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1 Introduction

The White-tailedDeer/FloridaPantherModel presentedhereinis one componentof the
ATLSS family of models(AcrossTrophic Levels SystemSimulation for the Everglades
andBig CypressSwamp)[2]. ATLSSactivities arecoordinatedby theNationalBiological
Survey (NBS).Thegoalof ATLSSis to providea total ecosystemapproachto thecomplex
environmentalsituationin SouthFlorida. Oneof the objectivesof ATLSS is to provide
a framework for analyzingtheeffectsof alternative watermanagementscenariosin South
Floridaonthelong-termpopulationdynamicsof key biotic componentsof thesystem.This
objective is beingaccomplishedby producinga seriesof modelsat varioustrophic levels,
with thecapabilityto integratethesemodelsacrosslevels. Modelsfor componentsof the
lower trophiclevels(e.g.,periphyton,aquaticmacrophytes,detritus,zooplankton,andben-
thic insects)will be ecosystemprocessmodels. Age- andsize-structuredmodelswill be
usedfor the intermediatetrophic levels(e.g.,macroinvertebratesandfish). Modelsfor the
large consumersof the systemwill be individual-based.In addition to white-taileddeer
and Florida panther, individual-basedspatially-explicit modelsare being constructedfor
the Americanalligator andfor several wadingbird species.Integrationof ATLSS model
componentsis coordinatedby theInstitutefor EnvironmentalModelingat theUniversityof
Tennessee,with supportfrom EvergladesNationalPark (ENP)andNBS.

A spatially-explicit modelis grid-based,with thelandscapesubdividedinto spatialcells.
Within thisspatialgrid, individual-basedmodelstrackthestatesof eachindividualwithin a
population.Eachindividualhasa stateconsistingof its location,gender, age,bodyweight,
etc. Decisionrules,which area function of the statesof eachindividual, determinehow
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individualanimalsmoveacrossthelandscape,interactwith oneanotherandrespondto their
environment. The Deer-PantherModel also containsstochasticcomponentsin behavior
decision-making.For example,whena fawn is born,thereis a50/50probabilitythatit will
bemale(or female).Theprobabilitythattwinswill bebornincreaseswith thehealthstatus
of themother.

Two adult femaledeerhave thesamedecisiontreeof behavior rulesin themodel,but
becauseof differencesin individual characteristics,suchashealth,reproductive statusor
locationon the landscape,they maybehave differently. Thehealthstatusof an individual
reflectsits history of weight gainandlossduring thesimulation. Two individualslocated
on differentpartsof the landscape,andthusconfrontedwith differentlocal conditionsfor
environmentalvariablessuchaswaterdepthandavailablebiomass,will in generalbehave
differently even if all other statecomponentsof the individualsare the same. Individu-
als mateat differenttimes,consumediffering amountsof forage,andgainor loseweight
dependingonlocal forageavailability, individualbioenergeticstatus,andstochasticfactors.

2 Study Area

The landscapeof SouthFlorida is coveredby a complex mosaicof vegetationtypes. The
currentdataon vegetationdistributionusedin theDeer-PantherModel is theSouthFlorida
portionof theFloridaDepartmentof Transportation(DOT) vegetationmap,which is based
on satelliteimageryat 30-mresolution.Themapincludestwenty-two vegetationtypesand
coversabout10,000mi2. It will beupdatedsoonwith a post-HurricaneAndrew vegetation
mapdevelopedby theUniversityof GeorgiaandtheNationalParkService.Themodelarea
for theDeer-PantherModel is currentlyrestrictedto theareafor which hydrologicdataare
available,cutting off the portionwestof U.S.29 (which includesFakahatcheeStrandand
the Florida PantherNationalRefuge)but encompassingmostof SouthFlorida from Lake
Okeechobeein the north to Florida Bay (about7,500mi2). When the westernregion is
addedto thehydrologymodels,this areawill beincludedin theDeer-PantherModel.

Major areasof interestfor themodelare:

� Big CypressNationalPreserve,composedmainlyof cypressswampmixedwith pinelands,
marsh,andhardwoodhammock(700,000acres).

� EvergladesNational Park (ENP) to the south, extending into Florida Bay (about
1,500,000acres). The freshwater systemsof ENP, consistingmainly of sawgrass
marsheswith cypressandbayheads,arecurrentlyincludedin themodelarea.

� WaterConservationAreas1,2,and3 (almost900,000acres).Thesearelargeartificial
impoundmentsformedin theearly1960’s to preventfloodanddroughtin agricultural
andurbanareasto thenorthandeastof theEverglades.

The mostprevalenthabitattype is freshwatermarshandforestedwetlands,occurring
throughoutthecentralEvergladesandBig CypressSwamp.Thetreeislandsandhardwood
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hammockswhich are interspersedthroughoutthe wetlandareasare importanthabitatfor
deerandpanthers,providing beddingsitesandhigh groundduring the wet season.They
provide escapecover from huntersandpredatorsfor deerandhuntingcover for panthers
[6].

The terrainof thestudyareais almostflat. Elevationsrangefrom 10-min thenorth to
1-m in the south,slopinggraduallyat a rateof only a few inchesper mile. Meanannual
rainfall in thestudyareais about55–65inches,but amountsashighas120incheshavebeen
recordedin wet years. Eighty percentof the rain falls during the wet season,from May
to October, while the dry seasonhasmoderatetemperaturesand little rainfall. Seasonal
changesin vegetative componentsof ecosystemstructureandfunctioningaredrivenmore
by rainfall thanby temperatureor photoperiod[3].

3 Model Components

TheDeer-PantherModel hasfour maincomponents:hydrology, vegetation,deer, andpan-
thers. Figure1 shows how thesecomponentsinteract. Hydrology inputsdrive the model,
influencingvegetationgrowth andrestrictingmovementfor deerandpanthers.Deercon-
sumeavailablebiomassandserve asprey for panthers.Pantherpredationis a majorfactor
affectingdeermortality.

Figure1: PrimaryComponentsof Deer-PantherModel

TheDeer-PantherModel is coupledto PV-WAVE, asoftwareapplicationfor visualrep-
resentationandstatisticalanalysisof data.Modeloutputscanbedisplayedduringexecution,
or statescanbesavedat specifiedtimesduringa simulationfor staticdisplayandanalysis
at a latertime. Thecurrentrun-timevisualizationpaneldisplaysfour spatialmapsshowing
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daily changesin waterdepth,biomass,anddeerandpantherdistributionsover the land-
scapeasthesimulationprogresses.Theusercanspecifyadditionaloutputsfor display. In
staticdisplays,the usercanchooseany two regionsfrom the mapanddisplayhistogram
plotsfor comparisonof deeror panthercharacteristics,suchasgenderratios,ageor weight
distributions,reproductivestatusor recruitmentratesbetweenthesetwo areas.

A model interfaceis being developedwhich will allow the userto vary model input
parametersandto specifywhichoutputswill besavedfrom asimulationfor lateranalysis.

3.1 Hydrology

Waterlevel inputsto themodelarederivedfrom eitherof two hydrologymodelsfor South
Florida, developedby the SouthFlorida WaterManagementDistrict andEvergladesNa-
tionalPark [1].

1. TheSouthFlorida WaterManagementModel (SFWMM) simulatespresentdayhy-
drology, with all thecanals,levees,pumps,andothercontrolstructuresin place.

2. TheNaturalSystemsModel is a versionof theSFWMM with control structuresre-
moved. It givesanapproximationof thehydrologicpatternsof anunmanagedEver-
gladesecosystemby simulatingoverlandflows.

Both hydrologymodelstake asinputselevationandhistoricaldaily rainfall andevapo-
transpirationdatafrom theperiod1965through1989. Both outputdaily waterdepth,but
averagedweeklyandmonthlydatahave alsobeencomputedto provide a choiceof inputs
to the Deer-PantherModel. Whenoutputsfor the two hydrologymodelsarecompared,a
substantialdifferencein thequantityandtiming of flows is evident,consistentwith charac-
teristicsof thenaturalEverglades,which hadmorewetlandareas,longerhydroperiodsand
deeperpondinglevelsthanthepresent-daysystem[1].

The level of spatialresolutionfor elevation input andfor waterdepthoutput for both
modelsis 2-mi. x 2-mi. This scaleis too coarseto beusefulin modelingindividual animal
movementsor predictingvegetationgrowth at the 100-mscaleof resolution.To generate
water level heterogeneityat the 100-m level of resolution,water depthoutputsfrom the
2-mi. x 2-mi. cells are redistributed to 100-mx 100-m pixels, basedon expectedrelative
depthsfor thevegetationtypesrepresentedin each2-mi. x 2-mi. cell. This resultsin a100-
m resolutionmapwhichapproximatesthewaterlevel ateachvegetationpixel.

3.2 Vegetation

Theshort-termobjectiveof thevegetationsubmodelis to providespatialandtemporalvari-
ation in availableforagefor the deerherd. Becausethe modelareainvolved is large, the
modelemploys habitattype mapsat two spatialscalesof resolution,500-mand 100-m,
which areaggregationsof themoredetailed30-mDOT vegetationdata.Availablebiomass
valuesarealsocomputedat thesetwo scales.
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Table1: ThreeQuality Classesof Vegetation

Class
Description

CaloricContent
(kcal/kg)

Quantity
(kg/ha)

1–Highquality forage 1800 2 - 10
2–Mediumquality forage 1200 4 - 40
3–Low quality forage 800 unlimited

Threequality classesof biomassaredefinedfor deerforagingbasedon caloriccontent
(Table1.) In the model, the amountof biomassin eachforageclassis updateddaily for
effectsof foragingby deerandat 1, 7, or 30 dayintervals(dependingon theupdateoption
chosen)for effectsof seasonalvegetationgrowth anddeterioration.Deerareveryselective
feeders[4]. They searchfor plantshigh in proteinandcaloriccontent,andeatall thehigh
calorieforagethey canfind beforethey turn to forageof a lowerquality.

Class1 foragewill sustaina high demanddeer, suchasa pregnantor lactatingfemale.
Class2 foragewill provide enoughenergy for an averagedeerto maintain,but not gain,
weight. Class3 forageis unlimited in quantityfrom thepoint of view of thedeer, but the
caloriccontentis solow thatit cansatisfyonly about80%of anaveragedeer’sdaily energy
needs. If only Class3 forageis available for an extendedperiodof time, deerwill lose
weightandeventuallydie.

A morecomplex vegetationcomponentwill be developedover the next two yearsto
provide themodelwith a greatercapabilityto predictvegetationresponseto naturaldistur-
bancesandchangesin hydroperiodandnutrientavailability. Separatesubmodelswill be
incorporatedto providefine-scaledvegetationresponsesto fire, freeze,andhurricanes.

3.3 White-tailed Deer

Thewhite-taileddeeris the largestherbivore in SouthFlorida. Deerarea majorsourceof
prey for theendangeredFloridapantherandthey arealsopopulargameanimals.

Thedeercomponentof theATLSSDeer-PantherModel is drivenby hydrologyandveg-
etationinputsandis coupledto thePantherSubmodelto simulatepredator-prey dynamics
(seeFigure2). Water level andbiomassdataare provided for each500-mx 500-m and
100-mx 100-mspatialcell by thehydrologyandvegetationsubmodelsat daily or weekly
intervals,dependingon thelevel of detailneeded.

At thestartof asimulation,eachmemberof thedeerpopulationis assignedastatecon-
sistingof individual characteristicswhich areupdateddaily throughoutits lifespan. Some
of theautecologicalcharacteristicsmaintainedfor eachindividualarelocationin thestudy
area,age,gender, weight,maximumweightever attained,reproductive status,andparent-
offspring relationships.For a given simulation,the deerpopulationcanbe initiated with
randomlygeneratedlocationsandpre-determinedgenderandage-classratiosor with distri-
butionsandindividualstatessavedfrom a previoussimulation.
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Figure2: Structureof DeerComponentof Deer-PantherModel

Deerforagingandgrowth aremodeledon a daily basis. Growth is a function of deer
weight,caloric intake, andenergy expendituresassociatedwith maintenance,travel, graz-
ing, andreproduction.Weightgainor lossonagivendaydependsonwhetherenergy intake
from foragingis greateror lessthanenergy expenditurefor theday. Reproductive success
dependson stochasticfactorsandon thehealthof thefemale,asdeterminedby comparing
herpresentweightwith hermaximumweighteverattained.

Two spatialscales,correspondingto strategic vs. tacticaldecision-making,areusedin
themodelto simulatedeermovementandgrazing.Strategic decisionsaboutwhereto forage
on a given day presumesomeknowledgeof the landscapewithin a deer’s activity area.
Tacticaldecisionsarelow-level decisionsrelatedto wherewithin thechosenplot foraging
actuallytakesplace. Deermove andselectfeedingsitesat the 500-mlevel of resolution,
choosingthe nearest(25 hectare)pixel with high-qualityvegetationfor foraging. Oncea
pixel hasbeenchosen,deerforageselectively at the 100-m(1 hectare)level of resolution
within that pixel. The maximumdistancedeerare allowed to move in a day differs for
bucks,does,anddoeswith fawns. Deerare limited in their movementsand food intake
by waterdepth,with this restrictionalsodiffering for bucks,does,andfawns. Stranding,
an importantsourceof mortality for deerin somepartsof the Evergladesduring the wet
season,is simulatedat the100-mlevel of resolution.

Male fawnsdispersefrom themother’s locationat18monthsof age,while femalesmay
staywith themotherin family groupsfor many yearsif food is plentiful.

Mortality for deerresultsfrom starvation,predation,or otherfactors.Starvationis iden-
tified by comparingeachdeer’s body weight daily to the maximumweight ever attained.
Deathoccurswhena deer’s weightdropsbelow 70%of thatmaximum.Predationby pan-
thersis asignificantcauseof mortality in thestudyareaandin themodel.Whendeerareits
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mainprey, a pantherkills aboutonedeerperweekto tendays.At this rate,40 panthersin
thestudyareacouldtheoreticallykill about2000deerperyear. Bobcats,anotherimportant
predatorof deerin partsof theEvergladesandBig Cypress,arenot modeledasindividuals
at this time,but areincludedin anaggregated“other sourcesof mortality”. Mortality from
roadhazards,hunting,bobcatpredation,injury anddiseasearetreatedasstochasticmortal-
ity factorsin themodel.Risksfrom highwayaccidentsandhuntingwill beassignedregion-
or pixel-specificprobabilitiesin the nearfuture whenthe additionof new maplayersfor
highways,landuse,andregionalboundariesenabletheserisk probabilitiesto beassessed.

3.4 Florida Panther

TheFloridapanther, oncecommonthroughoutthecoastalplainsof thesoutheasternUnited
States,is now an endangeredspecies.SouthFlorida containsthe last remainingpopula-
tion, estimatedat about30 individuals. Sincethe few remainingpanthershave beenso
intensively studied,a fairly detaileddatabaseis availablefor thepopulation.Becausethe
ATLSS Deer-PantherModel is individual-based,the panthercomponentcanmake useof
muchof this autecologicalinformation,suchasthegender, age,weight,healthstatus,and
locationof eachpanther. Themodeloffersa choiceof optionsfor definingpantherpopu-
lation parametersat thestartof a simulation. Initial conditionscanbe basedon empirical
datafor theexisting population,or datafor a hypotheticalpopulationwith any pre-defined
setof characteristicscanbe used.By varying the autecologicalcharacteristicsof selected
individuals,theviability of differentreintroductionscenarioscanbeevaluated.

Oneof thecritical issuesfor panthersurvival is theimpactof inbreedingin thesmallex-
isting population.Much is known aboutthegeneticmakeupof individualFloridapanthers
andthedistributionof traitssuchascryptorchidismin thepopulation.Sinceeachpantheris
simulatedthroughoutits lifespan,themodelalsohasthecapabilityto includegeneticmark-
ers to simulatehereditaryphenomenafor either the existing or hypotheticalpopulations.
Reproductive historiesof individuals, including family treesof relationships,canalsobe
tracedandsavedfor lateranalysis.

The panthersubmodelis coupledto the hydrology submodel,which provides water
depths,to thevegetationsubmodel,which providescover, andto theindividual-baseddeer
submodel,which providesprey (Figure3). Pantherbehavior andphysiologyaresimulated
on a daily time step. Eachpantheris assigneda statewhich includesindividual charac-
teristics,suchasage,genderandweight; predationinformation,suchasnumberof days
at a deerkill site andnumberof dayssincethe last deerkill; andseveral gender-specific
variableswhichdescribeeachindividual’sreproductivestatus.

Panthersmovedaily on thelandscapeat the500-mscaleof resolution,basedon behav-
ioral ruleswhichspecify:

� shortdistancelocal searchingfor prey.

� intermediatescaleand long-distancemovementwhen local searchesfor prey have
failed,with thedirectionof searchdependingontheindividual’spasthuntinghistory.
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Figure3: Structureof PantherComponentof Deer-PantherModel

� remainingata kill siteuntil thedeerhasbeeneatenor hasspoiled.

� activity of malesin searchof amate.

� dispersalof kittensfrom thenatalrangeat 18 monthsof age.

Panthersare limited in their movementsand hunting effectivenessby water depth,with
differentrestrictionsfor males,females,andfemaleswith kittens. Themaximumdistance
panthersareallowedto movein adayalsodiffersfor eachof thesecategories.

To achieve a realisticdistribution of panthersover the studyareaandsimulatesocial
interactionsamongpanthers,themodelmustincorporateapanther’sawarenessof thepres-
enceandstatusof otherpanthersashe movesabouton the landscape.This canbe done
by simulatingscentmarkingby panthersasthey move. In themodel,eachpanthermarks
spatialcellswith its uniqueID, sothatotherpanthersencounteringthismarkcanidentify its
genderandreproductive statusfrom themark. Movementandbehavior of eachpantheris
thenmediatedby thepresenceor absenceof foreignmarkers.Marksaredatedanddecrease
in potency overtime. Theincorporationof scentmarkingin themodelstructureis currently
ongoing.

Thereare no explicit movementor behaviour rules in the model governing the size
or extent of an individual’s activity area. Eachindividual’s rangearisesnaturallyas the
result of scentmarking, mating, and predationbehavior, which incorporatesuchfactors
aspantherpopulationdensity, prey density, topography, huntingeffectivenessandmating
considerationsinto theindividual’sdecision-makingprocess.

In simulating predationbehavior, the model assumesthat individual panthersknow
wherethey have beenandwherethey have huntedsuccessfully[5]. By recordingfor each
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panthertheN-S andE-W offsetsfrom its startingpoint or centerandthelocationanddate
of deersitingsandkills, theinformationneededto incorporatethis remembranceof locality
into movementbehavior is madeavailable. Hunting successis largely a function of prey
density, cover type and water depthin the 500-mx 500-m spatialcells. When deerare
available,they composeat least50%of thedietof mostFloridapanthers[6]. Otherprey in-
cludeferalhogs,armadillos,raccoons,marshrabbits,andoccasionallylivestock.A mother
with cubscanrequireasmuchas20,000calories/day. This level of intake canbeachieved
only whena supplyof largeanimalsis availableasprey. Panthersrelying on smallerprey
for food areoftenunableto obtainsufficient caloric intake to reproducesuccessfully. The
modelassumesthat, if deerarenot found,opportunistickills of otherprey will satisfythe
full energy requirementsof a panther40%of thetime,with a smallerpercentageof energy
requirementssuppliedtheremaining60%of thetime.

Eachday, thepanther’senergy balanceis calculatedto determinewhetherit gains,main-
tains,or losesweight. Gain in weight is a functionof currentpantherweight, food intake,
andenergy expendituresassociatedwith maintenance,travel, predation,andreproduction.
Reproductive successdependson stochasticfactorsandon healthof the female,asdeter-
minedby comparingherpresentweightwith hermaximumweighteverattained.

Panthermortality occursin themodeldueto starvation, intra-speciesaggression,acci-
dents,andother factors,suchaschemicaltoxicity anddisease.As with deer, starvation
is identifiedby comparingeachpanther’s daily body weight to themaximumweight ever
attained,with deathoccurringwhen70%of themaximumbodyweightis lost. Intra-species
aggressionis a significantcauseof mortality in theSouthFloridapantherpopulation.Pan-
thersfight over territory, sincesuitablehabitatis shrinking.Malesalsofight over accessto
femalesfor mating. Quite a few panthersarealsokilled on highways. Youngdispersing
malesoften go througha transientstagebeforethey areable to establishtheir own terri-
tories. During this period their risk of mortality from roadhazardsand from inter-male
aggressionis greaterthanthatfor older, establishedmales.Spatially-explicit mortality risk
from roadhazardsandfrom toxicantssuchasmercurywill soonbeaddedto themodel.

4 Work in Progress

Themodelis still underdevelopment.Thefollowing capabilitiesareeithercurrentlybeing
incorporatedor will beaddedin thenearfuture:

1. A spatialmaplayerrepresentingregionalboundariesfor thepublic landsin thestudy
areais being added,so input parametersand outputscan be categorizedby major
regionsin thestudyarea.This will facilitatethe inclusionof factorssuchasregion-
specificmanagementpractices,huntingregulations,andprey habitatenhancement.

2. A landusemapis beingaddedto complementthehabitatandregional information,
soareascanbeidentifiedasagricultural,ranchland,disturbedland,etc.

3. A highwaymapoverlayfor spatially-explicit estimationof roadhazardsfor bothdeer
andpanthersis beingadded.
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4. Usinginformationfrom thesenew spatialmaplayers,morespatially-explicit habitat
preferencesandrestrictionsfor deerandpantherscanbeincluded.

5. A 100-mpseudo-elevationmapis beingcreatedfor estimating100-mresolutionwater
depths.Thiswill replacetherelativemethodcurrentlyused.

6. Themodel’s capabilityto evaluatetheeffectsof short-termdisturbancessuchasfire
andhurricaneswill befurtherdevelopedandenhanced.

7. Spatiallyexplicit informationon distribution of toxicantssuchasmercury, which af-
fect pantherhealthandmortality will alsobe addedandcoupledto a submodelto
analyzetoxicanteffectson individuals.

8. Themodelis alsobeingparallelizedon theCM-5 andtheMasPar MP-2 in orderto
decreaseexecutiontime andto investigategeneralissuesinvolved in parallelization
of individual-based,spatially-explicit models.

The Deer-PantherModel is constructedin a flexible format so that resultsof ongoing
researchinto deerandpantherecologyandbehavior canbereadilyincorporated.
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