat ASR 

technology is the mostcost-effective method for storage(per water storage unit).Reservoirstend to cost 

more per unitasthey require much moreland than ASRs,and ASRslose much less waterto evaporation 

than reservoirs. 

However,either changes in reactive policy orthe inclusion ofenvironmental costs and benefits 

can influence these cost data. TheFood,Agriculture,Conservation and Trade Actof1996(1996Farm Bill) 

as well as the Wetlands ReserveProgram(undertheFood Security Actof1985)influence land value and 

land acquisition costs.Changes in the implementation ofthe Farm Bill can decrease the costofland for 

above-ground reservoirs in the Everglades Agricultural Area(EAA).Uncertainty in the degree ofwater 

treatment needed can also increase the per storage unitcostofASRs.Ifwater price policy were influenced 

by water availability, water-conserving behavior in diy conditions could decrease the corresponding costof 

water storage,since less land(orfewer ASR wells)would be needed.Whenthe ecological benefits of 

reservoirs(such asflood protection,microclimatic influence and recreation)are accoimted for,the cost per 

storage unitfor reservoirs may befound equal to or less than thatofASRs.Finally,the use ofabove-

ground water reservoirs may go furtherto achieve the primary restoration goalrecommended bythe 

Govemor's Commission on a Sustainable South Florida and the U.S.Manand the Biosphere program. 

Well-managed reservoirs in theEAA can help increase the overall extentofwetlands in south Florida,and 

recoimectthe fragmented Everglades system. 
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HOW THISDISSERTATIONCANINFORM WATERAND WILDLIFEMANAGEMENT 

The goal ofthis dissertation is to improve managementand conservation ofthe Cape Sable seaside 

sparrovsf and the Everglades.Hydrology is the driving force that governs ecological patterns and processes 

in the Everglades ecosystem,and the hydrology that exists in mostofthe system does notresemble thatof 

predrainage conditions.Ifocus onthe influence ofhydrology on the habitatconditions ofone endemic 

subspecies,as an example ofhow changes in the Everglades hydrology can rapidly change communities. 

Maintaining the endemicspecies and ecological processes in the Everglades mostlikely requiresthe 

restoration ofpredrainage hydrologic conditions and a reconnection ofthe watershed.Ihope this 

dissertation illustrates the importance ofthe following three themes: 

1. Theprimary influence ofhydroperiodon the vegetation andthesparrow. 

In the freshwater prairies,as with mostofthe Everglades plant communities,hydroperiod directly 

influences species composition and structure.Ifthe prairiesremain too wetfortoo long,Cladium 

Jamaicense can dominate,which significantly increases the expressed heightofthe habitat. Although 

sparrows use interspersed Cladium flower stalks for singing and perching,such stalks provide less ofan 

advantage ifthe surrounding vegetation is similarly tall or taller.Increased hydroperiod and ponding depth 

may discourage the growth and persistence ofbimchgrass species,such as Muhlenbergiafilipes and 

Rhynchospora sp.,that can provide thick clumpsfor sparrow nest sites.Ifthe water risestoo early in the 

spring,the sparrow's nests(which are only an average of10cm(4in)abovethe substrate, Werner 1975) 

can be flooded.Taller,thicker grassclumpsallow the sparrowsto build their nests higher above the 

ground.Managers can survey these prairies for sparrow suitability by measuringthe comparative cover-

abundance ofthe dominantgrasses and sedges,especially Cladium,Muhlenbergia,Rhynchospora,and 

Schizachyrium.Also useful are structural characteristics,such asthe average maximum heightofthe 

vegetation,the effective height(density)ofthe grassy clumps,and possibly periphyton cover,which may 

indicate open areas on the ground for sparrow foraging and movement.These variables can also be 

surveyed overtime to determine the effect ofdifferenthydrologicalregimes on the prairies. 
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2.The(fynamic nature oftheEvergladessystem and disturbances. 

Plantcommunities also respond quickly to hydrologic alterations,as vegetation changes in Taylor 

Slough and changes observed by otherresearchers indicate(Alexander and Crook 1975).Longer 

hydroperiods and deeperaverage ponding depth were correlated with an increase in maximum vegetation 

height and Cladium predominance,and a decrease in effective height and the predominance of 

Muhlenbergia and Spartina bakeribetween 1975 and 1997.These changes were also correlated with the 

disappearance ofsparrows in that area. Vegetation characteristics in Shark Valley,especially the decrease 

in Muhlenbergiafrom survey reports in 1992to mysurvey in 1997,parallel those thathave occurred in 

Taylor Slough.Changesin plant species composition in these prairies may notbe as importantto sparrows 

as the changes in structural features that attend these floristic changes. 

Populations ofnative species may decrease to "fit" within the available habitat,which leavesthem 

more vulnerable to extinction through demographic or catastrophic disturbance events.TTie80%decline in 

the western population ofsparrows after 1992(Ciunutt etal. 1998)left the entire subspecies more 

vulnerable to extinction by hurricane or catastrophic fire.Aswater managementprotocols change,then-

effect on the availability ofsuitable sparrow nesting and foraging habitat should be monitored on an annual 

basis,or as often as possible.The changing spatial distribution ofthis habitatshould be monitored as well, 

so as to prevent all available habitat from being concentrated in one small area(thus increasing the 

likelihood ofa catastrophic event affecting all sparrow populations at once).Some ofthe vegetation 

characteristics correlated with high sparrow density can be detected from satellite images,asI demonstrate 

in PartIV.Usingremote sensing and GIStechnology can greatly increasethe feasibility oftracking 

sparrow habitatin space and time. 

3. The benefits ofalarge, contiguous naturalarea. 

Disturbance regimesand species and community distribution patterns operate on several scales in 

the Everglades(DeAngelis and White 1994).The Cape Sable seaside sparrow's history ofvariability in 

abundance and distribution overthe southem Everglades landscape is a reflection ofthe large,interacting 

and dynamic system across which it evolved.Restoration policies that increase the breadth and contiguity 
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ofthe parks and preserves should be weighted morefavorably than those thatdo not.Large areas are less 

likely to have their entire expanse impacted bya disturbance(even a catastrophic one).Once an ecosystem 

is reduced and fragmented,each disturbance will affect a greater proportion(ifnotall)ofthe total habitat 

available to a species.Boththe scale ofhabitat patch size and the scale ofdisturbances should be 

considered in managementdecisions. 

The Restudy does notprovide acomprehensive analysis ofthe costs and benefits ofall water 

supply options available to south Florida.Few environmentaland social costs and benefits were included in 

the alternative presented bythe Restudy.This alternative includes a water storage technology(Aquifer 

Storage and Recovery)that is untested atthe proposed scale.Although the Restudy aspiresto be a 

"restoration" plan,it givesno value in its waterstorage decisions to the ecological changes mostneeded to 

restore a more natural hydrologicregime;aconnected,enlarged wetland system.Using above-ground 

reservoirs,optimally between Lake Okeechobee and the water conservation and natural areas to the south, 

is a water supply alternative thatmayincrease the restorative capacity ofthe Restudy. 

FUTURERESEARCHNEEDED 

Theresearch in this dissertation does not appreciably diminish the amountofwork that is still 

needed in the Everglades and onthe Cape Sable seaside sparrow's habitat.Much ofthis work concernsthe 

level ofdetail and accuracy ofdefining "suitable" or"preferred"sparrow habitat.It also draws attention to 

the dynamic ecology ofthe sparrow prairies,and how disturbances might affectthe distribution,quantity, 

and quality ofthese prairies in the Everglades landscape.Finally,much more work is needed on the 

reliance ofthe growing south Florida human population on this fragmented,deteriorating ecosystem. 

1.Study the(fynamic behavior oftheprairies. 

This includes vegetetive surveys done in areas under different hydrological conditions and 

regimes,and ofdifferent ages post-fire.The "quality"(as described below)and extentofthese prairies 

should be delimited,and examined for patterns in abundance,patchiness,and range.Spectral signatures 

from satellite and aerialimages can be used to track changes in the habitat,butthese signatures mustbe 
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very detailed and precise as indicators.Jenkins and Powell(1998)have used spectral characteristics at nest 

sites to classify habitat in Everglades National,Park as suitable or unsuitable breeding habitatfor sparrows. 

The amountofsuitable habitat varies widely from yearto year,depending on hydrologic conditions.Some 

structural vegetation variables that are importantto sparrows may be visible from remote sensing images. 

These variables are perhaps moreimportantthan defining "vegetation communities"or alliances for 

spaiTow conservation.Jenkins etal.(1999) 

2.Measure the "quality"ofsparrow habitatand"habitatselection". 

Changes in size and character ofsparrow territories should be followed throughoutthe breeding 

season and across years. Vegetation surveys should be conducted in patches ofhabitat with unusually high 

use(e.g.for foraging,nesting).These studies should focus on vegetation characteristics such as maximum 

vegetation height,effective height,dominance ofCladiumjamaicensis versus Muhlenbergiafilipes,and the 

role ofother dominantgraminoids,such as Rhynchospora sp.,Schizachyrium rhizomatum,andSchoenus 

nigricans.This information may help determine whether habitat is"optimal"or"suboptimal"intermsof 

specific activities that influence sparrow persistence,such as breeding and foraging.Finally,research must 

explore the role ofMuhlenbergia and Spartina in this"optimal" habitat and the adaptability ofsparrowsto 

new habitat.IfMuhlenbergia disappears due to anew hydrologic regime imposed on the landscape,will 

another bimchgrasstake its place? 

3.Determine the relationship between scale andhabitatsuitability. 

"Sparrow habitat" may be different at different scales. Research should examinethe differences in 

apparent habitat choice for nestsites,territories,and subpopulations.Lockwood et al.(1999)surveyed the 

vegetation at over 100 nestsites,and compared those sites to areas with no nests. Several vegetation 

characteristics were distinctive at nest sites,including higher predominance ofMuhlenbergiafilipes and 

more prevalent grassytussocks.The role ofdisturbance and its scale(e.g.fires,huiricanes,and floods) 

should be examined asa possible sourcefor providing habitat patchiness and diversity. 
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4.Conductsocioeconomicresearch on increasing the amountofland conservedin naturalareas. 

The analysisI presenthere(ASR wells versus above-ground reservoirs for water storage)is one 

piece ofahuge problem;how can a growing human population and its activities fit into a natural 

environmentand not destroy it? Furtherresearch should determine(to the extent possible)the dependency 

ofthe human population on the niunerous functionsofthe ecosystem.The sustainability limits for human 

population arid demand for water(for agricultural and urban uses),and sustainable alternatives ofland use 

patterns need to be determined.Thisresearch should also addressthe cost-effectiveness ofreplacing(where 

feasible)ecosystem functions with technology,such as watertreatment facilities versusthe use ofwetlands. 

Ofcourse,these issues depend on the definition ofwhatexactly comprises an ecosystem function,how to 

decide which values(direct,indirect)should be used to determine the "worth"ofthatfunction,whose 

judgements should be included in the analysis,and how precise these adjudged valuescan even be.These 

investigations should be used to determine the effectiveness ofpolicies designed to"protect"the 

Everglades system,especially those policies that depend on cost-benefit analyses to prioritize the 

application ofrestoration funds. 
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PARTII:INTEGRATINGENDANGERED SPECIESPROTECTION AND 

ECOSYSTEM MANAGEMENT:THECAPESABLESEASIDESPARROW ASA 

CASESTUDY 

An earlier version ofthis chapter waspublishedas "AudreyL.MayerandStuartL.Pimm.1998. 

Integrating endangeredspeciesprotection andecosystem management:the CapeSableseaside-sparrow as 

a casestudy.Pp.53-68in: Conservation in a changing world, G.M.Mace,A.Balmford, andJ.R. 

Ginsberg(eds.). Cambridge UniversityPress. 308pp." 

ABSTRACT 

National parks and other biological preserves come in all shapesand sizes,butglobally protect 

about5%ofthe land's surface.One goalfor parks,large or small,is to maintain as large aset ofnative 

species as possible.Large parks,which we define here to be roughly 10,000km^(3861 mP),or 1°latitude x 

1°longitude block,may achieve this goal more successfully.Parks ofthis size are both rare and notable. 

We discuss EvergladesNationalPark(ENP)and a subspeciesfound only within its boundaries—the Cape 

Sable seaside sparrow(Ammodramus maritimus mirabilis).Chance fluctuations,natural events and 

catastrophes threaten the species'survival.So,too,do managed activities inside and outside ENPthat 

control fires and floods.The sparrow has declined precipitously in the pastdecade,due partiallyto 

environmental disturbance,and partially to uninformed management.Parks often resemble islands instead 

ofsmaller versionsofthe original ecosystem,due to an isolation produced bytheir highly modified 

surroundings.Ifendangered species are to persist in parks and preserves,we mustbe constantly vigilant in 

all parks,regardless ofsize. 

INTRODUCTION 

Weshould constructa global conservation system to encompassas many species as possible in 

protected areas. Such areas,"parks"for short,should require as little time,effort,and moneyto manage as 
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is possible.How large musta park be to maintain its original species complementorfor its ecosystem 

processes to be self-sustaining? This is an ecological question,butthe answer comesas a statementofwhat 

is politically feasible. We willshow that areas larger than 10,000km^(roughlyasquare ofone degree of 

latitude and longitude)arefew.In our experience,such large parks are likely to be wellknown,flagships of 

their countries'efforts to protectthe natural environment.It is on the lifestyles ofone ofthese rich and 

famous parks that we concentrate. 

EvergladesNationalPark(EN?)and its adjacentresource conservation areas cover 10,000km^ 

(3861 mi^)and encompass mostofsouthern Florida. While the national parks include species persistence in 

their management priorities,not all ofthe 10,000km^share thesame focus.In the Western Hemisphere, 

few parks are larger or enjoy comparable prestige and associated financialresources.Nonetheless,weshow 

thatsuch areas will likely retain their species diversity onlythrough constant vigilance and active,informed 

ecosystem management. 

PARKSIN THE WESTERNHEMISPHERE 

Currently,protected areas encompass~5%ofthe earth's land surface,so perhaps the currentrates 

ofbiological extinction should notsurprise us(Ryan 1992).In industrial nationssuch asthe United States, 

national parks are often islands surrounded by a seaofagriculture,conunercial,and urban development. 

Eventhe largest ofparks suffer invasions by exotic species and disturbance dueto heavy tourism(Houston 

1971).Roadsand trails through parks increase the vuberability ofits interior to"edge effects",eliminating 

someofthe advantages oflarge size.In less-industrialized countries,sometimes pristine habitats— but 

more often areas degraded byfires,clear-cutting,and agriculture —surround the park. 

This"parks as islands"metaphor suggests an obvious calculation.In archipelagos ofoceanic 

islands,the numberofspecies scales as area raised to the 1/4 power.This is the familiar species(S)to area 

(A)relationship S=cA'" where c is a constant(Rosenzweig 1995).Should the 1/4 estimate be accurate for 

continental areas,protectonly5%ofthe land area and one might lose~50%ofthe planet's species. 
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Atleasttwofactors mitigate this bleak prospect.First,some species will survive in the human-

dominated95%,without dependence upon habitat in parks.The number ofsurvivors will depend on a 

complex offectors.These include the quality ofhabitat patches in the park'ssurrounding matrix,and the 

adjustments ofthe particular species to this matrix.For many areas with burgeoning human populations, 

extensive parks mayrepresentthe besthopefor protecting biodiversity. 

Second,we mightbejudicious in our choice ofthe5%,protecting those areas rich in otherwise 

vulnerable species.Extinctions concentrate in"hotspots"—areasofmanyspecies with small geographical 

ranges(Myers 1990,Pimm et al. 1995).Forexample,the great majority ofthe world's-1,100 bird species 

deemed likely to soon become extinct have geographical ranges less than 50,000km^(19,305 mi^)(Collar 

et al. 1994).Protecting such range-restricted species in their special habitats maysave more than50%of 

the planet's biodiversity. 

A third factor exacerbatesthe potential loss ofspecies from the5%ofprotected land.Unlike 

oceanic islands,parks,particularly small ones,are surrounded by areas whose land use practices may 

severelyimpacttheir flora andfauna.Examiningthese impacts is this paper's major theme. 

We start by asking how many parks are there? Table 2-1 cataloguesthe area protected by parks, 

the total number ofparks and the number oflarge parks in each country in the Westem Hemisphere. 

The amountofland set aside in parks does notincrease significantly with the size ofthe country 

(World Resources Institute 1994).Wealth and aggressive conservation policies are likely key factors. 

Although Ecuador is only2%ofthe size ofNorth America,its proportion ofland classified as"protected" 

(40%)is overtwice thatin the United States and Canada combined(16%).Large parks are few.Outside the 

United States and Canada,there are only21 ofthem.Lwge parks are surely better than small onesfor 

species persistence.Bydecreasing edge effects,large parks may also be better able to preserve its flora and 

fauna in the midstofencroaching environmental degradation and human activity. Ourkey question is; even 

given their size,are flagship parksupto the task? 
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Table 2-1.Parks and other protected areas in the Western Hemisphere(Source:World Resources Tnstifiitft 
1994).Countries are ordered byincreasing size. 

North and Central Total area in Area protected Nmnberof Numberofparks over 
America country(km^) (km^) parks 10,000km^ 
Trinidad,Tobago 5,130 180 9 0 

Jamaica 10,830 20 1 0 

El Salvador 20,720 190 5 0 

Belize 22,800 2,910 10 0 

Haiti 27,560 100 3 0 

Dominican Republic 48,380 10,480 18 0 

Costa Rica 51,060 6,210 25 0 

Panama 75,990 13,280 15 0 

Guatemala 108,430 8,330 17 0 

Cuba 109,820 8,940 57 0 

Honduras 111,890 5,430 38 0 

Nicaragua 118,750 9,520 21 0 

Mexico 1,908,690 98,970 60 2 

United States 9,166,600 984,560 937 21 

Canada 9,220,970 494,480 411 12 

South America Total area in Area protected Numberof Numberofparks over 
country(km^) (km^) Parks 10,000km^ 

Surinam 156,000 7,360 13 0 

Uruguay 174,810 320 8 0 

Guyana 196,850 590 1 0 

Ecuador 276,840 111,360 15 1 

Paraguay 397,300 14,830 19 0 

Chile 748,800 137,150 65 5 

Venezuela 882,050 275,340 104 5 

Columbia 1,038,700 93,910 79 2 

Bolivia 1,084,380 92,500 26 4 

Peru 1,280,000 41,760 22 2 

Argentina 2,736,690 93,360 100 2 

Brazil 8,456,510 277,420 214 4 

Wenowtum toENP.It is a"flagship"park surrounded by ocean on one front,the south Florida 

urban sprawl on the other,and water storage areas above it.In particular,we examine the ability ofthis park 

to maintain the Cape Sable seaside sparrow.This bird doesnot migrate,ENP includes its entire range,and 

its individuals hold territories typical ofsuch asmall passerine species.Canthe park allow sparrows to 

prosper within it while humanity monopolizes its surround? 
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EVERGLADESNATIONALPARKANDOTHERSOUTHFLORIDAPARKSANDPRESERVES 

Thecomicreferral ofthetwo epochs in southern Florida,BC("before canals")and AD("after 

drainage"),betrays the seriousness ofthe hydrological transformation that has occurred there(Brown 1948). 

Before canals,the"RiverofGrass"wasa 28,205km^(10,890 mi^)shallow river,extending fi-om Lake 

Okeechobee in central Floridasouth to FloridaBay(Figure 2-1)(Lightand Dineen 1994).Atits peak flow 

in the wetseason,it averaged64km(40mi)wide and 0.5 m(1.6 ft)deep(U.S.DepartmentofInterior 

1994).The relatively flat terrain(0to6m(20ft)above sea level)allowed the waterto flow in a vastsheet 

acrossthe landscape,atupto 0.6 m(2ft)per minute(Rosendahland Rose 1982). 

The natural hydrology proved disastrous to fledgling agricultural endeavors(Douglas 1988).The 

wetseason rains flooded many fields and villages. Their inhabitants had constructedthem on seemingly 

"high"groimd in the dry season.To promote developmentin southern Florida,Congress passed the 

Swamplands Actof1850.It paved the wayforthe construction ofover2,200km(1366 mi)ofcanals and 

levees,and over40water structures,gates,and pumps overthe next 140 years(Lightand Dineen 1994).In 

the 1930's,the construction ofmassive levees thatimpound Lake Okeechobee delivered the most profound 

change to the natural hydrology ofsouthern Florida. These projects have concentrated the flow ofwater into 

narrow,flooded tracts while leaving other areas unnaturally dry(U.S.DepartmentofInterior 1994). 

The original expanse ofEverglades is now divided into three land use areas. Three park areas, 

ENP(4363km^;1685 mi^).Big Cypress NationalPreserve(BCNP;2,306km^,890 mi^),and Biscayne 

NationalPark(BNP;734km^;283 mi^),preserve about26%ofthe original extentofthe Everglades for 

recreational and educational use(Figure 1-1)(Lightand Dineen 1994,U.S.DepartmentofInterior 1994). 

Three"Water Conservation Areas"north ofthe national parksencompass3,554km^(1372mi^).These 

protect another 13%ofthe original expanse oftheEvergladesandthe national parks from run-offfrom the 

"Everglades Agricultural Area"(3059km^;1181 mi^)downstream ofLake Okeechobee.They bear little 

resemblance to the original habitat(U.S.Departmentofthe Interior 1994).In sum,these protected areas, 

though large,are embedded in a greatly modified landscape. 
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Figure 2-1.The historic drainage ofthe Everglades watershed,flowing uninterrupted from Lake 
Okeechobee to the GulfofMexico and Florida Bay. 
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Endangeredandthreatenedspecies in south Florida 

ENP,BCNP andBNP are known to supportover640 vertebrate species and 1650 plant species 

(NationalPark Service 1996).Forty-eight animal species are listed as federally endangered orthreatened,as 

are 54 plant species(Florida Game and Freshwater Fish Commission 1997).These species depend on a 

mosaicofhabitattypes,including pinelands,mangrove forests,cypressswamps,and vast seasonally 

flooded prairies.Some ofthese habitats,such as the prairies,are highly dynamic,and can change rapidly in 

response to changes in hydrology(Nott et at. 1998). 

Over400species ofmigratory birds depend on habitats in the region(U.S.Fish and Wildlife 

Service 1999),and are greatly affected by changes in hydrology(Kushlan 1979). Severalresident breeding 

birds,such asthe wood stork(Mycteria americana),snail kite(Rostrhamussociabilis)and Cape Sable 

seaside sparrow(Ammodramus maritimus mirabilis),have experienced precipitous declines in the last 

decade. Criticalto our discussion is whether our large parks offer enough protection from natural and 

human-caused disturbances. Alternatively,is active managementessential or capable ofsaving these species 

from extinction? 

Asa case study,we describe our work onthe ecology ofthe Cape Sable seaside sparrow and the 

factors inimical to its continued survival. Aswe discovered,proper managementcan negate some degrading 

effects. Wecan ameliorate other negatives only by providing a large and secure enough area forthe sparrow 

to overcome adversity on its own. 

THE CAPESABLESEASIDESPARROW 

The Cape Sable seaside sparrow's habitat preferences are unique amongthe seaside sparrows. 

They occupy seasonally immdated freshwater marshes and notthe saltwater marshes used by other seaside 

sparrows.The closestrelative ofthe Cape Sable race wasthe Dusky seaside sparrow.It became extinct in 

1991 because ofloss ofhabitat(Postand Greenlaw 1994). 

The range ofthe Cape Sable seaside sparrow is presently fragmented and it occupies parts ofthat 

range episodically.Howell(1932)found the first population on Cape Sable,apeninsula in the southwest 
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comer ofENP.In 1935,a hurricane flooded the prairies on the Cape with a4m(13ft)saltwater storm 

surge.Eventually,this inundation caused major vegetational changes,destroying suitable sparrow habitat. 

In short,the sparrow is a freshwater sparrow,nota seaside sparrow,and itno longer occurs on Cape Sable. 

Later populations,found inENP and BCNPto the north,have disappeared and reappeared with 

regularity. Wemer(1975)and Bass and Kushlan(1982)conducted extensive helicopter surveys ofENP and 

BCNP.Until then,the range ofthe Cape Sable seaside sparrow was unknown. 

Current distribution(1981-1996) 

Since 1992,we have continued extensive helicopter surveys first conducted by Bass and Kushlan 

(1982).The sparrow "metapopulation" is separated intotwo populations,one on each side ofShark River 

Slough(Figure 2-2).In a 1981 survey,Kushlan and Bass(1983)estimated about2700sparrows westof 

Shark Valley Slough,and over3000sparrows eastofthe slough(Cumuttet al. 1998).Sparrows onthe 

eastern side ofthis slough are clustered into five fairly distinctsubpopulations,which probably have amuch 

higher genetic exchange with each other than with the western population.Before 1993,the western 

population(A)and eastern subpopulation(B)held the majority ofthe sparrows.Four other peripheral 

subpopulations(C-F)held small and variable numbers.In 1992,Hurricane Andrew passed directly over 

population A,and the 1993survey revealed the near-extinction or displacementofthat population.This 

population declined by84%to about400sparrows,and had notrecovered to 1981 levels by 1997(Cumutt 

et al. 1998).SubpopulationB hasremained approximately constant at about2000to2500sparrows each 

year.Two ofthe four peripheralsubpopulations(C and F)were abandoned between 1992and 1995,but 

were recolonized by smallnumbers in 1996.Peripheral subpopulationsD andE have fluctuated in size 

since 1992. 
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Figure 2-2. The path ofHurricane Andrew (parallel lines)and populations ofCape Sable seaside sparrows 
(outlined areas). 

Hypothesesfor thesparrow's decline 

We have evaluated four phenomena that mightexplain these changes in sparrow abundance: 

chance population fluctuations,hurricanes,fire and hydrology(Cumutt et at. 1998,Nott et at. 1998).Each 

one could cause the extinction ofthe Cape Sable seaside sparrow.Wecannot mitigate chance and 

hurricanes(apartfrom the costly process oftransplanting individuals back into abandoned areas).Wecan 

manage fire and hydrology,butcan we do so wisely? 

Extinctions due to random fluctuations in populations have a higher probability ofoccurring in 

small populations(Pimm 1991).The four peripheral subpopulations have experienced severallocal 

extirpations and recolonizations.Wefirst asked whetherthe duration oflocal extirpation in some ofthe 

smaller eastern subpopulations waslonger than one should expectby chance alone. 

We applied a population dynamics modeldeveloped by Cumuttet al.(1996)for grassland 

sparrows in North America.This model used population variability data forten grassland sparrow species, 

obtained overtwenty years from the North American Breeding Bird Survey.It estimates empirically the 
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chance thata population ofa given average size would be absentbychance alone for periods of1,2,3...n 

years. 

The modelconcluded that a three-year disappearance ofbirds from subpopulation C wasunlikely 

to be dueto chance alone. Three-year extirpations in similarly sized populations ofgrassland birds 

happened in less than5%ofthe cases.In contrast,due to their smaller numbers,extirpations in 

subpopulationsD andF were not significantly imusual.Finally,the large drop in subpopulationA from 

1992to 1993 hadfew precedentsamongthe many small passerine species for which we have long term 

population counts. 

Wefrien explored whether hurricanes could better explain the unusual declines. Hurricane Andrew 

in 1992sweptoveralmost all ofthe subpopulations(Figure 2-2).Itflooded little ofthe area,however.The 

storm wasarelatively dry one,it passed eastto west,and the storm surge affected only coastal areas.Our 

survey in 1993found the greatest loss(84%)in population A,while other subpopulations were less 

affected.This western population had continued to decline into 1996.From the details ofthe local declines 

between 1992and 1993 and the lack ofrecovery afterward,we conclude that Hurricane Andrew was 

probably notthe principal cause ofthe lack ofrecovery ofsparrow population A. 

Hydrologyhas profound effects on sparrow habitat.During the breeding season(March through 

June),aboveground water levels higherthan 10cm(4in)interrupt breeding activity. High waterfloods 

nests directly.It also leadsto higher rates ofnest predation(Lockwood et al. 1997).An increase in the 

length ofthe period offlooding—hydroperiod — also favors sawgrass(Cladiumjamaicense)(Nottet al. 

1998).Sparrows do not inhabit areas dominated by sawgrass.Although natural rainfall alters water levels 

and their duration,multi-targeted water managementpractices control mostofthe hydrological dynamics in 

ENP. 

The decline ofthe western core population(A)coincided in time with large waterreleases in 1993, 

1994and 1995 from severalfloodgatesto the north.These floodgates drain waterfrom Water Conservation 

Area3into the park(Figure 1-1).Nott et al.(1998)obtained hydrological data on water levels,rainfall,and 

water releases from the floodgates atthe north end ofENP.Statistical analyses demonstrated that water 
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releases were crucialto determine the water levels in the sparrow's habitat(Figure 2-3).Rainfall was not as 

important.Simply,managed waterflows were mostlikely responsible for the bird's precipitous decline in 

population A.Fire also affects the sparrows and their habitat. Sparrows abandon an area for several years 

after a fire, until suitable habitat has reestablished(Werner 1975).Cumuttet al.(1998)mapped fire 

fî equency for areas thatsupport relatively stable subpopulations,and compared these mapsto changes in 

sparrow numbersfound on our helicopter survey.Sparrow density was highestin sites that burned once or 

twice in a ten year period,and approached zero in sites that burned seven or more times in that period. 

The extirpations ofsubpopulationsCand F are likely dueto the high fi-equency of 

anthropogenically set fires along ENP's border.The generally drier nature ofthese areas is due,in turn,to 

water management policies that move waterto the westofShark River Slough(Figure 1-1).Present 

managementfloodsthe western areas ofthe sparrow's range and overdrains the eastern ones. 
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Figure 2-3.Water depth variation during the breeding season ofCape Sable seaside sparrows in population 
A.In wet years,there is almostno dry habitat in which the sparrows can breed(line with diamonds,left 
scale,percentage ofmaximum habitat possible). 
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Wecan only compensate for chance and hurricanes byprotecting enough habitatto supporta large 

sparrow population.Invariably,this would mean increasing the size ofthe park.Forsome parks,such as 

ENP,increasing the park into the degraded agricultural areas has proved expensive and politically difficult. 

In this way,ENP is much like a geographic island. 

Wecannot absorb all fire and hydrology impacts bysimply providing an island thatis large 

enough.Allowing only lightning-ignited fires to bum would approximate the natural fire regime and this is 

the current policy.The ability to completely preventunplanned human ignitions,including arson,is limited. 

The hydrology ofthe Evergladescannotsimply be left alone,the alterations intact,as it will never retum to 

its pre-drainage flows. Watermanagementmust actively pursue waterrelease programsthatresemble the 

once natural flow.This hydrological influence also affects the fi-equency and intensity offire in the park. 

ECOSYSTEM MANAGEMENTANDCONSERVINGENDANGERED SPECIES 

Parksasislands 

The entire range ofthe Cape Sable seaside sparrow exists within the boundaries ofENP andBCNP 

—there is no occupied habitat elsewhere.In this regard,it is temptingto visualize the park as an island 

surrounded byimsuitable habitat. Many other parks are similar and this metaphor is certainly nota new one 

(Shafer 1990). 

All populations vary in numbers overtime.This variation may expose a small population to alow 

levelfrom which it carmotrecover,whereasa larger one may survive similar crises.Obviously,islands of 

habitatsupport populations offewerindividuals than did the habitat's origiual extent—thus island 

fiagment populations are atgreater risk ofextinction. Moreover,when populations are on the verge of 

extirpation,inunigrants will reconstitute nearby populations more often than isolated ones.These aretwo 

familiar mechanisms which explain why islands havefewer speciesthan mainlands,and why park habitats, 

when isolated,mightbe expected to lose species. 

The Cape Sable seaside sparrow offers an excellent illustration ofthese risks.Its metapopulation is 

fragmented into six isolated subpopulations ofdifferentsizes,whose numbers vary over time.The small. 
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peripheralsubpopulations have declined to zero for afew years,and were recolonized by sparrows 

dispersing from neighboring populations.Asthe total sparrow number declines within the park,the chances 

ofextirpation for small subpopulations increase,and the likelihood ofcolonization from other 

subpopulations decreases. 

Anotherthreatto small,isolated populations is catastrophic disturbance.A hurricane mayhave a 

majorimpacton asparrow population and so push itcloserto extinction.Ifthe disturbance has not 

drastically altered the entire vegetated landscape,sparrows from less-affected populations can recolonize 

the area.Large numbers ofindividuals spread over alarge area is a species'natural defense against 

disturbance-caused extinction. 

Such postulates are not unique to ENP.Forlarge mammalspecies in western North America, 

Newmark(1987,1995)found even 10,000km^parks were too smallto supportafull complementofthe 

historic assemblage.Onlythe Kootenay-Banff-Jasper-Yoho park assemblage,which covers almost 

21,000km^(8108 mi^),showed no mammalextinctions since the delineation ofpark boundaries. 

Unfortunately,the success ofthis park maynotbe completely dependenton its large size,butmay also rely 

on the relatively pristine condition ofthe surrounding area.Newmark(1995)found that survivaloflarge 

carnivores in the western parks relied upon habitat conditions adjacentto the park. 

ENPis notan island 

Unlike true islands,wherethe oceanic surround poses little threatto the islands'species shortof 

catastrophic disturbances such as storms,isolated parks have to contend with threats that penetrate the 

park's boundaiy.ForENP,these involve freshwater managementand intrusive fire. 

Water plays a keyrole for the sparrow.The South Florida Water ManagementDistrict(SFWMD) 

controlsthe area's hydrology through a vastsystem ofcanals,gates and levees.Asecological knowledge 

accumulates,theSFWMD alters water distribution and delivery ratestoENP accordingly.From the 

sparrow's pointofview,ENP is notan island: it is linked tootightly to the controlofwater outside the park 

and fires that originate elsewhere. 
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In general,theSFWMD mustcontend with severalsourcesofadversity(U.S.Departmentofthe 

Interior 1994).Drainage and flood control have dried and otherwise degraded historic wetlands,increasing 

fire fi-equency along the park's eastern boundaries.Freshwater diverted into estuaries on either side ofENP 

increases siltation, disrupting the saline balance ofthe waters and affecting fisheries and other marine 

systems in BMP.Human pressures,such asincreased urban sprawl,agricultural demandsfor water,polluted 

runoff,and mining for limestone preventtheSFWMDfrom effecting optimal water delivery programsfor 

habitat integrity. 

Kushlan(1979)found asimilar dependence on adjacentland fortwo wading bird species in ENP. 

Although overall,the communityofwading birds in the park had dropped to20%ofits historic level,the 

decline was notequal among all species.In particular,the white ibis(Eudocimus albus),which has 

established breeding colonies outside park boundaries,did not experience as precipitous a decline as the 

wood stork{Mycteria americana).The wood storkremains dependenton breeding habitatin ENP.Water 

flow alteration and diversion by water managementactivity have severely altered its habitat.Even at 

10,000km^,the"legal" delimitation ofthe Everglades-Big Cypress-Biscayne park trio maynotbe large 

enoughto encompass its"biological"botmdary(sensu Newmark 1985).This was once most certainly the 

entire watershed from Lake Okeechobeeto Florida Bay. 

Worldwide,flagship parks have a long,idiosyncratic list ofexternal threats thatJeopardizethe 

survivaloftheir unique species(Burton 1991).Oil spills constantly threaten the Northern Yukon National 

Park in Canada(10,169km^;3926 mP).Flooding fi-om hydropower projects and deforestation by wealthy 

ranchers and poverty-stricken squattersjeopardize the immeasurable biodiversity in AmazoniaNational 

Park(10,000km^)in Brazil.In Russia,the Baikal Region NationalPark(15,640km^;6039 mi^)must 

contend with oil spills and pollution in the air,soil,and water.And in the Serengeti National Park and 

Ngorongoro Conservation Area in Tanzania(31,339km^;12,100 mi^),cattle grazing and possible railroad 

construction compete with the impressive megafaunafor water and other scarce resources. 
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CONCLUSIONS 

Flagship parks arefew.Even the largest areas are notlarge enough to be indifferentto the 

ecosystem processes that surround and impinge upon them.Endangered species— like the Cape Sable 

seaside sparrow — provide cluesto how we mustmanagethose processes.Roughly,the Everglades westis 

sometimestoo wetand the east is probably alwaystoo diy.Redistribution ofwater from the westto the east 

would aid the sparrow'srecovery.Such aredistribution would restore the waterflows to something like 

their natural condition and perhaps begin to stabilize a favorable habitat. 

Outside influences make it impossible to treatthis park asan island unaffected by its surround.The 

Cape Sable seaside sparrow cannotsurvive natural disturbances in the face ofprofoimd hydrological 

alteration,even though the park boundaries protectthe sparrow's entire range.The sparrow's response to 

appropriate changes in water management practices can be agood indicatorofour ability to approximate 

the original waterflow and timing.Good ecosystem managementis essential for the sparrow's survival,and 

the sparrow's survival is a measure ofthe quality ofthat management. 

More generally,we cannotassume thateven ifwe design our parksto be technically large enough 

to support viable populations ofthe megafauna,the parks wallno longer require our services.We must 

continually track the species within,paying close attention to dramatic declines thatmay correlate to human 

activity inside or outside park boundaries. 
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PART ni:CAPESABLESEASIDESPARROW(AMMODRAMUSMARITIMUS 

MIRABILIS)HABITATINDICATORS ANDTHEINFLUENCE OFHYDROLOGICAL 

CHANGES 

ABSTRACT. 

Theendangered Cape Sable seaside sparrow(Ammodramusmaritimus mirabilis)is restricted to 

freshwater prairies within Everglades NationalPark(ENP).Although first discovered in Spartina bakeri 

(cordgrass)marshes,this subspecies now inhabits mostly Muhlenbergiafilipes(muhly grass)prairies, asthe 

distribution ofSpartina marsh is greatly reduced. Water managementprotocols have altered the hydrologic 

patterns within ENP,and have affected the sparrow's habitat.Icollected vegetation data from sbc sites that 

differed in sparrow density and hydrologic conditions.Outofthe eleven vegetation variablesI measured, 

maximum vegetation height,effective height,and percent cover/abundance ofCladiumjamaicense 

(sawgrass),Muhlenbergiafilipes and Rhynchosporasp.(beak-rush)proved most usefulfor characterizing 

habitat suitability.Low sparrow density areas and wetter areas had higher maximum vegetation heightand 

percent cover/abundance ofCladium,and lower effective height and percentcover/abundance of 

Muhlenbergia and Rhynchospora.In two sites,changesin hydrologic patterns may have degraded suitable 

habitat. 

INTRODUCTION 

The Cape Sable seaside sparrow{Ammodramus maritimus mirabilis)is afederally endangered 

subspeciesthat inhabits the interior,freshwater marl prairies ofEverglades NationalPark(ENP).These 

sparrows defend an "all purpose"territory during the breeding season,which includes nesting and foraging 

areas(Werner and Woolfenden 1983). Similarto other seaside sparrows.Cape Sable seaside sparrows are 

insectivorous duringthe breeding season and summer,butinclude seeds in their winter diets(Postand 

Greenlaw 1994).These sparrowsforage primarily from the ground,gleaning insects from the surrounding 
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vegetation(Post et al. 1983).Cape Sable seaside sparrows constructcupped or domed nestsfrom6to 

37cm(2to 15 in)above ground(depending uponthe heightofvegetation available to anchor nests),in 

tussocksofgrasses ofMuhlenbergiafilipes(muhly grass)orSpcwtina bakeri(cordgrass)(Werner 1975, 

Post et al. 1983).The length ofthe breeding season is dependenton the duration ofthe dry season,from 

early February untilthe startofseasonal rainstorms in June or July(Werner 1975,Postand Greenlaw 

1994).Nestsflooded by rising water levels may be abandoned or at increased risk ofpredation(Lockwood 

etal. 1991). 

Thissubspecies is restricted to several isolated prairies dominated by Muhlenbergiafilipes or 

sparse Cladiumjamaicense(called sawgrass,actually a sedge),although early research found the sparrow 

mSpartina bakerivaai^es(Howell 1919,Semple 1936,Dietrich 1938,Nicholson 1938,Anderson 1942, 

Stimson 1944,1948,1956).All other seaside sparrows use coastal saltmarshes and brackish prairies along 

rivers,and the extinctDusky seaside sparrow(A. m.nigreseens)used brackish and freshwater prairies 

dominated bySpartina bakeri(Postand Greenlaw 1994).Declines in all subspeciesofseaside sparrow are 

correlated with increasing habitat loss and degradation as urban developmentalong the Atlantic and Gulf 

coasts destroys saltmarshes and increases fragmentation between populations(Greenlaw 1992,U.S.Fish 

and Wildlife Service 1995). 

Foralmost25 years,researchers have been investigating what habitat cues Cape Sable seaside 

sparrows use in locating suitable breeding grounds(Werner 1975,Wernerand Woolfenden 1983,Kushlan 

and Bass 1983,O'Meara and Marion 1985,Cumuttet al. 1998,Nott et al. 1998).Kushlan and Bass(1983) 

and Wernerand Woolfenden(1983)identified several freshwater prairie communities which sparrows 

occupied."Muhly prairie" consisted mostly ofMuhlenbergia,Schoenus nigricans(black-top sedge)and 

Cladium.Rhynchospora sp.and Panicum sp.(spikerush)characterized "mbced prairie". Other prairie types 

included clumped Spartina prairie,unclumped Spartina prairie,and sparse Cladium prairie.Both studies 

found mostsparrows in Muhlenbergia prairies.These pastsurveys ofsparrow habitat may have beentoo 

generalto discern the specific vegetation characteristics with which sparrows mostlikely occur.Kushlan 

and Bass(1983)surveyed the sparrow's entire distribution range by helicopter,buttook limited vegetation 
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data duringthe ten minute period at each survey point. Werner(1975)collected detailed vegetation data 

similarto the methodsIemploy,butsurveyed only one site(Taylor Slough,Figure 3-1).Resultsreported 

here representthe first intensive habitat characterization acrossthe entire distribution ofthe Cape Sable 

seaside sparrow. 

During this century,water levels in south Florida have fluctuated beyond the extremesof 

predrainage conditions,especially in Shark Valley and Taylor Sloughs(Figure 1-1)(Lightand Dineen 

1994,Olmsted and Armentano 1997).Lower water levels in the middle ofthis century mayhave promoted 

the eventual disappearance ofSpartiria marshes and the spread ofMuhlenbergia prairies(Olmsted et al. 

1980,Wernerand Woolfenden 1983).Although Davis(1943)reported Muhlenbergiain Big Cypress 

NationalPreserve,Muhlenbergia is notmentioned in any other early vegetation reports(Egler 1952, 

Craighead 1971).Muhlenbergia mighthave moved to predominance in freshwater prairies as late as40 

years ago. 

In the mid to late 1960's,water managementagenciesincreased water deliveries to EN?to aid 

declining species,such as the American alligator{Alligator mississippiensis,Mazzotti and Brandt 1994, 

Light and Dineen 1994).Cumuttet al.(1998)and Nott etal.(1998)suggestthatthese hydrologicalchanges 

have increased the sparrow's probability ofextinction,as high water levels have flooded the western 

population,and low water levels have encouraged shrub invasion and frequent fires in eastern 

subpopulations.These hydrology patterns can have direct effects on sparrow breeding activity(flooding 

nests),and indirect effects(altering breeding habitat).Ifwater managementactivities maintain high water 

levels in sparrow breeding habitat,sparrows may notfind sufficient dry areasfor nesting.Indirectly,high 

water levels can alter the vegetative composition and structure ofthe prairies. Specific information on how 

these prairies maychange as water managementalters supply schedulestoEN?is essentialto this 

subspecies'chancesfor survival(O'Mearaand Marion 1985). 

Thisstudy expands previous knowledge ofsparrow habitat with more detailed vegetation 

characteristics ofareas vidth well-studied sparrow populations.1 compare general habitat characteristics 
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Figure 3-1.Map ofEverglades NationalPark,Cape Sable seaside sparrow populations A,B,and C, 
location ofsix plantsurvey sites,and four water gauges. Site abbreviations:AH(Alligator Hammock),DL 
(Dogleg),NM(North Mahogany),OS(Old Ingraham Highway South),SV(Shark Valley),TS(Taylor 
Slough). 

40 



between sites that differ in sparrow density(duringthe breeding season)and hydrologic conditions.I also 

compare these results for Taylor Slough with thosefound by Werner(1975),to determine how hydrological 

changes alterthe structure and species composition in these prairies overtime.Vegetation characteristics 

that are correlated with high sparrow density can be used to determine the abundance and distribution of 

sparrow habitatthrou^outENP.In areas where sparrows have once been common,vegetation 

characteristics maynow indicate an inappropriate hydrologic regime.Although fire regime is importantto 

these prairies,this study is notlikely to demonstrate relationships between fire and vegetation 

ch^cteristics.I did notinclude adequate sample sizes in all fire histoiy age classes,butI did include years 

post-fire in my analysesto controlfor possible fire histoiy effects. 

STUDYSITES 

Dueto accessibility constraints,this analysis includes vegetation and hydrology data from only the 

sparrow population westofShark Valley(A),andtwo ofthe five subpopulations east ofShark Valley(B 

and C).I conducted plantsurveysfrom March to May 1997on six sites withinENP(Figure 3-1).These 

sites differed in the numberofsparrows supported(from 1995through 1997)and hydrological conditions. 

Each study area had boundaries delineated either by permanentPVC poles,or by natural boundaries such as 

a pineland ecotone.To calculate sparrow density,Iaveraged the numberofadultsparrowsfound on each 

site from 1995-1997,and divided this average by the site's area. 

To compare hydrologic conditions between sites,Icombined water gauge data(1985-1997;Figure 

3-2)from the South Florida Research Station,ENP,with modeled hydrologic data from a500 m^(5380 ft^) 

resolution hydrology modelproduced bythe Across Trophic Level System Simulation(ATLSS)project 

(Figures 3-3a and b)(S.Sylvester,pers.comm.).I used four water gauges:NP205for Shark Valley;P67 

and P46for subpopulation B sites; and TSB for Taylor Slough.The gauges varied in distance to these sites, 

butno other gauges were more appropriate than these four.I averaged the modeled mean 
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Figure 3-2. Hydrologic data from four water station gauges nearest my six study sites. Data do not account 
for topographic differences between gauge stations. 
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Figure 3-3.Average hydroperiod(a)and average ponding depth(b)formysix study areas,modeled for 
1985through 1994.After 1991,mean days inundated and water depth increase markedly on Shark Valley 
and TaylorSlou^sites.(See Figure 3-1 for site abbreviations). 
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annual hydroperiod(numberofdays inundated,1985 to 1994)and average water depth(in cm standing 

above the soil surfece,1985to 1994)fromthe pixels in which I performed mytransects.(A"pixel"is a 

square area500m^m size;the hydrology modelusesa grid of pixels thatcoverthe entire Everglades 

system).Each site corresponded to aboutsix to nine 500 m^pixels from the modeled hydrology data.I 

interpreted the trends in hydroperiod,water depth,and watergauge data to subjectively rank my sites in 

order of"wetness"(Table 3-1).I obtained years post-fire datafor mysites from fire boundary overlays 

(1981 through 1997)from the South Florida Research Center,ENP. 

PopulationA 

Shark Vallev:This site was.41 km^(0.16 mi^),located roughly20km(12 mi)south-southeastofthe Shark 

Valley Tower atthe north end ofENP.Vegetation surveys in the 1980'sfound moderate amounts of 

Muhlenbergia and Cladium,and afairly high density ofsparrows(Kushlan and Bass 1983).Population A 

wasone oftwo"core" populations before 1992.This population declined by80%after the 1992breeding 

Table 3-1.Rank of"wetness"ofstudy sites based on modeled hydrologic data(1985-1994)and patterns 
from watergauge data(Figure 3-2).Modeled data do notreflect increasesin hydroperiod and water depth 
in the Shark Valley and Taylor Slough sites from 1992through 1997. 

Site Rank Ave.annual hydroperiod Ave.annual water depth 

Old Ingraham Hwy. 1 196.1 days/year 6.5 mm above soil level 

South(driest) 

Dogleg 2 215.1 days/year 38.2mm above soil level 

AlligatorHammock 3 230.0 days/year 48.6mm above soil level 

North Mahogany 4 212.0 days/year 53.8mm above soil level 

Shark Valley 5 190.8 days/year 42.9mm above soil level 

Taylor Slough(wettest) 6 218.2 days/year 50.3mm above soil level 
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season,and has yetto recover.Atthe time ofthis study,the site held approximately0.0044sparrows per 

km^,densities similar to those on North Mahogany(see below;J.Lockwood,pers.comm.).The modeled 

average annual hydroperiod around mytransects was 190.8 days inundated,and the modeled annual water 

depths averaged 42.9 mm(1.7 in).Both ofthese modeled measuresshowed increases after 1991.Atthe 

time ofmy survey,16 ofthe20transects were in areas7years post-fire,and the otherfour were 11 years 

post-fire. 

PopulationB 

Fourofmy sites were within the largest"core" population ofsparrows in ENP.Extensive helicopter surveys 

overthe sparrow'srange havefound relatively stable sparrow numbers in this population since 1981. 

AlligatorHammock and Dogleg:Twoofthe sites. AlligatorHammockand Dogleg,were along MainPark 

Road,are each about0.20 km^(0.08 mP),and supported approximately 0.01 sparrow perkm^ annually. 

The modeled average annual hydroperiodsforthe20transects across each ofthese sites were230.0 and 

215.1 days inundated,respectively. Modeled aimual water depth averaged48.6 mm(1.9 in)and 38.2 mm 

(1.5 in).In AlligatorHammock,one transectoutof20total wasin an area that was6years post-fire,and all 

other transects were more than 17 years post-fire.In Dogleg,11 transects were8 years post-fire,and the 

remaining9were 12 years post-fire. 

North Mahoganv:North Mahogany(0.29 km^;0.11 mi^)was also alongthe MainPark Road,butsupported 

only0.0040 sparrows perkm^ fi-om 1992through 1997.The modeled average annual hydroperiod on this 

site was212.0 daysinundated,and water depth averaged 53.8 mm(2.1 in). Fourteen ofthe20transects 

were8 years post-fire,3 were 12 years post-fire,and the remaining3were more than 17 years post-fire. 

Old Ingraham Highwav South:Old Ingraham Highway South(0.3 km^;0.11 mP)wassimilarto Alligator 

Hammock and Dogleg(above)in sparrow density,but wasatthe end ofOld Ingraham Highway,south and 
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separate from the Main ParkRoad sites.The modeled average annual hydroperiod on this site was 196.1 

days,and water depth averaged 6.5 mm(0.3 in). This entire site burned8years before the survey ofthe20 

transects. 

Population C 

Tavlor Slough:The sixth plot,"Taylor Slough",nearthe eastern EN?boundary,supported about400 

sparrows in 1981,butsurveys since 1990have failed to locate any sparrows here(Cumutt etal. 1998).1 

concentrated 20 planttransects within a 0.41 km^(0.12 mi^)area,divided by Main Park Road.Mysite is at 

the edge ofTaylor Slough and directly downslope from apumping station(S-332),activated in 1979.1 

collected datain thesame area as Werner(1975).This presented a unique opportunityto look atthe effects 

ofhydrologic changes on vegetation in the past22years.The average annual hydroperiod on this site was 

218.2 days inundated,and water depth averaged 50.3 mm(2 in). As at Shark Valley,both modeled 

hydrologic measures increased considerably after 1991.Onetransect burned less than a year before I 

conducted mysurvey,one was 16 years post-fire,and the remaining 18transects were in areas more than 17 

years post-fire. 

METHODS 

Inthe spring of1997,1 conducted plantsurveys using a strip transect and 1 m^ quadrat method.In 

each study site,I used a stratified random samplingtechnique to place twenty 50 m-strip transects. All 

transects were associated with UTM coordinates.I determined the direction ofthe transect bythrowing a 

small plastic stake.1 systematically placed ten quadrats per transect. Thisscheme yielded 200 1 m^ quadrats 

ofdata per site,for a total of1200 1 m^ quadrats ofdata.This satisfies Mueller-Dombois and Ellenberg's 
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(1974)minimum sample area requirementfor their"dry- grassland"and"hay meadow"habitat categories 

(the closest in structure to marl prairies)of50-100 m^. 

In each 1 m^ quadratat every5m interval along the transect,Icollected the following data: 

Cover/abundance-1used the Braun-Blanquet method(Phillips 1959,Mueller-Dombois and Ellenberg 

1974)to estimate cover/abundance from 1(0to 1.0%)to6(75-100%). 

Dead matter cover/abtmdance-Using the same scale as above,I estimated the cover/abundance ofdead 

plant matter in each quadrat.Icounted dead leaves attached to living plants as"dead matter",along with 

debris on the ground. 

Periphvton cover-Again using the same cover scale,I estimated the coverofthe periphyton mat,which is 

a critical componentofthe marl prairies.Periphyton is a microalgalcommunitythatformsathick mat 

abovethe soil. It is an extremely importantprimary producer in the Everglades ecosystem,and can 

profoundly affect water chemistry,sedimentproduction,and hence plant communities(Browder et al. 

1994).Hydrology and water quality directly affects periphyton diversity,cover and thickness(Browder et 

al. 1994). 

Species composition-1took presence/absence data and estimated percentcover/abundance for every 

species in each quadrat.When identifying plants in the field,I referred to Hitchcock(1971),Godfrey and 

Wooten(1979),Cronquist(1980),and Taylor(1992),as well as specimensin theENP museum 

(Appendix).Nomenclature follows that ofAvery and Loope(1983).I also estimated the cover/abundance 

for each species,although here I only reportthe cover/abundance data forthe four dominantgraminoids: 

Cladium,Muhlenbergia,Rf^nchosporasp.(A microcarpaand R. tracyi),and Schizachyrium rhizomatum. 

Mostbeak-rush wasR. microcarpa,so Icombined measurementsforthetwo species in this analysis. 

Stem densitv/biomass — Foreach plantspecies,I counted the numberofstems or tillers per quadrat.Pimm 

et al.(1995)conducted preliminary plant surveys,in which they counted stem densities ofall species in a 

1 m^area.Theyremoved,oven-dried,and weighed all plant matter,and found alinear relationship between 
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stem density and biomass.I used this relationship to indirectly estimate biomassin each quadratbased on 

my countdata. 

Maximmn vegetation height-1measured the tallest plant in the quadratin centimeters,which was 

especially critical for determining available perches. 

Effective height(Wiens 1969)-Sitting on afield notebook,Irecordedthe maximum height(in 

centimeters)at which90%ofthe side ofthe notebook was obscured by vegetation from 1-2 m away.Itook 

this measurement while crouched,holding the notebook at eye level on the opposite side ofthe plot. Wemer 

(1975)used a similar measurement,which he called "vertical obscurity profile". While this is a crude 

measurement,it allowed meto quantify an aspectofthe habitatthatmay beimportantto the sparrow for 

predator evasion,thermal regulation and nestsupport sites. 

I grouped the sites by sparrow density,with three sites(AlligatorHammock,Dogleg,and Old 

Ingraham HighwaySouth)in a high density group,two sites(North Mahoganyand Shark Valley)in alow 

density group,and one site(Taylor Slou^)in an unoccupied group.I wasunable to find more sites that 

were unoccupied by sparrows(buthad a history ofoccupation),andthat were accessible.Itherefore have 

only one replicate ofthis category.Iassumed that vegetation differences between sites ofequal sparrow 

density were less than those between sites ofdifferentsparrow density,and combined all transects fromthe 

sites into thethree sparrow density groups.I performed a Multivariate GeneralLinear Modelanalysis 

(GLM)to determine overall differences between the density groups,and appropriate post-hoc tests to detect 

differences betweenthe vegetation variable means ofthese groups.I used Bonferronitests for significant 

differences between variable means when their error variances were equal across groups,and Tomhane's 

when they were not(SPSSInc. 1997).An alpha value lessthan or equal to.05 determined significance. 

Mydesign was unlikelyto pick up fire effects on vegetation.All sites were an average ofat least8 

years post fire,and this is well within the recoverytime for Muhlenbergia and Cladium prairies(Hemdon 

and Taylor 1986,Loveless 1959,Steward and Oraes 1975).However,Iincluded years post-fire and 

hydrology as fixed factors in a Multivariate GLM analysis to determine whether fire history could be an 

influence on vegetation differences between hydrologic groups.I established the following hydrologic order 
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(from driestto wettest): Old Ingraham Highway South,Dogleg,Alligator Hammock,North Mahogany, 

Shark Valley,and Taylor Slough.The modeled hydrologic data demonstrated an increase in both 

hydroperiod and water depth from 1991 to 1994 in my Shark Valley and Taylor Slough sites(Figure 3-3a 

and b).Judging from the water gauge data,this trend mostlikely continued through 1997(Figure 3-2).I 

used Multivariate GLM to detect vegetation differences between sites ofdiffering hydrologic rank.Again,I 

used post-hoc Bonferroni tests ofsignificant differences between variable means with equal error variances, 

and Tomhane's T^for those withimequal variances. 

To determine differences between myplantsurvey results and those ofWerner(1975)on Taylor 

Slough,Iperformed at-test(testing firstfor equal variances and using the appropriate non-equal variance 

test when appropriate)between his 1975transects(N=5)and my 1997transects(N=20).I conducted all 

statistical tests using SPSS 8.0 for Windows(SPSSInc. 1997). 

RESULTS 

There were significant overall differences betweenthe three density groups(Wilk'slambda=0.054, 

F=29.30I,df=212,p=0.000).Several vegetation characteristics differed between sparrow density groups 

(Table 3-2,Figures3-4athrough k).Maximum vegetation height,dead mattercover/abundance,and percent 

cover/abundance ofCladium increased with decreasing sparrow density.Effective height,species richness, 

and biomassincreased with increasing sparrow density.Live vegetative cover/abundance,percent 

cover/abundance ofMuhlenbergia and Schtachyrium were loweston the low density sparrow sites, while 

periphyton cover and Rhynchospora were highestonthese sites. 

Ifound an overall difference between vegetation characteristics in different hydrologic ranks 

(Wilks'lambda=0.153,F=5.434,df=44,p=0.000),butno difference based on fire history(Wilks' 

lambda=0.646,F=1.038,df=44,p=0.411)and no interaction between fire and hydrology(Wilks' 

lambda=0.755,F=1.346,df=22,p=0.142).Several vegetation characteristics differed with hydrologic 

conditions(Table 3-3,Figures3-5athrough k).Maximum vegetation height and percentcover/abundance 

Cladium increased with wetter conditions,as did periphyton cover(with the exception ofTaylor Slough). 
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Table 3-2. Means and standard deviations of variables for density groups, and pairwise significant 
differences between sparrow density groups(none,low, and high). An asterisk indicates Tomhane's p 

Variable density group mean std. dev. density group pair p value 

Cover/abundance none 2.2 0.4 none andlow 0.000 

low 1.6 0.3 none and high 0.014 

high 1.9 0.4 low and high 0.000 

Maximiun vegetation ht. none 111.6 15.0 none and low 0.006* 

low 99.1 9.6 none and high 0.000* 

high 92.5 7.0 low and high 0.001* 

Effective height none 1.0 1.2 none and high 0.000* 

low 0.9 0.9 low and high 0.000* 

high 3.6 2.7 

Dead cover/abundance none 2.3 0.6 none andlow 0.000 

low 1.6 0.5 none and high 0.000 

high 1.7 0.6 

Periphyton cover none 4.2 0.4 none and low 0.000* 

low 4.8 0.2 none and high 0.000* 

high 4.7 0.3 low and high 0.011* 

Species richness none 6.9 1.0 none and low 0.000* 

low 8.0 0.9 none and high 0.000* 

high 8.3 2.1 

Biomass none 1707.2 339.7 none and high 0.004 

low 1839.1 447.0 low and high 0.030 

high 2063.7 408.8 

Percent cover/abundance none 2.1 0.7 low and high 0.001* 

Cladium low 2.2 0.5 

high 1.8 0.6 

Percentcover/abundance none 1.0 0.9 none and low 0.034* 

Muhlenbergia low 0.4 0.5 low and high 0.000* 

high 1.5 0.6 

Percentcover/abundance none 0.1 0.1 none and low 0.000* 

Rhynchospora low 1.7 0.7 none and high 0.000* 

high 1.2 0.5 low and high 0.002* 

Percentcover/abundance none 1.4 1.2 none and low 0.017* 

Schizachyrium low 0.5 0.4 low and high 0.000* 

high 1.3 0.3 
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Figure 3-4 (continued). Three sparrow density groups and mean g) biomass (none and high, low and high
density groups differ from each other), h) percent cover/abundance Cladium (low and high groups differ),
and i) percent cover/abundance Muhlenbergia (none and low, low and high density groups differ from each
other). Bars represent standard error.
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Table 3-3. Means and standard deviations of variables for hydrology groups, and pairwise significant 
differences between hydrology ranks(1 driest, 6 wettest). An asterisk indicates Tomhane's T2 p values 
listed, otherwise Bonferronip values are listed. 

Variable hydrology rank mean std. hydrologyrank pair p value 
dev. 

Cover/abundance 1 2.1 0.3 1 and4 0.000 

2 1.8 0.3 1 and5 0.011 

3' 1.9 0.4 2and6 0.005 

4 . 1.5 0.3 3 and4 0.006 

5 1.7 0.3 4and6 0.000 

6 2.2 0.4 5 and6 0.000 

Maximum vegetation ht. 1 91.1 6.8 1 and5 0.000* 

2 93.2 5.9 1 and6 0.000* 

3 93.3 8.2 2and5 0.001* 

4 95.5 10.8 2and6 0.000* 

5 102.6 6.8 3and5 0.006* 

6 111.6 15.0 3and6 0.001* 

4and6 0.006* 

Effective height 1 4.2 3.1 1 and4 0.003* 

2 4.0 2.3 1 and5 0.002* 

3 2.6 2.5 1 and6 0.004* 

4 1.0 0.9 2and4 0.000* 

5 0.9 1.0 2and5 0.000* 

6 1.0 1.2 2and6 0.000* 

Dead cover/abundance I 1.7 0.3 1 and6 0.012 

2 1.6 0.3 2and6 0.005 

3 1.8 1.0 5 and6 0.000 

4 1.8 0.5 

5 1.4 0.4 

6 2.8 0.6 

Periphyton cover 1 4.6 0.3 1 and5 0.003* 

2 4.6 0.3 1 and6 0.034* 

3 4.8 0.3 2and5 0.012* 

4 4.7 0.3 2and6 0.011* 

5 4.9 0.1 3 and6 0.000* 

6 4.2 0.4 4and6 0.001* 

5and6 0.000* 

Species richness 1 8.9 1.8 1 and3 0.011* 

2 8.7 0.6 1 and6 0.002* 

3 7.3 2.8 3and5 0.011* 

4 8.0 1.0 4and6 0.021* 

5 8.0 0.7 5 and6 0.003* 

6 6.9 1.0 

Biomass 1 1880.2 362.6 1 and3 0.002 

2 1962.5 290.9 2and3 0.023 

3 2348.4 413.8 3and4 0.000 

4 1657.4 434.0 3and6 0.000 

5 2020.8 390.3 4and5 0.041 

6 1707.2 399.7 
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Table 3-3(continued). 

Variable hydrology rank mean std. hydrology rank pair p value 
dev. 

Percentcover/abundance 1 1.4 0.5 1 and3 0.000 

Cladium 2 1.9 0.4 1 and4 0.001 

3 2.2 0.5 1 and5 0.000 

4 2.1 0.4 1 and6 0.001 

5 2.3 0.5 

6 2.1 0.7 

Percent cover/abundance 1 1.9 0.5 1 and3 0.000* 

Muhlenbergia 2 1.4 0.5 1 and4 0.000* 

3 1.1 0.4 1 and5 0.000* 

4 0.9 0.3 1 and6 0.006* 

5 . 0 0 2and4 0.004* 

6 1.0 0.9 2and5 0.000* 

4and5 0.000* 

5and6 0.001* 

Percentcover/abundance 1 1.4 0.4 1 and 3 0.019* 

Rhynchospora 2 1.2 0.6 1 and6 0.000* 

3 1.0 0.3 2and6 0.000* 

4 1.7 0.8 3and4 0.014* 

5 0.1 0.6 3and5 0.003* 

6 1.3 0.1 3and6 0.000* 

4and6 0.000* 

5and6 0.000* 

Percentcover/abundance 1 1.3 0.5 1 and4 0.000* 

Schizachyrium 2 1.4 0.4 1 and5 0.000* 

3 1.2 0.1 2and4 0.000* 

4 0.6 0.3 2and 5 0.000* 

5 0.4 0.5 3and4 0.000* 

6 1.4 1.2 3and 5 0.000* 
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Figure 3-5. Ranked hydrology groups and mean a) cover/abundance, b) maximum vegetation height, and c)
effective height (see Table 3-2 for significant differences between groups). Bars represent standard error.
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Effective height,species richness and percentcover/abundance Muhlenbergia decreased with 

wetter conditions. Several variables had an ambiguousrelationship with hydrology.Live plant 

cover/abundance wasloweston the intermediate hydrology sites.Percent cover/abundance Rhynchospora 

sp. was higheston North Mahogany and Shark Valley,and verylow on Taylor Slough.In general,percent 

cover/abundance ofSchizachyrium decreased with wetness,but was high on Taylor Slou^.Dead 

cover/abundance and total biomass displayed no discemable trend. 

TaylorSlough:Pastandpresent. 

I measured someofthesame vegetation characteristics on five Taylor Slough plots as Werner 

(1975)did.He measured maximum vegetation heightand effective height("vertical obscurity profile"), 

dominance(numberofquadrats a species dominated)ofCladium,Muhlenbergia,andSchizachyrium,and 

frequency(nmnberofquadratsin which aspecies wasfound)forRhynchospora microcarpa,(R. tracyi was 

notreported in 1975 or in 1997)and Spartina bakeri.Since 1975,mean maximum vegetation height has 

increased on Taylor Slough by more than 10cm(t=-3.844,p=0.001),as has Cladium dominance(t=-4.963, 

pO.OOO,Figure 3-6).Effective height(t=3.360,p=0.028),Muhlenbergia dominance(t=7.079,p<0.000), 

and Rhynchosporasp.frequency(t=3.029,p=0.006)decreased,and Spartina bakeridisappeared(t=2.828, 

p=0.047).Schizachyrium hasremained relatively constant(t=-1.494,p=0.149). 

DISCUSSION 

Based on myresults,several vegetation characteristics can help define sparrow habitat.Areas with 

higherpercent cover/abundance ofMuhlenbergia and Rhynchospora sp.,high species richness,relatively 

higher biomass,and low percent cover/abundance ofCladium,were correlated with higher mean sparrow 

densities.Sparrows avoid areas dominated by large stands oftall sawgrass,which mayinclude areas with 
i 

vegetation ofICQ cm(39in)or taller. They appearto choose areas with high mean effective height(denser 

vegetation),and dominance ofMuhlenbergia orRhynchosporafor breeding habitatand nestsites 

(Lockwood et al. in prep).This sparrow subspecies may need an overall mean effective heightofat least 1-
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Figure 3-6.Change in Taylor Slough from Werner's 1975 survey to 1997.Points representthe mean,bars 
representstandard error. 

2cm(0.4-0.8 in)in their habitat,although Lockwood et al.(in prep)found mean effective height at nest 

sites of3.3 cm(1.3 in). Predominant Muhlenbergia and Rhynchospora,along with less frequentforbs and 

grasses,may provide the bulk ofthis effective height characteristic.In the past,Spartina bakerimay have 

provided such low,dense clumps,but I did not find this grass on these sites. Higher biomass,along with 

higher effective height may offer more protection and resources.The combination ofhigh periphyton cover, 

high biomass and taller effective height,may indicate a clumped,grassy habitat with some openness atthe 

ground level. Since these sparrows spend a considerable amountoftime travelling along the ground(Post 

and Greenlaw 1994),higher periphyton cover(which can restrict plant establishment. Van Meter-Kasanof 

1973,Nott et al. 1998)may afford these sparrowspassage through otherwise thick vegetation.Post et al. 

(1983)also found higher nest predation rates by rice rats{Oryzomyspalustris)in denser vegetation. 
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Differences in extant habitat characteristics between areasofdistinct hydrologicregimesecho 

those patterns seen overtime in one area.In Shark Valley and Taylor Slough,where water levels have 

increased in the past5to 10 years,the percentcover/abundance ofCladium washigher,consistent with 

several other studies(Werner 1975,Olmsted et al. 1980,Alexander and Crook 1975).Olmsted and 

Armentano(1997)and Nott etal.(1998)have demonstrated that water levels in Shark Valley have beentoo 

high in wet years,too low in diy years,and have changed the plant communities in this area.Since Werner's 

survey,the regime controlled bypump station S-332is primarily responsible fora general increase in water 

levels on this site,and the reduction in seasonal variation ofthese levels(Nott et al. 1998).In these wet 

areas,maximum vegetation heightconsistently exceeded 1 m(39in).Percentcover/abimdance of 

Muhlenbergia and Rhynchosporasp.waslower,decreasing vegetation thickness and the average heightof 

clumpsto lessthan 1 cm.On Taylor Slough,1 did notobserve an increase in Spartina orRhynchosporasp. 

since Werner's(1975)surveyto compensate forthe loss in effective height Thisstudy is notthe firstto 

indicate thatrecenthydrologicalchanges have affected Everglades vegetation(Loveless 1959,McPherson 

1973,Goodrick 1974,Volk et al. 1974,Alexanderand Crook 1975,Davis et al. 1994),butit is one offew 

to quantify these changes.Ifhigh water persists in Shark Valley,Cladium dominance may increase,which 

would increase the average maximum vegetation hei^t.IfRhynchospora prevalence also decreases as it 

has on Taylor Slou^,and no other plant species that can provide effective heightreplaces it,this site may 

eventually become unsuitable for sparrows. 

The disappearance ofother suitable habitattypes(sparse and clumped cordgrass marshes)has left 

onlytwo habitattypesnow supporting Cape Sable seaside sparrows,Muhlenbergia prairies and the 

marginal sparse Cladium prairies.Higher water levels may be primarily responsible forthe decrease in 

Muhlenbergia prairies, with no indication that other suitable habitat expressions aretaking their place.Asa 

consequence,the sparrow may be increasingly restricted to muhly prairies in areas,such as subpopulation 

B,where hydrologic pattemsremain stable.These freshwater prairies exhibit highly dynamic patterns in 

structure and species composition in response to hydrological changes.Areas that are notnow suitable for 

sparrows maybecome so in the future. 
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Thesparrow maynothave an ability to shift its range as fragmented suitable habitats become 

available through successional processes.As a restilt,the sparrow mayrequire a much larger contiguous area 

for its "critical habitat"thanjustthose areas they occupynow.Vegetation variables such as maximum 

vegetation height,effective height,and percent cover/abundance ofCladium,Muhlenbergia and 

Rhynchospora may be the mostuseful and efficient predictors ofpresentand future suitable sparrow 

habitat.Future research should determine to whatextentthese variables and the continuity ofsuitable 

habitat are the most affected by dramatic hydrological changes. 
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PARTIII APPENDIX:SCIENTIFICNAMESOFPLANTSFOUND ACROSSSTUDY 

SITES ANDIDENTIFICATIONSOURCE 

Graminoids: 

Grasses fPoaceae'): 

Andropogon glomeratus(Walt.)B.S.P.;Hitchcock 1971,Avery and Loope 1983. 

Dichanthelium dichotomum(L.)Gould var.dichotomum(akaPanicum albomarginatum,P.caerulescens, 

P. nitidum,P.roanokense);Averyand Loope 1983. 

Eragrostis elliottiiS. Wats.;Hitchcock 1971,Godfrey and Wooten 1979,Avery and Loope 1983. 

Muhlenbergiafilipes M.A.Curtis;Hitchcock 1971,Averyand Loope 1983. 

Panicum tenerum(Beyr.);Hitchcock 1971,Avery and Loope 1983. , 

Panicum virgatum L.;Hitchcock 1971,Averyand Loope 1983. 

Schizachyrium rhizomatum(Swallen)Gould,(zkzAndropogon rhizomatus Swallen);Hitchcock 1971, 

Godfrey and Wooten 1979,Avery and Loope 1983. 

Setariageniculata(Lam.)Beauv.,(aka Chaetochloageniculata(Lam.)Millsp.and Chase);Godfrey and 

Wooten 1979,Avery and Loope 1983. 

Spartina bakeri Merr.;Hitchcock 1971,Avery and Loope 1983. 

Sedges CCvperaceae"): 

Cladiumjamaicense Crantz(aka Mariscus manaicensis(Crantz)Britton);Godfrey and Wooten 1979, 

Avery and Loope 1983. 

Cyperus haspan L.;Godfrey and Wooten 1979,Avery and Loope 1983. 

Dichromena colorata(L.)Hitchc.;(possiblyPanicum coloratum-,Hitchcock 1971);Avery and Loope 

1983 

Eleocharis cellulosa Torr.;Godfrey and Wooten 1979,Avery and Loope 1983. 

Rhynchospora microcarpaBaldw.ex Gray;Godfrey and Wooten 1979,Aveiy and Loope 1983. 

Rl^nchospora tracyi Britt.;Godfrey and Wooten 1979,Averyand Loope 1983. 

Schoenus nigricans L.; Godfrey and Wooten 1979,Averyand Loope 1983. 

I 
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Forbs: 

Agalinisfasciculata(Elliott)Rafinesque(aka Gerardiafasciculata);Taylor 1992. 

Asclepiaslanceolata(Walt);Avery and Loope 1983,Taylor 1992. 

Asclepias longifolia(Michx.)(zikaAceratesfloridana and^. delticold)\ Aveiyand Loope 1983,Taylor 

1992. 

Aster dumosus L.;Cronquist 1980,Aveiy and Loope 1983. 

Aster tenuifolius L.;Cronquist 1980,Aveiy and Loope 1983. 

Bacopa caroliniana(Walt.)B.L.Robins,{eikst.Hydrotrida caroliniana);Avery and Loope 1983,Taylor 

1992. 

Centella asiaticaL.Urb.;Avery and Loope 1983. 

Crinunt americanum L.;Godfrey and Wooten 1979,Avery and Loope 1983. 

Cuscuta campestris Yuncker;Averyand Loope 1983. 

Cyoctonum sessilifolium(Walt.)J.F.Gmel.;Avery and Loope 1983. 

Erigeron quercifolium Lam.;Cronquist 1980,Averyand Loope 1983. 

Erigeron strigosus(probably var. beyrichii(Fischer and Meyer)A.Gray.);Cronquist 1980. 

Eupatorium leptophyllum DC.;Cronquist 1980,Avery and Loope 1983. 

Eupatorium mikanioides Chapman;Cronquist 1980,Avery and Loope 1983. 

Helenium pinnatifidum(Nutt.)Rydb.;Cronquist 1980. 

HymenocallispalmeriS. Wats.,(aka Hymenocallis tridentata);Avery and Loope 1983,Taylor 1992. 

Hyptis alata(Raf.)Shiimers var.stenophylla Shinners;Averyand Loope 1983. 

Hyptis verticillata Jacquin;Taylor 1992. 

Ipomoeasagittata(Poir.);Avery and Loope 1983,Taylor 1992. 

Linumfloridanum(Planchon)Trelease,(aka Cathartolinumfloridanum and C. macrosepalum);Taylor 

1992. 

Lobelia glandulosa Walt;AveryandLoope 1983,Taylor 1992. 

Ludwigia microcarpa(Michx.);Aveiy and Loope 1983. 
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Mikaniascandens(L.)Willd.; Cronquist 1980,Aveiy and Loope 1983. 

Oxypolisfiliformis(Walt.)Britt.;Avery and Loope 1983,Taylor 1992. 

Pl^la nodiflora(L.)Greene,{akaLippia nodiflord)\ Aveiy and Loope 1983,Taylor 1992. 

Pityopsisgraminifolia,(aka Chrysopisgrammifolia(Michx.)Elliott); Cronquist 1980. 

Pluchearosea R.K.Godfrey;Cronquist 1980,Avery and Loope 1983. 

Polygala grandiflora(Walt.)var angustifolia T.&G.(dkaAsemeialeiodesandA.cumulicola);Aveiy 

and Loope 1983,Taylor 1992. 

Prosperinacapalitstris L.war.palustris,Avery and Loope 1983. 

SabatiastellarisPursh;Avery and Loope 1983,Taylor 1992. 

Sagittaria graminea Michx.;Godfrey and Wooten 1979. 

Sagittaria lancifolia L.;Godfrey and Wooten 1979,Averyand Loope 1983. 

Sisyrinchium atlanticum Bicknell;Taylor 1992. 

Solidago stricta Ait;Cronquist 1980,Avery and Loope 1983. 

Teucrium canadenseL.var hypoleucum Griseb.,(aka Teucrium nashW);Avery and Loope 1983,Taylor 

1992. 

Utricularia cormita Michx.,(ykaStomoisia cornuta);Averyand Loope 1983,Taylor 1992. 

Vernonia blodgettii Small;Aveiy and Loope 1983,Taylor 1992. 

Woody perennials: 

Conocarpus erectus L.;Avery and Loope 1983. 
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PARTIV:USINGREMOTESENSING ANDPLANTSURVEYSTO 

DIFFERENTIATEHABITATSUBCLASSES WITHIN CAPESABLESEASIDE 

SPARROWPRAIRIESIN EVERGLADESNATIONALPARK 

ABSTRACT 

Combining satellite and otherremote sensing images with plantsurvey data can increase the 

accuracy and detail ofhabitat maps.Such representations are especially helpful forthe conservation and 

managementofthe endangered Cape Sable seaside sparrow(Ammodramus maritimns mirabilis).They can 

revealchanges in hydrologic conditionsin its sole habitat:freshwater prairies in Everglades National Park. 

Within freshwatersparrow prairie areas,I delineated at leastfour distinct spectral classes(whichI 

designated as"Green","Yellow","Orange",and"Purple")from LandsatTMimagesfrom 1996and 1998. 

WhenIincluded vegetative information gathered in 1997,1found thesefour classes to be distinct in 

vegetation composition and structure as well.The classes mostlikely representa cline in hydrologic 

conditions.The"Purple" class(dominated by Cladiumjamaicense)represented wetter areas,the"Green" 

and"Yellow"classes intermediate hydrology,and the"Orange" class(dominated by Muhlenbergiafilipes) 

drier areas.The classesIfound were more detailedthan the "alliances" ofthe FloridaGAP project,and 

mayrepresent"associations". The imagery coverage ofthese classes can be monitored to determine the 

effects ofwater managementchangeson hydrologic conditions on the sparrow prairies. 

INTRODUCTION 

GeographicInformation Systems(GIS)andremote sensing imagery have been used increasingly 

as toolsfor population biologists and landscape ecologists(Quattrochiand Pelletier 1991).Remote sensing 

ofplant communities,when combined with ground truth surveys ofothertaxa(such as birds),can indicate 

the amountand distribution ofaspecific habitattype available for a species or setofspecies(Palmeirim 

1988,Sperduto and Congalton 1996).Elaborated habitat mapscan also illustrate the degree and extentto 

which plantcommimities arefragmented,and help with species translocation programs(Franklin and 
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Steadman 1991).Remote sensing can also detect structural differences(such as canopy heightin mangrove 

forests)between closelyrelated commimitytypes(Ramsey and Jensen 1996).In some cases,habitat maps 

developed with GIS-based models can help determine policy choices that willnot be detrimentalto 

threatened species(Pereira and Itami 1991).GIS-based mapping updates can also allow wildlife managers 

to track habitat quantity and quality overtime,and in mostcases can be linked to discemable causalfactors 

that can be influenced by policy changes(Breininger et al. 1991). 

Oneofthe first vegetation mapsto use remote sensing in the Everglades wasDavis'(1943)map. 

Davis used black-and-white aerial photographs from the U.S.Soil Conservation Service,reconnaissance 

flights and ground surveys,as well as field observations from Harshberger(Harshberger 1914,Davis etal. 

1994).This map,ata scale of1:400,000,grouped vegetation into7landscape categories and 13 vegetation 

classes,and extended from the Kissimmee River(north ofLake Okeechobee)to FloridaBay.More 

recently,the U.S.Fish and Wildlife Service's National Wetland Inventory map(1:58,000,1985)and the 

State ofFlorida's Florida"Land Use and Cover"map(1:40,000, 1994-1995),employed more modem aerial 

photographyto classify land covered by vegetation into4(with 14subclasses)and20classes,respectively 

(Cowardin et al. 1979,FLUCCS 1985,Doren et al. 1999).A cooperative projectbetweenthe University of 

Georgia's Centerfor Remote Sensing and Mapping Science,the National Park Service's South Florida 

Natural Resources Center,and the South Florida Water ManagementDistrict is currently using SPOT(Le 

Systfeme Pour I'Observation de la Terre,"the French Earth Observation System")panchromatic images with 

color-infrared aerial photographs and ground surveys.This system hasa 10m(33 ft)resolution and a 

hierarchical vegetation classification scheme,with8major classes thatcan be subdivided into subclasses of 

commimities,and in some cases,sub-subclasses ofindividual species populations(Welch et al. 1995, 

Madden et al. 1999).However,Rutchey and Vilcheck(1994)have indicated that although SPOTimages 

have better resolution,LandsatTM images may be better able to detect vegetation differences. 

The Florida Gap AnalysisProject(FGAP)uses LandsatTM(Thematic Mapper)images(with a 

28.5 m(93.5 ft)resolution)and the classification system developed by The Nature Conservancy(Grossman 

et al. 1998).The purpose oftheFGAP project is to develop one vegetation classification system for all of 

North America.The classification scheme uses physiognomic characteristics forthe coarser levels 
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(formation class,formation subclass,formation group,formation subgroup,and formation),and floristic 

characteristicsfor the finer levels(alliance and association).The Nature Conservancy is also in the process 

ofgiving each association a conservation(G)rank,to help identify"gaps"in habitatconservation 

programs.This program uses Landsatimages fi-om 1992through 1994plus several other mapping schemes 

(including the FloridaLand Use and Cover Classification System(FLUCCS),National WetlandsInventoiy 

maps,and Soil Conservation Service maps)to "crosscheck"their classifications.Atthistime,FGAPhas 

produced two versions ofthis map(2.1 and 3.0)for Florida,using imagesfi-om 1992and 1994.Version 3.0 

and later versions are reclassifications ofthe original 2.1 version,using updated knowledge fî om 

groundtruthing(Grossman et al. 1998). 

The federally endangered Cape Sable seaside sparrow{Ammodramus maritimus mirabilis)is now 

limited to the short-hydroperiod fi-eshwater prairie habitats within Everglades NationalPark(ENP) 

(Kushlan and Bass 1983).Kushlan and Bass(1983)conducted an extensive helicopter survey ofall 

possible Cape Sable seaside sparrow habitat,and narrowed suitable habitatto three prairie types.Sixty-

seven percentoftheir sparrow-occupied sites were"muhly prairie", with prevalentMuhlenbergiafilipes 

(muhly grass),Schoenus nigricans(blacktop sedge),and Cladiumjamaicensis(sawgrass,asedge).Another 

twenty-nine percentofsparrow occupied habitat was"mixed prairie",characterized byRhynchospora sp. 

(beak-rush)and Panicum sp.(spike-rush),but withoutMuhlenbergia.A smallnumber ofoccupied sites 

were in "cordgrass marsh",predominated bySpartina bakeri. Werner and Woolfenden(1983)conducted 

plantsurveys atsome ofthe Kushlan and Bass(1983)helicopter survey defined sites. Theyfound similar, 

suitable habitattypesandfound mostsparrows in the Muhlenbergia prairies.These prairie types displayed 

differences in average biomass,stem density,stand height,and predominantgraminoid species. 

Botanists have classified the wetprairies ofthe Everglades in several different ways.Most 

classification systems delineate two general,short-hydroperiod prairie/marsh types,wetprairies and 

sawgrass marshes,which are further divided into subtypes by dominantplant species(typically 

graminoids).Porter(1967)conducted a plantsurvey in Big Cypressof"seasonally wet marl prairies",and 

found a hybrid between marl wetprairies and sawgrass marshes based on the dominantgrasses and sedges 

{Muhlenbergia capillaris vex.filipes,Mariscus{Cladium]jamaicensis,andAndropogon rhizomatus). 
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Gimderson and Loftus(1993),attempting to synthesize all the previous classification schemes,divided wet 

prairies into "peat"and"marl" prairies."Peat" wetprairies are in lower elevation areas and have longer 

hydroperiodsthan drier,"marl" wet prairies.In peat prairies,dominantsedge and grass speciesinclude 

Eleocharis cellulosa(spike-rush),Rhynchospora tracyi,soAPanicum hemitomon(Gunderson 1994). 

Dominant marl prairie grasses and sedges include Muhlenbergiafllipes,Schoenns nigricans(black sedge), 

Aristidapurpurascens(wiregrass),Schtachyrium rhizomatum(bluestem),and Eragrostis elliottii 

(lovegrass). 

Sawgrass marsh,dominated by CladiumJamaicense,is one ofthe mostcommon communities in 

the Everglades(Gunderson 1994).Cladium almostcompletely dominatesthe "tall" sawgrass marsh 

community,which is mostprevalentin wetareas such as sloughs.The intermediate(or"sparse")sawgrass 

marsh community is shorter in stature,and intersperses with wetprairies in low areas thatremain wetter 

throughoutthe year.Olmsted and Armentano's(1997)"sparse sawgrass"communityis characterized by 

Cladiumjamaicense,Eleocharis cellulosa,and the grassesPanicum hemitomon andP.tenerum.Both wet 

prairie typestend to supporthigher plant species diversity,and have alower stature,than sawgrass marshes 

(Olmsted et al. 1980,Gunderson 1994).In the southeastern Everglades,both prairies and marshes have 

been invaded by non-native trees,including Melaleuca quinquenervia(melaleuca tree)and Casuarinaspp. 

(Australian pine)(Bodle et al. 1994). 

The extantEverglades ecosystem has been halved byregional hydrology projects that have altered 

historic flowsand water levels. The altered hydrology has created some favorable conditions forsome plant 

communities,butdevastated others.Alexander and Crook(1975,1984)suggested thatthe vegetation 

changesthatoccurred from the 1940'sto the 1970's were probably caused by one or more offourfactors: 

water management,increased fire frequency and size,rising sea levels,and displacementby invasive 

species.Plantcommunity changes have occurred in Cape Sable seaside sparrow habitatas well. While 

originally found in Spartina bakeri prairies by Howellin 1919,surveysin the 1980'sfound these sparrows 

in prairies predominated by Muhlenbergiafllipes(Howell 1919,Kushlan and Bass 1983,Cumuttet al. 

1998).Atwater(1954)wasone ofthe firstto suggestthat Muhlenbergia may be expanding because ofthe 

resulting drier conditions dueto drainage.However,Nottet al.(1998)found that,in inland areas where 
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Cape Sable seaside sparrows were once prevalent,longer hydroperiods have corresponded to adecrease in 

Muhlenbergia and muhly prairies. 

In this study,I used modeled hydrology data,1996 and 1998 satellite images,and ground plant 

siu^ey data across four areas occupied byCape Sable seaside sparrows,as well as in one area where 

sparrows have not beenfound forabout 10 years.First,1 determined discemable spectral classes detectable 

from satellite images. 1 comparethe spectral classification results between the 1996and 1998 satellite 

images.A difference between images would indicate that either the atmospheric conditions were different 

betweenthetwo years,or thatthe vegetation had changed significantly.1then determined whetherthese 

spectral classes represent different vegetation,using data from plant surveys.1 also examined the classes 

for hydrologic differences,which mayexplain vegetation patterns. Finally,1 examined the degree to which 

my classification scheme coincides with theFGAPproject.This analysis can help determine the capacity of 

satellite imagesto detect vegetative detail withinknown sparrow habitats. 

METHODS 

Imageprocessing 

1 usedERDASImagine software(Version 8.3.1 for WindowsNT4.0)on aDell Dimension 333 

with aPentium 11 processor,to perform all image processing and classification procedures.1 used Landsat 

(5)TM images from 21 March 1996(LT501504209608110)and from 14 May 1998 

(LT5015042043098134).There wereno imagesfrom 1997that were suitably free from cloud cover, 

although images from this year would have been optimal(1 conducted my plantsurveys in 1997).The 

images used were rectified using a Trimble PathfinderPro GlobalPositioning System(GPS)receiver with 

real-time differential correction.The receiver was setto the North American Datum of1983(NAD 83),and 

used the Miami Coast Guard station beacon for corrections.1recorded all locations inUTM(Universal 

Transverse Mercator)coordinates.To determine the accuracy ofthe GPS unit,1 gathered five groimd 

control points(GCP's)along the Main Park Road at permanentstructures or intersections with other roads, 

close to mystudy sites(Figure 4-1).1 also used a set of1:10,000 scale color-infrared aerial photos and 

overlaid my GCP's as another reference check(Kardoulas et al. 1996).1 compared the accuracy ofmy 
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GCP's(and planttransect locations)with the aerial photos.For another estimate,Itook repeated GPS 

readings each day ata fixed reference point over the course ofthe field season. With thesetwo methods,I 

estimated the GPS unit's likely margin oferror at±5-15 m(±16-49 ft). 

I delineated an Area ofInterest(AOI)thatencompassed my five study areas,which gave mea 

larger number ofprairie pixels with which to run my analysis.This AOI was approximately 227km^ 

(88 mP).Within this AOI,Iconducted planttransects on four study areas that supported intensively studied 

colonies ofCape Sable seaside sparrows during the previous sfac years(Figure 4-1).The site unoccupied by 

sparrows atthe time ofthis study(TS,75.13 ha)supported sparrows from before 1974 xmtil around 1990 

(Figure 4-1)(Cumutt et al. 1998).From 1992to 1997,three sites had fairly high sparrow occupancy(AH, 

NM TS 

jgDL 
AH Sqc 

AOI 

GCP 

Studysites 

ENPboundazy 

20km 

Figme4-1.Map ofEverglades National Park,Ground Control Points(GCP),my Area ofInterest(AOI), 
and the5 study areas it encompasses. 
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0.20km^,DL,0.20km^,and OS,0.3 km^),while the MM site(0.29 km^)supported low sparrow numbers 

(Lockwood et al. 1997).On each ofthese sites I collected structural and compositional vegetation 

characteristics in 200 1 m^ quadrats(see Part3ofthis dissertation).I used modeled average annual 

hydroperiod(number ofdays immdated)and average annual ponding depth(heightofwater abovethe soil 

surface)from the Across Trophic LevelSystem Simulations(ATLSS)project,to describe hydrologic 

conditions.These modeled averages include hydrologic data from 1985 to 1994. 

Image classification 

The Landsat5TM satellite detects seven wavelength bands:band 1 registers0.45-0.52 pm(blue-

green);band2registers 0.52-0.60 pm(green);band3registers0.63-0.69 pm(red);band4registers 0.76-

0.90 pm(near infrared);band5registers 1.55-1.75 pm(mid infrared);band6registers 10.4-12.5 pm(far 

infim-ed);and band7registers 2.08-2.35 pm(mid infrared)(Campbell 1996).Some ofthese bands are 

more advantageousthan others,depending upon their use(e.g.band 1 can penetrate water bodies, 

Campbell 1996).Iused spectral bands 1 through7in all analyses,as this did not alter the outcome ofthe 

separability between clusters,nor did it significantly complicate other procedures. Additionally,no 

radiometric preprocessing(e.g.,stretching, destriping)oftheimages was necessary prior to classification. 

Forthe 1996 and 1998images,I performed an unsupervised classification,where patterns in the 

images are detected bythe computer using statistical methods,and used theISODATA algorithm to assign 

pixels to appropriate classes(Richards 1993,Campbell 1996,ERDAS 1997).This procedure finds classes 

(or groups)ofpixels with similar wavelength valuesin the seven bands.In unsupervised methods,the user 

initially sets the number ofclassesthe software is to delineate,and then uses statistical methodsto refine 

the numberofclasses based on the degree to which the pixels in each classresemble each other(and not 

pixels in other classes). 

I did nothave any aprioriknowledge ofthe number ofdistinct classes in these prairies,so 1 

started vnth50classes.1 used a separability measure to determine which classes were spectrally distinct 
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from the others(Richards 1993,ERDAS 1997).Mostofthe50 classes greatly overlapped one another(i.e. 

a pixel could easily be classified in several classes),so I used a"transformed divergence"(TD)measure to 

determine which classes should be merged(Swain and Davis 1978).A TD value ofzero indicated thatthe 

spectral signature oftwo classes overlapped completely,while aTD value of2000indicated those classes 

had no overlap.I began bymerging classes with aTD value below 1500,then reanalyzed the resulting 

signature file again.Ithen merged classes with aTD value below 1600,reanalyzed the signature file,and 

continued this process xmtilI reached a signature file for which one more round ofmerging would result in 

asignature that left little differentiation within myfive study areas.I performed this method for both the 

1996and 1998 images.Ifound that,for both years,this signature file contained classes that were separable 

from each other by at least90%(TD=1800),with one exception(TD=1555,78%fortwo classes in the 

1996image,TD=1696,85%fortwo in the 1998image).OnceIfound distinct classes,I designated each 

with a color. 

OnceIdetermined these classes,Iused a paired t-testto determine an overall difference in munber 

ofpixels classified into each class between years.To detect differencesin vegetation characteristics ofeach 

class between years,1 used an independentsample t-test with a Bonferroni correction(Rencher 1995).I 

performed a General Linear Multivariate Modelto detect vegetation differences between classes.For an 

overall test between classes,I utilized WiUc'slambda,and used post-hoc Bonferroni(for variables with 

equal variances)and Tamhane'sT^(for variables with unequal variances)statistics to determine which 

vegetation variables differed between classes.I also computed cover/abundance-frequency indices forthe 

mostprominent plantspecies onthe sites,to identify dominantspecies and indicate possible differences in 

plantcommunities between classes(Amundsen 1977).Alphalevels below 0.05 were considered 

significant,and all statistics were performed on SPSS Version 8.0.0. 

ThePGA?classification differed from mymethodsin several respects.Using mapsfrom water 

managementagencies,theFGAP project overlaid the satellite imagesand produced two classifications,one 

containing all pixels in "natural"areas and one with all"luban" areas(Florida Fish and Wildlife 

Cooperative Unit 1999).For each map,an unsupervised classification wasthen used to successively group 

the pixels in each map into classes, with each classification iteration "busting" classes into several,more 
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specific classes. Ground truth data and otherremote sensing images were used to identify the resultant 

classes. With each successive version oftheFGAP map,the land cover classes(including plant alliances) 

were combined or splitto create classes that are more accurate representations ofland cover.In my 

analysis,Ibegan with no prior classification,and instead of"busting" groups ofpixels into smaller classes, 

Istarted with manysmall groupsofpixels and combined them untilthe statistical similarity between 

classes wasabout5%.Mymethod assumes less priorknowledge than theFGAP method,and both methods 

rely on statistical boundaries,ratherthan subjective decisions,to group or split classes. 

RESULTS 

Numberofprairie vegetation classes in the 1996and1998satellite images 

Unsupervised classification and subsequent mergingled to seven classes in the 1996and 1998images.The 

"Green","Yellow",and"Orange"classes were the mostprevalentin the five study areas,and forthe large 

AOIin general(Figures4-2through4-6aand b;Table 4-1).OShad the greatest proportion ofthe 

"Orange"class ofthe sites, while AH,DL,and TS were predominantly classified as"Green".The 

proportion of"Green"and"Yellow"classes switched inNM between 1996and 1998."Purple" was most 

abundanton TS,especially in 1998.Three other classes("Magenta","Cyan",and"Red")were not 

widespread in the five study areas,and were notrepresented by ground plant data. 

Differences between 1996and1998 

The numberofpixels in each class in the study areas did not differ between image years(Table4-

1).There were differencesin pixel distribution amongthe classesin the AOIbetween 1996and 1998, 

mainlyin pixels classified as"Magenta"or"Cyan"in 1996that were classified as"Orange"in 1998.With 

the exception ofthe effective height characteristic,there were no significant differencesin vegetation 

characteristics between yearsforthe four mostcommon("Green","Yellow", "Orange", and"Purple") 

spectral classes,and notenough plant transects in the otherthree classesto run statistical tests(Table4-2). 

Although the distribution ofpixels in classes did not differ much between years,1112(30%)ofall pixels 

changed fi-om the"Green"class to the"Yellow" class(or vice versa)between images(Figures4-2through 
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Figure 4-2. Classified images of the Alligator Hammock (AH) site from a (a) 1996 and (b) 1998 image, and
FGAP version (c) 2.1 and (d) the updated 3.0 classifications of the site. In (c) and (d), the following colors
represent FGAP plan alliances: green = Muhlenbergia filipes tropical herbaceous alliance, yellow =
Cladium mariscus spp. Jamaicense (sparse) freshwater herbaceous alliance, red = Eleocharis cellulosa
(sparse) herbaceous freshwater alliance, and purple = Cladium mariscus spp. jamaicense freshwater
herbaceous alliance.
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Figure 4-3. Classified images of the Dogleg (DL) site from a (a) 1996 and (b) 1998 image, and FGAP
version (c) 2.1 and (d) the updated 3.0 classifications of the site. In (c) and (d), the following colors
represent FGAP plan alliances: green = Muhlenbergia fllipes tropical herbaceous alliance, yellow =
Cladium mariscus spp. jamaicense (sparse) freshwater herbaceous alliance, red = Eleocharis cellulosa
(sparse) herbaceous freshwater alliance, and purple = Cladium mariscus spp. jamaicense freshwater
herbaceous alliance.
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Figure 4-4. Classified images of the North Mahogany (NM) site from a (a) 1996 and (b) 1998 image, and
FGAP version (c) 2.1 and (d) the updated 3.0 classifications of the site. In (c) and (d), the following colors
represent FGAP plan alliances: green = Muhlenbergia Jilipes tropical herbaceous alliance, yellow =
Cladium mariscus spp. jamaicense (sparse) freshwater herbaceous alliance, red = Eleocharis cellulosa
(sparse) herbaceous freshwater alliance, and purple = Cladium mariscus spp. jamaicense freshwater
herbaceous alliance.
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Figure 4-5. Classified images of the Old Ingraham Highway South (OS) site from a (a) 1996 and (b) 1998
image, and FGAP version (c) 2.1 and (d) the updated 3.0 classifications of the site, fa (c) and (d), the
following colors represent FGAP plan alliances: green = Muhlenbergia fllipes tropical herbaceous alliance,
yellow = Cladium mariscus spp. jamaicense (sparse) freshwater herbaceous alliance, red = Eleocharis
cellulosa (sparse) herbaceous freshwater alliance, purple = Cladium mariscus spp.Jamaicense freshwater
herbaceous alliance, and blue = Typha domingensis tropical herbaceous alliance.

84



(•) I99i, TS

N

(b) 199t, TS

•36 km

.23

i I

mm .

V

(c)FCAP 2.1,18 (d)FGAP3.0, TS

Figure 4-6. Classified images of the Taylor Slough (TS) site from a (a) 1996 and (b) 1998 image, and
FGAP version (c) 2.1 and (d) the updated 3.0 classifications of the site. In (c) and (d), the following colors
represent FGAP plan alliances: green = Muhlenbergia filipes tropical herbaceous alliance, yellow =
Cladium mariscus spp.jamaicense (sparse) freshwater herbaceous alliance, red = Eleocharis cellulosa
(sparse) herbaceous freshwater alliance, purple = Cladium mariscus spp. Jamaicense freshwater herbaceous
alliance, and blue = Typha domingensis tropical herbaceous alliance.
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Table4-1.Number ofpixels in each classfor AreaofInterest and 5 study areas,and results from a paired t-
test between yearsfor each area. 
Class AOI AH DL NM OS TS 

1996 1998 1996 1998 1996 1998 1996 1998 1996 1998 1996 1998 

Green 117,833 102,094 570 477 708 414 224 531 308 175 348 204 

Yellow 55,072 65,404 82 218 22 283 480 179 172 280 190 149 

Orange 19,714 51,524 38 6 197 120 6 15 389 419 35 44 

Purple 37,326 18,869 8 0 21 0 5 0 9 0 2 191 

Magenta 10,096 0 0 2 3 152 9 0 6 0 22 3 

Cyan 29,245 25,793 0 0 0 0 1 0 0 0 0 0 

Red 7092 0 0 0 0 0 0 0 0 0 0 0 

other 2619 15,313 
t,df -0.666,6 -0.334,6 -0.039,6 -1.243,6 0.053,6 0.023,6 

p(2- 0.530 0.749 0.970 0.260 0.959 0.982 

Table4-2.Class meansfor vegetation and hydrologic variables, 1996and 1998.Bolded numbers indicate a 
significant difference between years for effective heightin the Yellow class(t=3.232,df=30.887,p=0.002). 
Hydrologic variables werenotincluded in the analysis,and they are included here for descriptive purposes. 
Variable PURPLE GREEN YELLOW ORANGE 

1996 1998 1996 1998 1996 1998 1996 1998 
Cover(1 to6,highest) 1.96 2.15 1.94 1.84 1.79 1.90 1.97 2.00 
Max.veg.ht(cm) 100.00 124.77 95.74 95.21 102.61 96.39 92.63 91.15 
EfiFectiyehL(cm) 0.70 0.58 2.79 2.03 1.11 2.74 4.01 4.07 
Dead cover(1 to 6,highest) 1.78 2.50 1.72 1.68 1.96 1.87 1.87 1.75 
Periphyton cover(1 to6, 4.66 4.29 4.56 4.63 4.60 4.58 4.59 4.63 
highest) 
Spp Richness(#species) 8.40 6.98 7.65 7.48 7.34 8.01 9.21 9.37 
Biomass(g dry weight) 1846.1 1791.4 1996.9 1930.6 1791.8 1912.6 1914.6 1927.2 
C/a4/am(lto6,highest) 2.53 2.27 2.01 2.04 2.08 1.94 1.61 1.55 
MaAfeniergfa(1 to 6,highest) 0.84 0.45 1.38 1.24 0.83 1.24 1.58 1.68 
RAyncAospora(1 to6,highest) 0.79 0.12 0.90 1.04 1.11 1.14 1.45 1.50 
RcAizacAyrram(1 to6,highest) 1.61 0.07 1.26 1.26 0.83 1.21 1.39 1.29 
ave.annual hydroperiod(days) 187 213 211 209 211 214 198 197 
ave.annual ponding depdi(cm) 3.70 4.73 3.41 3.85 4.07 3.24 2.02 1.70 

4-6).Thesetwo classes had the least spectral distance betweenthem(78%in 1996,85%in 1998),and were 

not as vegetatively distinct from each other as they were from the"Purple"and"Orange"classes. 

Vegetative andhydrologic differences between classes 

A multivariate general linear modeltestshowed that,for both years,the four classes were 

vegetatively distinctive.For 1996,seven vegetation characteristics differentiated the classes: maximum 

vegetation height(F=3.335,df=3,p=0.023);effective height(F=7.143,dfr=3,p=0.000);species richness 

(F=6.076,df=3,p=0.001);percentcover ofCladium(F==4.091,df=3,p=0.009);percentcover of 

Muhlenbergia(F=7.726,df=3,p=0.000);percent coverofRhynchospora(here,Rhynchospora includes 
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both R. microcarpa and R. tracyi,although the former was much more common;F=3.090,df=3,p=0.031); 

and percentcoverofSchizachyrium(F=4.247,df=3,p=0.007).Eight characteristics differentiated classes in 

the 1998image:maximum vegetation height(F=16.714,df=3,p=0.000);effective height(F=3.423,df=3, 

p=0.020);dead cover(F=3.481,df=3,p=0.019);speciesrichness(F=4.456,df=3,p=0.006);percent cover 

ofCladium(F=2.853,df=3,p=0.041);percent cover ofMuhlenbergia(F=5.327,df=3,p=0.002);percent 

cover ofRhynchospora(F=5.162,df=3,p=0.002);and percentcoverofSchizachyrium(F=6.721,df=3, 

p=0.000).However,not all ofthe above vegetation characteristics listed above were different between all 

classes(Tables4-3 and 4-4). 

The modeled hydrologic data was notincluded in the multivariate analysis. Their use in this study 

was primarily descriptive,and these data do notinclude hydrologic changes atthe sites from 1994(the last 

year ofdatathe hydrologic modelincorporates)to 1996and 1998,whenthe images weretaken.The 

"Piuple"class had the deepestaverage annual ponding depth butasomewhatshorted average annual 

hydroperiod than the"Yellow"or"Green"classes(Table 4-2).The"Yellow"class had the longest 

hydroperiod ofthe four classes."Orange"wasthe driest in both hydroperiod and ponding depth. 

Comparison between my classes andFGAP classes 

The majority ofthe planttransects in the "Green"class(63 to76%)or"Orange"class(93tolOO%) 

in myimages were classified as"Muhlenbergiafilipes Tropical herbaceous alliance"in theFGAP2.1 and 

3.0 versions(Table4-5,Figures4-2through 4-6,cand d).About50%ofthe transects classified as 

Table4-3. 1996 vegetation differences between classes(numbers represent standard error and p value. 
Normalfontare Bonferroni values,italicized are Tamhane's T^ values). 
Variable Green and Yellow Green and Orange Yellow and Orange Orange and Purple 
Max.veg.ht. 0.344,0.049 8.759,0.013 
Effective height 0.558,0.003 0.655,0.000 1.717,0.044 
Spp.richness 0.429,0.032 0.473,0.007 
Cladium 0.146,0.041 0.161,0.025 
Muhlenbergia 0.145,0.002 0.170,0.000 
Rhynchospora 0.187, 0.001 
Schizachyrium 0.153,0.108 0.180,0.018 
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Table4-4.1998 vegetation dififerences between classes(numbersrepresent standard error and p value. 
Normalfontare Bonferroni values,italicized are Tamhane's values). 
Variable Green and Green and Green and Yellow and Orange and 

Yellow Orange Purple Purple Purple 

Max.veg.ht. 4.462,0.000 4.433,0.000 5.079,0.000 

Effective ht. 0.815,0.027 1.081,0.009 1.074,0.000 1.231,0.000 

Dead cover 0.263,0.014 

Spp.richness 0.558,0.006 0.842,0.034 

Muhlenbergia 0.272,0.025 0.270,0.025 0.309,0.001 

Rhynchospora 0.313,0.025 0.311,0.009 0.356,0.001 

Schizachyrium 0.273,0.000 0.271,0.000 0.311,0.001 

Table4-5.Distribution oftransects among my classes from 1996and 1998images and their classifications 
inFGAP maps(versions 2.1 and 3.0).Onetransectin the 1998image wasclassified as"Magenta",sothe 
numberoftransectsin the 1998 section will notadd to 100. 

Muhlenbergia Cladium alliance Cladium(sparse) Eleocharis alliance 

alliance alliance 

1996 FGAP FGAP FGAP FGAP FGAP FGAP FGAP FGAP 

2.1 3.0 2.1 3.0 2.1 3.0 2.1 3.0 

Purple 0 2 0 0 2 0 0 0 

Green 39 41 3 0 12 12 0 1 

Yellow 12 11 6 0 4 13 2 0 

Orange 20 19 0 0 0 1 0 0 

1998 

Purple 3 3 7 0 2 7 0 0 

Green 25 28 0 0 15 14 1 1 

Yellow 29 27 1 0 1 5 1 0 

Orange 13 14 1 0 0 0 0 0 

"Yellow"in myscheme were classified as"Muhlenbergiafllipes Tropical herbaceous alliance" in 1996,but 

about90%ofthe"Yellow"transects in the 1998 fellin thisFGAP class.Sometransects(22%to35%)in 

the"Green"class were also classified as"Cladium mariscus wza.jamaicense Freshwater herbaceous 

alliance" and"Cladium mariscus var.jamaicense(sparse)Freshwater herbaceous alliance".(^'Cladium 

mariscus vw.jamaicense"and Cladiumjamaicense are the same species).A few transects were in pixels 

classified undertheFGAPscheme as"Eleocharis cellulosa(sparse)herbaceous alliance(with Typha 
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domingensis)".I attempted to match my classes(based on vegetative characteristics)with those ofthe 

FGAP classification,and recolored theFGAP mapsto reflect whichFGAP alliances were mostsimilar to 

my classes,labeled by color(Figures4-2through 4-6). 

DISCUSSION 

Thisanalysis found seven distinct plant classes within the5 study sites,four ofwhich were 

common and had associated vegetation data from plantsurveys More vegetation surveys might verify 

whetherthe three less common classes("Magenta","Cyan"and"Red")were distinct,less frequent,plant 

communities.There wassome difference in the distribution ofpixels in each class the AOIbetween years, 

butless difference for each ofthe five study areas between years.Many pixels, classified as either 

"Yellow" or"Green",switched between these two classes in the 1996 and 1998images.The vegetative 

characteristics ofeach class did not differ significantly between years(i.e.the"Green"class in 1996 was 

notdifferent from the"Green"class in 1998).The differences between these classes were mostly floristic in 

terms ofpresence,although maximmn vegetation height and effective height did differsomewhatbetween 

classes.A description ofthese classes proceeds asfollows: 

• The"Purple" class:This class had very high cover/abundance ofCladiumjamaiceme,as it dominated 

the community index(Appendix)and had the highest mean percent cover/abundance ofCladium for 

both years.This high predominance ofCladium may also be responsible for the high maximum 

vegetation height,as Cladium can grow taller than any other graminoids(Steward and Omes 1975). 

Species richness waslowestofthe four classes,as were effective height and percent cover/abundance 

ofMuhlenbergiafilipes and ofRhynchosporasp.Two water-tolerant herbaceousspecies, 

Hymenocallispalmeria and Oxypolisfiliformis,also had high index values,suggesting thatthis class 

may be indicative ofwetter areas.These pixels had the deepestaverage ponding depth ofthe classes 

and supported hydrophilic species. 

• The"Yellow" class: This class,along with the"Green" class,represents an "average"in mostofthe 

vegetation characteristics. Relative to the"Green" class,the"Yellow"class was characterized by 

higher maximum vegetation height,and lower percent cover/abundance ofMuhlenbergiafilipes and 
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Schtacf^rium rhizomatum.There were high communityindex valuesfor Rhynchospora sp.,Panicum 

virgatum and Cuscuta campestris(a parasitic vine).This class hadthe longest average annual 

hydroperiod,indicating thatthis class may be slightly wetterthan the "Green"class. 

• The"Green"class:In addition to the differences mentioned above between "Green"and"Yellow" 

classes,the"Green"class had high community index values for Cladiumjamaicense,SchizacJ^rium, 

Muhlenbergia and Rhynchospora,Cuscuta campestris andSchoenus nigricans.This class was similar 

to the"marl prairie" class ofWerner(1975)and Olmsted and Loope(1984)."Green"was drier than 

"Yellow",but wetter than "Orange". 

• The"Orange"class: This class had verylow maximum vegetation heightand high effective height, 

high species richness,lower percent cover/abundance ofCladium,and high percent cover/abundance 

ofMuhlenbergia,Rhynchospora and Schizachyrium.The prominence ofthe latter three graminoids 

mayexplain the high effective height,asthesethree speciestend to grow in thick clumps(Hemdon 

and Taylor 1986).Allfour graminoid species had the highestfourcommimity index values,and were 

all almostequallyranked.This class wasthe only one thathad Muhlenbergia(instead ofCladium) 

ranked first. This class had the shortest hydroperiod and average ponding depth ofthe classes,and is 

probably indicative ofdrier patches across the prairie. 

None ofmyfour classesseem to match the peat prairies ofGunderson and Loftus(1993),butthree 

ofthe classes("Green","Yellow",and especially"Orange")did fit their description ofmarl prairies. 

Although the"Yellow"class had aslightly longer average annual hydroperiod than the"Purple"class,the 

deeper standing waterin the"Purple"areas mayencourage species more common in slough or marsh areas. 

These hydroperiod differences suggested bythe modeled data may resultfrom only afew centimeters' 

difference in elevation(Olmsted and Armentano 1997).Thisrelationship is mostobviousin the TS site, 

wherethe western halfofthe site is onthe edge ofTaylor Slough(Figures4-6athrough d).Priorto 1979 

(when pumping station(S-332)was activated.Figure 4-1),the TS site wasfairly dry and dominated by 

Muhlenbergia(Wemer 1975,Hemdon and Taylor 1986).Now,the area is much wetter and dominated by 

Cladium(see Part3ofthis dissertation)(Nottet al. 1998).As hydroperiod and ponding depth decrease, 
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grasses and sedgesthatform tussocks may increase and dominate the structure ofthe habitat.Asthe 

communityindex value ofCladium decreased,the combined values ofMuhlenbergia,Rhynchospora,and 

Schizachyrium outweighed that ofCladium(Figure 4-7).In this way,hydrology can indirectly affect 

sparrow breeding by influencing the availability ofstructural characteristics for nestsites.Ofthe four 

classesfound here,the vegetation characteristics ofthe"Orange"class are mostsimilarto vegetation 

conditionsfound in areasthat supporthigh densities ofsparrows(Figure 3-4athrough k). 

TheFGAP classification scheme failed to detectthe degree ofvegetative differences between my 

classes,as this scheme classified mostofmytransects(and the majority ofmy sites)in the"Muhlenbergia 

filipes" alliance.The3.0FGAP mapseems to homogenize mostclasses from the 2.1 map intothe 

"Muhlenbergiafilipes" and"Cladium mariscus var.jamaicense" alliances on my sites. TheFGAP 

classification alliances are fairly broad,and do notinclude the detail Ifound in mystudy.Perhaps whatI 

found should be considered "associations"(Grossman et al. 1998).There are also important physiognomic 

differences atthis finer scale(such as maximum vegetation heightand effective height)thattheFGAP 

scheme does not use,but which maybe importantto the Cape Sable seaside sparrow's life history strategy. 

Using purely fioristic characteristics(astheFGAPscheme does)to define alliances and associations may 

not be sufficientforthese prairie and marsh community classifications. 

There are several problems inherentto any classification system that uses advanced remote 

sensing,and these apply to this research as well.The resolution ofthe imagesmaynotcorrespond to the 

patch size ofhabitaton the ground(Obeysekera and Rutchey 1997).The LandsatimagesI used had a 

28.5 m resolution.Ifthe wet prairies and marshes interlace in patches smaller than this,I may not have 

detected them.Indeed,several studies have suggested thatstandard aerial photographsgive much more 

precision to vegetation mapping in the Everglades(Rutchey and Vilcheck 1994).The degree of 

heterogeneity in the habitats can exacerbate this problem as well.An accuracy assessment,orsampling 

specific pixels in the field to determine whetherthe classification matches the plantcommunity on 
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Index values of four graminoids and hydrology

V
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Hydroperiod (days inundated)/ ponding
depth (mm)

Figure 4-7. Predominance of four graminoid species in areas of decreasing average annual hydroperiod and
average annual ponding depth (see Appendix).

the ground, would partially alleviate this problem. Most critical is more ground data for the classes that I

have few transects for. Qualitatively, I can judge the accuracy of my classifications based on my time spent

in the study areas, but only more transects would give me any quantifiable estimate of the classification

accuracy. More detailed studies are necessary to determine if the sparrow prefers a subset of these four

classes for particular life history events (such as nesting or molting). In addition, studies should focus on

the effect of scale on habitat use and on patch dynamics. Creating a series of maps that span many years

can increase our understanding of the dynamic relationship of these prairie expressions to hydrology and
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PARTIV APPENDIX:COMMUNITYINDEX VALUESFORPLANTSPECIESIN 
EACHCLASS 

Cover,frequency,and Index values for plant speciesin each class(see Amundsen 1977for methods). 
Heightcharacteristics(approximate):5=75-150cm,4=50-75cm,3=25-50cm,2=10-25 cm,1=10cm or 
less.Bolded numbers are the ten highest species indices in each class. 

Species Ht. Purple Yellow Green 

cover freq. index cover freq. index cover freq. index cover freq. index 
Muhlenbergia 5 1.14 0.10 23.54 1.63 0.59 10535 1.87 0.66 12736 2.19 0.74 163.25 
filipes 
Cladium 5 2.62 0.83 217.92 2.46 0.79 197.18 2.40 0.84 20132 2.20 0.70 157.98 
jamaicense 
Rhynckospora 5 0.42 0.24 21.25 1.42 0.57 102.77 1.26 0.46 87.09 1.66 0.81 139.02 
microcarpa 
Schizachyrium 4 1.02 0.37 75.42 1.56 0.60 10934 1.80 0.69 134.03 1.81 0.76 13430 
rhizomatum 

"Schoenus" 4 0.35 0.05 8.13 1.21 0.31 60.64 
Cuscuta 3 0.78 0.09 14.38 1.40 0.22 4439 1.38 0.20 41.60 1.61 0.23 55.72 
campestris 
Ipomoea 1 0.86 0.11 13.54 0.80 0.11 11.20 0.87 0.07 8.56 0.93 0.29 30.16 
sagittata 
Hymenocallis 4 1.62 0.24 35.83 1.49 021 32.17 1.47 0.22 32.75 1.15 033 2737 
palmeri 
Pluchearosea 3 1.34 0.15 32.92 1.41 0.15 25.48 1.34 0.09 17.45 1.05 0.22 26.40 
Panicum 5 0.71 0.07 11.25 1.14 0.19 23.24 1.00 0.11 12.18 1.13 0.21 25.60 
tenerum 

Panicum 5 0.76 0.19 16.67 1.24 0.20 26.15 1.07 0.14 18.06 1.06 0.19 22.15 
virgatum 
Centella 2 1.18 0.32 51.46 0.85 0.20 2734 0.93 0.18 26.09 0.99 0.14 16.32 
asiatica 

Eleocharis 5 0.26 0.09 13.96 0.40 0.05 7.96 0.28 0.06 11.73 
cellulosa 
Aster 3 0.83 0.11 8.13 0.85 0.10 9.84 0.93 0.10 10.07 0.79 0.09 9.53 
tenuifolius 
Crinum 5 0.86 0.09 13.96 1.13 0.08 15.54 0.82 0.06 12.36 0.52 0.06 9.29 
americamm 

Rhynckospora 5 0.72 0.06 10.33 0.53 0.09 15.22 0.76 0.05 8.54 
tracyi 
Proserpina 2 0.63 0.07 8.26 
palustris 
Asterdumosus 3 1.02 0.13 12.08 0.70 0.06 6.10 0.70 0.07 7.90 0.59 0.06 6.14 
Agalinis 4 0.76 0.06 5.74 
fasiculata 
Schoenus 4 0.94 0.22 21.04 1.07 0.12 24.04 1.2 0.15 36.77 
nigricans 
Phyla I 1.02 0.21 21.88 0.37 0.06 9.26 0.49 0.07 9.16 
nodiflora 
Eupatorium 4 0.71 0.08 14.58 0.39 0.04 7.17 0.44 0.04 7.71 
mikanioides 

Solidago 5 0.51 0.04 5.63 0.82 0.06 6.65 
stricta 

Eragrostis 5 0.63 0.09 16.25 0.25 0.03 5.15 
elliotti 

Oxypolis 5 1.01 0.31 41.67 
Jiliformis 
Bacopa 1 0.42 0.07 13.13 
caroliniana 
Hyptisalata 4 0.45 0.07 6.67 
Pofygala 3 0.21 0.08 6.25 

grandiflora 
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PARTV:THEEFFECTOFLIMITED OPTIONS ANDPOLICYINTERACTIONSON 

WATERSTORAGEPOLICYINSOUTHFLORIDA 

ABSTRACT 

Dueto environmental constraints and reactive water managementpractices, water shortages exist 

acrossthe Everglades ecosystem.A grooving human population and continued wetlands damage and loss 

decrease the system's ability to provide water for sustained natural areas and forhuman uses.A plan called 

"The Restudy"proposesthat$8 billion dollars be spentto restore the Everglades while also continuing to 

provide water storage for urban and agricultural areas.TheRestudy proposesamix ofwater storage 

systemsto provide for the predicted fiiture growth in waterdemand.This mix is purported to be the most 

cost-efFicient at providing water supplies,within the constraints ofunchanged agricultural and urban land 

use.However,severalland use and agricultural policies affectcostfectors,and can change the relative 

cost-efficiency between storage systems.Therecommended storage plan doesnotinclude consideration of 

ecological benefits,nor does it examine optionsthat alleviate increased waterdemands.Because ofthe 

Restudy's initial assumptions and constraints, it may notadvocate the mosteconomically and ecologically 

sound remediation plan and willnotresult in the maximization ofnetsocial benefits. 

INTRODUCTION 

In 1992,Congress passed a bill requiring the U.S.ArmyCorpsofEngineers(USACE)to create a 

plan to rectify environmental damage done bythe 1948 Central and South Florida ProjectforFlood Control 

and OtherPurposes(C&SFProject).The overriding goal ofthe "Comprehensive Review Study"(otherwise 

known as the "Restudy"),is to restore the Evergladesecosystem overthe next30 years, while maintaining 

adequate flood control and water supply for human uses(USACEandSFWMD 1999).The final draft of 

the Restudyrecommends$8 billion worth ofhydrologic projects to restore,protect,and preserve the water 

resources ofthe Everglades ecosystem(USACE and SFWMD 1999).The Restudy usesa combination of 

water storage systems to develop enough storage capacity to meetthe projected future urban and 
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agricultural water demand.These storage systems include above-groimd and in-ground reservoirs,and 

Aquifer and Storage Recovery(ASR)wells,whichinject waterinto aquifers during periods ofhigh rainfall, 

and pump water outofthe aquifer during periods ofwater shortage. 

TheRestudy does notbegin with a water budgetforthe watershed,which would determine water 

needsforthe environmentand available "excess" waterfor urban and agricultural demands.Instead,the 

Restudy begins with the assumptions ofconstant agricultural production and urban activity,and future 

projections ofhuman population growth and human water demands.The options the Restudy considers are 

constrained by these assumptions.TheRestudy endeavorsto increase water storage capacity acrossthe 

Everglades system,without converting a significantamountofland from agricultural or urban usesto 

provide storage.It also aspires to improve or completely restore ecosystem function and improve habitat 

conditions for native species.Bybeginning its proposal with limited options,the Restudy presents a 

restoration plan thatmaynotbe socially or ecologically optimal,and is notecologically "restorative" as 

defined bythe Society ofEcological Restoration(1995). 

Within the Jframework ofthe above assumptions and constraints,I determine relative differences in 

cost-effectiveness(measured in $/m^ ofwater stored)between reservoirs and ASRsystems,using the 

Restudy's cost data.Ithen use sensitivity analysis to demonstrate how changes in cost equation variables 

can have a measurable effect on total cost estimatesfor storage.Changesin initial assumptions and 

agricultural policies can produce changes in these cost variables,which can affectthe relative cost-

effectiveness ofone storage system over another.A storage option consisting ofall above-groimd 

reservoirs would require flexibility in urban and agricultural land use and changes in some agricultural 

policies.Butthis option may provide gains in cost-effectiveness and bring the project closer to atrue 

ecological restoration ofthe watershed.Finally,I briefly discusssome other water supply solutionsthe 

Restudy does notconsider.None ofthese analysesrepresenttrue costs and values ofstorage scenarios,as 

they rely onthe accuracy ofthe Restudy's estimated costs. Rather,they can illustrate the sensitivity ofthe 

Restudy's results to its methods ofanalysis and its ability to meet its narrow objectives,and highlight 

relative differences between storage choices.Including a widenedrange ofinitial assmnptionsand less 
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constrained managementoptions onEvergladesrestoration plans can have a considerable effectonthe 

economic efficiency ofthese plans. 

DRAINAGE AND WATERDEMANDSIN THEEVERGLADES 

Priorto wetlands drainage activity in the late 1800's,the Everglades ecosystem wasa 10,000km^ 

(3861 mi^)watershed,flowing from the Kissimmee River in central Florida,through Lake Okeechobee, 

and down into Florida Bay(U.S.DepartmentofInterior 1994,Davis and Ogden 1994).This large 

ecosystem supported a diversity ofspecies and communities,from pinelands and hardwood hammockson 

higher elevations,to sloughs,freshwater prairies,and mangrove swamps in lower and coastal areas.The 

vastexpanse ofthe predrainage Everglades provided a great dealofdiversity in hydrologic conditions and 

habitats(Harwell 1998).Aperiodic disturbance regimes(fne,flooding,drought,and hurricanes)helped 

maintain a patchy network ofhabitattypes(DeAngelisand White 1994). 

Draining the Everglades became a priority when the U.S.Congress passed the Swamplands Actin 

1850(Lightand Dineen 1994,Purdum et al. 1998).Bythe early 1900's,over380km(236 mi)ofcanals 

created directflowways draining Lake Okeechobee into the Atlantic Ocean.Floodsresulting from 

hurricanes in 1926and 1928,1947,and 1948 prompted the U.S.Congressto authorize the C&SFProjectin 

1948.This plan created one massive,coordinated drainage projectto supercede the more limited efforts of 

the past. 

By 1990,over2830 km^(1093 mi^)ofdrained and filled agricultural land on the south end of 

Lake Okeechobee split the ecosystem in half(Lightand Dineen 1994).Urbanization from the eastern and 

western seashores has combined with agricultural activity to reduce the overall extentofthe Everglades by 

50%.This is a loss ofthe expansesthat allow the persistence ofmany habitats with different hydrological 

requirements. Conservation efforts for one species often conflict with others.Asan example,water 

management plansto aid the declining wood stork(Mycteria americana)population often conflict with 

plansto aid the endangered snail kite{Rostrhamiissociabilis)population(Weller 1999).Droughtperiods 

that help concentrate the wood stork's food(fish)decimate the onlyfood source ofthe snail kite(apple 
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snails(Pomaceapaludosa)(Bancroft et al. 1994,Bennetts et al. 1994).Optimally,restoration should lead 

to the continued persistence ofall native species. 

Everglades NationalPark,Biscayne NationalPark,Big Cypress NationalPreserve,and three 

water conservation areas constitute the extantnatural areas(Figure 1-1). Agricultural and urban runoff 

pollutes these areas and enhancesthe spread ofcattails and exotic species(Walters.and Gunderson 1994). 

Excessive drainage and tilling in the agricultural areas have exposed the peat soils and led to the sinking 

and loss ofthe solum.Since 1924,estimates ofsoil loss due to oxidation,erosion,and rock mining,range 

from2to 2.5 m(7-8ft)(Stephens 1974,Snyder 1994).This may have asubstantialimpacton regional 

waterflowsand agricultural productivity(U.S.DepartmentofInterior 1997,Gunderson and Loflus 1993). 

Asthe extentofdrained land increased,population growthfollowed.In the LowerEast Coastarea 

(Miami,Ft.Lauderdale,etc.),the urban population increased from 22,961 in 1900to over4million in 1990 

(Figure 5-1)(U.S.CensusBureau 1999).The population ofsouth Florida is forecasted to reach 12 million 

by2050,an increase of300%in60 years(Maltby and Dugan 1994,Governor's Commissionfor a 

Sustainable South Florida 1995,U.S.CensusBureau 1999).The South Florida Water ManagementDistrict 

(SFWMD)predicts an increase in water demand of38%by2010,with the greatest increases in urban and 

industrial users(USACE andSFWMD 1999).Such growth will place an increased pressure on a 

diminished Everglades ecosystem to provide both fresh water andflood control,as well as economic and 

recreationalresources. 

WATERAVAILABILITYANDCURRENTSTORAGECAPACITY 

With over 1 m(3.3 ft)ofrainfall annually,the Everglades mayseem unlikely to suffer from water 

shortages. Although average rainfall is about 1.2 m(3.9 ft)per,year,dry years can receive as little as0.9m 

(3 ft)per year, while hurricanes in wet yearscan increase rainfallto 1.3 m(4.3 ft)in a year(USACEand 

SFWMD 1999).Rainfall is highly variable throughoutthe year as well,as about60-70%falls in the wet 

season from Jimeto October(Abtew and Khanal 1994,Henry 1998).Very little ofthe rain thatfalls is 

available for human use.In urban areas whereimpermeable surfaces cover over75%ofthe land,more than 

55%ofthe rainfall can be lostto runoff,instead ofbeing retained in surficial wetlands or in underground 
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Figure 5-1.Population growth in south Florida and water demand, 1900-2050 (U.S. Census Bureau 1999, 
USAGE and SFWMD 1999). 

aquifers (Livingston et al. 1998). In addition, evapotranspiration rates from 70% to 100+% in the 

Everglades also limit the actual amount ofwater available for human use (Betz 1984, Bums and 

McDonnell 1994, U.S. Geological Survey 1999). In fact, with the exception of June and August through 

October, most of south Florida experienees a moisture shortage or "water deficit" (Visher and Hughes 

1975, Henry 1998). In dry years and seasons, human water use can further stress the ecosystem by creating 

even drier eonditions in natural areas. 

There are three major aquifers in south Florida. The Biscayne aquifer lies close to the surface, 

while the Upper and Lower Floridan aquifers lie below it. At present, water demand is met primarily from 

the Biscayne aquifer or from surface water bodies (such as Lake Okeechobee and the Water Conservation 

Areas) (Beradt et al. 1998). The Biscayne aquifer is the primary source ofpotable water for Dade, 

Broward, and parts of Palm Beach and Monroe counties. The Biscayne aquifer is a "surficial aquifer" and 

recharged primarily by rainfall. It lies just below the soil layer, and can be a few meters to over 60 m 

(200 ft) thick (Light and Dineen 1994). It experiences evaporation-to-rainfall ratios of 90-98% (i.e. it loses 
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over90%ofwater up through the surface substrate),depending upon temperature and solar radiation atthe 

soil surface(Merritt 1996).An"intermediate confining unit",composed ofsand,clay,and limestone 

separates the Biscayne aquiferfrom the Upperand Lower Floridan aquifers that lie below(Yobbi 1996). 

Another confining unitfrom 380m(1247ft)to about610m(2001 ft)below sea level separatesthe Upper 

and LowerFloridan aquifers.The salinity ofthe water in all three aquifers increases with depth. Water in 

the Biscayne aquifer is fresh to slightly brackish,while waterin theLower Floridan aquifer has salinity 

equalto seawater,especially nearthe coasts(Yobbi 1996,Merritt 1996). Aquifers can be spoiled for human 

use by pollution and saltwater intrusion through overpumping.This has already occurred along the eastern 

edge ofthe Biscayne aquifer(VanArman et al. 1998). 

Since the 1960's,three large,above-ground"Water Conservation Areas"(3554km^;1372 mi^) 

have been used for water storage,as well as watertreatment,aquiferrecharge,and wildlife habitat(Figure 

1-1)(Lightand Dineen 1994).These are completely enclosed by dikes and canals,and located between the 

Everglades Agricultural Area(EAA)on the southeastern shore ofLake Okeechobee and the Fort 

Lauderdale/Miamiurban area."Stormwater TreatmentAreas"are also above-groimd facilitiesthrough 

which water is regulated by gates and canals. Currently,there are two facilities in the southwestcomerof 

the EAA which cover about21 km (̂8 mP),and are primarily used to filter phosphoms and other agro-

chemicalsfrom agricultural runoff. Atpresentthere are several small-scale ASRsystems,including those 

at Cape Coral(southwestFlorida),St.Petersburg,Florida,and Hialeah(Dade Coimty,Florida)(Quifiones-

Aponte and Wexler 1995,Yobbi 1996,Merritt 1996). 

Although the Restudy does not state the current storage capacity ofthe system in south Florida,it 

does suggestthat current capacity is insufficient to meetthe needsofagricultural,urban,and enviromnental 

demands.The Restudy estimates municipal and industrial(a.k.a."urban")water demand in the 1990's at 

about 1.3 billion mVyr(1,094,500 acre-feet(acre-ft)/yr)(USACEand SFWMD 1999),and Abtew and 

Khanal(1994)estimate an average aimual agricultural demand(in excess ofwater provided by rainfall)of 

50,736,000 mVyr(41,132 acre-fl/yr). Water demandsofnatural areas would be above and beyondthose of 

urban and agricultural demands.However,the Restudy doesnotoffer a water budgetestimate for the 

Everglades,and hence no droughtandflood tolerancesofnatural areas. 
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THERESTUDY'SSCENARIOFOR WATERSUPPLY 

The Restudy usesseveral assumptions as constraints for its proposal.It assumes human population 

will continue to grow,and water demand will increase in proportion to population growth.It also assiunes 

thatland use patterns,the intensity ofagricultural and urhan activities,and the physical environment will 

remain relatively unchanged from present conditions.The Restudy correctly places responsibility for land 

use choices on the state and local governments(USAGEand SFWMD 1999).However,the Restudy 

implies a setofpolicies that,in effect,allows continued agricultural and urban activity and increased 

human population growth to impinge on the Everglades by assuming these increases as constraints to 

available storage alternatives.The Restudy's solution to predicted water shortage dueto population growth 

isto expand water storage capacity.The Restudy presents three water storage system options:above-

ground reservoirs,in-ground reservoirs,and Aquifer Storage and Recoverysystems. 

Above-ground storage areas,such as reservoirs and wetlandsthatretain a shallow sheetofwater over a 

very large area,lose a large quantity ofwaterto evaporation and evapotranspiration.Real estate costs 

associated with creating these reservoirs can be very high,dependenton perceived land values,but 

construction costs are relatively low(in AppendbcF,USAGEand SFWMD 1999).Levees,canals,and 

pump stations regulate the flow ofwater into and outofthe areas.Depending upon the permeability ofthe 

underlying substrate,some areas(such as those proposed in the Restudy)mustbe lined with a semi-

permeable rock orrock and sand mixto preventbedrock seepage.Some above-ground reservoirs,such as 

the Water Gonservation Areasand "Stormwater Treatment Areas",are already in use in the region. 

In-ground water storage areas are also reservoirs,formed by either natural(such asLake Okeechobee) 

or man-made depressions.Although evaporation losses are still high,they are notas high as those in 

heavily vegetated above-ground areas,since there is less surface area ofwater exposed to the air per 

volume and less evapotranspiration(Yingling et al. 1998).Theyrequire less land perimitofwater stored, 

although their construction costs are higher.They also require canals,levees,and pumping stations,as well 

assome sortof"seepage barrier" ifthe rock beneath and surroimdingthe reservoiris porous.The in-ground 

reservoirs proposed forthe Restudy will need seepage barriers,and insome cases 30.5 m(100ft)"curtain 
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walls",to keep the water from seeping into the surroundingrock and aquifers(in Appendix F,USAGEand 

SFWMD 1999). 

The proposed Aquifer Storage and Recovery(ASR)systems will use deep injection wellsto pump 

surface water into the UpperFloridan,aquifer.By storing waterimdergroimd,all evaporation losses are 

greatly diminished,although not all ofthe water injected into the aquifer is recoverable.Injected water can 

mix with "native"groundwater(waterthat has seeped into the aquifer by natural means),which maybe 

more saline. There is afair amoimtofuncertainty with using ASRtechnology atthe scale proposed bythe 

Restudy. While ASR systems have been used in Floridafor several decades,none have been builtto this 

scale(in Appendix O,USAGEandSFWMD 1999).Land requirements for ASRsystems are fairly small, 

although construction and engineering costs are substantial.These costs are especially high ifthe water 

mustbe extensively treated before injection into the aquifer(to prevent groundwater pollution),or afterthe 

water is recovered(dueto pollution from the native ground water)(National AcademyofSciences 1994, 

USAGEandSFWMD 1999,p.N-133). 

The Restudyrecommendsa mixture ofwater storage systemsto meetpresentand future water 

demands.For all ofsouth Florida,the Restudy plansto construct 10reservoirs(above-ground and in-

groimd)with a capacity of1,842,782,116 m^(1,493,970 acre-ft).In addition,the Restudy proposes200 

ASR wells with a capacity ofabout 1,323,401,925 m^(1,072,901 acre-ft,assuming an injection period of7 

monthsofthe year,with arecovery rate ofinjected water of70%;USAGEandSFWMD 1999,p.4-31). 

The total additional storage capacity provided by the Restudy's plan would be between2and3 billion m^ of 

water per year(1.7-2.5 million acre-feet per year)(USAGE and SFWMD 1999,p.7-62).This capacity 

would meetthe total projected 2050 uriian and agricultural demand ofabout2billion m^ per year 

(1,664816 acre-ft/yr)(Figure 5-1),and hopefiilly the presupposed water needsofnatural areas as well. 

Costper ofwaterstoredcomparisons between storagesystems 

I organized the construction and real estate cost estimates provided in the Restudy document,to 

determine relative differences in costs per cubic meter ofwater storage between reservoirs and ASRs 

(Table 5-1)(USAGE andSFWMD 1999). All data are in 1999US dollars,unless otherwise noted.The data 
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provided bythe Restudy documentare preliminaiy estimates,and mycomparisons between storage 

capacity ofreservoirs with that ofASR capacities are dependable only within the constraints ofthe 

accuracy ofthe cost estimates(USAGE andSFWMD 1999,p.9-57through 9-58,and F-101 through F-

123).I do not debate the accuracy ofthe cost estimates here,butrather illustrate how total projectcosts 

may be sensitive to variations in some ofthe costcomponents.The Restudy's costequation for water 

storage projects is the following: 

Total Cost=C+L+A+(L+A)c+S+F 

where: 

C=construction costs 

L=land costs(perkm^costofland times numberofkm^) 

A=Federaland non-federal land acquisition costs 

c=contingency percentage 

S=subterranean seepage barrier costs(in-ground reservoirs only) 

F=filtration costs(ASRsystems only) 

The Restudy estimated construction using data from previous,similar projects and MCACES 

software(Micro Computer Aided CostEngineering System)(USAGEandSFWMD 1999).Land cost was 

based on either market value(based on sales data ofnearby land ofsimilar use),or property appraisals by 

county assessors(which useincome from the land for properties classified as agriculture)(A.Zech,pers. 

comm.8 July 1999).The Restudy did notindicate from which source each land cost estimate originated. 

Federaland state land acquisition costs were based on prior purchasesofnearby land(or an average of 

$72,000 per tractifprior acquisition costs weretmobtainable;here,"tract" indicates an area ofland owned 

by one party).I gathered construction costsfor each projectfrom Appendix C,AttachmentA,and all other 

costsfrom Tables9-2and F-2(USAGEandSFWMD 1999).I did notinclude annual operation and 

maintenance costs. 
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Contingency costs representthe degree ofuncertainty in the cost estimatesforland value and 

acquisition.The Restudy used Monte Carlo simulations to calculate the range ofcosts within90% 

confidence limits ofthe estimated cost(in Appendix C,USACEand SFWMD 1999).Although 

contingency percentage estimatesranged fi-om5%to50%,the average percentage estimated wasclose to 

50%for all ofthe reservoir and ASR projects.In other words,the Restudy simulationsfound thatland 

value and Federaland non-federal acquisition costscould be one and a halftimes the cost initially 

estimated. 

Forcomponentsthatincluded both reservoir and ASRsystems(ComponentsD,M,and W),I 

used the Restudy's construction costs specific to each system from Appendix C,AttachmentA(USACE 

andSFWMD 1999).Since specific land requirements for ASRsystems were only given for ASR 

ComponentsLL(1 acre per well/well cluster)and GG(1.5 acres per well/well cluster),Itook the average 

(1.25 acres per well/well clusters per acre)ofthosetwo componentsto estimate land requirements(and 

hence land,acquisition,and contingency costs)for the other ASRsystems.Throughout,Inote the 

conversion fi'om cubic meters and square kilometersto acre-feetand acres in parentheses,to maintain 

consistency between my analysis and that ofthe Restudy. 

Construction costscomposed the highest proportion oftotal costs for ASR systems,and a 

significant percentage oftotal costsfor above-ground reservoirs(Figure 5-2).Land and contingency costs 

were importantcomponentsoftotal costs for above-ground reservoirs,while the costofsubterranean 

seepage barrier costs dominated total costsofin-ground reservoirs. Filtration costs were a notable portion 

oftotal costsfor ASR systems.The initial average cost per cubic meterofwater storage for above-ground 

reservoirs,in-ground reservoirs,and ASRsystems was$2.71,$5.71,and $1.41,respectively($3343, 

$7043,and$1739per acre-foot)(USACE and SFWMD 1999).Hazen and Sawyer et al.(1994)found a 

greater cost disparity between reservoirs and ASRsystems,with average costsfor reservoirs between$2to 

$8 percubic meter($2467to$9868 per acre-foot),butASR costs fi'om $0.4to $0.7 per cubic meter($493 

to $863 per acre-foot).Above-ground reservoirs cost on average twice as much per cubic meter stored as 

ASRfacilities. 
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Figure 5-2. Restudy estimates of construction, land, acquisition, contingency, seepage barrier, and filtration 
costs as proportion of total costs (Source: USACE and SFWMD 1999). 

In-ground reservoirs are the least cost-efficient, since they require substantial construction costs 

(due to the seepage barriers) and real estate costs. AU of the in-ground reservoirs proposed in the Restudy 

document are in sites with past or present rock mining activities. Since excavation costs do not compose the 

majority of the considered engineering costs, use of rock mines as water storage facilities should not be 

used as an indirect cost justification for further rock mining activity. This benefit of rock-mining activity 

should be compared with other costs and benefits. 

SENSITIVITY OF STORAGE UNIT COSTS TO CHANGES IN COST COMPONENTS 

Sensitivity analyses can help determine which variables most affect the cost efficiency of the water 

storage systems (Winpenny 1991, Gupta 1994). Changes in the implementation ofpolicies that influence 

these variables can affect the total cost ofthe project, and may alter the relative cost-efficiency of the 

different water storage systems. 
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I conducted a sensitivity analysis ofland,acquisition and contingency costs for above-ground 

reservoirs versusASRsystems,and watertreatmentcosts for ASRs.Icalculated the total costofstoring2 

billion m^ ofwater per year(the estimated increase in storage capacity in the system)using only ASRs 

versus only above-groimd reservoirs(USAGE andSFWMD 1999,p.7-62).I used the Restudy's 

descriptions ofabove-ground reservoir capacities,and estimated the capacity ofASRsby multiplying the 

million gallons per day pumping capacity by210days(7 months).1took70%ofthat value,sincethe 

USAGEassumed a recovery efficiency of70%for their wells(USAGEandSFWMD 1999,p.4-31). 

FirstI determined how many square kilometers would be required to store2billion m^ ofwater 

aimually for each system.I estimated capacity at2,133,574 m^/km^(7acre-fl/acre)for above-groimd 

reservoirs and 530,345,499 m'/km^(1740 acre-ft/acre)for ASRs(USAGEandSFWMD 1999,p.vii). An 

all above-ground reservoir system would require about934km^(230,794 acres),while an ASRsystem 

would only require4km^(988 acres). 

Asastarting pointforthe analysis,I used average cost estimates for land,acquisition, 

contingency,and filtration costs fi-om the Restudy data.Asa base cost,I used the land costthe USAGE 

estimated for an above-ground reservoir project in theEAA(GomponentG,S840,000/km^;S3400/acre). 

This land cost wasthe mostrelevantto the alternative water storage option I will presentin the next 

section. The average perkm^acquisition costs were S210,000/km^($850/acre)for above-ground reservoirs, 

and $2,575,000/km^($10421/acre)for ASR projects.I used a base contingency rate of50%.ForASR 

projects,the average filtration cost perkm^ was$140,155,000/km^($567,195/acre).When multiplied by4 

km^(the area needed for storing2billion m'),average filtration cost was$560,620,000.To testthe 

sensitivity ofthe total costto changes in equation variables,I calculated total costusing25%,50%,125%, 

and 150%ofthe base estimate for each variable(Table 5-2). 

1. Sensitivity oftotal costto per km^ value ofland:I calculated the total costfor2billion m"capacity 

storage using land costs fi'om25%oftheEAA estimate($420,000/km^ $1700/acre)to 150%ofthe 

estimate($1260000/km^,$5100/acre).Therange ofland cost estimates over above-ground reservoir 

and ASR projects listed in the Restudy was$247,100/km^to $13,591,000/km^($1000/acre to 

$55,000/acre)(Table 5-1). 
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2. Sensitivity oftotal costto changes in Federaland non-federal acquisition costs:Icalculated the change 

in total project costas acquisition cost perkm^changed from25%($53,000/km^,$215/acre for 

reservoirs;$644,000/lan^ S2606/acre for ASRs)to 150%($316,000/km^,$1279/acre for reservoirs; 

$3,863,000/km^,S15,633/acre for ASRs)ofthe base estimate. 

3. Sensitivity oftotal costto contingency percentage:I calculated total cost using contingency 

percentages of13%to75%ofreal estate costs(land costs plus acquisition costs). 

4. Sensitivity analysis ofwatertreatmentrequirements:This analysis affected only ASR costs,as above-

ground reservoirs have much lower pre-treatmentrequirements(especially ifsome natural water 

purification is expected to occurin the reservoir).I calculated total costsfora range oftreatment costs, 

from $186,513,000/km^($754,799/acre,25%ofaverage)to Sl,l19,048,000/km^($4,528,677/acre, 

150%ofaverage).This is arange ofabout$0.07/m^ to $0.41/m^,with an average of$0.27/m^,which 

is in accordance with estimates in the literature.Postel and Carpenter(1997)estimated about$0.08/m^ 

for primary and secondarytreatment,to $0.42/m^ for advanced treatment. 

SENSITIVITY ANALYSISRESULTS 

Waterstorage in above-groimd reservoirs required about250times as much land as ASRsystems,and 

reservoir storage for2billion m^ per year was at leasttwice asexpensive in all cases examined.In abase 

scenario using the average ofUSAGE'S land values,acquisition,contingency,construction and treatment 

costs,an all ASRtechnology project would cost about$1 billion, while an all above-ground reservoirs 

project would cost over$2billion(Table 5-2).However,when filtration costs were 125%to 150%ofthe 

base scenario,above-groimd reservoirs were less expensive than ASR systems when land costs were lower 

than the base scenario costs. Changesin land cost affected total costfor reservoirsthe most,decreasing 

costs by52%with a25%drop in land cost,and increasing total cost by35%at 150%ofthe base land cost 

(Table 5-2).Filtration costs had a large effecton total costs for ASRs,with a56%decrease with areduction 

tojust25%ofaverage treatmentcosts.Changesin land acquisition costs and contingency rates affected 

total cost ofabove-ground reservoirs somewhat,butdid notaffecttotal costs ofASRs. 
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Policies that decrease the costofland could increase the cost-efficiency ofabove-ground 

reservoirs relative to ASRsystems.Federal and state water quality regulations could affectfiltration costs, 

as could hydrogeological conditions surrounding the ASR well sites.Byignoring the influence of 

exogenous policies,such as agricultural subsidies,the Restudy may notpresentthe best management 

option for providing water storage.Asthe restoration plan progresses,any policy applications could 

substantially affectthe economic and ecological efficiency ofthe restoration.The nextsection addresses 

this issue in detail. 

POLICY"SIDEEFFECTS"AND MISSING COSTSANDBENEFITS 

Public policy is never made in a vacuum,nor does it behave as in one when implemented.Policies 

can and often do influence the effectiveness ofother policies that mayseem only marginally related.This 

"centrality ofside effects"(Hirschman 1967)is often ignored by policymakers,even when these side 

effects can modifythe efficacy ofa policy choice.Policies thatinfluence land costs and filtration costs 

could have substantial effects on water storage costcomponents presented in the Restudy.In addition, 

imcertainty surrounding ASRtechnology could also increase storage costsin ASRsystems relative to 

above-ground reservoir systems. 

Realestate costs 

Agricultural production in theEAA and the Farm Bill 

Sugarcane is grown on about80%ofthe land in EAA,vegetables on about 15%,and rice on about 

5%(Snyder and Davidson 1994).Florida provides halfofthe U.S.domesticsugar supply,although the 

U.S.imports about15%ofits supply from abroad(Johnson and Ortega 1999).Sugar and high finctose com 

syrup(HFCS)comprise all but1%(by weight)ofthe sweeteners consumed in the U.S.Com growers have 

benefited from high sugar prices,as these prices makeHFCSinexpensive relative to sugar.The 1996Farm 

Bill provides sugarcane farmers with asubstantial amountofcrop subsidiesthrough price supports and 

conditional non-recourse loans.Paymentsto sugar growers are based onthe difference between a 

"guaranteed price"(which was$0.18 perpound ofraw sugarfrom 1991-1998)and the world market price. 
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This world price has fluctuated between an average of$0.12in 1994perpound to $0.08 per pound in 1999 

(U.S.DepartmentofInterior 1994,Coffee,Sugar,and CocoaExchange 1999). 

Accordingto the U.S.DepartmentofAgriculture's Economic Research Service(ERS)report on 

costs and returns ofsugarcane in Florida, despite the subsidies,farmershave realized profits in onlytwo of 

the past 16 years(ERS 1999a).Subsidies,such as those received by sugar growers,may encourage more 

agricultural activity in theEAA than is economically optimal,and maynotbejustifiable on economic or 

environmental grounds(Baumoland Gates 1988,Faeth et al 1991,Faeth 1995,Runge 1996,Legg 1996). 

Ifthese subsidies were eliminated,sugar growersthatceased to makea profit mightdiscontinuefarming, 

and thatland could be purchased atlower cost(Knutson 1997).Lifting all protectionist policies for sugar 

worldwide would likely lead to an increase in the world price ofsugar,which would level outatthe 

opportunity costofsugar production.However,mosteconomists believe this world price would belower 

than the current U.S.$0.18 perpound domestic price(Neffand Josling 1991). 

The value ofland in theEAA depends onthe value ofthe activity or productfor which it is used. 

Ifthe USAGE based their land value estimates in their costanalyses on county property assessmentsthat 

use agricultural income from the land,the land estimates would include governmentsubsidies asincome 

(FL Statute Section 193.461 §6(a)). When governmentpayments are included in income flows used to 

determine land value,it can greatly increase the present value ofthe land(Lamb 1997).IfERSresidual 

returns are instead used to calculate land value,and these values are used in a cost-effectiveness calculation 

ofreservoirs,real estate costs drop dramatically.Inthis way.Farm Bill price supports greatly influence the 

choice ofalternatives ofa seemingly unrelated policy(water storage in south Florida). 

Wetlands ReserveProgram.Farm Bill provisions 

Another factor which lessensthe apparentgap between above-ground reservoir and ASR costs 

concernsthe provisions in the Food Security Actof1985(7CFRPart 1467,61 FR42137),and the Food, 

Agriculture,Conservation and Trade Actof1990(1990Farm Bill). These provisions are already in use to 

some extent;a portion ofthe land foran above-ground reservoir in theEAA will be purchased by the 

Departmentofthe Interior using Farm Billfunds(USAGE andSFWMD 1999,p. 10-56). 
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The Wetlands Reserve Program wasreauthorized in the 1996Farm Bill until2002(U.S. 

DepartmentofAgriculture 1999).In this program,farmers are paid an easementfor each acre theytake out 

ofagricultural use and restore to wetlands(Parks and Kramer 1995).Ifthe easement payment(minus 

restoration costs)is greaterthan agricultural returns(for sugarcane or rice),it is costeffective forthe 

farmerto convertfarmland to wetlands(Parksand Kramer 1995).The more marginalthe farmland(in 

terms ofmonetary returnsto the farmer),the greater the benefitofconversion. 

Since theERS data demonstrate that muchofthe sugarcane grown in theBAA yields negative 

returnsto the farmers(when governmentsubsidies are excluded),it might make economic sense to convert 

thatland back into wetlands.These wetlands could providesome water storage services to the region.The 

farmer can lease enrolled land for fishing,hunting,and other recreational usesthat are compatible with 

water storage.Land doesnot have to be permanently enrolled,butcan be enrolled for 30 years(farmers 

receive75%ofthe permanenteasement payment,61 FR42137).After30 years(when the Restudy plan is 

scheduled to be completed),ifan excess ofwater storage capacity exists in the system,some enrolled land 

could revertback to agricultural use.Asof1995,133 km^(32,864 acres)were enrolled in Florida, 

representing22contracts(NaturalResource Conservation Service 1999).Ifthe USAGE were to use the 

Wetlands Reserve Program to include agricultural land in the restoration projects(instead ofrequiring that 

land be bought outright),real estate acquisition and contingency costs could be greatly reduced. 

Filtration costs 

The degreeto which water requires treatment depends on what it will be used for(i.e. drinking 

water or irrigation),the degree ofcontamination ofthe source water,the cleanliness demanded bythe 

injection mechanisms,and the potentialfor injected waterto contaminate(or be contaminated by)"native" 

ground water. Water pumped directly from the surface into the aquifer will notpercolate though wetlands 

and substrate,which actasafilter(Ewel 1997).Over80%to90%oftotal organic carbons can be filtered 

outby 25-35 m(82-115 ft)ofsediment,and mostorganic matter isremoved within the first meter ofsoil 

(Idelovitch and Michail 1984,Wilson et at. 1995). 
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The more demandingthe water purity requirements,the more expensive it is to treat.The U.S. 

EnvironmentalProtection Agency considers ASR wells as Class V injection wells,subjecttothe 

underground injection control(UIC)regulations(40CFR Parts 144 and 146).Assuch,the water pumped 

into them mustmeetminimum pollutant standards,especially ifthere is a possibility ofmking with other 

underground watersourcesthat are used for drinking water(and thusregulated by the Safe Water Drinking 

Act).Municipal wastewater may be much more consistentin its quality and quantity,and much easier to 

treat,than agricultural run-off(National Academy ofSciences 1994). 

Sedimentsand particulates mustberemoved,asthese can clogthe wells ontheir way into or out 

ofthe aquifer(Pyne 1995).Suspended materials also cause waterflow changes in the aquifer,which may 

reduce the water extraction capacity ofthe well. Water mustbe treated for bacteria such as Giardialamblia 

andLegionella,sincethese can not only grow and obstractthe well,butcause serious health problems if 

released into the drinking water supply(EnvironmentalProtection Agency 1989).Although qhlorine or 

other chemicalscan be used to disinfectthe water,any excesses can create byproducts with organic 

compoundsknown astrihalomethanes,which are carcinogenic and mustbereduced before the water can be 

considered potable(EnvironmentalProtection Agency 1998,USAGEandSFWMD 1999,p.N-133). 

Chlorine is usually removed by dechlorination processes(commonly using sulfur dioxide or thiosulfate), 

buttrace amountsofchlorine are frequently presentin water considered potable(National Academyof 

Sciences 1994).Ozone(O3),ultravioletradiation,and reverse osmosis are alternativesto chlorine for 

microorganism and organic material removal. 

The degree to which polluted injection water spreads and pollutes drinking water wells depends on 

manyfactors,and therefore can be hard to predict.A steeper hydraulic gradient will spread contaminants 

faster and throughouta larger area.Large numbersofwells(which can be sources ofpollutants)with high 

piunping capacities will alter theflow ofgroimdwatertowardsthem(Nyer 1992).These wells can 

hydraulically connectthe aquifer layersthrough which they are drilled,and may increase mixing between 

previously separated water bodies.The chemical properties ofacontaminant,the amountofany 

contaminant,and the interactions with other chemicals(such as chlorine)also affect pollution probabilities 

for wells. Although aquifers do havesome watercleansing capacity,this cantake from decadesto 
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thousandsofyears,depending upon the contaminantand its concentration(Nyer 1992). Often, contaminant 

plume models are performed with little quantitative dataforthe above factors,and rarely include likely 

heterogeneities in hydraulic conductivity within thesame area ofthe aquifer(Hamed et al. 1996,Tesoriero 

and Voss 1997). 

ASR technology uncertainties 

Therecovery efficiency(the proportion ofwater injected that can berecovered)ofthe wells,and 

the effect ofthe injected volumeonthe hydrogeology ofthe aquifer system,are sources ofimcertainty.The 

"buoyancy stratification" ofthe aquifer(freshwater rises,saline water sinks),the degree ofmixing between 

injected and "native" groundwater,and the dispersal rate and direction ofthe injected water all affect 

recovery rates(Merritt 1985).In a pilot projectin Cape Coral,Florida,increasing the amountofwater 

injected(from 12,335 m^(10 acre-ft)in 7.5 daysto 196,123 m^(159 acre-ft)in 120days)decreased water 

recovered from 100%to43%(Quiftones-Aponte and Wexler 1995).In addition,the longerthe injected 

water remains in the aquifer,the higherthe probability it will mix with "native" aquifer water.Finally,large 

volumesofwater pumped into the aquifer could create enough pressure to fiacture the rock system,which 

might alter the underground water flow or cause sinkholes or subsidence(in Appendix O,USACEand 

SFWMD 1999).In some areas(e.g. Colorado,Ohio),injected water has increased pressure on the existing 

faultsystem and triggered earthquakes(Healy et al. 1968,Ahmad and Smith 1988,Nicholson and Wesson 

1992). 

The USACE will conductseveral pilot projects in which ASRtechnology will be tested on the 

regional geology.These projects will determine the recovery efficiency possible(under different injection 

and recovery regimes),and the effects ofinjected water on the underground aquifer system.Ifthese tests 

demonstrate considerable negative consequences,the ASR components may be eliminated from the 

Restudy's storage options,and other options(mostlikely continuing to use Lake Okeechobee as areservoir) 

will be substituted(USACE andSFWMD 1999,p.N-73).Fluctuating water levels in the past have caused 

considerable damageto the lake's ecological commimities,and complete ecological restoration ofthe lake 

is unlikely ifthese fluctuations continue(U.S.DepartmentofInterior 1994,VanArman et al. 1998). 
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ALTERNATIVEWATERMANAGEMENTOPTIONS 

One alternative to the above mix ofstorage systems is to use only above-ground reservoirsto provide 

for presentand future water demand.Reservoirs located in theEAA could increase the connectivity 

betweenthe headwatersofthe Everglades(Kissimmee-Lake Okeechobee)and the Water Conservation 

Areasand natural areas to the south. This alternative does not maintain the assumption that agricultural 

land use remain constant,but does hold thesame assiunptions ofunchanged urban land use,and increasing 

human population and water demands.Keeping the framework ofthe cost equation used in the Restudy 
1 

(total costs equal to construction and real estate costs),changes in implementation ofthe Farm Bill could 

increase the economic feasibility ofthis option. Converting residentialland into above-ground reservoirs is 

another option,although this option would require similar changes in policiesthat decreased the costof 

landzoned asresidential. This option may notbe as ecologically desirable either. Giventhe currentland 

use patterns,there is far less residential land that could serve asa connection between Lake Okeechobee 

and the water conservation and natural areasto the south. 

There has been no cost-benefit analysis to decide between water storage technologies(USAGE and 

SFWMD 1999,p.6-15).Economicjustifications forthe storage system plan in the final Restudy document 

were based on the estimated construction and real estate cost data presented above.Although the Restudy 

suggested thattreatmentrequirements may be lessthan expected for ASRsystems,the possibility that 

seepage barriers maynot be needed for reservoirs wasnot discussed.Ifreservoirs were intended for aquifer 

recharge as well as water storage,water loss to the underlying substrate may be a benefit ifthe reservoir 

water were not polluted(so as notto pollute the aquifer). Also notincluded were any ofthe potential 

environmental costs and benefits from the various storage technologies.Benefits provided by reservoirs 

(but notby ASR systems)include flood protection,treatmentofagricultural and urban run-off,and the 

provision ofrecreational opportunities and wildlife habitat.Ifwater storage in the EAA provides greater net 

social and economic benefits to south Floridathan agriculture does,then this alternative option maybe 

socially optimal.This would be achieved ifthe opportunity costofusingEAA land for agricultural 

production were higherthan its use for water storage. 
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Opportunity costofwaterstorage in theEAA:agriculturalproductivity 

Sugar production in south Florida is rarely profitable withoutgovernment programs.An 

agricultural alternative to sugar production in theEAA is rice production(Ailleiy et al. 1997).Sugarcane, 

grown in the dry season(Novemberthrough Jime),requires drained land and relatively deep soil(Alvarez 

1993).Rice is grown as arotation crop in the wetseason.It can persist on relatively shallow soil,and can 

filter phosphorus firom agricultural run-off.In areas where soil subsidence has been acute,the maintenance 

oflonger hydroperiods and higher standing water,in combination with rice production,may help stabilize 

the remaining soil layer. Alvarez(1993)calculated the agricultural returns ofrice production when grown 

in rotation with sugarcane.Hefound thattwo rice crops per season resulted in areturn ofabout 

$33,853/km^($137/acre).When only one rice crop was grown,there wasa small,negative return to the 

grower.Alvarezcredits rice's profitability to low production costs for rice($85,003/km^;$344/acre), 

compared to$218,189/km^($883/acre)for sugarcane,$478,638/km^($1937/acre)forsweetcom,and 

$l,072,179/km^($4339/acre)for celery. 

However,ERS(1999b)data,which did notinclude directgovernment payments,indicated that 

rice production in the United States was almost never profitable(no data were available for south Florida). 

Residual returnsto managemeiitand risk from rice crops ranged fi-om a profit of$714/km^(in the 

Mississippi River Delta in 1997)to aloss of$84,913/km^(in California in 1998).The positive residual 

returns,realized in the Mississippi River Delta in 1997,werethe only positive returns forthe entire U.S.in 

the 1997and 1998 growing seasons.There maybe no crop that can be grown profitably in theEAA 

withoutgovenunentsubsidies. While there may be social or political benefits from these agricultural 

programs,these benefits should be weighed againstthe environmentaland economic coststo society ofthe 

subsidies. 

Opportunity costofagriculturalproduction in theEAA:waterstorage 

The Restudy analysis does notinclude thefunctional benefits derived from reservoirs,particularly 

those above ground,which have nonzero(albeit difficultto measure)value.Reservoirscan provide flood 

protection, water filtration, groundwater/aquifer recharge and soil regeneration(ifno seepage barrier is 
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installed), wildlife habitat,and recreation(Owen 1995).These benefits can also be thoughtofas"natural 

capital"(sensu Repetto et al. 1989),with stock(km^ofwetland able to provide these services)and flowsof 

resources(e.g.amountofwater cleaned and stored,wildlife produced)(Kahn 1995,Wackemageland Rees 

1997).In fact, with an increasing population or an increase in material consimiption,stock ofnatural capital 

mustincrease accordingly,to provide the sameamountofresoiuceflow(Barbier 1994,Wackemageland 

Rees 1997). 

Many studies have calculated a monetary value perland imitofa wetland orfreshwater resource 

(Heimlich etal. 1998,Wilson and Carpenter 1999).Assigning a price to land based on its worth asan 

ecosystem that provides fiinctions,services,and goods usually involves acombination ofdirect market 

value(e.g.commercialfish harvests)with indirect market values based on heuristic valuation,travel cost, 

and contingent valuation techniques(Costanza et al. 1997).Other estimates use the costofreplacing the 

service(watertreatment,transportation)as a value forthe ecosystem(Postel and Carpenter 1997,Ewel 

1997,Chichilnisky and Heal 1998).Here,Iassume that while above-ground reservoirs do not provide all of 

the ecosystem servicesthat wetlands do,the services they do provide(water storage,flood protection, 

watertreatment)havethe same value asthose provided by wetlands. 

Costanza et al.(1997)and Heimlich et al.(1998)smveyed many studies thatevaluated the 

ecosystem benefits provided by wetlands.I converted Heimlich et al.'s(1998)annual value per acre or 

hectare estimates into 1999$ perkm^then calculated the annual value 934km^oftheEAA mightprovide 

as above-grovmd reservoirs.Ithen calculated the annual value ofsugarcane or rice production in 934km^of 

theEAA.Iincluded the mostprofitable residual rate ofreturn to managementprovided by theERS(1999a 

and 1999b),the Restudy's$840,000/km^land value estimate in theEAA(assuming this is based on 

agricultural income and not market value ofthe land),and Alvarez'(1993)profit estimate forrice in the 

EAA.OnceI calculated the annual value ofeach service or agricultural productivity,Iestimated the 

present value ofthese services using a6%interest rate and an infinite time horizon. With the exception of 

the estimatesfor sugarcane production and Alvarez'rice estimate,none ofthe service estimates are specific 

to Florida. 
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Assuming thatthe only service value the above-ground reservoirs could provide is water supply, 

this value probably eclipses thatofagricultural productivity in theEAA(Table 5-3).Even the lower 

estimates for the value ofwatersupply alone are higherthan productivity estimates for either rice or 

sugarcane production.These data also demonstrate that other services,such asflood protection and water 

treatment,have large,positive value.The opportunity costofagricultural production onEAA lands is 

probably much higherthan the costofusing the land to provide water supply and flood protection for south 

Florida.Converting agricultural land in theEAA into above-ground water storage reservoirs is 

economically efficient when ecological services are included in cost-benefit considerations. 

These"ecosystem services" values are more useful as conceptual comparisons,ratherthan 

empirical. Measurementofthese values has become increasingly popular butcontentious(Dasgupta 1991, 

Costanza etal. 1997,Masood and Garwin 1998a,1998b,1998c).Few studies have attempted to measure 

Table 5-3.Estimated present value(interest rate6%,infinite time period,US$1999)ofopportunity costs of 

using934km^ofEAA land for water storage versus agricultural production.Services converted from 

Heimlich etal.(1998),adjusted to 1999 dollars(using Gross Domestic Productimplicit price deflator),and 

converted from $/acre into $/934km^.Values representlowestand highest values,and source ofestimate. 

Service provided Present value Source(State study occurred): 
Reservoirs: 

Wastewatertreatment: $4,908,164 Farber 1996(LA) 
$254,606,087,578 Thibodeau and Ostro 1981(MA) 

Water quality $83,438,784 Farber 1987(LA) 
improvement 

$363,204,119 Farber 1996(LA) 
Storm protection $11,917,021,642 Lantand Roberts 1990 

(midwestem US) 
$26,999,808,917 Lantand Roberts 1990 

(midwestem US) 
Flood control $19,220,369,336 Anderson and Rockel 1991 

(MA) 
$325,082,411,199 Thibodeau and Ostro 1981(MA) 

Water supply $673,630,753,399 Gupta and Foster 1975(MA) 
$986,511,469,457 Thibodeau and Ostro 1981(MA) 

Agriculture: 
Sugarcane production $280,457,784 ERS 1999a(FL) 

$13,967,495,528 USAGEandSFWMD 1999(FL) 
Rice production $11,116,468 ERS 1999b(LA) 

$653,974,358 Alvarez 1993(FL) 
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the value ofecosystem services in monetary amounts,and those thatdo often yield results that are limited 

to the location in which the data weretaken(Masood and Garwin 1998a).Asidefrom the inconsistencies 

and inadequacies ofavailable valuation methods,persquare kilometer value estimates ofwetlands often 

consistofseveral local examplesthat rarely accoimtfor all directand indirect use benefits(Pearce 1993, 

Bartelmus 1996,Barbier etal. 1998).These estimates have a limited,local applicability,and may not 

accountfor price increases expected asthe scarcity ofwetland resources increases(Masood and Garwin 

1998c,Wilson and Carpenter 1999). 

OTHERMANAGEMENTOPTIONSNOTCONSIDERED 

One water managementoption not considered bythe Restudy isto decrease water demand. 

Human water demands could bereduced to fit within environmental constraintsthrough policies that 

encourage water-conserving behavior,such as water pricing thatrespondsto scarcity(Lynne et al. 1978). 

Currently,there is no markettool in Florida(such as water prices per unit)thatis responsive to 

environmental conditions(Yingling etal. 1998).Urban and agricultural users are notencouraged to 

conserve waterin drier seasons and years(untilfaced with water restrictions). Several studies have 

demonstrated thatresidential(Howe and Linaweaver 1967,Danielson 1979),agricultural(Lynne 1977, 

Herrington 1987),and industrial and commercial(Renzetti 1992,Yingling etal 1998)water demandsare 

responsive to price(especially high prices),and will adjusttheir water conservation activities accordingly. 

Decreased water demand could lower the total cost ofwater storage,regardless ofwhether ASR or 

reservoir systems are used.The Restudy does mention water conservation through the use ofwaterflow 

restriction devices(such aslow-flow toilets and shower heads).Ifthese devices are used to the maximum 

extent possible,urban water demand could drop by almost20%(USAGEandSFWMD 1999,p.E-37). 

Another wayto deter increased water demand isto preventincreases in the human population in 

the region. There are several policies atthe state and local level thatencourage"smartgrowth"plans,that 

discourage sprawl ofinban areas into rural or natural areas by creating "urban developmentboundaries" 

(National Audubon Society 1999).Florida's 1975 Comprehensive Planning Actspurred the Governor's 

Commission for a Sustainable South Florida(1995)to forge the"Eastward Ho!"development initiative for 
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Monroe,Dade,andPalm Beach counties.However,none ofthese policies focus onthe absolute numberof 

people in an area,butrather change zoning lawsto allow for multifamily and high density housing imits. 

Although potentially politically difficultto implement,zoning laws could be used to limitthe number of 

people living in south Florida.As vacant property became scarcer,property values would increase, 

decreasing the demand to live in south Florida.This scenario could affect currentresidents unfavorably;as 

property values increase,propertytaxes would increase.The socioeconomic composition ofsouth Florida 

mightbe affected,favoring those in the higher income brackets that could afford the higher cost ofliving. 

Another possibility(butprobably the least desirable)is to satisfy water demand through 

desalination ofseawater,withoutincreasing storage capacity in the system.Postel and Carpenter(1997) 

estimate that desalination costson average $1.50/m^(range is $l-$2/m'',1997$US),sothe costofmeeting 

an aimual demand of2,763,050,000 m^(2BGD)with desalination technology would be about 

$4,144,575,000 per year(1997$).Althoughthe Restudy doesnotconsider desalination,it does propose 

several waterreclamation and reuse facilities,including two in Dade County with acombined treatment 

capacity of231 million gallons per day(USACEandSFWMD 1999).Water from these facilities would be 

used primarilyto supply Everglades NationalPark,Biscayne NationalPark,and several aquifer recharge 

areas(to reduce saltwater intrusion).None ofthe reclaimed water is targeted forhuman watersupply. 

CONCLUSION 

The Restudy doesnotrepresentathorough evaluation ofall water storage alternatives under all 

possible land use and environmental conditions. Rather,it assumes growing human water demand can be 

metsimply through increased storage capacity, withoutfurther damage to the Everglades ecosystem.A true 

ecological restoration plan would begin with the needs ofthe ecosystem,and then determine to whatdegree 

human heeds could be metbythe services that ecosystem provided.This plan would require a water budget 

forthe Everglades,outlining rainfall,evapotranspiration,ruiioffto the ocean,and waterflow through 

wetland areas,as well as seasonal and annual variations ofthese parameters.The decisions made in the 

Restudy did not arise from a complete cost-benefit analysis ofall water storage options,nor doesthe 

Restudy meetthe above criteria for an ecologically restorative plan. 

124 



Above-ground reservoirs may be a more efficient wayofstoring water in the Everglades,ifall 

costs dueto policy changes,ecosystem benefits,and treatment costs are included in water storage project 

analyses.Using land values based on the mosteconomicaluse ofthe land,and reducing acquisition costs 

by using the Wetlands ReserveProgram(or other easementprograms,Aillery et al. 1997)would probably 

be the mosteffective wayto reduce above-ground reservoir costs. Uncertainty in watertreatment 

requirements should notbe disregarded,as it could amountto asubstantial costfor underground storage 

facilities. 

Above-ground reservoirs alone cannotrestore the system to its predrainage condition.Soil 

subsidence in the BAA has affected the hydraulic head that would have pushed water south through the 

agricultural fields into the natural areas(Synderand Davidson 1994,USAGEandSFWMD 1999,p.N-70). 

Whereverthese reservoirs are placed,they will likely be vulnerable to invasion and dominance by cattail 

(Typha domingensis),or exotic speciessuch as water hyacinth{Eichhornia crassipes).By definition,any 

facility with water storage asa primary function will not"restore"the Everglades. Waterstorage primacy 

will reduce other ecosystem services thatthe original extentofwetland could provide. 

Above-ground reservoirs in theEAA would increase the overall extentand connectivity of 

wetlands in south Florida.They could aid in the transition from an Evergladesthat is disconnected to one 

that is connected.Indeed,increasing"the total spatial extentofnatural areas"is the primary ecological goal 

ofthe Restudy(USAGE andSFWMD 1999,p.5-21),and wasa suggested fundamental goal bythe 

Govemor's Gommission for a Sustainable South Florida(1995)and the U.S.Man and the Biosphere 

Program(1994,Harwell 1998). With an all-reservoir system,located in theEAA,south Florida wouldjoin 

over 140 urban areas in the United States,by considering the restoration ofservices provided by a 

watershed to protect and enhance its water supply(Ghichilnisky and Heal 1998).Decreasing sugarcane 

subsidies,converting marginalfarmland into reservoirs,and encouraging urban and agricultural water 

demand to respond to rainfall patterns would all help the human population in south Florida harmonize its 

activities with the ecosystem upon which it depends.A policy decision thatcan affect an entire ecosystem, 

such asthe choice between water storage technologies,should not be made withoutany consideration ofits 

environmental effects and the gains and lossesofbiological capital. 
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