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Abstract

This reportpresentstheresultsof an interdisciplinarycollaborativeeffort to developan integrativemodel for

seagrassproductivity in LagunaMadre. Oneof themajor componentsof this integrativemodel is the Laguna

MadreSeagrassModel (LMSM) which was designedto interfacewith othercomponentmodelsdescribedin this

report, includingcarbonandnitrogenallocation,sedimentdiagenesis,andspectralirradianceandradiative

transfer. Linkage with hydrodynamicand sedimenttransportmodelsprovideda potentially valuable

managementtool to assesstheeffectsof maintenancedredgingandresuspensionof dredgedmaterialdeposits

on seagrassesof LagunaMadre.

The developmentof the modelsdescribedin this report requireda substantialinputof datafor modelcalibration

andwhenpossible,verification. For theseagrassmodels,much ofthis datawereavailablefrom previously

publishedstudies(e.g., Halodule wrighiii), but intensivefield work, from April 1996to December1997,

providedthe additionaldataneededto developthe modelspresentedin this report. We presentthe resultsof

thesefield investigations,which wereconductedat 24 transect-surveysites(12 stationspairedby seagrassesand

barebottom)andsix permanentstationsto fill gapsin ourknowledgeof seagrassbiology, variationsin water

column andsedimentgeochemistry,underwaterirradiance,andthe inherentopticalpropertiesof Lagunawaters.

Studieson seagrassbiology includeddelineationof thephotosynthesisvs. irradiance(P vs. 1) relationshipsfor

Syringodiumfihiforme,which wereusedin developingthe LMSM for this species(P vs.I relationshipshave

beenpreviouslypublishedfor Halodule wrightii andThalassiatestudinurn). In addition,densityandabove-and

below- ground biomassof the threegrassspecieswerecollectedover variabletemporalandspatialscalesat 12

transectsitesandthreepermanentstationsin LagunaMadre. Continuousmeasurementsof photosynthetically

activeradiation(PAR) werealsocollectedat thepermanentsamplingstations. Indicesof carbonandnitrogen

contentweremeasuredin leavesandbelow-groundtissuesto providedatafor theLMSM andallocationmodels

for Thalassia.

Thousandsof sampleswereanalyzedin our efforts to betterunderstandthecomplexgeochemicalrelationships

occurringwithin Lagunaseagrassbeds. We collectedsamplesat 24 transectsites;in addition,sediment

chemistrywas examinedin detail from verticalprofiles conductedat four additionalstations. Results

demonstratedthat mostsedimentsin LagunaMadrearesandywith arelatively narrowrangein their physical

andgeochemicalcharacteristicsand thatthe diageneticactivity takesplace in the upperfew centimetersof

sediment(in contrastto mostestuarinesiliciclastic muds). This work alsodemonstratedthat theflux of
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ammoniumfrom resuspendedsediments(asoccursduringdredging)can besubstantial,therebyprovidinga

largepulseof inorganicnitrogenthatcan fuel phytoplanktonblooms. This finding is important,since

measurementsof water inorganicnitrogen levelsaregenerallylow (<3 jsM) throughouttheLaguna. Suchlow

concentrationsprobablyplayan importantrole in regulatingphytoplanktonproduction,as reflectedin water

columnchlorophyll levelsthat are<10 ~sgL1 in the Lower Laguna.

Knowledgeof the inherentopticalproperties(lOPs)of LagunaMadrewatersis critical in developinga radiative

transfermodel to link with the LMSM. StrongrelationshipswereobservedbetweenlOPsandtotal suspended

solids(TSS). TSS is likely to contributemostto watercolumn light attenuationduringdredgingevents,which

can result in significantreductionsin both light qualityandquantity. Declines in light—drivenphotosynthetic

oxygen evolutioncan haveseriouseffectson seagrasshealth. Sedimentgeochemicalmodelsimulations

suggestedthat rootzonefluxesof 02 (producedduringphotosynthesis)wereessentialto maintainingnon-toxic

levelsof sulfide. In addition,model resultsindicatethatseagrassbedsoverlain with evenmodest(cm) amounts

of dredgedmaterialcan experiencerapid increasesin sulfideconcentrationsthatcan be sustainedat toxic

concentrationsfor severalmonths.

The LMSM was developedfor Halodule, Syringodiuni,andThalassia. Of thethreemodels,theLMSM was

ableto reproducemany featuresof a continuousnine-yeardataset for Halodule,mainlybecausetheHalodule

set containeda prolongedperiodof light stress(browntideevent)interspersedbetweentwo periodsof favorable

light climates. Simulationsusingworst-caselight attenuationprofiles showthatthe seagrassesareableto

withstandshortperiods(oneto two weeks)of very highwatercolumn light attenuation. However,under

prolongedperiodsof low PAR (ca. 100 daysor more)of evenmoderatelevelsof watercolumn attenuation,

modelpredictionsindicatepotentiallydangerousdecreasesin plantbiomass.

Our effortshaveproducedan integrativeandquantitativemodel thatpredictstheresponseof seagrassesto

changesin their environment,particularlywith respectto changesin light availability, basedon extensive

interdisciplinaryfield observationsandexperimentalstudiesconductedoverthe pasttwo years. Model

simulationsandin situ measurementsof an actualdredgingeventstronglysuggestthat dredgingoperationsare

very likely to havea measurablenegativeimpacton the healthwhen(I) dredgingactivitiesoccurover extended

periods(weeks)whenthe plantsaremetabolicallymostactive (springthroughautumn),and(2) the dredging

activity and/ordisposalofmaterialsoccurswithin I km ofthe grassbed.
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The resultsof the LMSM depend,as doesanymodel,upon a varietyof inputs(in particularTSS)and

assumptionsthat areused in the interpretationof simulationresults. For example,the seagrassmodelwas runat

sitesthatwere not immediatelyadjacentto disposalareas. This wasdoneto simulatethe impactofdisposalon

the Lagunaas awhole. The SeagrassModel addressesa representativeareaandcan be appliedat any location

alongthe lengthof the Laguna. Similarly, the hydrodynamicandsedimenttransportmodelscoverthewhole

lengthof UpperandLower LagunaMadre. Givensuchawide spatialcoveragein all threemodels,therewill

alwaysbe regionswheredifferencesoccurbetweenmodeloutput andobserveddata. The powerof these

modelslies in providing informationon long-termtrendsandlarge-scalespatialpatterns.Consequently,when

oneevaluatesthe outputfrom thesemodels,considerationdoesneedto be given to anecdotalobservationsthat

disagreewith the model results. However, it is verydifficult to gaugethe importanceof suchobservations

without hard numericaldata.

We stressthatthe outputfrom our modelsneedsto be interpretedin thecontextof long-termtrendsandlarge-

scalespatial patterns.We areconfidentthatthe LMSM performswell in this respect.In addition,our

conclusionson dredgingimpactsto seagrassesincluderesultsof additional modelsimulationsbasedon data

collectedduringactualdredgingevents(e.g.,modelverification studyat PA 235) and in situ observationsof

seagrassresponseto chronicreductionsin underwaterlight regimes. We recognizethat environmental,political,

andeconomicalfactorsare likely to play key rolesin themanagementdecisionsregardingseagrassresourcesin

LagunaMadre. Therefore,we recommendeffortsbe undertaken,howevermodest,to collect accurate

measurementsof environmentalvariables(e.g., TSS,light attenuation)to directly verify modelpredictionsat

testsiteswheredredgeactivitiesandseagrassresponsecan be directly measuredandobserved.
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PART ONE

Preface

The LagunaMadreof Texasis only oneof threehypersalinelagoonsin the world. Seagrassesinhabit
hugeareasof theLagunaandprovideawinter food resourcefor morethan75% of theworld’s
populationof redheadducks. Becauseof the fundamentalrole that seagrassesplay in theecologyof
coastalecosystems,activitiesthatpotentially threatentheproductivityof thesystemhavelong beena
causefor concern.

The Gulf IntracoastalWaterway(GIWW) is a 117-milelong, 12-foot deepby 125-footwide
navigationchannelthatbisectsthe entire length of theLaguna. The GIWW is maintainedby the U.S.
Army Corpsof Engineers(USACE) by dredgingactivitiesbasedon an environmentalimpact
statement(EIS) thatwascompletedin October1975. During the 1 980s,theadequacyof the EIS was
questionedby severalStateandFederalresourceagenciesandin 1993,the U.S. Army Corpsof
Engineersundertookthe taskof completingaseriesof Section216studiesto addresstheproblemsand
concernsalongthe GIWW. TheNationalAudubonSocietyandothersfiled a lawsuit in 1994 to halt
unconfined,open-baydisposalof dredgedmaterialin LagunaMadrebeforethe 216studieswere
completed.As aresultof thesuit, theCorpsagreedto developa long-termdredgedmaterial
managementplan(DMMP) for this sectionof theGIWW andto prepareasupplementalenvironmental
impactstatement(SEIS).

An InteragencyCoordinationTeam(ICT) composedof the Corps,theNationalMarineFisheries
Service,U.S. FishandWildlife Service,U.S. EnvironmentalProtectionAgency,TexasParksand
Wildlife Department,TexasGeneralLandOffice, TexasWaterDevelopmentBoard, Texas
Departmentof Transportation,andtheTexasNaturalResourceConservationCommission(nowthe
TexasCommissionon EnvironmentalQuality)wasformed in February1995to helptheUSACEto
developtheDMMP andSEIS. The U.S.CoastGuard,PadreIslandNationalSeashore,andCoastal
BendBaysandEstuariesProgramwereinvitedto sendmembersduringsubsequentmeetingsto
provide information andadvice to the ICT.

This report reflectsthecompletionof oneof about35 studiesthathavebeensponsoredby the ICT and
fundedby theUSACEto providethe latestscientific informationon the impactsandbenefitsof the
GIWW. In 1996,theUSACE providedTexasA&M University, theUniversity of TexasMarine
ScienceInstitute,andTexasParksandWildlife Departmentfundsto conductastudywith the
following objectives:

1) To collect additional field measurementsto fill gapsin our knowledgerelatedto thebiology of
seagrassesandtheir geochemicalandphysicalenvironment,and

2) To developan integrativemodel for seagrassproductivity in LagunaMadrethat could be used
asamanagementtool to assessthe effectsof maintenancedredging.
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Abstract

We presentresultsfrom the productionrunsof the LagunaMadre SeagrassModel. Theseresults

combineoutputfrom theW.E.S.HydrodynamicandSedimentTansportmodelsin orderto provide

suitableforcing conditionsfor the SeagrassBiomassand DiagenesisModel. Usingtheresultsof

theW.E.S. models,theSeagrassmodel predictsthat, at thesitesmodeled,theseagrassessurvive

the impactsof disposalof dredgematerial. Theresultsalso indicatethat seagrassbedscloserto

actualdisposalsites will be impactedto agreaterextentthanthosefurtheraway (aswas seenin

theresultsof theVerification Phaseofthis project).

Concentrationsof TSS tend to be elevatedduring the spring and thefall, with lower values

during the summergrowthperiod. Thereis very little differencein TSSconcentrationsbetween

the dredgingand non-dredgingscenarios.The time seriesof underwaterirradiancereflects the

changesin the TSS concentration;low light levelsoccurduring the spring and fall monthsand

increaseduring thesummer.

Biomassat theHalodule wrightii stationstendsto increaseand valuesat theend of thesim-

ulation arehigher than thoseobservedin the LagunaMadre. The model predictsabove-ground

biomassvaluesfor Thalassiatestudinumthatgenerallylie between100 and 150 gdw m3 these

fall within therangeof measuredbiomassin theLagunaMadre.

Root-zoneHS concentrationsarelow exceptat afew sitesin theUpperLagunaMadre. Typi-

cal valuespredictedby themodel arebetween5 and10 jtM, thoughin theUpperLaguna,concen-

trationscanreachas higha 400 [IM. Themodelpredictsroot-zoneconcentrationsthat lie between

100 and350 p~Mwhich arewithin therangeofmeasuredvalues.Both theHS andNH4+ concen-

trationspredictedby themodelare not sufficient to significantly affect thegrowthandproduction

of theplants.Thus, availableirradianceis thedominantfactoraffectingseagrassgrowthandpro-

duction.

Themodelassumesthat theonly factorscontributingto attenuationof light in thewatercolumn

are the water itself and TSS.The effectsof otherfactors such asalgal mats and phytoplankton

bloomsarenot accountedfor. The model also doesnot accountfor the burial of seagrassesby

sediment.

The resultsof the model, and the caveatsunderpinningit, strongly suggestthat long term
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monitoring of light levelsand water quality in the LagunaMadre is advisable. The resultsof

sucha program,togetherwith the resultsfrom this study, would provide an invaluableguide to

managersin decidingwhen to scheduledredgingactivities. In addition, thepresenceof abuffer

zonebetweentheplacementareaandnearestseagrassbedshouldbe considered.
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Introduction

The aim of the LagunaMadre SeagrassModel is to investigatetheeffectsof dredgingon sea-

grassesin theLagunaMadre. In orderfor realisticpredictionsto bemadeusing themodel, time

seriesof irradianceat canopylevel anddepositionof sedimenton thebenthosare required.Irra-

dianceat canopylevel requiresknowledgeof theattenuationof light asit propagatesthroughthe

watercolumnfrom thesurface. Oneimportantcomponentcontributingto this attenuationis the

concentrationof Total SuspendedSolids(TSS) in thewater column. Modeledtime seriesof TSS

andbedelevationwereprovidedby thecombinedHydrodynamicand SedimentTransportmodels

developedat WES.

Two runsof theHydrodynamicand SedimentTransportModel were made(Allen Teeter,per-

sonalcommunication);onewith no disposalof dredgematerialand theotherwith disposalat six

sites,PA’s 187, 197,202,211,221,and233 (Table I. Thequantitiesof material depositedateach

sitewere 88, 655, 512, 680, 844, and 380 kcydsrespectively.In themodel simulations,70%of

thedisposedmaterialwasplacedon thebedand remaining30% wasplacedin suspensionimme-

diately abovethe disposalsite. This suspendedfraction was finer than the materialplacedon the

bed(Allen Teeter,personalcommunication).

Table I: Tableof placementarealocations.Thelatitudeandlongitudevaluesin thetablerefer to

thecentersof thedisposalareas(Allen Teeter,pers.comm.).

PA Latitude Longitude

187 27°2700” 97°2006

197 27°17’30” 97°2418”

202 27°1012’ 97°25’54’

211 2604706 97°27’54’

221 26°29’42” 97°2324’

233 26°1106” 97°15’54”

TheSeagrassmodelwasrun at sitescontainingThalassiatestudinurnorHalodulewrightii (Ta-

ble 2 andFigure 1). Themodelwasnot run for siteshavingbareareasor for siteswith Syringodiurn
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jiliforme (seeChapterI).

Themodel was run for a periodof threeyears;during thedisposalruns, disposaloccurredat

the startof thefirst year followed by two yearsusing forcings identical to thoseusedin the first

yearbut without disposal.

The Model

The LagunaMadre SeagrassModel actuallyconsistsof severaldifferent modelsthat eitherwork

togetheror supply informationto oneanother.Thesemodelsare:

• Hydrodynamic Model: calculates current flows andwaterdepthswithin theLagunaMadre.

It was developedand operatedby theU.S. Army Corpsof Engineersat W.E.S.

• Sediment Transport Model: relies on informationfrom thehydrodynamicmodeland pre-

dicts themovementanddepositionof sedimentwithin theLaguna Madre. This model was

also developedandrun by theU.S. Army CorpsofEngineersat W.E.S.by Allen Teeter.

• Light Attenuation Model: predicts the irradianceat thedepthofthe seagrass canopywithin

thewatercolumn. Themodelwasdevelopedby Adrian Burd andrelieson informationfrom

the hydrodynamicmodel (waterdepth), the sedimenttransportmodel (watercolumn total

suspendedsolids)andthemodelof light absorptiondevelopedby RobertMaffione (Chapter

IV of this report).This model is describedbelow.

• Biomass and DiagenesisModel: predictstheproductionandbiomassof seagrassesand

changesin sedimentchemistry. This model was developedby Adrian Burd and PeterEl-

dridgeandis describedin ChaptersI andIII of this report.

TSS concentrationsandwaterdepthfor 26 siteswereextractedfrom two different simulations

of theHydrodynamicand SedimentTransportmodels. Thetwo simulationsrepresenteda) a one

yearperiodduringwhichtherewasnot disposalofdredgingmaterialandb) aoneyearsimulations

identicalto a) exceptthat disposalof dredgingmaterial ocurredon thefirst day of thesimulation.

Thesedatawereusedto drivetheLight AttenuationModelandtheBiornassandDiagenesisModel.
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Table 2: Tableof site locationandtypes.

Node Station Latitude Longitude MeanDepth(m) Type

2236 ULM-2 27°25’OO”W 97°21’OO”N 1.0 Halodule

4798 ULM-3 27°11’33”W 97°25’42”N 1.0 Bare

16845 LLM-l 26°10’45”W 97°15’36”N 1.15 Bare

16580 LLM-2 26°08’OO”W 97°12’OO”N 1.3 Thalassia

7511 LLM-3 26°35’25”W 97°22’57”N 1.27 Syringodiurn

16768 1 26°08’06”W 97°12’31”N 1.2 Thalassia

17543 DET/3 2600757* W 97°14’21”N 1.65 Thalassia

15541 5 26°11’OO°W97°13’OO”N 1.3 Thalassia

16684 7 26°11’OO”W 97°17’OO’N 1.15 Thalassia

13072 9 26°20’OS”W 97°18’45”N 0.9 Syringodium

1 3928 II 26°2100” W 970 1920” N 0.7 Syringodium

10037 13 26°30’23”W 97°21’53”N 0.8 Syringodium

6725 15 24°40’OO”W 97°2400” N 0.8 Syringodiurn

4746 17 27°10’47”W 97°25’45”N 11 Halodule

3708 19 27°16’20”W 97°24’OO”N 11 Halodule

1498 23 27°29’42”W 97°19’42”N 1.2 Halodule

17680 PA235a 26°07’OS”W 97°13’SO”N 1.3 Thalassia

17676 PA23Sb 26°07’23”W 97°13’44”N 1.3 Thalassia

17679 PA23Sc 26°07’13”W 97°13’40”N 1.3 Thalassia

17677 PA235d 26°07’21”W 97°13’48”N 1.3 Thalassia

16394 JEK 26°09’03”W 97°12’09”N 1.2 Thalassia

15556 WES-l 26°11’43”W 97°14’03”N 1.5 Bare

17393 WES-2 26°09’16”W 97°14’40”N 1.65 Bare

17232 WES-3 26°09’56”W 97°16’SS”N 1.5 Halodule

16496 WES-4 26°11’30”W 97°16’48”N 1.2 Thalassia

16306 WES-5 26°13’OS”W 97°17’Ol”N 0.9 Thalassia
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Figure 1: Locationsof the sitesusedin themodel productionruns. Thesquaresindicatethesites

at which theSeagrassModel was run; opencircles representthedisposalsitesusedin the model.

Theshadedarearepresentsthe landcut.
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Thecoupledbiomass—diagenesismodelwaswritten in FORTRAN-77. TheLight Attenuation

Model andall post-processingandgraphicsfor theLight AttenuationandBiomassandDiagenesis

Modelswere programmedusing Matlab’TM.

TheLight AttenuationModel

TheLight AttenuationModel wasdevelopedto predictthe irradianceatthedepthof theseagrass

canopygiven theconcentrationofTSSin thewatercolumn. Irradianceatcanopylevel will depend

uponthelight attheair-waterinterface,thedepthofthewater,theconcentrationoftotal suspended

solids (TSS) in the water. The absorptioncharacteristicsof TSS are wavelengthdependentso a

spectralirradiancemodelwasrequiredto accuratelypredict light levelsin thewatercolumn.

Irradianceatthe air-water interfacewascalculatedusinga modelof spectralsolarirradiances

for cloudlessmaritimeatmospheres(GreggandCarder,1990).Themodelusedastandardmodelof

the solar spectrumandtakesinto accountabsorptionby ozone,oxygen,watervapor andRayleigh

scattering.Aerosolscatteringand absorptionwereaccountedfor using a modifiedversionof the

U.S. Navymarineaerosolmodel. Surfacereflectancefrom a flat air-waterinterfacewas included

in themodel, theeffectsof surfacewavesbeingsmall for zenithangleslessthanabout60°(Kirk,

1994).

The effectsof cloud coveron surfaceirradianceare not includedin the model of Greggand

Carder(1990). Empirically generatedcorrectionsfor cloudcovercan be made(e.g., Iqbal, 1983)

if measurementsof cloud coverare available. However, thereare severeproblemsin applying

this approachto theSeagrassModel. Firstly, theseagrassmodel requireshourly light dataand no

comprehensivedatasetof hourly cloudcoveragefor theregion wasfound. Secondly,estimatesof

cloudcoverdo not give information asto which partsofthe skyarecovered.Thirdly, reflectionof

solarradiationfrom theedgesandsidesof cloudscanincreasesurfaceirradianceto valuesgreater

thantheextra-terrestrialradiation.

For thesereasons,asimplerapproachwas taken. Averagesurfaceirradiancevalueshadbeen

obtainedin theLagunaMadreandarepresentedin Figure2 ofChapter1 ofthis report.A correction

factor wasderivedby taking theratio of themaximumobservedsurfacePAR and the maximum

calculatedsurfacePAR; thevalueof this ratio was 0.6. This factorwas thenapplieduniformly to
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themodelresults.

Irradiancewithin the water column is affectedby waterdepth, absorptionby the water and

absorptionandscatteringby TSS.Hourly waterdepthwastakenfrom resultsof thehydrodynamic

model provided by Allen Teeter (W.E.S.). The effects of water and TSS were calculated using the

following model developedby RobertMaffione (ChapterIV of this report)

+ (0.0255+0.537exp(~0.00441~))TSS (1)

In this equation,,\ (nm) is thewavelengthof thelight, Kd~7\)is thewavelengthdependentattenu-

ation coefficient(in unitsof m’), a~0(A)is thespectralabsorptioncoefficientof water(Smithand

Baker, 1981),0 is thezenith angle(degrees)andTSS theconcentrationof total suspendedsolids

(mg l~).

The spectral irradiance at the canopy level was calculated using

I~(z) = I~(0) exp (—K(j(~)z) (2)

where z is the depth of the seagrass canopy, I~(z)is thespectralirradianceatdepthz and I~(0) is

the spectralirradianceat the air-waterinterface.

The spectralirradianceat the depthof the canopywas integratedover the wavelengthrange

400-700nm to obtainthephotosyntheticallyactiveradiation(PAR)

r700

IPAR(Z) = / I~(z)d~\ (3)
400

and this wasusedas aforcingfunctionfor theseagrassproductionmodel.

An estimateof the diffuseattenuationcoefficient over the PAR wavelengthrangewasmade

using

K~(PAR)= 11 (IPAR(z)) (4)
Z IpA1~(0)

whereIpAR(0) wascalculatedusingEquation3 with z = 0. A plot K~1(PAR)asa functionofTSS

concentrationis shownin Figure2 for variousvaluesof z.

To put this curve in context, theminimumlight requirementsfor seagrassesare oftenquoted

in terms of percentsurfaceirradiance(%SI). For example,for H. wrightii, a minimum light re-

quirementof 18% SI was determinedby Dunton (1994). For a waterdepth of im, this implies

a diffuse attenuationcoefficientof K(j(PAR) = 1.7 which is attainedfor aTSSconcentrationof
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Figure2: TherelationshipbetweenK4(PAR~)andTSS (soldcurves)for depths1, 1.5, 2 and2.5m,
with thetop-mostcurve representingthecasefor im, thenextcurve 1.5metc. The dashedcurve
representstheKd(PAR)—TSSrelationshipobtainedby Brown andKraus (1997).

CalculatedK 1

approximately25 mg l~1.Theselight levels areaveragelight levelsrequiredduring thegrowing

seasonof theplant. Daily, or instantaneousirradiancescanbe far greater,so long astheaverage

over thespringandsummermonthssatisifestheabovelimits.

Model ResultsSummary

The seagrassmodel was run at 17 sitesusing TSS concentrationssuppliedby Allen Teeterfrom

thesedimenttransportmodel. Thesesiteswere thosecontainingThalassiaandHalodulelistedin

Table2. As discussedin ChapterI of this report,no model wasavailablefor Syringodium. There

were a total of 12 sitesat which the Thalassia model was run,and 5 sitesat whichtheHalodule

modelwasrun.

Thereis little differencein the modeledTSS concentrationsbetweenthe dredgingandnon-

dredgingscenarios.This can be seenby examiningthe figures in Section or from Table 3. The

table showsthe fraction of a singleyear during which the TSS concentrationwas < 50 mg l~1,

between50 and 150 mgl~and > 150 mg1_i; theseboundarieswerechosenarbitrarilybasedon

10
a

50 100 150 200 250 300

TSS (rng C
t
)
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visual examinationof thecurvesshown in Section ; the top row of eachentrycorrespondsto the

singleyearwith dredgingand the bottomrow to thesingleyearwithout dredging. Only sites in

UpperLagunaMadreshowTSSconcentrationsgreaterthan150 mg l~and only oneof thesesites

showsan appreciabledifferencebetweendredgingandnon-dredgingscenarios.

Previousexperiencewith the Biomassand Diagenesismodel indicatedthat if therewas an

impact on seagrassesin oneyear, the effectsof impact would disappearby the secondor third

year. This, togetherwith thesmall differencesin TSS concentrationsbetweenthe dredgingand

non-dredgingcasessuggestedthat theBiomassandDiagenesismodelshouldbe runfor threeyears.

During thefirst year, the TSSconcentrationscorrespondingto thedredgingscenariowere used;

for the secondand third years,theTSSconcentrationsappropriatefor a non-dredgingyearwere

used.

Seasonalchangesin the TSS led to seasonalpatternsin the underwaterirradiance. Elevated

TSSconcentrationstendedto appearin thespringandthefall, reducingthecanopylevel irradiance

during thesetimes. Summerirradianceswere high,allowing theseagrassesto grow.

At thosesites for which themodel wasrun, theseagrasssurvivedthe increasedTSSresulting

from thedredging.Thebiomassof Haloduletendedto increaseoverthethree-yearsimulation;the

biomassof Thalassia tendedto stabilizesuchthat theabove-groundbiomasswasbetween100 and

150 gdw m3. Sulfide levelsremainedlow in the all thesimulations. Site 17 showedthehighest

valuesandthis is also thesite that showedthegreatestdifferencein TSSconcentrationsbetween

dredgingandnon-dredgingscenarios.

Model ResultDetails

Halodule Sites

SiteULM-2 (node2236)

Thereis very little differencein TSSconcentrationsbetweendredgingandnon-dredgingscenarios

(Figure3). Concentrationsof TSSreachashigh as 200mg’ duringMay andthenfall to remain

below 100 mg 1_i from July throughto thefollowing spring.
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Table 3: Summaryof model results. The sites for eachspeciesare listed from northernmostto
southernmost.The distancecolumn lists thedistance(in statutemiles) from themodel site to the
closestdisposalarea(seeFigure 1); thethreeTSScolumnsgivethefraction of oneyearwithin the
specifiedrange- top row dredgedscenario,bottom row non-dredged;FHS is the fractionof the
threeyearsimulationfor which HS~concentrationsexceedtheminimuminhibition threshold.

TSS(mgl~’)
Site Distance(miles) < ~ — ~ > ~ FHS

23 3.1
0.76
0.76

0.24
0.24

0
0

0.04

ULM-2 2.5 0.67
0.68

0.32
0.31

0.01
0.01

0.04

Halodule 19

17

WES-3

0.8

1.2

2.3

0.42
0.47
0.29
0.48
0.57
0.62

0.46
0.43
0.58
0.47
0.43
0.38

0.12
0.1
0.13
0.05
0.0
0.0

0.01

0.2

0.0

WES-5 3.2 0.0

WES-4 1.90 0.0

5 2 1 0.51 0.49 0.0 0 0
0.52 0.48 0.0

7 2 1 0.61 0.39 0.0 00
066 034 00

JEK °°

Thalassia 10 00 00
LLM-2 4.6 110 ~1o 0.0

3 3 6 0.46 0.54 0.0 0 00.48 0.52 0.0

PA-235b 4.4 0.0

PA-235d 4.4 ~ ~31 0.0

PA-235c 4.6 ~ 0.0

PA-235a 47 00
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Figure 3: ModeledTSS concentrations(mg l~)for siteULM-2 (node2236 - Halodule). The
solid line showstheresultsof thesimulationwith dredgingandthedottedline showstheresultsof
thesimulationwithoutdredging(modeldatacourtesyof Allen Teeter).

Theunderwaterirradiancerangedfrom 1 to 50 ~~molm~2
51 (Figure4a). High light levels

were seenbetweenJuly and Octoberof eachyear, reflectingthe low valuesof TSS during those

times. Both aboveand below-groundbiomassincreasedto very high values(Figure 4b) because

of theoptimum light levelsavailable.Becauseof thehigh, increasingbiomass,both theroot-zone

HS~and NH4+ increased.Although the root-zoneHS and NH4+ valueswere high, theywere

not sufficiently highto causethefeedbacksto haveadverseaffectson theplant growth.

Site 17 (node4746)

The modeledconcentrationof TSS at this site is generallygreaterthan that at site ULM-2 (Fig-

ure 5). This is becauseoneoftheplacementareaswasin thevicinity. Therewas alsoapronounced

differencebetweenthe dredgedand non-dredgedscenarios.TSS concentrationsreachedvalues

greaterthan350 mg l~1at thestartof thedredgedscenarioin April. TSS concentrationsdecreased

betweenJuly andOctober.

Underwaterirradiancereachesvery low levelsduringthe late springandearlysummermonths

0

11~
a-.
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Figure4: Model resultsfor site ULM-2 (node2236 - Halodule): a) canopylevel irradiance(mol
m2 d~);b) biomass(gdw m2) - solid line for above-groundanddashedline for below-ground;
root-zoneHS concentration(GM); d) root-zoneNH4+ concentration(KM).
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Figure 5: ModeledTSSconcentrations(mg 1’) for site 17 (node4746 - Halodule).Thesolid
line showstheresultsof thesimulationwith dredgingandthedottedline showsthe resultsof the
simulationwithout dredging(modeldatacourtesyofAllen Teeter).

6
In
Ina-I

(Figure6a) whentheTSSconcentrationsarehigh. BetweenJuly and andOctoberwhentheTSS

valuesaregenerally low, the underwaterirradianceis high allowing the plantsto grow. Above

andbelow-groundbiomassremainshighthroughouttheyear(Figure6b) androot-zoneHS~(Fig-

ure 6c) and NH4+ (Figure6d) valuesarealso high,thoughfollow a seasonalcycle.

Site 19 (node3708)

ModeledTSSconcentrationsat site 19 (Figure7) showa similar patternto thoseat site17 andare

generallya little lower; peakTSSconcentrationsare about300 rng l~1.Differencesbetweenthe

dredgingand thenon-dredgingscenariosaresmalleratthis sitethanatsite 17.

Underwaterirradiance(Figure 8a) show the familiar pattern of high valuesduring the late

springandinto thesummerwith low valuesbetweenApril andJuly whentheTSS concentrations

arehighest.Biomass(Figure8b) increasesshowingaregularseasonalgrowingcyclewith biomass

valuesthatarehigh. Rootzonesulfide(Figure8c)andammonia(Figure8d) concentrationsremain

belowlevelsat which any significantfeedbackwould affectplant growth.
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Figure 6: Model resultsfor site 17 (node 4746 - Halodule): a) canopylevel irradiance(mol
m~2d~’);b) biomass(gdwm~2)- solid line for above-groundanddashedline for below-ground;
root-zoneHS concentration(pM); d) root-zoneNH4+ concentration(tiM).
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Figure7: ModeledTSS concentrations(mg l~’)for site 19 (node3708 - Halodule). The solid
line showsthe resultsof thesimulationwith dredgingand thedottedline showstheresultsof the
simulationwithoutdredging(modeldatacourtesyof Allen Teeter).

Site23 (node1498)

Site 23 is the noithernmostsiteat which seagrasseswere modeled ThemodeledTSS concentra-

tions (Figure9) aiegeneiallylower thanat sitesULM-2, 19 and 17 with maximumconcentrations

of 150mg l~1occurringbetweenApiil andJune,concentrationsduring thesummerandwinterare

typically below 50 mg l~1.

Theunderwaterirradiance(Figure lOa) showsthenormalpatternwith high values(approach-

ing 45 jirnol rn~2s1) coirespondmgto the times of low TSS concentrations(July to October

andJanuaryto April). Theaboveandbelow-groundbiomasshasseasonalcyclesuperimposedon

a patternof continuousgrowth (Figure lOb). Modeledbiomassvaluesarehigher thanobserved

Halodulebiomassin theLaguna(c.f., valuesin Figure 13, ChapterV). Thehigh biomassalsoleads

to high concentrationsof root-zoneH5 (Figure 1 Oc) andNH4+ (Figure 1 Od) but thesevaluesare

not sufficientto leadto significantinhibitions on theseagiassgiowth
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Figure 8: Model resultsfor site 19 (node 3708 - Halodule): a) canopylevel irradiance(mol
rn~2d~1);b) biomass(gdw m2) - solid line for above-groundanddashedline for below-ground;
root-zoneHS concentration(tiM); d) root-zoneNH4+ concentration(pM).
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Figure9: ModeledTSSconcentrations(mg 1’) for site23 (node 1498 - Halodule). The solid
line showsthe resultsof thesimulationwith dredgingand thedottedline showsthe resultsof the
simulationwithoutdredging(modeldatacourtesyof Allen Teeter).

SiteWES-3 (node 17232)

This is theonly Halodule site in theLowerLagunaMadrethatwas modeled.Maximum modeled

TSSconcentrations(Figure 11) were low comparedwith the otherHalodule sites; spring-time

concentrationsreachedapproximately100 mg L~1.The lower concentrationsof TSSoccurring

throughthesummerandwinter werecomparablewith theHalodulesites in UpperLagunaMadre.

Levelsof underwaterirradianceweregenerallyhigh (40 — 50 p~molm2 s1) throughoutthe

year,with low valuesoccurringonly during thetime of TSS betweenApril andJuly (Figure 12a).

Biomasssteadily increasedover thethreeyears, but did not attain the valuesseenin the model

resultsfor sites in theUpperLagunaMadre (Figure l2b). The root-zoneHS~(Figure 12c) and

NH4~(Figure 1 2d) concentrationswerenot sufficient to impactthegrowth oftheplants.

Thalassia Sites

All thenodesat which Thalassia wasmodeledwerein theLowerLagunaMadre.
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Figure 10: Model resultsfor site 23 (node 1498 - Halodule): a) canopylevel irradiance(mol
m~2d~1);b) biomass(gdw m2) - solid line for above-groundanddashedline for below-ground;
root-zoneHS concentration(1uM); d) root-zoneNH4+ concentration(tiM).
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Figure 11: ModeledTSSconcentrations(mg 1’) for siteWES-3 (node17232 - Halodule). The
solid line showstheresultsof thesimulationwith dredgingandthedottedline showstheresultsof
the simulationwithout dredging(modeldatacourtesyofAllen Teeter).

SiteLLM-2 (node16580)

Concentrationsof TSS at LLM-2 were very low comparedwith sites in Upper LagunaMadre

(Figure 13). TSS valueswere rarely greaterthan 50 mg 1’ and typically were between10 and

20 mg 1_i. The high valuesof TSS betweenApril andMay that werecharacteristicof theUpper

LagunaMadre are absent,thoughthere are elevatedTSS concentrationsbetweenOctoberand

January.Thereis no discernibledifferencebetweenthedredgingandthenon-dredgingscenarios.

Theunderwaterirradiance(Figure l4a) reflectsthechangesin theTSS concentrations.Maxi-

mum irradiancesareapproximately50 jtmol m2 s°.Theirradianceis lowestbetweenOctober

andJanuary,theperiodofelevatedTSSconcentrations,reachingvalueslower than 10 ~tmolm2

~ The above-groundbiomassshowsseasonalfluctuationsabouta valueof approximately140

gdw rn~(Figure 14b); this value is within the rangeof measuredvaluesin the LagunaMadre,

especiallywhenone takesinto accountthat most of the plant’s biomassis in thebelow-ground

tissue.

Root-zoneHS values(Figure 14c) aremuch lower thanthoseat themodeledHalodule sites.
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Figure12: Model resultsfor siteWES-3(node 17232 - Halodule): a)canopylevel irradiance(mol
m2 d1); b) biomass(gdw m2) - solid line for above-groundanddashedline for below-ground;
root-zoneHS concentration(,u,M); d) root-zoneNH4+ concentration(RM).
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Figure 13: ModeledTSSconcentrations(mg U’) for siteLLM-2 (node16580 - Thalassia).The
solid line showstheresultsof thesimulationwith dredgingandthedottedline showstheresultsof
thesimulationwithoutdredging(modeldatacourtesyof Allen Teeter).
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Values at LLM-2 arebetween5 and 10 btM and are well below thelevelsrequiredfor any toxic

effectson the plant. Ammonia(Figure 14d) levelsarehigher,varyingbetween350 and450 tiM.

At thehigherconcentrations,a small inhibition effect is possible.

Site 1 (node16768)

The model resultsfor this site are very similar to thosefor site LLM-2 becauseboth sitesare

locatedvery close to eachother. The concentrationsof TSS are very low (Figure 15), rarely

rising above50 mg U’ and most typically remainingnearapproximately10 mg U’. Elevated

concentrationsof TSSoccurbetweenOctoberandJanuaryand thereis a spikein March. There

is no discernibledifferencebetweenthe modeledTSS concentrationsfor the dredgingand the

non-dredging scenarios.

Since theTSSconcentrationsat Site 1 are so similar to thoseat SiteLLM-2, theunderwater

irradianceandresultingplant biomassandsedimentchemistryare alsovery similar (Figure 16).
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Figure 14: Model results for site LLM-2 (node 16580- Thalassia): a)canopylevel irradiance(mol
m2 d~t);b) above-groundbiomass(gdw m~2);root-zoneHS concentration(tiM); d) root-zone
NH4~concentration(RM).
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Figure 15: ModeledTSSconcentrations(mg U’) for site 1 (node 16768 - Thalassia).Thesolid
line showstheresultsof thesimulationwith dredgingand thedottedline showsthe resultsof the
simulation without dredging (model data courtesy of Allen Teeter).
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Site 3 (node 17543)

Modeled concentrations of TSS at this site were generally higher than those at LLM-2 and Site

I (Figure 17). Maximumconcentrations were greater than 100 mgU’ and values were generally

elevatedbetweenApril andAugustandbetweenOctoberandJanuary.The variationin TSScon-

centrationswasalsogreaterthanat theprevioustwo siteswith rapidchangesofTSSin afew days

(e.g.,thedrop in TSS from 100 mg U1 to lessthan25 mg U’ attheendof July).

Theunderwaterirradianceat this siteshowspronouncedlows of lessthan 10 ~tmolm2 ~

during two partsof theyear: April through July and OctoberthroughJanuary(Figure 1 8a). Be-

tween July and October,the modeledirradianceat canopy level reaches45 p~molm~2s~and

betweenJanuaryand April it getsashigh as 30 ~~imolm~2
5~1;theselevelsaregenerallylower

thanthe underwaterirradiancesat site 1 (Figure 16a). The above-groundbiomassat site 3 (Fig-

ure 1 8b) is alsolower than that at site I becauseof the lower light levels. Thebiomassis greatest

in Octoberandreachesits lowestvaluesin late spring;both correspondto fluctuationsin theTSS

concentrations.
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Figure 16: Model resultsfor site I (node 16768 - Thalassia):a) canopylevel irradiance(mol m2

d’); b) above-groundbiomass(gdw m~2);root-zoneHS concentration(jiM); d) root-zoneNH4+
concentration(jiM).
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Figure 17: ModeledTSSconcentrations(mg U’) for site3 (node 17543 - Thalassia).The solid
line showsthe resultsof thesimulationwith dredgingand thedottedline showstheresultsof the
simulationwithoutdredging(modeldatacourtesyof Allen Teeter).

Theroot-zoneHS~levelsarelow (Figure 1 8c), varyingbetween5 and 10 jiM with thepeaks

occurringin late spring(April—May). Theroot-zoneNH4+ concentrations(Figure 1 8d)aresimilar

to thoseseenat othersitesandaresufficiently low asto not leadto significantinhibitions to plant

growth.

SiteS(node 15541)

ModeledconcentrationsofTSSvarybetweenapproximately20 and120mgU’ (Figure19). There

is appreciabledifferencebetweenthe dredgingand thenon-dredgingscenarios.Maximum TSS

concentrationsoccurin lateApril andearlyMarch,with lowervaluesbetweenAugustandSeptem-

ber.

Modeled underwaterirradiance(Figure 2Oa) reflects the changesin the TSS concentration.

High irradiances(approximately45 jimol m2
~~1) occur betweenJuly andOctober. The min-

imum irradiances(< 10 jimol m2
~~1) occurduring two periodsof theyear;betweenOctober

and SeptemberandbetweenApril andJuly. Modeledabove-groundbiomassvalues(Figure20b)
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Figure 18: Model resultsfor site3 (node17543 - Thalassia):a) canopylevel irradiance(mol m~2

d~);b) above-groundbiomass(gdwm~2);root-zoneHS concentration(jiM); d) root-zoneNH4+
concentration(jiM).
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Figure 19: ModeledTSSconcentrations(mg U’) for site5 (node 15541 - Thalassia).Thesolid
line showstheresultsof thesimulationwith dredgingandthedottedline showstheresultsof the
simulationwithout dredging(modeldatacourtesyof Allen Teeter).
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showsmall peaksbetweenJuly andOctober(whentheirradianceis greatest)and hasa minimum

valuebetweenApril andJuly when the irradianceis alsoa minimum. Theabovegroundbiomass

variesbetweenabout75 and125 gdw m3.

Root zoneHS~(Figure2Oc)and NH4~(Figure20d)concentrationsaresimilar to thoseat site

3. Sulfide concentrationsvary betweenabout5 and 10 jiM with peaks in the spring whenthe

biomassis lowest. Ammonia levelsvary betweenapproximately250 and 350 jiM and arebelow

the level which would resultin an inhibition to growth.

Site7 (node16684)

Site7 hasmodeledTSS concentrationsthat peakat about100 mg U1 (Figure21). Theseconcen-

trations areelevatedduring the spring (April to July). The minimumTSSconcentrationsoccur

betweenSeptemberandOctober. Apart from thefirst halfof April, thereis negligibledifference

betweentheTSSconcentrationsin thedredgingandthenon-dredgingscenarios.

Theunderwaterirradiance(Figure 22a) follows thepatternsin theTSS concentrations.The
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Figure20: Model resultsfor siteS(node 15541 - Thalassia): a) canopylevel irradiance(mol m2

d~’);b) above-groundbiornass(gdwm2); root-zoneHS concentration(jiM); d) root-zoneNH4+
concentration(pM).
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Figure21: ModeledTSSconcentrations(mg U’) for site7 (node16684 - Thalassia). The solid
line showstheresultsof thesimulationwith dredgingandthe dottedline showstheresultsof the
simulationwithout dredging(modeldatacourtesyofAllen Teeter).

maximumirradiance(-~J 50 jimol m2 s~)occursduringSeptemberwhentheTSSconcentration

is lowest,andtheminimumirradianceis betweenApril andJuly during theperiodof elevatedTSS

concentrations.The above-groundbiomassshowsa peakin Octoberand hasa minimum in the

late spring(Figure22b). Typicalabove-groundbiomassis 100 gdwm3 with aminimumvalueof

approximately75 gdw m3 andamaximumof approximately120 gdwm3.

The model shows root-zoneHS~levels with a peakin the spring and minimum in the fall

(Figure22c). Thereis alsoagenerallydecreasingtrendin HS concentrationsoverthethreeyears.

Root-zoneNH4+ concentrations(Figure22d)arevery similar to thoseseenat site5; peaksin the

winter andminimain thesummerandmaximumconcentrationsinsufficientto initiate inhibition

of plantgrowth.

SitePA-235a(node176780)

ModeledTSS concentrations(Figure 23) for site PA-235aare below 100 mg U’ for the whole

year.ElevatedTSSvaluesoccurbetweenOctoberandJanuaryandminimumconcentrationsoccur
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Figure22: Model resultsfor site7 (node16684- Thalassia):a) canopylevel irradiance(mol rn2

d~’);b) above-groundbiomass(gdw m~2);root-zoneHS concentration(pM); d) root-zoneNH4+
concentration(pM).
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betweenAugustandOctober.Thereis very little differencebetweentheTSSconcentrationsin the

dredgingandthenon-dredgingscenarios.

Figure23: ModeledTSS concentrations(mg U1) for sitePA-235a(node17680 - Thalassia).The
solid line showstheresultsofthesimulationwith dredgingandthedottedline showstheresultsof
thesimulationwithout dredging(modeldatacourtesyof Allen Teeter).
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Themodeledunderwaterirradiance(Figure 24a) is dictatedby the TSS concentration.The

minimum underwaterirradiance(< 5 jimol m2 ~_1) occursbetweenOctoberand January(the

periodof elevatedTSSconcentrationsat this site). Thepeakirradiances(e~~i45 jimol m~2s’)

occurbetweenJuly andOctober(theperiodofminimumTSSconcentrations).

Themodeledabove-groundbiomassvariesbetweenapproximately90 and 120 gdw m3 (Fig-

ure 24b). Thepeakbiomassis at theendof thesummer(September—October)andtheminimum

biomassis in the winter. The suddendecreasein biomassin Octoberis a consequenceof the

irradianceresultingfrom theincreasedTSSconcentrationsatthat time.

Root-zoneHS~concentrations(Figure24c) remainlow, varying betweenabout4 and 10 jiM

with a gradualdecreasingtrend over the threeyearsof the simulation. The modeledroot-zone

NH4~concentrations(Figure 24d) oscillateabout300 pM with peaks in the winter and maxima

during thesummermonths.
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Figure24: Model resultsfor sitePA-235a(node 17680 - Thalassia): a) canopylevel irradiance
(mol m2 d~);b) above-groundbiomass(gdw m~2);root-zoneHS concentration(pM); d) root-
zoneNH4+ concentration(jiM).
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SitePA-235b(node(l7676)

ModeledTSSconcentrationsare below 100 mg U’ (Figure 25). As with site PA-235a,elevated

TSSconcentrationsoccurbetweenOctoberandJanuaryprecededby aperiodbetweenAugustand

Septemberof minimum values.Thereis little discernibledifferencebetweenTSSconcentrations

in thedredgingand thenon-dredgingscenarios.

Figure25: ModeledTSSconcentrations(mg U’) for sitePA-235b(node17676 - Thalassia).The
solid line showstheresultsofthesimulationwith dredgingandthedottedline showstheresultsof
the simulationwithoutdredging(modeldatacourtesyof Allen Teeter).
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Maximum underwaterirradianceoccursbetweenJuly and October(Figure 26a) with values

reaching50 mol m~2d °. Theunderwaterirradiancesharplydropsto valuesbelow 15 mol

m~2
~‘ in October. This drop correspondsto the increasein TSSat the sametime. Irradiance

valuesincreaseagainduringthewinter.

The modeledroot-zoneH5 and NH4+ are little different from thoseat previoussites. The

HS varies betweenabout5 and 10 pM (Figure 26c) while the NH4~oscillatesabout300 jiM

(Figure26d).
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Figure26: Model resultsfor sitePA-235b (node17676 - Thalassia): a) canopylevel irradiance
(mol m~2d~’);b) above-groundbiomass(gdw m2); root-zoneHS concentration(pM); d) root-
zoneNH4+ concentration(jiM).
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SitePA-235c(node 17679)

The model results(TSS concentration,biomass,HS andNH4+) for site PA-235care all almost

identicalto thoseof PA-235b.

SitePA-235d(node 17677)

Themodel results(TSS concentration,biomass,HS~andNH4~)for sitePA-235dareall almost

identical to thoseof PA-235b.

SiteJEK (node 16394)

Modeled TSS concentrationsremain below 50 mg U1 except during March (Figure 27) when

concentrationscan get slightly greaterthan 50 mg U1. Generally elevatedTSS concentrations

occurbetweenOctoberand January.There is little discernibledifferencein TSSconcentrations

betweenthedredgingandthenon-dredgingscenarios.

Figure 27: ModeledTSSconcentrations(mg U’) for siteJEK (node 16394 - Thalassia). The
solid line showstheresultsofthesimulationwith dredgingandthedottedline shows the results of
thesimulationwithoutdredging(modeldatacourtesyof Allen Teeter).
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Modeledunderwaterirradiancereachesmaximumvalues(‘—~50 jimol m~2s~)betweenJuly

and Octobereachyear(Figure28a).Irradiancefalls to about10 pmolm2 s~’in Octoberandthe

steadilyrisesthroughouttherestof theyear.

Figure28: Model resultsfor siteJEK (node 16394 - Thalassia): a) canopylevel irradiance(mol
m2 d°);b) above-groundbiomass(gdw m~2);root-zoneHS concentration(pM); d) root-zone
NH4’ concentration(pM).
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Modeledabove-groundbiomass(Figure28b) is reasonablyconstant,varyingbetweenapprox-

imately 115 and 140 gdw m~3.Peakbiomassoccursduring July with minimum valuesduring

January.

Root-zoneHS andNH4+ showregularoscillations. TheHS~concentrationvariesbetween

approximately4 and9 jiM with peaksduringthesummerandminimumvaluesduringthewinter

(Figure 28c). Ammoniaconcentrationsshow theoppositebehavior,with peaksduring thewinter

and minimum valuesduring the summer(Figure 28d). Both HS andNH4+ concentrationsare

insufficient to result in growth-inhibitionof theplant.
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SiteWES-4(node 16496)

Modeled TSS concentrationsat WES-4 (Figure 29) are similar, but slightly higher than those

at WES-3 (Figure II). ElevatedTSSconcentrationsoccurbetweenApril and July, with values

reaching100 mg U1. ConcentrationsreachminimumvaluesbetweenSeptemberandOctoberand

then rise againin the winter with the maximumTSS occurringas a peakin March. Thereis no

discernibledifferencein TSSconcentrationsbetweenthedredgingandthenon-dredgingscenarios,

exceptfor slightly lowerconcentrationsduring April in thenon-dredgingcase.

Figure29: ModeledTSS concentrations(mg U’) for siteWES-4 (node16496 - Thalassia). The
solid line showstheresultsofthesimulationwith dredgingandthedottedline showstheresultsof
the simulationwithoutdredging(modeldatacourtesyof Allen Teeter).
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Modeledunderwaterirradiancereflects thechangesin theTSS concentrationswith maximum

values(c~ 50 jimol m~2s_i) in Septemberand Octoberand minimumvalues(< 5 jimol m~2

s’) between April andJuly (Figure 3Oa).

Above-groundbiomassvariesbetweenapproximately50 and 120gdwm~3throughouttheyear

(Figure30b) with maximumvaluesin thesummerandminimumvaluesin thelate spring.

Theroot-zoneHS~variesbetweenabout10 and4 pM with maximumvaluesbetweenApril

andJuly andminimumvaluesin January(Figure30c). Theselow HS~valuesarenot sufficientto

R-41

“lvi A M J 3 A S 0 N 0 5 F M A



Figure30: Model resultsfor siteWES-4(node16496-Thalassia):a) canopylevel irradiance(mol
m2 d~’);b) above-groundbiomass(gdw m~2);root-zoneHS concentration(pM); d) root-zone
NH4~concentration(pM).
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resultin any toxic effectson theplant.

Theroot-zoneNH4+ variesbetweenapproximate250 and 350 jiM with maximumvalues in

thewinterandminimumvaluesin thesummer(Figure30d). Thesevaluesarealsotoo small to be

toxic to theplant.

SiteWES-5(node16306)

ThemodeledTSSconcentrationsatthis sitereachalmost150mg l’ duringthespring(Figure31).

ElevatedconcentrationsofTSSoccurduringbetweenApril andJuly, followedby minimumvalues

in September and October. TSS concentrations remain below about 50 mgl~ between October and

February,thengradually increaseagain.Thenon-dredgingscenarioproducesTSSconcentrations

that areslightly lower thosein thedredgingscenarioduring certainpartsof theyear.

Figure31: ModeledTSSconcentrations(mg l’) for siteWES-5 (node16306 - Thalassia). The
solid line shows the results of the simulation with dredging and the dotted line shows theresultsof
the simulation without dredging (model data courtesy of Allen Teeter).
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Themodeledunderwaterirradiance(Figure32a)reflectsthechangesin theTSSconcentrations

with maximumvalues(> 50 jimol iir~ s’) in Septemberand October during theperiodof low

TSS,andlow irradiances(< 5 jimol rn~2s~’)betweenApril andJuly duringtheperiodofelevated
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TSS.

Figure32: Model resultsfor siteWES-S(node16306 - Thalassia): a)canopylevel irradiance(mol
m~2d~’);b) above-groundbiomass(gdw m~2);root-zoneHS concentration(jiM); d) root-zone
NH4+ concentration(jiM).
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Above-groundbiomassvariesbetweenapproximately60 and 120 gdw m3 (Figure 32b)with

maximum valuesin the summerand minimumvaluesin the late spring. Root-zoneHS~shows

slightly highervaluesduring thedredgingyear,but valuesarestill low varyingbetween4 and12

jiM. Root-zoneNH4+ concentrationsvary between250 and350 pM.

Discussion

For theforcing conditionsusedin thesesimulations,seagrassesat all themodeledsitessurvived.

At all thesites in bothUpperandLower LagunaMadre,theseagrasseswereexposedto irradiance

levelsgreaterthanor equalto the saturationirradiancefor almostthewholesimulation.

The model predictsroot-zoneHS concentrationsfor the Thalassiasites that aregenerally

lower than thoseobservedin field (Tables2 and6, ChapterVI). This may be due to the lack of
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a detailedbelow-groundbiomasscompartmentin the model for this species. Root-zoneNH4+

concentrationsarewithin therangeof thosemeasuredin the field for both Halodule andThalassia

sites,but tendto lie on thehigh endofthis range.ThemodelpredictsNH4~concentrationsthatlie

between100 and350 pM. Observedroot-zoneNH4+ concentrationstendto be lessthan 100 pM,

but somesitesshow concentrationsgreaterthan 1000jiM.

The maximum underwaterirradiancespredictedby the model fall within the range40 — 60

pmol m~2s~°.Thesevaluesareconsistentwith thoseobservedin LowerLagunaMadre(Figure

ii, ChapterI; Figures 10-12,ChapterV) but arehigher thanthoseseenin UpperLagunaMadre

(Figure 8, ChapterI; Figures7-9, ChapterV). Onereasonfor this is that modeledattenuationof

light in the watercolumn comesonly from thewater andTSS. Othercausesof light attenuation

(e.g., phytoplanktonbloom,algal mats)arenot accountedfor in themodel.

TheHalodule biomasspredictedby themodel is higherthan thatobserved,often by a factor

of 2. The model was developedfrom datatakenin UpperLagunaMadre (ChapterI). The data

showedtheeffectsof reducedlight levelsresultingfrom apersistentbrowntide. This affectedthe

calibrationof themodelsuchthat themodel recoveredfrom reducedlight levelsmorerapidly than

was actually seen in thedata(Figure 14, ChapterI). This tendencyof themodel to predicthigher

plant growth andproductivityduringperiodsof high irradiancemayexplain thehigh biomasses

producedin thesesimulations.

Themodelonly predictsabove-groundThalassiabiomass.Forthesimulationspresentedhere,

thepredictedabove-groundbiomasslies betweenapproximately100 and 150 gdwm3. Themea-

suredratio of aboveto below-groundbiomass(the root-shootratio) for Thalassia lies between

approximately3 and 6 (Figure 13, ChapterV). So, total biomassfrom themodel thereforelies in

therange500 to 1000gdw m~3.This comparesvery favorablywith Thalassiabiomassmeasured

in theLagunaMadre(Figure 13, ChapterV).

Two different resultswere seenin the verification experiment(ChapterV). At sitesPA-235a

and PA-235bthe seagrasseswere buried by material and subsequentlydied. Seagrassesat the

nearbysitesPA-235candPA-235d,althoughaffectedby thedecreasedlight, recoveredat theend

of theyear.Theseobservationsdo not contradicttheresultsof thesimulationsin this chapter.The

reasonbeingthat the verification siteswere close(within a few hundredmeters)to the disposal

site, whereas most of the sites usedin the model were greaterthan 1 mile from disposalareas;
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the site closestto a disposalarea was Site 19 which was 0.8 miles from PA-197 (Table 3 and

Figure 1). This supportsthe ideaof having a “buffer zone” betweentheplacementareaand the

nearestseagrassbed. Theextentof suchazoneis hardto determinefrom theavailableinformation.

Conclusions

Themodel resultspresentedhereindicatethat undertheconditionsusedto force themodel (i.e.,

TSSconcentrations,irradiancesetc.) theseagrassessurviveat thesiteswherethemodelwasrun.

Severalcaveatsneedto be placedon this conclusion:

• Only light attenuationby TSSand water wereaccountedfor in themodel. Thepresenceof

other factors contributing to light attenuation(e.g., phytoplanktonblooms and algal mats)

would decreasethe light availableto theseagrassesandcompoundany stressesaffectingthe

seagrassesas aresult of dredgingactivities.

• Burial of seagrassesby dredgematerial is not accountedfor in themodel. TheVerification

studyof thisprojectdemonstratedthatburial of seagrasseswill kill theplantswithin a short

periodof time. The model resultspresentedhereneedto be interpretedin the contextof

prolonged,chroniceffectsof dredging.

• Only certain siteswere modeled.Thesesitesare varying distancesfrom the disposalsites

andtheresultsfrom thesites in UpperLagunaMadrestronglysuggestthatseagrassesin the

imediatevicinity of a disposalsitemaybeimpactedmorethanthosefurtheraway.

• In thecaseofHalodule themodelappearsto over-estimatetheplantsrecoveryfrom adverse

conditions. This implies that over successiveperiodsof adverseand good conditions,the

model will producean optimistic estimateof plantbiomass.However,theseestimatesare

within a reasonablerangeof realisticvalues.

Themodelpredictsthesurvivalof theseagrassesmainly because,althoughTSSconcentrations

canbehigh,thesehigh valuesarenot prolonged.Themodelresultsindicatethatduringthesummer

growth period, the TSS concentrationsare very low, hencethe irradianceat canopylevel can
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be high allowing the plants to prosper. Prolongedexposureto high TSSconcentrationswould

adverselyaffect theplants.
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Extended Model SImuladons

Addendum:ExtendedSimulations

Two seriesof additionalsimulationswereperformedusingfield datacollectedduring the

Verification Experimentfrom site PA-235.Bothseriesof simulationswererun for threeyears.

The first hadsimulatedadredging event in thefirst andthethird yearswhile thesecond

simulatedadredgingeventin thefirst yearonly. Both seriesof simulationswererunwith a

varietyofroot-zonedepths,root-zonewidths, andpercentagesof reactiveandrefractorycarbon

(seeTable 1).

Table1. Tableofmodel sedimentand root-zone parameters used in bothextendedsimulations.
Rootzonedepthandwith distributionsaresimilarto thoseshownin LeeandDunton(2000).The
proportionsofreactiveandrefractorycarbonsumto thatmeasuredduring theVerification
Experimentin LowerLagunaMadre.

Linetype Rootzonedepth Rootzonewidth Reactivecarbon Refractory

(cm) (cm) (%) carbon(%)

Redsolid line 5 3 0.35 0.735

Greensolid line 7 3 0.37 0.715

Bluesolid line 9 3 0.40 0.685

Reddashed 5 4 0.35 0.735

Greendashed 7 4 0.37 0.715

Blue dashed 9 4 0.40 0.685

Reddotted 5 5 0.35 0.735

Greendotted 7 5 0.37 0.715

Bluedotted 9 5 0.40 0.685

Time seriesofunderwaterirradianceweresynthesizedusing field observations collected during

the Verification Experiment(seeChapterV). Underwaterirradiancefor ayearwith asimulated

dredgingeventwastakento be that collectedat sitesPA-235cand PA-235d(seeChapterV). For

yearswith no dredging,underwaterlight profiles collectedatthesametime butat stationFIX-2
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wereused(seeChapterV). This wasdonebecausetheunderwaterirradianceat FIX-2 indicates

that it wasapparentlyunaffectedby dredgingactivitiesduring thefield observations.

Themodelusedin thesesimulationswasthat describedin ChapterV. Thedisposalof dredged

materialwassimulatedby adding7.0 cm of dredgedmaterialto the surface layer in the

simulation. Different percentagesof reactiveandrefractorycarbonwere usedin describingthe

dredgedmaterial (Table 1), but in all cases,the total organiccarbonequaledthatmeasured

during theVerification Experiment.Root zonedepthsandwidths for Thalassiaweretakenfrom

Lee andDunton (2000).

Theaimsof thesesimulationswere:

1. To examinetheseagrassmodel(independentlyof the hydrodynamicandsediment

transportmodels)to seeif its long-termbehaviormatchedthatobservedat sitePA-235.

This sitewaschosenfor its proximity to a dredgedmaterialdisposalarea(seeChapterV)

andfor theavailability of dataatthe site.

2. To comparethemodeledeffect of asingledredgeeventagainstalternatingyearsof

dredgingandnon-dredging.

3. To estimatethetime that Thalassiatestudinumrequiresto recoverbetweendredging

events.

Results

Dredging in thefirstyearonly

If dredgingoccursin thefirst yearonly, theplantshavetwo yearsto recover.Thesimulation

showsthat at theend of thethird year,theabove-groundplantbiomassis recovering(Figure 1).

Theabove-groundbiomassat theendof thesimulationis approximately50%ofthe initial

above-groundbiomassandhasan increasingtrend indicatingcontinuedgrowth.In thesecond

yearof thesimulation,theabove-groundbiomassdrops to almostzeroasaresultof bothlow

irradianceandhighroot-zonesulfideconcentrations.Themaximumroot-zonesulfide

concentrationsareapproximately2 mM andmaximumammoniumconcentrationsare

approximately 750 p.M. Concentrationsofroot-zonesulfideand ammonium decline throughout

thesecondandthird yearsallowing the Thalassiabiomass to recover. It is alsoapparentfrom the
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clearlyseenin thefirst yearin both simulationswherethe increasein sulfideandammonium

concentrationsoccursin conjunctionwith thedecreasein underwaterirradiance.Thereasonfor

this is thattheplantsusesomeof theoxygenfrom photosynthesisto convertthesediment

sulfidesinto sulfates,which theplant cantoleratemoreeasily.As theunderwaterirradiance

levelsdecline,the level of photosynthesisdeclinesandtheamountof oxygengeneratedis

insufficientto keepthesedimentsulfideconcentrationslow. So,notonly doestheplantsuffer

from lower levelsof photosynthesis(andhenceis unableto grow orevenmetabolicallysupport

its existing tissues),but it alsosuffersfrom increasedsedimenttoxicity. Thecombinationof

thesetwo effectsresultsin seagrassdie-offunlesstheplantscanresumetheirpreviouslevelsof

photosyntheticactivity.

Thereverseoftheabovescenarioallows theplantsto recoverin thesingle-dredgescenario

(Figure 1). Normal levelsof irradiancein the secondandthird yearsleadto increased

photosyntheticactivity anddecliningsedimentsulfide andammoniumconcentrations.If a

seconddredgingeventoccursbeforetheplantshavehadtimeto sufficientlyrecover,thenthey

will declinefurther(Figure2). It would appearfrom thesimulationsthat this periodis longer

thanoneyearsincealternatingyearsofdredgingandnon-dredgingdo not appearto allow the

plantssufficient timeto recover.Evenaftertwo years(Figure 1) thebiomasshasnotreturnedto

its pre-dredginglevelandthesedimenttotal sulfide(TS) concentrationremainshigh.

Determiningtheexactlengthof timerequiredfor theseagrassesto recoveris difficult, especially

sincethesimulationresultsbecomelessmeaningfulthe longertheperiodof time being

simulated.

Themodel resultsappearto be relatively insensitiveto thewidth of theThalassiaroot-zoneas

well asto thepercentagesofreactiveandrefractorycarbonin thedredgematerial.Themodel is

sensitiveto thedepthoftheroot-zone.

Caveats

Greatcare hasto betakenoverthe interpretationanduseof thesemodel results.Thereare

severalcrucial assumptionsthat havebeenusedin this modelingeffort, andeachassumption

affectstheconclusionsin differentways.
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Hydrodynamicsandsedimenttransport

This modelwasrunwithout inputfrom anyhydrodynamicor sedimenttransportmodel.This

meansthat erosion,re-suspensionanddepositionof dredgedmaterialwerenot realistically

incorporatedinto themodel.This hasseveralimportantconsequences:

1. The7 cm layerofdredgematerial usedin this model is incorporatedinto thesediments.

In reality, someof thismaterialwill be re-suspendedand depositedelsewherein the

systemtherebyreducingtheinput ofnewmaterial into thesediment.However,in being

re-suspended,someof thismaterialwill contributeto a reductionin theunderwater

irradiancetherebyreducingthephotosyntheticactivity oftheplantandhenceits ability to

pump oxygeninto thesediments.This lackof informationconcerningre-suspensionis

overcometo somedegreeby using theunderwaterirradiancemeasuredat sitePA-235

during adredgingevent.Thetime seriescontainswithin it theeffectsofsuspended

materialin thewatercolumn.However,this doesnot provideanyextrainformationabout

thetime evolutionof thedepthofthe dredgemateriallayer.

2. Thelackof informationaboutsedimentre-suspensionbecomesmoreacuteasthe length

ofthesimulationincreases.For aoneyearsimulation(aspresentedin ChapterV) the

availability ofdetailedirradianceinformationmayin partmakeup for the lackof

sedimenttransportdata.However,overaperiodofthreeyears(thelengthof the

simulationspresentedhere)significantsedimenterosionanddepositioncantakeplace,

which will not bereflectedin the irradiancetimeseriesusednor in inputsto the

sediments.

3. Themodelasit standsis sitespecific.At adifferent location,differentcurrentswill

producediffering amountsofsedimentre-suspension.Thetime seriesof underwater

irradiancewill thereforebe different from thatusedin this model.

Resultsfrom thehydrodynamicandsedimenttransportmodelsshowthatthereis little difference

in theunderwaterirradiancebetweendredgingandnon-dredgingscenarios.If this is thecase,

then greaterconfidencecanbe placedin theresultsof thesimulationspresentedhere.However,

thesite, PA-235,usedin thesesimulationswascloseto adredgedmaterialdisposalarea(see
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ChapterV). Theunderwaterirradiancedatausedherearemostlikely inappropriatefor othersites

in theLagunaMadre.

Underwaterirradiance

Thetime seriesofunderwaterirradiancesusedin thesesimulationsconsistsoftwo parts.Forthe

yearswhendredgingoccurs,thetime seriesdevelopedin ChapterV for sitePA-235 wasused.

This timeseriesin itself wasconstructedfrom timeseriescollectedattwo setsofstationsduring

non-overlappingperiodsoftime (seeChapterV for details).Fortheyearswhendredgingdid not

occur,thetimeseriesofunderwaterirradiancecollectedat stationFIX-2 wasused.This hasthe

following implications:

1. Thefinal monthsof thetime seriesat PA-235 arequalitativelyand quantitatively

differentfrom thestartofthetime seriesat FIX-2. UnderwaterirradianceatPA-235

showsalowermeanvalueandgreateroscillationsaboutthat meanthandoesFIX-2 (c.f.

theirradiancebetweenJanuaryandApril with thatbetweenJuly andOctoberof thefirst

yearin Figure 1). This maybe aresultof theeffectsof dredging,or it maysimplybe a

consequenceofyearlydifferencesin thewinds. Eitherway, thereis an appreciable

changein meanlight levelsbetweenthetwo cases.

2. As with the lackofhydrodynamicand sedimenttransportinformation, theuseofthese

irradiancetime seriesmakeimplicationsfrom thesemodel resultssitespecific.

3. Thedisposalofdredgedmaterial occursatthesametime(September)eachyearin the

simulations.If disposalwereto occuratany othertime, thetime seriesofunderwater

irradiancewould be different.

Conclusions

Any conclusionsfrom thesemodelsmustbe takenwith theabovecaveatsfirmly in mind. In

particular,it mustbe rememberedthat thesite,PA-235, chosenfor thevalidationandhencefor

thesesimulations,wasvery closeto adredgedmaterialdisposalarea.Consequently,onecannot

drawgenericconclusionsaboutthe fateof seagrassbedsthroughouttheLagunaMadrebased

solelyon theresultsofthetwo simulationspresentedin Figures 1 and2.

1. Themodel resultsappearto agreewith long-termfield observationsat sitePA-235.Three

yearsafterthe dredgeevent,seagrassbiomassis recovering,with Thalassiaabove-

groundbiomassapproximately50%of thevalueprior to thedredgeevent(Figure 1).
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2. Root-zonesulfide andammoniumconcentrationsreachmaximum,toxic, levelswithin a

fewmonthsofthedredgeeventafterwhich theysteadilydecline(Figure 1).

3. Themodeldemonstratesthatseagrassescloseto adredgedmaterialdisposalareawould

die-offif dredgingoccurredeveryotheryear(Figure2).

4. A single yearbetweendredgeeventsappearsto be insufficienttime to allow the

sedimentsto returnto their prior state.Whatis more,theeffectsof dredgingin alternate

yearsis additive,so that maximumconcentrationsof sulfidesandammoniumin the

sedimentaregreaterin aftertheseconddredgingevent(Figure2).

5. Theresultsof thesesimulationsindicatethataperiodof significantlygreaterthantwo

yearsis requiredfor aThalassiaseagrassbedto recoverfrom adredgingeventcloseby.

Exactlyhowlong this periodneedsto be is hardto determineusing thecurrentmodel.

6. Seagrasseshavingdeeperroot-zonesdo not recoverasreadilyasthosewith shallower

root-zones.
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Abstract

The Laguna Madre SeagrassModel (LMSM) is a single componentof a suite of models

developedto assistin managementdecisionsconcerningmaintenancedredging in the Laguna

Madre. The objectiveof the seagrasscomponentwas to be ableto predict trends in seagrass

biomassand productivity resulting from changingenvironmentalconditions. In particular, the

modelpredictshow theplantsrespondto changesin irradiancethat might arisefrom increasesin

suspendedmaterialin thewatercolumn.

The model wasdevelopedfor threeseagrassspecies,Thalassiatestudinum,Halodule wrightii

and Syringodiumfil~formethat are found in the LagunaMadre. The model wasdevelopedand

calibratedusing extensivedatasets for the three species.In particular, a 9 year dataset of

biomassandhourly light datawasusedfor theHalodulemodelwith smallerdatasetsbeingused

for Thalassia and Syringodium (approximatelytwo years for each). The Halodule dataset

fortuitously containeda prolongedperiod during which a brown tide affected the areathus

stressingtheplants.

The LMSM is able to reproducemany featuresof theHaloduledataset, including the effect of

light stresson the belowgroundbiomassandtherapidrecoveryof root and rhizometissueafter

the browntide disappeared.The Thalassiamodel reproducestheobservedseasonalcycle of the

plantswhich, unfortunately,theSyringodiummodelwasnotableto do.

Simulations using worst-caselight attenuationprofiles show that the seagrassesare able to

withstandshort periods(one to two weeks)of very high water column attenuation.Prolonged

periodsof approximately100 daysresult in a dangerousdecreasein plant biomassat moderate

levelsof watercolumn attenuation.
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Introduction

TheLagunaMadre SeagrassModel hasbeendevelopedaspartof an interdisciplinaryprojectto

examinetheeffectsof maintenancedredgingon thehealthof seagrassbeds.The modeldescribed

here is one part of a suite of models developed for the Laguna Madre that include a

hydrodynamicsmodel, a sedimenttransportmodel, a water-columnlight model and a sediment

diagenesismodel (Eldridge,Chapterffi ofthis report).

The objectiveof the modeling effort was to determinethe effects of a variety of dredging

scenariosupon the health of seagrassbeds.The model will be usedas a managementtool to

assistin decisionsconcerningthetiming of maintenancedredgingandtheplacementof dredged

material. The separatemodulesof the modelingeffort (the hydrodynamic,sedimenttransport,

water column light, sedimentdiagenesisand seagrassmodels)shareinformation. For example,

the seagrassmodel describedhere requires information from the water column light model,

which in turn dependsuponinput from thesedimenttransportmodel.

For the seagrassmodel, the objective was to provide a model of above and below ground

biomassthat would beableto successfullypredicttrendsin seagrassbiomassandproductivity in

responseto externalconditions. In particular,dredgingactivities may affect a seagrassbed in

severalways.Themostdirect impactof dredgingis theplacementof dredgedmaterial on top of

seagrassbeds.In this case,unlessthis material is removed,the plants will die. A more subtle

effect is the reduction in availablelight arising from an increasein suspendedmaterial. In this

casethe effect on the seagrasseswill dependupon theseverityand durationof the reduction in

light levels.

Any model relieson field datafor its formulation, calibration and verification. In the caseof

physical models,suchasthe hydrodynamicmodel, thebasictheoryunderpinningthe model is

known andmathematicalformulations(e.g.,theNavierStokesEquations)of thetheoryarewell

established.For biological models this is not necessarilythe caseand one has to resort to

parameterizingprocessesusing field data.For plant models,some parameterizationsare well

established(e.g., thoseusedto representproductionasafunctionof irradiance);othersarenot on
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suchfirm ground.Any model which attemptsto representtheseprocessescanonly be asaccurate

asthedatausedto setup the model.

Existing seagrassmodels(e.g., DennisonandAlberte, 1985;Kuhn, 1992;Short, 1980;Verhagen

and Nienhuis, 1983) are semi-empirical,being basedupon regressionanalysisof observations

local to thesiteof interest.Such modelswork well within theconstraintsof thedatausedto form

the model,but maygive resultswith increasinguncertaintyfor predictionsoutsideof that range.

The model most relevantfor ourpurposesis the ChesapeakeBay model (Kuhn, 1992) which

includesinteractionsbetweentheplantsandthesediments.TheChesapeakeBay Seagrassmodel

dealswith Zosteramarina (a speciesnot found in the LagunaMadre) and has interactions

betweenthe plant and water-columnas well as the plant and the sediment. Many of these

interactionsareparameterizedfrom datacollectedboth in situ in theChesapeakeaswell asin the

laboratory. A detailed examinationof the model formulations revealed that someof these

parameterizationswere not applicableto seagrassesin the LagunaMadre. As a result it was

decidedto developa newmodel,basedon the Chesapeakemodel,for thethreespeciesThalassia

testudinum,Halodulewrightii andSyringodiumfihiformefoundin theLagunaMadre.

Researchon seagrassesis in its infancycomparedto that of terrestrialplants.Terrestrialgrassland

models (e.g., Hurley GrasslandModel (Thornleyand Cannell, 1997)) requireover one hundred

parametersto be determinedbeforethe model can be run. Even then, the model output often

differs from observationsby a factor of two or three.Such a detailedmodel is impossiblefor

seagrassesgiventhecurrentstateof knowledgeabouttheplants.

Even within the field of seagrassresearch,not all species have been studied uniformly.

Seagrassesarefoundthroughouttheworld, andthemoststudiedandmodeledspeciesis Zostera

marina, a temperatespecies.Within this project, we areconcernedwith thesub-tropicalspecies

Thalassiatestudinum,Halodulewrightii andSyringodiumfiliforme.Of these,the mostis known

aboutThalassiaand Halodule.

The major influenceson seagrassgrowth are howeverknown. The most important of theseis

light (Wetzel and Penhale, 1983; Dennison and Alberte, 1985). The surface light field is

attenuatedasit passesthroughthe water column; water molecules,algaeand suspendedsolids
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contributeto this attenuation.The plant canopyitself alsomodifiesthe light beingreceivedby an

individual leaf throughshadingof one leafby another(Ross, 1981; Myneni et al., 1989); this

self-shadingdependson thecanopyarchitectureaswell as theleafdensity. A knowledgeof the

light field at the depthof the plant canopyprovidessufficient information to predict the gross

productionof the plant. In order to determinethe biomassresulting from suchproduction,one

needs to know how the plant allocatesits various resourcesunder differing conditions. The

mechanismscontrolling this allocation are generallyunknown though some hypothesesand

simplemodelshavebeenproposed(Wilson, 1988;ThornleyandJohnson,1990;Thornley, 1995).

This chapterdescribesthe LagunaMadreSeagrassModel (LMSM) which consistsof the plant

biomassand productivity modulesof the modeling effort. The model containsparts that are

common to the threeseagrassspeciesbeing examined,and theseare discussedin the next

section.After that, thedataneedsfor the model arediscussed.Differences,and their rationales,

in themodel for individual speciesarediscussed.Althoughfull modelproductionrunscannotbe

madeat present,someinitial test runsarepresentedwhich give a good indication of therangeof

behaviorsexpected.Finally, themodeland its predictionsarediscussed.

The Laguna Madre SeagrassModels in General

The LagunaMadre SeagrassModel hasbeenconstructedto allow its application to the three

main seagrassspecies found in the region (Thalassia testudinum, Halodule wrightii and

Syringodiumfiliforme). Models for eachof the speciesexaminedin this project followed the

samegeneral structure(Figure 1) though there are differencesbetweenspecies,especiallyfor

Thalassia.The model computeschangesin above and below groundbiomassresulting from

changesin the productionof the plant; changesin plant productioncan arisefrom temperature

effectsaswell aschangesin the light environment.

Plantmodelsgenerallyuseeithercarbonornitrogenas theircurrency.The LMSM makesuseof

carbon,with requirednitrogenconcentrationsand demandsbeingobtainedfrom measuredC:N

ratiosof theplant material.Many plant modelspreferentiallyfollow nitrogen(e.g.,Sheehyet at.,

1996)sincenitrogenlimitation is acrucial aspectfor plants.Carbon was followed in this model
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sincemuchof therequiredinformation for anitrogenbasedmodelwasunavailable.For example,

seagrassesobtain most (if not all) of theirnitrogenfrom the sediments(e.g.,Zimmermanet at.,

1987) throughtheroots. In orderto follow nitrogenuptakeby theplant one needsto know the

root biomassof the plant as well as how the specific uptake rate changeswith nitrogen

concentration.For both Haloduleand Syringodiumtheplant architecturemakesmeasurementof

therootbiomassan almostimpossibletask.

The inputs to themodel consistof initial aboveandbelowgroundbiomassandthe irradianceat

the canopylevel of the plants. The irradianceused is the photosyntheticallyactive radiation

(PAR) that is incidentat thetop of the plantcanopy.Once this hasbeendetermined,the amount

of carbonproducedby the plant can be calculatedif thephotosyntheticresponseof the plant is

known. Photosyntheticparametersfor all threespeciesof seagrasswere obtainedeither through

experimentsconductedas a part of this project, e.g., for Syringodium(Major, 1998) or from

publishedvaluesfor Halodule(DuntonandTomasko,1994)and Thalassia(Herzkaand Dunton,

1997).

Both aboveand below groundbiomassesexperiencelossesthroughrespiration and mortality.

Respirationvaluesfor both aboveand below groundtissue wereobtainedfrom literature values

for Halodule (Dunton and Tomasko, 1994) and Thalassia (Herzka and Dunton, 1997).

Syringodiumvalueswere obtainedfrom experimentsconductedaspart of this project (Major,

1998). In the model (Figure 1), thetermmortality refersto any mechanismthat will leadto a loss

of structuralmaterial from the plant. Examplesinclude leaf-bladeloss through bladesdying as

well asthroughwaveaction. Values for the mortality ratewerenot available,but estimateswere

usedbasedon field observations.
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Respiration

Figure 1. Generalstructureof the LagunaMadre SeagrassModel. The model tracksboth above
andbelow groundbiomasswith transportof materialfrom theabovegroundto thebelowground
compartments.Lossesfrom the systeminclude respiration,mortality andexudationof DOC into
the sediments.The major input to the model is the underwaterirradiancefrom which gross
primaryproductionis calculated.

Carbonusedto generatebelowgroundbiomassis obtainedthroughtranslocationfrom theabove

groundphotosynthetictissue.How the plant determinesthe allocation of this carbonis asyet

only vaguely known, so a detailed model is not possiblewithout an extensive laboratory

program.Measurementsthat havebeenmadeand are available in the literature show a wide

rangeof transportratesunder varyingconditions.Wetzeland Penhale(1979)measurelessthan

1% of the carbonfixed by Thalassialeavesbeing transportedto the roots and rhizomesafter 8

hours of incubationunder conditions of saturatedoxygen, high light and high temperatures.

Moriarty et al. (1986)measuredcarbonallocationfor Haloduleunderlight saturatingconditions.

Theyfoundthat after3 hours,between6% and26%of thefixed carbonhadbeentranslocatedto

therootsandrhizomes;after4 hours,7% had beentranslocatedand after6 hours,28%hadbeen

transported.The lack of available data for transportunder various environmentalconditions

meantthat wehadto estimatethetranslocationrate,theprocedurefor doing this is givenbelow.

Production Above Ground

B iomass

Transport

Below Ground

Respiration

Biomass

02 DOC
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The root zone exudesboth dissolvedorganic carbon (DOC) and oxygen. Again, insufficient

measurementsare available to formulate a detailedmodel. Brylinsky (1977) measuredDOC

releasefrom the whole Thalassiaplant underboth high light as well asdark conditions. Under

high irradiances,Thalassiaexudedapproximately1 % of the fixed carbonas DOC; underdark

conditions,approximately7% of the fixed carbonwas released.Moriarty et at. (1986)measured

DOC releaseamountingto 0.5%of thefixed carbonfor Halodule,thoughasmuchas 17%of the

fixedcarbonfound its way into thesedimentsin one form or another.

Exceptfor Thalassiabothaboveand belowgroundbiomasswasmodeled;andevenin thecase

of Thalassiabelow groundgrowth was modeledindirectly. Certainparametersrequiredfor the

modelswere obtainedfrom the literature and from work done in associationwith this project.

Certainparametershowevercouldnot be obtained,andtheseweredeterminedby optimizing the

model againstavailabledatasets. This was done by varying the unknown parametersin the

models to obtain the bestagreementbetweenthe model biomasspredictionsand the observed

biomass.

The Light Field andSelfShading

Light is the primary input for the plants, determiningthe rate of carbonproduction. As light

passesthroughthewatercolumnit is attenuatedvia absorptionandscatteringby watermolecules

andmaterial(e.g., inorganicsolidsand phytoplankton)suspendedin thewatercolumn.Dredging

can affect the light attenuationby increasing the amount of suspendedmaterial in the water

column, thereby increasingthe attenuationcoefficient and hencethe light reachingthe plant

canopy.

Thereareseveralwaysto calculatethe irradiancereceivedby the plants.For model calibrations

andtesting,the measuredirradianceat thetop of the plantcanopywasused.For productionruns

of the model either an idealized irradianceor a typical irradiancecalculatedfrom surface

observationswasused,with detailsgivenbelow.
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For the initial productionrunsof themodel, thesurfaceirradiancehasto be determinedandthen

thepropagationof thelight throughthewatercolumncanbecalculatedoncealight attenuationis

given. Two separatesurfaceirradianceswereused.Thefirst is a syntheticirradiancedetermined

from equationsgoverningtheamountof light receivedat agiven latitude for botha clearsky and

an overcastsky.

This synthetic light field wasproducedusing simple, standardequationsfor a clear sky (Kirk,

1994).Thesolardeclination(in degrees)is determinedby theempiricalequation

8 = 0.39637— 22.9133cos(i~)+ 4.02543sin (17)— 0.3872cos(217)+0.052sin(217)

where v~is the Julian Day Numbercalculatedas an angle in degrees,r~= 360(Day/365).The

angulardistanceof thesunabovethehorizon (thesolarelevation, ~)ata latitude I and for atime, t

(in hours)is given by

sin(fl)= sin(~?)sin(8)—cosCe)cos(8)cos(~r)(1)

where ‘t= t(360/24) . Thesolarazimuthalangle, (p, is givenby

sin(/~)sin(~?)— sin(5)
cos(ço)= (2)

cos(/3)cos(~)

Thetime ofsunriseis calculatedusing (Kirk, 1994)

= arccos(tan(e)tan(8))

with theday length (in hours)givenby

N = 0.l33arccos(—tan(~?)tan(6))

Theirradianceon ahorizontalsurfaceby direct sunlightis then
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1~=(S/2f)cos(ii /2—/i)

whereS = 1373 W m2 is theSolarConstantand(it/2 - 1~)is thesolar zenithangle.Thefactorof

1/2 arisesfrom thefact thatwe areinterestedin PAR which accountsfor abouthalf thesolaroutput

andthe factorf (approximately2, (Kirk, 1994))from atmosphericattenuation.

The diffuse componentof the surface irradiance is harder to model since it is dependenton

meteorological conditions at the site. An approximate, angular dependencefor the diffuse

componentcanbe obtainedfrom theStandardOvercastSky(MonteithandUnsworth, 1990)

l+Bcos(o)
l+B

where Lj(0) is thefraction of theclear sky irradiancemeasureddirectly overhead,a is the solar

zenith angleand B is in therange 1.1 to 1.4.

Thesurfaceof thewateris assumedto be flat (i.e., no surfacewaves)sothat thetransmissionof the

light through the air-waterinterfaceis determinedby Snell’s Law and Fresnel’sEquations.To a

first level of approximation,wavesand white capshavea small impacton light levels (including

their effects leads to about a 10% change,(Kirk, 1994)). Snell’s Law predictsthe changein

directionofabeamof light asit passesthroughan air waterinterface,

sin(6~~)n~

sin(O~)— na

where °a,O~aretheanglesof the light ray from thevertical in air andwaterrespectivelyandna,n~

aretherefractiveindicesofair andwater.For seawater,the refractiveindex is 1.33 andfor air it is 1

(Kirk, 1994). Fresnel’sEquationsdeterminetheproportionsof light reflectedandtransmittedatthe

air-seainterface.Thereflectance,r, ofunpolarizedlight is

r=0.551n2(6a —~~) tan2(8~1 —Ow)
sin2(Oa+9~v) tan2(6~1+9~)
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The reflectanceis low for small °a, increasinglyslowly up to about50°,abovewhich it increases

rapidly.

Attenuationwithin thewatercolumn is modeledusingBeer’s Law

1(z) = 1(0)exp(—kz)

wherez is thedepthbelow thesurfaceof thewater. Theattenuationcoefficient,k, is initially taken

to be constant,thoughin the latermodelsthis will be determinedfrom thesedimenttransportmodel

andthewatercolumnproperties.

A secondlight field wascalculatedfrom observedsurfaceirradianceat siteLLM-2 overaperiod

of about3 years.Hourly irradiancesfor a year werecalculatedby taking the samehourin each

yearof thedatarecordandaveragingover thosevalues.This resultsin a yearlong representative

surfaceirradiancethat includestypical cloud cover, fronts etc. This averagedlight record was

usedin the productionrunsof the model presentedlater in this chapter.A comparisonof the

different irradiancesusedis given in Figure2.

Given the irradianceat the plant canopy, the grossproductionof the plant can be calculated.

Productionof carbonin plantsvariesaccordingto theamountof irradiancetheplantsreceiveand

severalpossibleparameterizationsare available. Two relationsbetweengross productionand

irradiancewereused:

(I~
P=Ptanhl—I (3)

~‘k)

(4)

where ~max is themaximumgrossproductionoftheplant, ‘k is thesaturationirradianceof the
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Figure 2. A comparisonof daily surfaceirradiancecalculatedusing a clear sky model (dashed
line), a standardovercastsky (dotted line) and an averageof surfaceobservations(solid line).
The clear sky model provides an upper envelope for the surface irradiance but often
overestimatesirradiancesincelocal conditions(e.g., cloudcover, marineaerosolconcentrations
etc) are not takeninto account.The standardovercastsky (dotted line) providesa reasonable
estimatefor the lower limit to surfaceirradiance.

plant and a = ~ / ‘k~ Thesethreeparameterswere determinedexperimentallyfor eachplant

speciesand theirvaluesare listed in Table 1. Equation(3) was usedfor Halodule andEquation

(4) for Thalassiaand Syringodiumsincethesewerethe forms usedin the determinationof the

parameters(Herzka and Dunton, 1997; Dunton and Tomasko,1990; Major 1998).The actual

forms for the P vs. I curve for Thalassia usedby Herzkaand Dunton (1997) were somewhat

moregeneralbut measurementsof in situ observationsweremadeat only two times of theyear.

0
0 50 100 150 200 250 300 350 400

Time (d)
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As aresult,photosyntheticparametersmeasuredfor late summerwereusedin this studywith the

simplerform for thePvs. I curve.

So far the architectureof the seagrasscanopyhasnot been takeninto account.Leavescan shade

eachother, so that an individual leafwill not perceivethefull irradianceat that depthin thewater

column. In addition, leavescan scatterand reflect radiation, makingradiative transferwithin the

canopyextremelycomplicated.Various approximationsto full radiative transfercan be made,

dependingon thequantitiesone wishesto calculate.To estimatephotosynthesis,the leavesmaybe

consideredblack; i.e., they absorball radiationfalling on them without scatteringor reflection

(Norman,1980; ShultisandMyneni, 1988).

To simulatea seagrassbed, a rectangularregion was “seeded” with shootswhosepositionswere

selectedrandomly(Figure3). Theleavescanbe inclinedat any angleto the horizontal,but for the

purposesof the simulationspresentedhere, the leaveswere assumedto be vertical. For this

simulation,eachshoothadonly oneleaf. Periodicboundaryconditionswere usedto simplify the

problem,making theeffectivesizeof thesimulatedseagrassbed infinite. Average,species-specific

valuesfor thelength and width of eachleafbladewereused.

Theirradianceat the top of the canopywas calculatedusing Beer’s Law and the directionof the

direct beamlight wasgiven by the beamazimuthandzenith angle, calculatedfrom Equations(1)

and(2). To calculatetheeffectsof an individualshadowon thesurroundingleaves,achainingmesh

is formed togetherwith a linked list (HockneyandEastwood,1988).This allows themodel to keep

trackof individual leavesandtheir neighbors.Foragivenbeamdirection, theshadowcastby aleaf

was calculated(Monteith andUnsworth,1990)(Figure4).
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Figure 4. The calculation of the shadow.The seagrassblade is inclined at an anglea to the
horizontalandthe light is strikingthebladeatan anglef3 to thehorizontal.

Eachleaf, though, will reducethe sizeof the shadowuntil either the shadowreachesits proper

length, or the shadowhasbeenusedup. The shadowcast by the leaf will impinge upon other

leaves.Usingthe linked lists, thoseleavesthat areaffectedby eachshadowwerefound (Figure3).

Theareaof eachleaf that is shadedby this shadowwas calculatedand stored.This procedureis

repeatedfor eachplant in therandomlyseededarea.At the endof this procedure,theareaof each

leafcoveredby shadow(taking into accountthat shadowscan overlap)was calculatedand stored.

This informationwasthenusedto calculatethegrossproductionand theeffectsof selfshading.

Self-shadingwithin theseagrasscanopyreducesthe light receivedby theplantsand hencethedaily

production.Theeffectsof self-shadingwithin the canopyare mostnoticeableduring mid-morning

(about9 a.m.) and mid-afternoon(about4 p.m.) with reductionsof about a factor of 1.5 in the

productivity (Figure 5 and Figure 6). The extentof the self shadingincreaseswith shoot density.

For the simulations shown here (using a canopygeometry similar to Halodule) self shading

becomesnegligible for shootdensitiesbelowabout1,000m2 (Figure7).
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Figure 5. A comparisonbetweenhourly Haloduleproductionrateswithout self-shading(solid
line) and with self-shading(dashedline). The simulation was run for June

21
st with a water

columnattenuationcoefficientof k 0.5 m1 andthetop of theseagrasscanopyat a depthof 1.8
m. The shoot densitywas 10,000m2. The total daily productionwithout self-shadingwas 0.3
mol C m2 d’ andwith self-shadingwas0.23 mol C m2 d’.
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Figure 6. A comparisonof hourly productionrates for a Halodule seagrassbed with a shoot
densityof 20,000m2. All otherparametershavethesamevaluesasin Figure5.
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Figure 7. A comparisonbetweenhourly productionratesin a Halodule seagrassbed with and
without self-shading.All parametersare the sameas in Figures 5 and 6 exceptthat here the
seagrassshootdensityis only 1,000m2.

Self shadingis important for determiningthe plant biomass,especiallyat high shoot densities.

Without taking it into account, the seagrassescan potentially increase their biomass to

unrealisticallylarge values.Detailed measurementsof the attenuationof light as it propagates

through a seagrasscanopyhave never beenmade.This makesthe constructionof a detailed

canopylight model largely speculation.However,asthe abovesimulationsshow, self-shading

mustbe takeninto account.So, in orderto model theupperbiomasslimit imposedby thedensity

of thecanopy,weuseda logistic termfor theproductivity
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(iV c~
= ~max ~ 1\1 — (5)

where C~ is the abovegroundbiomassand ~ is the carryingcapacityof the system(i.e., the

maximum aboveground biomassthat the systemcan support).The logistic term providesa

feedbackbetweenthecanopybiomass(Ca) (and hencethe shoot density)and the productionof

theplant.

TemperatureEffects

It is well known that rates of physiological processesdependon ambient temperature.For

example, one expects respiration rates to increasewith temperature.Often the parameters

describingthese processesalso dependupon other factors, and isolating the influence of

temperaturealonefrom the availabledatais difficult. Both in situ and laboratorymeasurements

havebeenmadeof thetemperaturedependenceof grossproductionand respirationfor Thalassia

testudinum(HerzkaandDunton, 1997),Halodulewrightii (DuntonandTomasko,1994; Dunton,

1996) and Syringodiumfiliforme (Major, 1998). Comparisonbetweenlaboratory and in situ

measurementsfor Thalassiashowed that in situ measurementsand whole-plant production

measurementswere more realistic than laboratory measurements(Herzka and Dunton, 1997).

Unfortunately,in situ productionmeasurementsdisplay the greatestintrinsic variability making

the isolation of any temperatureeffect extremely problematic. For example,production vs.

irradiancemeasurementsfor Halodule in UpperLagunaMadre show the productionin January

1990(at 20°C)to bemore than twice that measuredduring July 1989 or July 1990 (at 30 °C).

Onesexpectationwould be for theJanuarymeasurmentsto be lower thantheJuly ones.

Temperatureeffects on physiological processessuch as respiration are traditionally modeled

using an Ahhreniustype formulation (e.g., Thornley and Johnson,1990). Here the effect of

temperatureis modeledusingan exponentialfunction,R = Roe~TT~)whereR is thephysiological

parameterof concern,T0 is the temperature,R0 is thevalueof the parameterat thetemperature

T0 andk is a parameter.The valueof k chosenin this study is that which correspondsto a Qio
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value of 2 (where Qio is an indication of the dependence of the rate in question on temperature

and can be interpreted as the increase in the rate for a 10°change in temperature).

ModelEquations

The equations determining the evolution of the above ground (Ca) and below ground (Cb)

biomass are:

= (I —~) P(1) exp(k0AT) ~ Ra exp(k0AT) Ca ~MaCa

= (r —8) P(1) exp(k0AT) Ca — Rb exp(k0AT) Ch — MhCh

where AT = T(t) — 31 is the temperature differencebetweenthe current temperaturein the

simulation (T(t)) and a reference temperature at which the photosynthetic and respiratory

parametersweremeasured(in this case31 °C).Thecurrenttemperatureis givenby

~ (~(~~t ~
.t ~t) — ~lm7.O ~iiiI\ ~365 2))

and was determined by a fit to observed water temperatures in the Laguna Madre (Brown and

Kraus, 1997), with t beingtheday number.Theparameterk0 = 0.07 and was chosen to represent

a value of Q’o = 2. The function P(I) is given by either Equation 3 or Equation 4 dependingon

the species in question.The parametersRa,b and Ma,b representaboveand below groundplant

respiration and mortality respectively. Parameters‘t, 6 and K are determinedin the model

calibration and representrespectivelytherateof materialtransportfrom aboveto belowground

tissue, the rate of DOCrelease into the sediments and the carrying capacity.

The Thalassiamodel contained the below ground componentonly implicitly. For Thalassiano

below ground equation was used, so that the only parametersthat hadto be estimatedwere ‘t and
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K. The estimates one obtains for ‘r can be expected to be approximate in this case since below

groundprocessessuchasexudationof DOC arenotaccountedfor.

DataRequirementsand Availability

A model of any natural phenomenon, be it seagrass growth or water currents in a bay, depends

heavily on data. Data are required for the formulation of the model since one needs to know what

it is that has to be explained.For many models,mathematicalexpressionsof the mechanisms

underlyingthe processesbeing modeledare unknown. In thesecases,dataare requiredfor the

parameterization of these processes. Lastly, data are required in order to test the model against

reality. Thedegreeto which themodel representsreality thereforedependsupon the accuracyof

thedatausedto formulateand validatethe model. If thedatausedarean accuraterepresentation

of reality, thencomparisonsbetweendataand model resultscanbe madewith someconfidence.

If accuratedataarenot available, then identifying those areasin the model which needto be

improved becomes harder.

Many processescontribute to the productionof seagrassbiomass.Mechanismsand modelsfor

mostof theseareasyet undetermined.Therefore,only thoseprocessesthat havethe largesteffect

on theseagrassescanbe takeninto account.To setup themodel andparameterizeit, dataon the

aboveand belowgroundbiomassof theplant arerequiredaswell asthecanopylevel light field

measured at the same place and over the same period. Once the models have been developed,

only initial above and below ground biomasses are required along with time series of irradiance

at thesurfaceof thewaterandattenuationof light in thewatercolumn.

BiomassandIrradiance

The longestrelevantdataset availableto uswasfor Halodulewrightii. Thesedatawerecollected

at thesiteLM1S1. This wasanineyeardataset,during which theplantswereheavilyaffectedby

a brown tide (aurcoumbra lagunensis(DeYoe et al., 1997)) which was found in the Laguna

Madre between 1989 and 1997. Light levels showed a dramatic decrease between 1989 and
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1995;peakunderwaterirradiancereachedalmost40 mols m2 d’ during 1989and about 15 mols

m2 d’ during 1995. Underwater light levels increased rapidly in 1996 and 1997 giving peak

valuesof approximately34 mols m2 d’ in 1997 (Figure 8). Both aboveand below ground

biomassshoweda responseto thesechanginglight levels,with themoredramaticresponsebeing

adecreasein thebelow groundbiomass.Possibleexplanationsfor this decreasein below ground

biomassinclude: a decreasein transportof carbonfrom aboveto below groundsuchthat dying

below ground tissue was not replaced sufficiently fast to maintain the below ground biomass; the

plant made use of material stored in the rhizome to supplement its carbon production under

conditions low light. For Thalassia (Lee and Dunton, 1996), the amount of stored soluble

carbohydrate available for use by the plant amounts to only about 10%of the rhizome biomass. If

this result also applies to Halodule, then there would appear to be too little storage material to

account for the large changes in below ground biomass. Between 1989 and 1992, biomass

sampleswere taken approximatelyeverytwo months.After 1992, thesamplingratedroppedto

four (or less) samplings in a year. (Figure 9)
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Figure 8. Underwater irradiance at the level of the seagrass canopy for site LM-lS 1 (Halodule
wrightii). The light levels show the effect of the brown tide that affected Upper Laguna Madre
between 1989 and 1997; light levels begin to return to normal in 1996 with a continuing recovery
to almost pre-brown tide levels in early 1997.
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Halodule wrightii Above Ground — Site LM—151
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Figure 9. Observations of above and below ground biomass for Halodulewrightii taken at the
site LM- 151 (Dunton, personalcommunication).The time series spansa period of almost 9
years, from 1989 to mid 1997. Both above and below ground biomass time series show the
impact of the brown tide with decreased biomass from 1992 onwards. Interestingly, the below
ground biomass is affected to a greater extent than the above ground, and also recovers faster,
returning to its pre-brown tide level within two years.

The Thalassiadata set used to develop the model was obtained by J. Kaldy at site LLM2 (Kaldy,

1997). This data set consists about two years of data (1995-1996). The peak light levels in 1996

were almost twice as great as those in 1995. Both above and below ground biomass was

measured at approximatelymonthly intervalsandwas reasonablyuniform throughouttheperiod.

In spite of the change in light levels between the two years, this site showed no influence of
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brown tide. Unlike the Halodule data set, theThalassiadata setcontainedno informationon the

behaviorof theplantsduringperiodsof light limitation.
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Figure 10. Above andbelowgroundbiomassfor Thalassiatestudinumcollected over a two year
period (1995-1996) in Lower Laguna Madre (Kaldy, 1997). The continuous curve is a spline
curve fitted to the data as a visualization aid. Both above and below ground biomass
compartmentsshow non-seasonalfluctuations, with the magnitudeof changesin the below
groundcompartmentat times being morethan500 gdw m2 overamonth (i.e., thebelow ground
biomassalmostdoublingin 30 days— e.g.AugustandSeptember1995).
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Figure 11. Underwaterit-radianceat thecanopylevel in a Thalassiatestudinumseagrassbed in
Lower LagunaMadrecollectedduring 1995-1996(Kaldy, 1997).Not only is the seasonalsignal
in the irradiance apparent, but also the difference between the two years is striking. In
comparisonwith the light levelsrecordedat theHalodulesite, therewas no brown tide affecting
the area.
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Syringodium filiforrne Above Ground — Site C
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Figure 12. Above and below ground biomass for Syringodiumfihiforme collected in Lower
Laguna Madre from April 1996 through August 1997 (Krull, 1998). The curve fitted to the data
is a simple spline to assist in visualization. The below ground biomass exhibits strong
fluctuationsduring the period April to August 1996 (c.f. measurementsof Thalassiabelow
groundbiomass),after which both theabove and below groundbiomasschangesmoothly. The
fluctuationsin thebelowgroundmeasurementsarenot repeatedduring thesameperiodin 1997.
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TheSyringodiummodel wasdevelopedusing dataobtainedby C. Krull (Universityof Texas,Pan

American) from site C in Lower LagunaMadre (Krull, personalcommunication,unpublished

data). This consists of a 16 month time series of above and below ground biomass - the below

ground biomass was not divided into root and rhizome tissue. The light data were the same as for

Thalassia.

All threebiomassdatasetsexhibit fluctuations.For the abovegroundHalodule biomassthese

areprimarily seasonalfluctuations; fluctuationsin theabovegroundbiomassfollow fluctuations

in the light field. Forexample,during thesummerof 1991,theunderwaterirradiancedropsfrom

about 15 to below 5 mols m2d’ and the results of this can be seenin both theaboveandbelow

ground biomass records. A similar correspondance can be seen in the Thalassiadata, though the

larger irradiances recorded in 1996 do not appear in the biomass records. This is probably due to

the fact that at these light levels the plants are healthy and light saturated (implying that an

increasein light level doesnot translateto an increasein productionand hencebiomass).This

indicates that light is the controlling factor in determiningseagrassproduction and hence

biomass.This agreeswith the conclusionsof other researchers(e.g., Dennisonand Alberte,

1985).

The Syringodiumbiomassdataalso exhibitedlargefluctuations,but only in the first halfof the

time series.As in the caseof Thalassiathe changesin biomassassociatedwith someof these

fluctuationswere greaterthan the gross productionof the plant. Curiously, the fluctuations in

aboveand below groundSyringodiumbiomassoccur only betweenApril and Augustof 1996.

After that, the biomassfollows a smooth curve,even during the sameperiod in the following

year.

The hourly light datadid not form a completerecord,but containedgaps— mostly of an hour or

two, but occasionallylasting for more than a day. These gaps were filled using irradiance

measurementstakenfrom therecorddirectlyprecedingthegap.

Thehigh samplingfrequencyof the Thalassiabiomassrevealsstrong fluctuationsparticularlyin

the below groundcomponent.The below ground biomasscan fluctuate by as much as 40%

within a month (c.f. the period between January and May 1996); in fact, these below ground

I - 30



fluctuations are greaterthan can be supportedby the gross primary production of the plant.

Various attemptswere madeto smooththe data using a variety of numericalfilters, but none

producedresults that could be successfullymodeled. Theserapid biomassfluctuations do not

appearto be reflectedin theavailabilty of light but ratherarisefrom theinherentinhomogeityof

the biomassdistribution. This inherentheterogeneitypreventsmodeling the Thalassiabelow

groundbiomass.

Thestandardmethodemployed,by all seagrassresearchers,to determineplant biomassis to take

a numberof coresfrom a region and measureaboveandbelow groundbiomassin all the cores.

This strategyrests on the hope that the number and size of coresbeing taken leads to a

representativeestimateof plant biomassin the seagrassbed. Eachseagrassbed exhibits some

degreeof naturalheterogeneitywhich canleadto samplingproblems.Heterogenityin thebelow

groundarchitectureof Thalassiaresultsfrom thepresenceof largerhizomeswith a smallerroot

system.Thebelowgroundbiomassof theseplantsis dominatedby therhizome(LeeandDunton,

1996; Kaldy, 1997) and yet this tissue is not uniformly distributed horizontally throughoutthe

sediments.

The inherentheterogeneityof a seagrassbed also hindersthe accuratemeasurementof biomass.

Most of thebiomassdatausedin developingtheLagunaMadre SeagrassModel werecollected

using betweentwo and four cores for eachmeasurement.A seriesof 10 cores collectedat the

sameThalassiasite revealsthe problemof heterogeneity(Kaldy and Burd, 1998). Figure 13

showsthecumulativeaveragetotal plantbiomassfor thesequenceof 10 cores. As thenumberof

cores contributing to the calculatedaveragebiomassin the seagrassbed increases,the plant

biomassasymptotesto aconstantvalue.This would indicatethat atleast 10 coresarerequiredto

accuratelydeterminetheaveragebiomasswithin a Thalassiabed. Thestandarddeviationsof the

averagemeasuredvaluesincreaserapidly from 1 to 4 cores,and remainsconstantbetween5 to

10 cores.This indicatesthatthereis someinherentheterogeneityin theseagrassbed,thoughafter

5 cores,the individual corescan be regardedas being statisticallyindependent.The rangeof the

standarddeviationshowevercoversa two-fold range.Theselargestandarddeviationsimply that

any measurementof Thalassiabiomassis only accurateto plus or minus 50%. For example,a

Thalassiabiomassmeasurementof 800 gdw m2 maycorrespondto a biomasslying between
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approximately550 and 1050 gdw m2. Both the plant heterogeneityand samplinginadequacies

arealsomanifestedin theshootdensityfluctuations.
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Figure 13. Biomass calculated from a sequence of 10 cores taken at the same site of a Thalassia
bed.The estimateof biomassfor eachcorenumberis calculatedas the accumulativeaverageof
all precedingcores including that one. The averagevalues (indicatedby squares)appearto
asymptoteto a value of approximately800 gdw m2. However, the standarddeviationsof the
accumulatedsumdo not decreaseasthenumberof coresincreases.This indicatesthepresenceof
an inherentinhomogeneityin the seagrassbed which thecoring device is too small to average
over (Kaldy andBurd, 1998).
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Figure 13 showsthatto accuratelysampletheseagrassbiomassrequiresat least10 coresfor each

measurement.Sampling of this magnitudewould probably severely impact (perhapseven

destroy)theseagrassbedbeingstudied.

PhysiologicalParameters

Plantproductionof carbondependson theirradianceat thedepthof theplant canopyandon the

responseof the plant to the irradiance.The latter is determinedexperimentallyby producinga

relationshipbetweengrossproduction(P) andirradiance(I). This is doneby fitting thedatato an

appropriate functional form to determine the maximum production (Pmax) and the saturation

irradiance(Ik). Theseparametersweredeterminedfor eachspeciesand theirvaluesaregiven in

Table 1.

Plant respirationratesare requiredif net production is to be calculated.Respirationratesfor

Thalassia,Halodule and Syringodiumfor both aboveand below groundmaterial arealso given

in Table 1.

The model determinesthe change in biomass by calculating the residual betweencarbon

production from photosynthesisand a variety of loss mechanisms.These losses include

respiration,mortality, andexudationof DOC into the sedimentsby below groundtissues.Values

for thespecific respirationof the plantswere obtainedfrom the literatureand from experiments

performedaspart of this project. Mortality rates represented a loss of carbon to the seagrasses

through, for example, loss of leavesand death of root/rhizometissue. This has never been

measuredthoughsomeestimatescanbemadefrom field observations.Estimationsof aboveand

belowgroundmortality aregiven in Table 1.
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Halodule Thalassia Syringodium

~max (~tmo102 gdw’ h’) 422 195 308

Ik (~mo1ms5 319 281 149

Ra(~1mo1O2gdwth’1) 41.5 35 33

Rb (~tmo102 gdw’ h’) 16.1 NA 9

Ma (di) 0.004 0.0052 0.004

Mb (d1) 0.0004 NA 0.0004

Table 1. Photosynthetic, respiratory and mortality rates used in the seagrassmodels.
Photosyntheticand respiratoryparametervalues for Halodule were taken from Dunton and
Tomasko (1994) and Dunton (1996), Thalassiavaluesfrom Herzka and Dunton (1997) and
Syringodiumvaluesfrom Major (1998). In all casesmortality valueswere estimates(Dunton,
private communication;Kaldy private communication).Rat, and Rbe are the aboveand below
groundrespiratoryrates,Mab andMbe theaboveandbelowgroundmortality rates.

Seagrassesabsorbnutrients primarily through their root system(e.g., Zimmermanet at., 1987).

Seagrassnutrient uptakedependson severalfactors including the root biomass,the substrate

nutrient concentration,the nutrient requirementsof the plant and the kinetics of the uptake

process;the latter is requiredto calculatethe rate at which the plant takesnutrients from the

sediments.Only minimal informationconcerningthenutrientuptakeratesof theseagrassesbeing

studiedwas available. In addition,the lack of information aboutroot biomassfor Halodule and

Syringodiummeantthat no nutrientuptakecomponentcouldbe incorporatedinto themodel.

The below groundbiomassof seagrassesconsistsof root material and rhizome material. The

rhizomematerial is usedchiefly for storageand anchoringthe plant; the root material,and in
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particular the root hairs, are primarily associatedwith nutrient uptake (Barnabasand Arnott,

1987;Roberts,1993).

In order to parameterize the model, a constrained optimization routine was used to perform a

leastsquaresminimizationbetweenthedataand theresultsfrom the model.This procedurewas

carriedout usingMatlabTM and the MathworksOptimization Toolbox. Different tolerancesand

optimization parameterswere used in multiple trials in order to obtain the best agreement

betweendataandmodel results.

The Halodule Model

The Halodule model was based upon a 9 year time series (Dunton 1996; Dunton unpublished

data) of above and below ground biomass collected at site LM151 (Figure 9). The time series

extendedfrom 1989 throughmid 1997duringwhich time theeffectsof abrowntide areevident.

Light datawere alsocollectedat thesiteoverthe sameperiodof time (Figure8). Thebrowntide

affectsthe light and biomassdatafrom 1990/1991up until early 1997; this hasboth advantages

and disadvantages.The advantagesare that thereexists a data set of biomass(both aboveand

below ground) and irradiance collected during a protracted period of light stress. The

disadvantagesare that only one yearor so of data werecollectedundernormalconditions, and

thereareno dataon thechangein physiologicalparametersassociatedwith the light stress.

TheHalodulemodel wasparameterizedin themannerdescribedabovewith the 1989/1990part

of the dataset. Thesedatawererelatively unaffectedby the brown tide and can be assumedto

representtheplant undernormalconditions.After modelparametersweredetermined,themodel

was run in a predictivemodeusing the first biomassmeasurementsas initial conditions and

being forcedwith the 9 yearlight time series.Theoutput from this model was thencompared

with the aboveandbelow groundbiomassthat wasmeasured.Theresultsof this experimentare

shownin Figure 14.

1-35



Abovegroundbiomass
10

8

6~

4~

~~

2 J’~

C’)E

C-)

0

I
It

I ~
I ‘~

~: ~‘~T”
‘~ 1990 1991 1992 1993 1994 1995 1996 1997

Below ground biomass
15

C’)

~ 10

C-)
0

I
Figure 14. Comparisonof 8 yearsof theHalodulewrightii data set with the model. The model
was calibratedusing datafrom 1989andwasthenforcedwith the irradiancedatafor 1990-1997.
The model captures the decline in biomass resulting from the brown tide. The model also
reproducestherecoveryof thebelowgroundbiomassat theendof thebrowntide between1996
and 1997.Thesymbolscorrespondto datapoints andthedashedline to themodel results.
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The model tracks trends in the observed data quite well. In particular, the effects of the brown

tide are apparent in both above and below ground biomass numbers produced by the model.

What is more encouraging is that the model also tracks the rapid recovery of both the above and

below groundbiomassat the endof the brown tide in 1996/1997.The seasonalsignal in above

groundbiomassis present,and its effectscan be seenin the below groundbiomassas well.

Whilst the model tracks the below ground biomass reasonablyfaithfully, the model under-

predicts the above ground biomassduring 1990/1991 and over-predicts the above ground

biomassin 1997.

The ThalassiaModel

The Thalassiamodel was parameterized using a two year data set collected by J. Kaldy (Kaldy,

1997)during 1995-1996. This dataset was collectedat the LLM2 site and wasunaffectedby

light limitation. In fact, the plantswere light saturatedfor the two yearperiod. This is good

news for parameterizationpurposesbut doesnot providea good validation of the model. The

model wasparameterizedusingthe first yearof thedata (Figure 15) and thenvalidatedagainst

the second year of the data (Figure 16). The Thalassiamodel only considers the above ground

biomassexplicitly for the reasonsgiven above,otherwisethe model is similar to theHalodule

model. The model agreeswell with 1996 data, showing the approximatedoubling in above

groundbiomassbetweenJanuaryandFebruary(Figure 16).

I - 37



Optimizationto 1995

160

140

120

C’)

100 -

~
E
0

~60-

40

20

0—
0 50 100 150 200 250 300 350

Time (d)

Figure 15. Parameterization of the Thalassiamodel against the 1995 data set. Only the above
groundbiomass is usedin the Thalassia model. The model shows a clear seasonal signal
Symbolsrepresentobservationsandthedashedline themodel results.
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ModelComparisonfor 1996
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Verification of Thalassia model againstthe 1996 data set using the calibration
Figure 11. Symbols representthe observedbiomassand the dashedline the model

The Syringodium Model

The Syringodiummodel was identical in structure to that used for Halodule.Unfortunately, less

than 18 months worth of datawere available.For this model, parameterizationsattempted

without smoothingthe dataled to failure of theoptimizationprocedure.In orderto successfully

parameterizethe model, the biomassdatawere smoothedusing a 3 point convolution. Thebest

fit to theobservationsis shownin Figure 17.

I I I I I

I
160

140

120

100 -

~80-
E
0

~60

40

20

0-
0

Figure 16.
showedin
results.

/ /~ / /

‘-39



Above ground biomass — model optimization
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Figure 17. Calibration of the Syringodiumfiliforme model using part of the Syringodium data
set. Themodeldoesnot capturetheseasonalcycle in thedataandhastheabovegroundbiomass
asymptotingto zero. The model for the below groundbiomassshowsa steadydecline after a
maximumin summerofthe first year. Symbolsrepresenttheobservationsandthedashedline the
model results.
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Theresultingparameterizedmodel doesnot performwell in following the observedbiomasses.

The seasonal signal in both the above and below ground biomasses is absent, and the model

showsthe abovegroundbiomassasymptotingto zero,whereastheobservationsshow aboveand

below groundbiomassincreasingin thefirst partof the secondyear.The below groundbiomass

observationsshow a clearseasonalsignal,with high biomassin thesummerand lower biomass

in thewinter. This is only hinted atthe in themodel results.

A summaryof theparametervaluesfoundfor thecalibrationof eachspeciesis given in Table2.

Halodule Thalassia Syringodium

K

-r

6

20.0 5.49 27.76

0.34 0.125 0.89

0.001 NA 0.11

Table 2. Model parameter values obtained in the calibration of the model with data for each of
thespecies.Theunitsof ‘r and6 ared’ andtheunits for K are mol Cm2.

The Halodule model produced a minute small amount of DOCexudation which must be

compared with the relatively large (—10% of gross primary production) that the Syringodium

model produced.The carryingcapacitiesof bothHalodule and Syringodiumwere significantly

largerthanthat for Thalassia.TheabovegroundbiomassofHaloduleandThalassiaaresimilar,

yet Thalassiahasto supporta largerbelow groundbiomassandthis mayaccountfor thesmaller

carryingcapacity.Thetransportcoefficientsfor Haloduleand Thalassiaareboth reasonable(c.f.

Wetzel and Penhale,1979; Moriarty et al., 1986), but that for Syringodium appearsto be

unrealisticallylarge.
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The Production Model

Without detailed sediment transport and aquatic radiative transport models, the effects of

dredginguponthe irradianceexperiencedby theplantsis hard to determine.In orderto examine

the effects of dredging on the health of seagrass beds, the models derived above for the three

seagrassspecieswere runwith varyingvaluesand durationof theattenuationcoefficient.

The observed attenuation coefficient (k) in the Laguna Madre varies seasonally and

geographically.In Upper LagunaMadre (site LM-151) over a period from 1989 to 1993, an

averagevalueof k — 1 m’ was measured with values occasionally getting as high as 2 m1 for

shortperiodsof time (Dunton,1994).In Lower LagunaMadre (siteLLM-l) betweenApril 1996

and February 1997 the attenuationcoefficient was highly variable on a daily basis. Values

between June and November 1996 averaged about 2 rn’1 with daily excursions as high as 4 and 5

m’1 (Dunton, 1997). Elsewhere in Lower Laguna Madre (LLM-2), the attenuation coefficient was

almostconstantat an averagevalueof approximately0.5 m’1, with raredaily excursionsto values

as high as 5 m’1 (Dunton, 1997). During 1994/1995,attenuationcoefficientsduring dredging

activities fluctuatedbetweenk=2 m’1 and 7 m’1 with the higher valuescontinuing throughthe

summer(Brown andKraus,1997).

For thesimulationsshownherea representativebaselineattenuationcoefficientof k = 1 rn”t was

chosen;attenuationcoefficientsof 2, 4, 7 and 9 m’1 were superimposedon this. Thesevalues

weretakenascoveringarepresentativerangedeterminedfrom Dunton (1994, 1997)andBrown

andKraus (1997).Theselargerattenuationcoefficientswere imposedfor times of 7, 14, 28 and

100 days.Theincreasedattenuationcoefficientsstartedin late springon day 150.

For each of theseconditions, the model was run for a period of a year and the biornass

distribution determined.The health of the seagrassbed was determinedqualitatively by

observingwhetherthe seagrassbiornassat theend of the yearwas greater,the sameas,or less

thanthebiomassat thebeginningof theyear.Theseexploratoryproductionruns weremadeonly

for Thalassiaand Halodule since the model parameterizationfor Syringodiumwas not to the

samestandard.Syringodiumis similar to Halodule in many respectsand so one might expect

behaviorsimilar to thatobtainedfrom theHalodulemodel (Dunton,personalcommunication).
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Results
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Figure 18. The baselineHalodulewrightii production model. This model uses the calibrations
determinedin the previous sectionand is forced with the surfaceirradianceassembledfrom
surfaceobservationsand shownin Figure2. In this, and thesubsequentfour setsof graphs,the
dashedline representsthebelowgroundbiomasscomponentandthesolid line theaboveground
biornass.The water column attenuationin this baselinerun is set to k = I m’1 throughout the
whole simulation; i.e., there is no increase in water column attenuation due to dredging activities.
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Figure 19. Productionmodel run for Halodulewrightii with one week of enhanced water column
attenuation of various levels. In each panel the dashed line represents below ground biomass, the
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The model indicatesthat Halodulewrightii can successfullywithstandshort period (one to two

weeks)of quite high water column attenuation(i.e., conditionsof low light) without significant

changein biomass.The initial aboveandbelow groundbiomassesfor theHalodulemodel were

106 and 233 gdw rn”2 respectively; the final biomassesin the Halodule baselinemodel run

(Figure 18) were 187 and 311 gdw m2 respectively.The final below groundbiomassesfor one

and two weeksof enhancedattenuationvariedbetween274 and 296 gdw rn”2, and the above

groundbiomassesbetween164 and 179 gdw rn”2. Whilst lower increasesin biomassare seen

with the increasedattenuation,thedecreasedoesnot threatenthesurvival oftheplant.

Thesituationfor Halodule is not so clear with 50 days of increased attenuation (Figure 21). The

final belowgroundbiomassesvary between228 and 249gdw rn”2, in the samerangeasthe initial

abovebelow values.The abovegroundbiomass appearsto fare better, with year-endvalues

between138 and 150 gdw m2. Forthis durationof enhancedattenuation,themodel predictsthat

the overall plant biomassremainsapproximatelyconstantbetweenthebegining and the end of

theyear. Presumablytheplantswill recovereasily.

Increasedattenuationcoefficientsfor a period of 100 dayshavea dramaticeffect on Halodule

(Figure 22). Above groundbiomassesat the end of the year range from 22 to 45 gdw m2, a

decreaseof up to 80%. The below groundbiomassdoes not suffer so much, with year-end

biomassesrangingbetweenapproximatelyone third andonehalf of theinitial value.

Similar results hold for Thalassiatestudinum.Short periods of one to two weeks of increased

watercolumn attenuationdo not irreparablyharmtheplants(e.g.Figures 19 and 20). Decreased

light at the plant canopylasting approximately100 daysor moredoeshavea significant impact

on thebiornass,with final abovegroundbiomassesbeing approximatelythesameasthoseat the

startof thesimulation(Figure26).
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Figure23. ThebaselineThalassiatestudinumproductionmodel.This model usesthe calibration
determinedin the previoussection and is forced with the surfaceirradianceassembledfrom
surfaceobservations(shownin Figure 2). Like the Halodulewrightii baselinemodel, the water
column attenuation is set to k = I rn’1 throughout the baseline simulation.
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Figure 24. Productionmodel run for Thalassiatestudinumwith one week of enhanced water
column attenuationat various levels. In eachpanel the solid line representsthe aboveground
biomassandthedottedline thewatercolumnattenuationcoefficient.
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Figure 25. Production model run for Thalassiatestudinum with 50 days of enhanced water
column attenuationcoefficient. In eachpanel,thesolid line representsthe abovegroundbiomass
andthedottedline thewatercolumn attenuationcoefficient.
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Discussion

The objectiveof the seagrassmodeling effort was to provide a computermodel that would

indicatetheeffectsof variousdredgingscenarioson the long term healthof the seagrassbedsin

LagunaMadre. Light is the primary factor in determiningthe productivity and health of the

seagrassbedsand dredgingactivities can affect the light attenuationin the water column, thus

affectingtheseagrasses.Although the modelpresentedheredemonstratesthatover the courseof

a yearseagrassbedscanwithstandshortperiodsof veryhigh attenuation,theseresultsshouldbe

interpretedwith somedegreeof caution.

The developmentof a quantitativemodel requiresa mathematicaldescriptionof the processes

being modeled.The mathematicalrepresentationof fluid flow (the Navier Stokesequations)is

well known and its predictionscomparedwith observationover manydecades.Thereare few, if

any, similar mathematical formulations for the processesinvolved in plant growth. Plant

productivity as a function of incident irradiancecan be representedusing one of a numberof

standardsemi-empiricalcurves (e.g., Thornley and Johnson 1990). Similarly, the temperature

dependenceof most metabolicprocessesis modeledusing a Boltzmannexponentialfunction.

Beyondthis, therearefew firm models.

The constructionof thesemathematicalformulations requiresthe analysisof datasets. Broad

principles,suchastheconservationof massandthe law of massaction, help in developingthese

formulations. Unfortunately, for seagrasses there is a lack of detailed data covering a wide range

of environmental conditions. Mathematical models describing various processescan be

formulated,but without thedatato supportthemtheymust remainhypotheses.

The architectureof the plants hinders making accuratemeasurementsusing current sampling

strategies.Thalassiatestudinumhas thick rhizomes which can strongly biasany determinationof

below groundbiomassusing coring methods.This bias is probablyresponsiblefor the strong

fluctuationsseenin the measuredbelow groundbiomass.Halodule wrightii and Syringodium

fihformesufferfrom adifferentproblem;theroot tissueconsistsof fine hairsand it is practically

impossibleto separateout root biomassfrom rhizomematerial.For all threespeciesexamined,
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the plant architecturemakesaccuratedeterminationof the componentsin the below ground

biomassvery hard.

Oncea model hasbeenformulatedit needsto be calibratedagainstan existing dataset. In this

case, for each speciesthe model was calibrated using a biomassdata set. If this biomass

representstherealseagrassbiomassto within a factorof two or three,thenadditionaluncertainty

is introducedinto themodel.

What confidencecan we have in the results from the seagrassmodel as it stands?This is a

difficult questionto answerquantitatively,partly for thereasonsgivenabove.Themostextensive

testswere madewith theHaloduleversionof themodel.The biggestfeaturein this datasetis the

declinein both aboveand below groundHalodule biomassas a result of the brown tide. A

similar effect is seenin both the aboveand below groundbiomasspredictedfrom the model

(Figure 14). The model successfully tracks changesin biomass resulting from long term

decreasesin the availability of light. Before theonsetof the brown tide, the model is generally

under predicting both above and below ground biomass by a factor of 2 or 3. The model

accuratelyreproducestherecoveryof thebelow groundbiomassaftertheendof thebrown tide,

butover-predictstheabovegroundbiomassagainby aboutafactorof 3.

So far we areunableto explainthe asymmetrybetweenpre and post brown tides for the above

groundbiomass.Onepossibility is that the plants’ physiological parameters(suchas specific

respiration, transportetc.) might changewhen they experiencedramatic changesin ambient

conditions.If this is thecase,thenonemight hopethat if continuingobservationswereavailable,

themodelandobservationswould convergeagain.

Alternatively, someof theparametersthat aretakenasbeing constantin themodel mayactually

changewith externalor internal factors.For example,the rateof releaseof dissolvedorganic

carboninto the sedimentsis takenasbeing a constantproportionof grossprimary production.

This may not be so, and the plant may exudevarying proportionsof DOC into the sediments

accordingto externalenvironmentalconditionsor thehealthof theplant. Without knowing more

about how the plants respond to environmentalstresseswe cannot say for certain which

hypothesis(if either)is true.
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TheThalassiamodel is basedon datatakenduring a time whentheplantswere not sufferingany

stresses.Therefore,thebiomassmeasurementsdisplaya responseto only theseasonalchangesin

the irradiance.Themodel doeslikewise. This is in many waysunsatisfactorysincethe aim of the

model is to examineandpredictthe responseof theplantsunderstressedconditionsarisingfrom

maintenancedredging.Any changesin physiologicalparametersarising from externalstresses

arenot includedin the model sincethe model wascalibratedunderideal, asopposedto stressed

conditions.

The model for Syringodiumfihiforme is disappointing. The best model calibration does not

reproducetheobservedbiomass,but insteadgives an almost exponentiallydecreasingbiomass.

Thelargevalueof thetransportcoefficient(‘c = 0.89)indicatesthat theoptimizationmodel wants

to place most of the carbonproducedby the plant into the below ground tissue.This is not

surprising once it is acknowledgedthat the fluctuations in the plants’ below groundbiomass

controlthecalibrationprocedure.

The water column light model usedin the model to dateusesonly photosyntheticallyactive

radiation (PAR). Zimmermanand Mobley (1997) haveconvincingly shown that PAR models

over-estimatethe plant production and that spectral modelsshould be used.The information

being collectedin the project addendum(Cifuenteset al., 1997) shouldhelp in addressingthis

problemfor theLagunaMadreSeagrassModel.

The Halodule and Thalassiamodelswere verified using the samedatasets that were usedto

calibratethemodels.In eachcase,separatepartsof thedatasetswereusedfor thecalibrationand

verification. This situation is not satisfactorysincethe model hasnot beentestedagainstintra-

sitevariations.Onewould hopethatthesewould not affect thelong termresponsesof seagrasses

to stressesresultingfrom dredgingactivity.

The biggestunknown factor in the models is the allocation of material within the plant. The

carbonproducedby photosynthesisoccurring in the abovegroundcompartmentfinds itself in

both aboveandbelowgroundbiomass.Thereis very little information aboutthemechanismthat

plants use to allocate their resources.This is true even for terrestrial plants. Some tentative

models have beenproposed(see Wilson, 1988) and thesehavebeen incorporatedinto larger
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grasslandmodels.The allocation models themselveshoweverhavenot beenrigorously tested

againstobservations.In addition, physiological adaptations(e.g. the presenceof lacunae)by

seagrassesto themarineenvironmentmaymakethesemodelsinapplicable.

Without self-shading,thenetdaily productionfor Halodulevariesbetweenabout43 and 26 mg C

(gdwt leaf)” d’1. Abovegroundbiomassdensitiesfor Halodulevary between40 and 115 gdwt m’2

(Tomaskoand Dunton, 1995). If thesedensitiescorrespondapproximatelyto the maximumand

minimumproductionrates,thenthe simulationgives netdaily productionratesbetween0.38 and

0.08 mol C m”2 d’1. Observedvaluesin the LagunaMadre lie between0.44 and 0.04 mol C rn”2 d’1

(TomaskoandDunton, 1995).Themodel is predictingvalueswhich are closeto thoseobserved.

However, the growth module of the model has yet to be implemented,nor was the canopy

architecturetakeninto accountin this versionof themodel.

The light receivedby the photosyntheticparts of the leavesdependson the light propagating

throughthewatercolumn aswell asthe structureof theplant canopy(Ross,1981; Myneni etal.,

1989).The self-shadingcontributionto the light attenuationwill dependon the numberdensity

of leavesaswell ason theirshapeand size.ForHalodulewrightii, shootdensitiescangetashigh

as 10,000m2(Dunton, 1996).For suchdensities,theplantsselfshadeeachotherfor mostof the

day; only aroundsolar-noonis theself-shadingnegligible (Figure8). For plant densitiesof 1,000

m”2 theseparationbetweenindividual plantsis sufficient to makeself shadingnegligible(Figure

9). Shootdensitiesof 20,000m”2, selfshadingreducesthedaily productionby onethird (from 0.3

to 0.2 mole C m”2 d’1 (Figure 9). For shoot densitiesas low as 1,000 rn”2, the effectsof self-

shadingon hourlyproductionarenegligible(Figure 10). Shootdensitiesmeasuredoverasix year

period (1989to 1994)showshoot densitiesaveragingapproximately6,000 m”2 only droppingas

low as2,000 rn”2 in 1994. This indicatesthat for Halodulewrightii self-shadingis a dominant

factorin determiningtheuppershoot densityof the plants.An importantadaptationof seagrass

bedsto increasedwatercolumnattenuationwould be to decreaseplantarealcoverage.
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Conclusions

A model for theproductionandbiomassof seagrassesin theLagunaMadrehasbeenconstructed.

The model works well for Halodule wrightii, showingthe declinein aboveand below ground

biomassduring thebrown tide and the recoveryof the plantsbiomassafter the brown tide had

disappeared.The model for Thalassiatestudinumis less completein that a meaningful model

incorporatingbelow ground biomasswas not found. The model for Syringodiumfll~forme

performs the worst of the three models. The Halodule and Thalassia models are able to

successfullypredict seasonalcyclesin the plant biomassand trendsin the biomassdistribution

resultingfrom changesin thelight environment.

Theformulation,developmentandpararneterizationof thesemodelsrelied heavily upondataand

to a largeextentthe quality andquantityof this datadeterminestheaccuracyof themodels.The

bestdataset, in termsof durationand dataquality, is that usedfor theHalodulemodel and it is

thereforeno realsurprisethat this model performsbetter.

Thedatasetof Thalassiabiomasssuffersfrom significantfluctuationsover shortperiodsof time.

Fluctuationsin the below groundcomponentaredue in part to the inhomogeneityof the below

ground architecture. Fluctuations in the above ground component appear to arise from

inhomogeneitiesin the abovegroundbiornasson scaleslarger than the coring device. A more

extensiveverification of the modelsshould be performedso that theiraccuracycan be assessed

andlimitations in themodelsidentified.
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Tables

Table 1. Data used to model Thalassia~estudinumduring the summer(May through

September)in Lower LagunaMadre. Data includeseither mean±SEor rangeof

data. Number of replicates(n) for each measurementand the source are also

reported. We convertedSE to SD to developthe constraintrelationships(Table4).

Referencenumbersare(1) Herzka& Dunton, 1997; (2) Chapter6 this report; (3)

Lee & Dunton, 1999; (4) Kaldy, 1997; (5) Vermaatet al., 1995; (6) Opsahland

Benner1993 10

Table 2. Datarangesconvertedto model units (mmol-C m2 d’), that were usedto develop

the model constraintssystem. Productiongains representthe movementof carbon

from onebiologicalpool into another. Respirationlossesrepresentlossof carbonas

aresultof detritalsloughingor respiratoryprocesses 11

Table 3. Equationsof massbalancefor the different model compartments. Carbon and

nitrogenflow aredesignatedwith C andN followed by a descriptorofthesourceand

sink. Example — Cgp,lf is primary production allocated to leaf materials.

Subscriptsareas follows: lf = leaf, ss = short shoot, rr = root/rhizome,gp gross

production, co = respiration,de = detritus, gr = growth, do = dissolvedorganic

carbon 12

Table 4. Descriptionof the constraintsystemusedfor the model of carbonand nitrogen

allocation in Thalassialestudinum.Nomenclatureis asdescribedin Table 3. Note

that becausetherewasessentiallyno variation in the measuredC:N ratio of young

leafmaterialweusedanequation(Table3) to mandatethis C:N relationshipinstead

ofusinga setofconstraints 13

Table 5. Resultsof the nitrogenand carbon~mmolm2 d1) allocationmodel. Showingthe

percentof grossprimary productionallocatedto eachseagrasscomponent,and the

C:N ofeachflow within the seagrassplant 16

Table 6. Carbonconsumptionand releaseby seagrassas total plant and by leafand non-

photosynthetictissue. Flows are in mmol-C m2 d~’. Production,respiration,and

organic loss efficiencies are calculatedfor each seagrasstissue type and for the

seagrassasawhole 16
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Figures

Figure 1. Thalassiacarbonflow diagram.Arrows indicatedirectionand numbers(in bold)

show the amount of the flow (mmol-C m2 d’) to otherseagrasscomponent,to

losses(i.e., respiration,excretion,etc.)or to growth 18

Figure 2. Thalassiaflow diagramas in Figure 1, with transportexpressedas percentof

materialenteringeachseagrasscomponent—leaf,shortshoot,androot/rhizome. 19

Figure3. Thalassianitrogenflow diagram. SameasFigure 1, exceptfor nitrogen 20

Figure4. Distributionofcarbontracerin theseagrass.Onepercentof theDIC pool is added

as ‘3C tracer. The model shows how a tracerwould move through a seagrass

plant. To fit the WetzelandPenhale (1979) tracerresultsfor Thalassia, we set

the exchangeablepool to 5% of the total pools of leaf, short shoot, and

root/rhizome.This assumesthat seagrasslike othergrassspeciesis composedof

structural,storage,and solublepools that exchangeat different rates(SheehyCt

a!., 1996) 22
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Abstract

Muchof ourunderstandingof seagrassphysiology is basedon crudeestimatesof productionand

biomass. To betterunderstandthecomplexphysiologicalrelationshipsbetweentheplantsandthe

environmentwe developeda model of carbonand nitrogen allocation in Thalassiatestudinum

plants from Lower Laguna Madre, Texas. This optimization model is composedof linear

equationsand inequality constraintswhich describematerial flows betweenthe seagrasstissues

(e.g., leaf, short shoot, and roots/rhizomes)and the environment (e.g., water column and

sediments). Mode! resultsshowedthat carbonfixed in the leaves(i.e., primary production)was

partitioned equally betweengrowth of leaf and non-photosynthetictissues,with the greatest

proportionof non-photosyntheticmaterialgoing to theroot andrhizometissue. Thebelow-ground

growthlstorageratewasabout30%lower thanabovegroundgrowtheventhoughtherewas5 times

morebelow-groundtissuethan leaf tissue. Lossesfrom the leafcompartmentwere primarily a

result of old leafmaterial sloughingoff to form detritus. Continuedlossof leafdetritus in the

autumnandwinter, whengrossprimary productionis low would accountfor the yearly cyclesin

leafbiomass. Lossesasa percentof carbonallocatedto below-groundtissueswereequivalentto

thosein the leavesbut were predominatelyin theform of dissolvedorganicmaterial (DOM). The

relatively constantyear round biomassof below-groundseagrasstissuewould suggestthat the

DOM lossratemustbe directlytied to seagrassprimaryproduction.

Nitrogenwaspreferentiallyallocatedto leafgrowth, consequently,below-groundtissueshad high

C:N ratios. The model predictedhigh C:N ratios for leaf detritus which was confirmed with

preliminary quantitativeanalyses. Furthermore,the model predictsthat DOM releasedbelow-

ground will be nearly depletedof nitrogen. We suggestthat Thalassia testudinumconserves

nitrogen resourcesthrough translocation from old leaf tissue (i.e., internal recycling) and

preferentialreleaseofnitrogendepletedDOM from below-groundtissue.
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Introduction

Thedevelopmentofenergybalancemodels(Short, 1980; WetzelandNeckles,1986; Dennisonand

Alberte, 1986; Zimmerman et a!. 1994; Herzka and Dunton 1997) have helped to establish

relationshipsbetweenseagrassdistribution and light availability by estimatingrelative ratesof

productivity and respiration(Denisonand Alberte 1985, Denison1986, Fourqureanand Zieman

1991,KenworthyandFonseca1996,LeeandDunton 1996, 1997,HerzkaandDunton 1998, Kaldy

& Dunton in press). Other models have beendevelopedto assesshow carbonconcentration

changesin responseto variationsin the light environment(Zimmermanet al., 1995; ChapterI).

Thosemodeling strategiesexaminetemporalscalesover which light attenuationdue to dredging,

natural sedimenttransportprocess,and phytoplanktonmay affect seagrass. However,none of

these analyses provide information about how seagrassesinteract with other (non-light)

componentsoftheirphysicalandchemicalenvironment.

Although light is probablythemajor factoraffectingseagrassdistribution(Onuf, 1996) in Laguna

Madre,othersecondaryfactorsincludingnutrientlimitation andsulfidetoxicity mayeffect overall

seagrass“health”. In someareasof Lower LagunaMadre, seagrassgrowth may be limited by

sedimentporewaterNH4~concentration(Lee and Dunton, 1999 ). Even though sulfidesrarely

reachtoxic concentrationsin LagunaMadre seagrassbeds,this phenomenonhasbeenobservedin

Florida Bay T testudinumpopulations(Carlsonet a!, 1992) Kuhn (1992) developedempirical

relationshipsamongseagrassgrowth,NH4~uptake,andsulfidetoxicity in the sedimentsandused

themto estimatethe responseofthe seagrassto changingenvironmentalconditions. Theaccuracy

of this approach,however, is hamperedby the largenaturalvariation found in estuarineseagrass

and sediment geochemicalparameters(see ChaptersI, VI, and VII). Modelling seagrass

physiology therefore requires better descriptions of both the plants’ biology and the
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biogeochemicalenvironment.

Thegoalofthis analysiswasto bridgethegapbetweenthebiomassmodeldevelopedfor ChapterI

and the sedimentgeochemistrymodel describedin ChapterIII. For this purpose,the model

providesa description of carbonand nitrogen allocation within the seagrassand details their

interaction with the water-columnand sedimentenvironment. Our specific objectives were to



developan inversemodel of carbonand nitrogenflow throughthe seagrassThalassiatestudinum

andto provideadataset for theparameterizationoftheproductionmodels.

Methods

The analysis is comprisedof an inverse (opt4~ization)model that describescarbon (C) and

nitrogen(N) flows within the seagrass(e.g., leaf, short-shoot,and root-rhizome)andbetweenthe

seagrassand its environment(e.g., production,excretion, and detritus). Tracer analysiswas

conductedusing thecarbonflow networkfrom theinversemodel andWetzelandPenhale’s(1979)

Thalassiatracerdatato estimatethe sizeof exchangeableC pools in the seagrassleaf,short-shoot

androot/rhizomes.This analysiscalculatestheaccumulationratesofthetracerin varioussediment

geochemicalpools.

In verseModelingMethod

Thepowerofan inverseanalysisis its ability to includeconstraintswhendescribinga biological

system. Combining a set of linear equationsdescribingpathwayswithin the seagrassplant

system,inequalitiescontainingphysiologicalinformationanddata,andan objectivefunctionthat

can be minimized (i.e., a norm), producesa solution that reasonablydefinesthe energyand

nutrientrelationshipsin theplant. As in any linear system,all massflows mustsumto zero (i.e.,

the systemmust balancemass). In themodel, therequirementthat flows enteringandleaving a

seagrasscompartmentbalancewasexpressedasa linearequationinvolving the relevantflows

while the requirementthat all compartmentsbalancewas expressedas a system of linear

equations.Measuredfluxeswere expressedusing equationsin which the relevantfluxes equal

themeasuredvalues. All oftheseequalityrelationshipswerecombinedinto a matrix equationof

theform

Ax=b (1)

wherex wasthevectorof all the flows, b wasth~vectorof all theconstants,usuallydatavalues,

andA wasa matrix ofcoefficientsdescribingtheequations.
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Historical informationaboutrespiration,growth efficiency, and C/N ratioswere expressedasa

combination of fluxes occurring over a range of values. The system of such inequality

relationshipscanthenbeexpressedin matrix form as

Gx�h (2)

where h was the vector of all constantsand G was a matrix of coefficientsdescribing the

inequalities.

Solvingthe inverse-problem

Whentherearen componentsofx andA hasrank k<n, the inversetechniquewasusedto solve for

theminimum Euclideanlengthof flow vectorx that satisfiesEq. 1 subjectto Eq.2. Theproblem

wassolvedin stages. First the modelusesa singularvaluedecomposition(SVD) routineto solve

for theminimumlength vectorxO consistentwith Eq. 1. This resultwasexpressedin termsofaset

of kbasisvectors,yo, which spanthesubspacefor whichA yO � 0. The SVD decompositionalso

returnsthe basisvectorsfor the null space,the spaceconsistingof all vectorsfor which A y = 0.

Becauseof this property, they can be addedto xO to form a new x which was no longer the

minimum lengthbut which still satisfiedEq. 1. Thetwo setsof vectorscompletelydescribedany

x. The null spacebasisvectors,suitably transformed,were usedto find the smallestadditional

length which yielded a solution that satisfiedEq. 2. When combinedwith xO, they form the

shortestvectorwhich satisfiedEqs. 1 and 2. Vezinaand Platt (1988) providea more complete

descriptionofthesecalculations.

Modelstructure

Primary production(photosyntheticcarbon fixation) provided all the energyresourcesfor the

seagrasswhich were thenpartitionedin theanalysisto leaf,shortshoot,androot/rhizomematerial.

Shortshootrefersto theverticalrhizome(stem)connectingtheleaveswith the rootsandhorizontal

rhizome. For convenienceand becauseof the r~elativepaucity of data,roots and rhizomeswere

combinedinto a singleroot/rhizomecompartmentfor this analysis.Theresultwasa descriptionof

seagrassphysiology, specifically carbonand nitrogen resourcepartitioning, sorted by important

above-and below-groundstructures.Interactionsbetweenseagrasscompartmentswere described

by theratesof materialflows betweenthem andby thenitrogenandcarbonrelationshipsimplicit
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in theseflows. Carbonflows can be thoughtof assurrogatesfor energyflows: organicnitrogen

flows canbe consideredsurrogatesfor thenutritional aspectsof seagrassmaterial (sensuEldridge

and Jackson,1993). Thesetofall flows is a vectorwhich wassolvedusing the inversetechnique

(see above). Biomass and scalar flows used as the model inputs were provided by direct

measurementsandfrom theliterature.

AssumptionsoftheModel

Wemadeseveralsimplifying assumptionsfor this analysis.Ammonium (NH4~)is theonly form of

dissolveinorganicnitrogen(DIN) assimilatedandthis occursexclusivelythroughtheroot/rhizome

compartment. Extensiveresearchhas shownthat seagrassespreferentiallyassimilateammonium

over othernitrogenouscompounds(Short 1980, Lee and Dunton 1999). We assumedthat short

shoot tissuewasnon-photosynthetic. Further, no respirationor excretionoccurredthroughthe

short shoot compartmentbut was insteadincorporated into the results for the root/rhizome

compartment. Available data were generally partitioned betweenphotosynthetic and non-

photosynthetictissue making the partitioning of respirationand excretion somewhatarbitrary.

Allometric constraintsbasedon therelativesizeoftheshortshootandroot/rhizomecompartments

andtemperature(Vezinaand Platt, 1988) could havebeenusedto partition theseflows but the

authorsfelt uncomfortablewith this approachbecauseofthehighconcentrationof storagetissuein

thesestructures.

OptimizationModel

TheanalysisshownheredescribesThalassiatestudimumonly during the summermonths (May-

Sept.). Theoptimizationanalysisprovidesa snap-shotof material flows within a seagrassplant,

which canbe usedto helpparameterizetheproductionmodels.Sincetemperatureandlight havea

strongeffect on both thephysiologyof the seagrassanddiageneticprocessesin sediments,we had

to select a time of year for the analysis during which the seagrassphysiology would remain

reasonablyconstantand during which sedimentdiageneticprocesseswould be most active.

Diagenesisrefers to changesin the chemical compositionof sedimentsafter deposition(sensu

Schlesinger1991).
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Datainputsandsources

Thenaturalvariationin seagrassbiomassmeasurementsand flux ratesis largeevenin comparison

to othermarine biological systemse.g., benthic and pelagic food webs (Jacksonand Eldridge,

1992;Eldridgeand Jackson,1993). Becauseit is aconstrainedoptimization,the inverseanalysisis

uniquely able to incorporate dataranges. The data consistedof biomassmeasurements,02

evolutionrates,respirationrates,andvarioustissuegrowth andturnoverratescollectedin Lower

LagunaMadre(Table 1). All datawasconvertedto consistentunits (mmol-C or-N m2 d’) using

simple arithmeticrelationshipsbetweenbiomassand specific ratesand turnovertimes (Table 2).

Quantitativemeasuresof tissue C:N ratios were used in the conversions(ChapterVI), where

appropriate. We assumea 1 to 1 stoichiometiy for 02 to C conversion. Boundedrangesof data

usedin the model wereeitherthe actualrangeof dataor the means±standarddeviation(SD) as

definedin Table 1. We usedthe meanvalue for the C:N ratio of young leafbiomass(Table 5,

ChapterVI) and; the excretedDOM from leafand root/rhizome. Therewas no variation in the

C:N ratio for young leaves(ChapterVI) and the variation in DOM excretionwasnot reported

(WetzelandPenhale,1979).

Model Formulation

As discussedabove,at steadystate,the sumof all flows into a compartmentequalsthe sumofthe

flow out of that compartment Whengrowth or deathis includedin the model, actual growthor

deathrateof eachseagrasscompartmentmust be addedto the appropriateequations In this way

the analysisis translatedinto a growth model while still meetingthe assumptionsof the steady

statesystem. Furthermore,sincetheplant assimilatescarbonandnitrogenat a knownratio, fixed

C N ratiosfor flows canthenbeexpressedusing linear equations

Model flows were relatedto eachotherand to biomassthroughphysiologicalrelationshipsbased

on datafrom this projectand from theliterature. Theserelationshipsexistasboundedrangesand

wereexpressedusing inequality relationships(Tables3 & 4).
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Table 1. Data usedto model Thalassiatestudinumduring the summer(May throughSeptember)
in Lower LagunaMadre. Data includeseithermean±SEor rangeof data. Numberof replicates
(n) for eachmeasurementandthe sourcearealsoreported. We convertedSE to SD to developthe
constraintrelationships(Table 4). Referencenumbersare (1) Herzka & Dunton , 1997; (2)
Chapter6 this report; (3) Lee & Dunton, 1999; (4) Kaldy, 1997; (5) Vermaatet al., 1995; (6)
OpsahlandBenner1993.

Parameter Values n Reference

primaryproduction(~tmol02 gdw’ hr’)
rangeof abovegroundbiomass(g m2)
rangeofbelow-groundbiomass(g m2)
rangeof root biomass(g m2)
wt % carbonin abovegroundbiomass
wt %nitrogenin abovegroundbiomass
wt % carbonin below-groundbiomass
wt %nitrogenin below-groundbiomass
wt % carbonin youngleafbiomass
wt % nitrogenin youngleafbiomass
wt %carbonin matureleafbiomass
wt %nitrogenin matureleafbiomass
wt %carbonin old leafbiomass
wt %nitrogenin old leafbiomass
NH4~uptakein leafmaterial~i molgdw’ hr’
NO3~uptakein leafmaterialj.t molgdw’ hr’
NH4~uptakein below-groundmaterial
~t mol gdw’ hr~
leafturn-overtime (d’)
shortshootturn-overtime (yr)
shortshootgrowth(nodesyr~’)
biomasspershortshootnode
(mg dry wt node’)
abovegroundnetproductiongC m2 mo’
below-groundnetproductiongC m~2mo1

rangeofrespirationfor leafmaterial
(gdw~’hr’)
range of respiration for root/rhizome material
(gdw~’hr~’)
dissolved organic carbon (DOC) releasedas
percentofgrossprimaryproductionto leaf
DOC releasedas a percent of gross primary
productionto root/rhizome

208 to 270
129±13.7
58 1±122
79.98±9.83
36.2±3.4
1.78±0.34
35.9±0.66
0.77±0.13
37.83±2.09
2.16±0.11
37.81±2.16
2.10±0.08
33.76±2.49
1. 12±0.13
2.5*
1.0*
5.0*

0.015to 0.025
2-3
lOto 16
3.2

23.0±5.3
14.2±1.7
26.0 to 34.7

3.7 to 4.7

1

8

4-5
5
5
5
12
12
12
12
3
3
3
3
3
3
1
1
1

10

5
5

4-5

4-5

2-8

2-8

1
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3

4
4
4
4&5

4
4
1

1

6

6

* N uptakerateswere conductedin September1997. Ambient concentrationsin thewater column

were 1.5 jtM-NH4~and1.0 j.tM-NO3. Sedimentporewaterconcentrationwas35 j.iM- NH4~.
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Table 2. Data rangesconvertedto model units (mmol-C m2 d~),that were usedto developthe
modelconstraintssystem. Productiongainsrepresentthemovementofcarbonfrom one biological
pool into another. Respirationlossesrepresentloss of carbonasa resultof detrital sloughing or
respiratoryprocesses.

Productiongains

Grossproduction,mm

Grossproduction,max

Leafproduction,mm

Leafproduction,max

Shortshootprod,mm

Shortshootprod,max

Root/rhizprod,mm

Root/rhizprod,max

value

Cgpi0288.1

Cgph1462.8

Clfpi0=49.1

Clfph1=78.6

Csspi0 =0.2

Cssphl=0.36

Crrpi0=34.0

Crrphl=44.9
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Respirationlosses

Leaflossto detritus, mm

Leaflossto detritus,max

Leaflossto resp.,mm

Leaflossto resp.,max

Root/rhizto detritus, mm

Root/rhizto detritus,max

Root/rhizresp.,mm

Root/rhizresp.,max

value

C1fl10=48.1

ClflhI=77.5

Clfr1065.I

ClfrhIl 19.6

Crrl10 = 12.3

Crrlhl = 29.4

Crrr10=40.82

Crrrhl=79.41



Table3. Equationsof massbalancefor the differentmodelcompartments.Carbonandnitrogen
flow aredesignatedwith C andN followed by a descriptorof the sourceand sink. Example—

Cgp,lfis primaryproductionallocatedto leafmaterials. Subscriptsareasfollows: lf = leaf,ss =

shortshoot,rr = root/rhizome,gp = grossproduction,co respiration,de = detritus,gr = growth,
do = dissolvedorganiccarbon.

Model structure

Leaf (lf)

Shortshoot (ss) =0

Root/rhizome(rr) =0

Leaf (10

Shortshoot(ss)

Root/rhizome(rr)

Data equations

LeafDOM release 0.OlCgp - Clf,do

Root/rhizomeDOM release 0.O8Cgp- Crr,do

C:N leafgrowth Clf,gr - Ri0~Nlf,gr

Cgp,lf—Clf,ss—Clf,cp—Clf,de—Clf,gr—Clf,do+Css,lf

Clf,ss+ Crr,ss—Css,rr— Css,lf—Css,de—Css,gr

Css,rr—Crr,ss—Crr,co —Crr,do- Crr,lf—Crr,de—Crr,gr

Nss,lf - Nlf,ss—Nlf,do—Nlf,de—Nlf,gr

Nlf,ss + Nrr,ss—Nss,lf—Nss,rr—Nss,de—Nss,gr

Nnh,rr+Nss,rr—Nrr,ss—Nrr,do—Nrr,de—Nrr,gr

=0

=0

=0
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Table4. Descriptionofthe constraintsystemusedfor themodel of carbonandnitrogenallocation
in Thalassiatestudinum.Nomenclatureis asdescribedin Table 3. Note that becausetherewas
essentiallyno variation in the measuredC:N ratio of young leafmaterial we usedan equation
(Table3) to mandatethis C:N relationshipinsteadofusinga setofconstraints.

grossProd.,mm
grossProd.,max

leafgrowth,mm

leafgrowth,max
shortshootgrowth,mm
shortshootgrowth,max
root/rhizomegrowth, mm

root/rhizomegrowth,max
leafdetritus,mm

leafdetritus,max
root/rhizomedetritus,mm

root/rhizomedetritus,max
leafrespiration,mm

leafrespiration,max

root/rhiz respiration,mm
root/rhiz respiration,max

C:N root/rhizgrowth, mm

C:N root/rhizgrowth,max

C:N transfer,mm
C:N transfer,max
C:N leafexcret,mm

C:N leafexcret,max
C:N root/rhiz excret,mm
C:N root/rhiz excret,max

C:N leafdetritus,mm

C:N leafdetritus, max
C:N root/rhiz detritus,mm
C:N root/rhizdetritus,max

Cgp,lf— Cgp~0
-Cgp,lf+ Cgp~1
Clf,gr — Clf,de — Clfp10
-Clf~gr+ Clf,de+Clfph1
Css,gr— Crr,de— Csspi0
-Css,gr+ Crr,de+ Cssphj

Crr,gr - Crrp10
-Crr,gr+ Crrph1
Clf,de— Clfl10
-Clf,de+ Clflh1
Crr,de— Crrl10
-Crr,gr+ Crrlhl
Clf,co — Clfr10
-Clf,co + ClfrhI

Clf,co — Cm10
-Crr,co+ Crrrh~

Crr,gr - R10bNrr,gr
-Crr,gr + Rh~bNrr,gr
Clf,rr - Riob Nlf,rr

-Clf,rr + Rhjb Nlf,rr
Clf,do - Rioa Nlf,do

-Clf,do + RhiaNlf,do
Crr,do - Riob Nrr,do
-Crr,do + RhjbNrr,do

Clf,de - R10dNlf,de

-Clf,de + Rh~dNlf,de
Crr,de - Riob Nrr,de
-Crr,de + Rh~bNrr,de

�0

�0

�0

�0

�0

�0

�0

1.
2.

3.
4.

5.
6.
7.

8.
9.

10.
11.

12.
13.

14.

15.
16.
17.

18.
19.

20.

21.

22.
23.
24.

25.

26.

27.
28.

II - 13



InverseAnalysis for Thalassia

We solvedthe mnverseproblemwith a procedurethat minimizesthe sum of the squaresof the

results vector (norm-2) in a way that is consmstentwith our set of equationsand constramnt

relationships(Haskelland Hanson,1981). As nitrogen flows are smallerthanthoseof carbon,

the techniquepreferentiallydecreasedcarbonflows while it increasesthose of nmtrogeneven

thougheachms in the sameunits (Eldridge and Jackson,1993). Thereforethe nmtrogenflows

werenormalizedto C-equivalentsusingamultiplmcatmonfactorof 12. Earlmerpelagicandbenthic

foodwebanalysesusedtheMolar Redfieldratio (6.6) (JacksonandEldrmdge,1992; Eldridgeand

Jackson,1993),but thehigheraverageC:N ofseagrass(Table 1) materialrequiresalargerfactor.

Theresultoftheprocedureis a flow vectorwith theminimumEuclideanlengththat satisfiesthe

equations(Table 3) subjectto the constraintsspecifiedby the inequalities(Table 4). We used

Matlabfrom Mathworksto solvetheanalysis.

Simulatedtraceranalysis

Theflows out of a compartmentcanbe expressedasthe compartmentbiomasstimes a kinetic

rateconstant. This constantcanbeusedto calculatethe rateat which a simulatedtracermoves

throughthe variousseagrassstructures(e.g., leaf, shoot, root/rhizome). We calculatedkinetic

rateconstantsfor thosecompartmentswhere biomassvaluesexistedusing flows derivedfrom

the inverse model and biomassmeasurementsfrom ChapterVI and Kaldy (1997). Morse

(ChapterVII) providessedimentgeochemicalmeasurementsfor this analysis. Becauseall these

measurementswere takenfrom thesamesite(LLM-2) duringonestudy,wehavea consistentset

of datafor this analysis.Wetzel and Penhale(1979)provide ‘4C traceraccumulationdatafor

Thalassia. This information is very useful for the determinationof exchangeablepool size

within each seagrassstructure. Seagrassstructuresare composedof tissue specialized for

transport,structure,andstorage.EachofthesetissuesexchangeC with othertissuesat different

ratesandthetotal rateofexchangemaybe determinedpredominatelyby a fewtissuetypes(e.g.,

a transporttissue). Thus, the exchangeratebecomesa functionof specifictissuebiomassand

not the total biomassof a compartment. Given the accumulationratesof a few compartments
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(Wetzel and Penhale,1979) and the inverseanalysis,we can estimateboth the size of the

exchangeablepools in eachtissueandtraceraccumulationratesin otherpools.

Thetracermodelwasconductedto simulatethemovementof a ‘3C traceraddedto an incubation

chamberof the type typically usedto measurein situ photosynthesis(Dunton and Tomasko,

1994). Thechamberis clearacrylic, hasa volumeof 5 1 andcovers113 cm2 (12 cm diameter)of

a Thalassiabed. The dissolvedinorganic carbonconcentration(~DIC]) was 2.3 mM and we

assumedthatall DIC uptakewasby Thalassia. This assumptionis reasonablebecausethewater

column is net heterotrophic(ZieglerandBenner1999)andepiphytebiomassis typically <5 mg

epiphytesshf’ (Kowalski unpub. data). The biomassin eachcompartmentwas incrementally

reducedby an integer factoruntil 7%and 2% of the tracerresidesin the leafandroot/rhizomes

respectively(6.9and 1.7 %respectivelyin WetzelandPenhale,1979)after8 hrs. Thisprovided

the model calibration to known dataand providedestimatesof the “exchangeablepool” size.

Themodelwasthenrunfor 20 days.

Results and Discussion

An aspectof seagrassecology that is often neglectedin seagrassmodels is the community

responseto changesin seagrassproduction. The seagrasscommunity may extendbeyondthe

confinesof the seagrassbed itself. Benthic infaunaand epi-faunain and adjacentto seagrass

dependon seagrasslitter and particulatedetritus for food (Thayeret al., 1984; Zieman and

Zieman, 1989; Phillips, 1984) while red drum fisheriesexpropriatetheseorganismfor their

needs(Rookeret a! 1997). Although the direct contribution of seagrassdetritus to secondary

production(directly or indirectly)hasnot beenquantified(Wetzel 1977),it is certainthat much

ofthefisheriesin LagunaMadre is dependentin part on seagrassproduction(HossandThayer,

1993).

Carbon a~location

The inverseoptimizationtechniqueprovideda set of flows that wasconsistentwith the lowest

allowable primary productivity i.e., Gpgi0 288.16 (Table 5). The relatively few feasible
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solutionswefound indicatesthatthe actualsolutionspacefor theanalysisis small, eventhough,

individualparametersoftenhadabroadsetof valuesbetweentheirupperandlowerbounds.

Carbon assimilatedby the leaveswas partitionedapproximatelyequally betweengrowth of

leavesand below-groundtissues(Fig. I). During this time period C flow wasunidirectional,

from theleavesto thebelow-groundstorageorgans(i.e. rootsandrhizome). Lossesto excretion

andrespirationwere relatively small. However,whendetrital leaf losseswere included, about

25% of the primary productionwas lost (Table 6). Short shootsfunctionedasa conduit for

carbonandnitrogenexchangebetweenleavesandtherootsandrhizomeswith minimal lossesto

detritus. Growth anddetrital lossof shortshoot tissuewasless thanthat found in othertissues

(Fig. 1). This is consistentwith the role of short shootsasperennialstructuresfor leafgrowth.

Theshort shoot apicalmeristeminitiates leafgrowth,while an intercalarymeristemcausesleaf

elongation. In theroot/rhizometissuemoreorganiccarbonwaslost to DOC thanto detritus (Fig.

2). This maycontributeto the highDOC concentrationsfoundin theseagrasssediments(Morse,

seeChapterVI).

Duringsummerthenet flow of carbonwasfrom theleafto thebelow-groundtissueasa resultof

a positive energybalancein the seagrassat that time. The productionefficiency which is a

measureofthe magnitudeof the energybalancecanbeestimatedfrom the inverseanalysisflow

network.For the whole seagrassplant the productionefficiency was50% with a lesservaluein

thenon-photosynthetictissueandagreatervaluefor theleaftissue(Table 6). During this time of

yearseagrassgrowthwasat its annualmaximum(ChapterI). To estimatetherangeofThalassia

productionefficienciesthat is still consistentwith ourdataset(Table 1), we imposedthe upper

boundfor grossprimaryproduction(Cgphl=462.85)on the analysis. Thisproduceda production

efficiencyof 31%. Thus,this sensitivitytestsuggeststhat theproductionefficiencylies between

3 1-50%.
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Table 5. Resultsof thenitrogenandcarbon(mmol m~2d~’)allocationmodel. Showingthepercent
ofgrossprimaryproductionallocatedto eachseagrasscomponent,andtheC:N of eachflow within
theseagrassplant.

Flow C N % ofPrimar C/N
Productivity.

Primaryproductionto leaf 288.16 7.93 36.33
Leafto CO2 16.59 - 5.8 -

Root/rhizometo CO2 40.82 - 14.2 -

Leafto shortshoot 123.31 1.84 42.8 66.84
Short shootto root/rhizome 110.47 1.65 38.3 67.09
Root/rhizometo shortshoot 0.00 8.13 0.0 -

Leafto DOM 2.88 0.09 1.0 32.04
Root/rhizometo DOM 23.05 0.34 8.0 66.96
Leafto detritus 48.14 1.23 16.7 39.12
Shortshootto detritus 0.27 0.00 0.1 66.96
Root/rhizometo detritus 12.35 0.18 4.3 66.96
Leafto growth 97.24 4.77 33.7 20.40
Shortshootto growth 12.57 0.39 4.4 32.04
Root/rhizometo growth 34.25 1.07 11.9 32.04

Table 6. Carbonconsumptionand releaseby seagrassas total plant and by leaf and non-
photosynthetictissue. Flows are in mmol-C m2 ~ Production,respiration,and organicloss
efficienciesarecalculatedfor eachseagrasstissuetypeandfor theseagrassasawhole.

Wholeseagrass Leaf Non- photo
Flows
inputs(C)
respiration(R)
detritus (F)
DOC (U)
P=C-R-F-U

288.2
57.4
60.8
25.9
144.1

288.2
16.6
48.1
2.9
220.5

123.3
40.8
12.6
23.1
46.8

Efficiencies(%)
P/Sinputsx 100 50 77 38

S RIS inputsx 100 20 6 33

(F+U)/S inputsx 100 30 18 29
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The leaf and non-photosynthetictissuepartitionedC lossesquite differently. Organic carbon

losseswere muchgreaterin the leaf tissues(mostly asdetritus),while the below-groundtissue

seemto split C lossesaboutequallybetweenorganicandinorganicC.

Nitrogenallocation

Allocation of nitrogenflows generallyparalleledcarbonflows (Fig. 3). While carbonentersthe

seagrassthroughthe leaves,most nitrogenenters through the root system. We calculatedthe

relative contributionof leafand root zoneN-up~akeusing NH4~and NO3~uptakedata(Lee and

Dunton, 1999) scaledto ourbiomassdata. About 85% of the dissolveinorganicnitrogen(DIN)

enteredthrough the root systemproviding justification for a model structurewith DIN uptake

occurringonly throughtherootsystem.

Thetransportof DIN throughthebelow-groundtissueand presumablyreturnedback to the non-

photosynthetic tissues as organic nitrogen, suggeststhat internal recycling is an important

adaptationto nutrient limitation (Fig. 1 & 3). About 25% of the nitrogen in the leaveswas

returnedbelow-ground,most of which was allocatedto the root/rhizometissue. Substantially

moreN went to newgrowth thanto losses(i.e., detritusor DON leakage),which indicatesthat the

plantsare very efficient at using nitrogen. Non-photosyntheticN flows were small (excluding

uptake)with most of the nitrogenbeing allocatedto growth. Detrital and DON lossesof non-

photosyntheticnitrogenwereminimal, which mayaccountfor thehigh C:N ratioofDOM foundin

seagrassbedsediments(ChapterVII),

Carbon-nitrogenrelationships

The C:N in seagrassis substantiallygreaterthan found in plantsof the pelagic zone. Above

groundbiomasshadan averageC:N by atomsof 25 while below-groundtissuehad an averageof

60 (ChapterVI). This compareswith a Redfieldratio of6.6 typical of phytoplanktonin estuarmne

andoceanicsystems(Redfield, 1958). Most of the C:N materialflows in this analysiswere even

higherthantheaverageseagrassbiomass,theleaftissuehada C:N of36, while detritus andDOM

hadaC:N ratioof 32 and39 respectively.Materialshuntedbelow-groundhadaC:N ratioof 67.
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Figure 1. Thalassiacarbonflow diagram.Arrows indicatedirectionand numbers(in bold) show
the amountof the flow (mmol-C m2 d’) to otherseagrasscomponent,to losses(i.e., respiration,
excretion,etc.)or to growth.
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Figure 2. Thalassiaflow diagramasin Figure 1, with transportexpressedas percentofmaterial
enteringeachseagrasscomponent—lea1~,shortshoot,androot/rhizome.
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Figure3. Thalassianitrogenflow diagram. SameasFigure1, exceptfor nitrogen.
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Only new leafgrowth hada relatively low C:N ratio of 20 (Lee and Dunton 1999; ChapterVI).

Thehigh nitrogencontentof newleafmaterialandlimited role of dissolutionduring the aging of

leafmaterialsuggeststhat substantialamountsof nitrogenarere-allocatedfrom old leafmaterial

backto theplant.

Traceranalysis.

Carbontracerinitially placedin theDIC pool within the incubationchambermovedrapidly into

the seagrassleaf compartmentreachinga maximum concentrationin about 2 days (Fig. 4).

Carbonflows from leafto shortshootandthento shortshoot androot/rhizomeredistributedthe

C tracer so that maximum accumulationsoccuired in the short shoots in 4 daysand in the

root/rhizomesin about 10 days. The maximum concentrationof tracerwas greatestin the

root/rhizomecompartmentsbecauseofits largesizerelativeto othercompartments.

Traceraccumulationin sedimentDIC, DOC, and POCwerenot significantuntil day 5, low rates

of detrital loss from theroots/rhizomesproducedlittle traceraccumulationin the sedimentPOC

pool. Howeversubstantialtracerwasallocatedto the sedimentDIC andDOC pools. Sincethe

model doesnot includemicrobialassimilationof thetracer,actualsedimentPOC accumulations

would probablybe largerthanthatpredictedby themodel.

The sum of all the tracersin the pools at the end of 20 days is about 80% (Fig 4). Lossesof

traceroccurredthroughleafdetritusfor whichwehadno biomassmeasurementsandhencecould

not includein theanalysis.

II - 22



Figure4. Distribution ofcarbontracerin theseagrass.OnepercentoftheDIC pool is addedas
tracer. Themodelshowshow atracerwould movethrougha seagrassplant. To fit the

WetzelandPenhale(1979)tracerresultsfor Thalassia, wesettheexchangeablepool to 5%of
thetotal pools of leaf,shortshoot,androot/rhizome.Thisassumesthat seagrasslike othergrass
speciesis composedof structural,storage,andsolublepools that exchangeatdifferent rates
(Sheehyet al., 1996).
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Abstract

The objectiveof this modelingeffort was to betterunderstandthe dynamicrelationshipbetween

seagrassbeds and their sedimentaryenvironment using a diageneticmodel. The model was

developedand optimized for sedimentsin the LagunaMadre, TX, which is one of the world’s

largest (—140 km long) negativeestuarieswith close to 85% of the basin floor coveredwith

seagrassbeds. Although high levels of organicmatterdecompositionoccur in the near-surface

sediments,the model was unableto produceenoughmetabolismto satisfy dissolvedinorganic

carbon (DIC) profiles from organic matter oxidation alone, suggesting the presenceof an

additionalDIC source. CarbonisotopeanalysesofDIC verified that carbonatemineraldissolution

contributesmore than50% of DIC addedto porewatersduring early diagenesisand is especially

importantbelow —5 cm.

In comparisonto unvegetatedareas,a commoncharacteristicof seagrassbed sedimentswastheir

low sulfide concentrationsin the seagrassrootzone. Model simulations indicate that rootzone

fluxes of °2 areessentialto maintaining non-toxic levels of sulfide and consequentlypromote

healthyconditionsfor seagrassgrowth. Further,themodelsimulationssuggestthat thepositionof

maximumorganicmattermetabolismrelativeto the positionof the seagrassrootzonecanbe used

to predict severalpropertiesof seagrasssedimentgeochemistry. Thesepredictionsinclude the

comparativerole of anaerobicand aerobic metabolism,the sulfide to ammoniumratio, and the

presenceor absencesof sulfidesin therootzone.

In summary, the results of this model clearly demonstratea dynamic interaction between

seagrassesand diageneticprocessesin the underlyingsediments. The primary impact of these

interactionsis to lower sedimentarysulfideconcentrationsbelow toxic levelsfor seagrasses.Such

interactionsnot only modify the sedimentaryrecordbut also play an importantrole influencingthe

healthandproductivityof seagrasses.
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Introduction

LagunaMadre is one of the world’s largestnegativeestuariesstretchingcloseto 140 km from

southof CorpusChristi, Texas,to neartheU.S.-Mexicanborder. It is generallyquite shallow (—I

m) with much (—85%) of thebottomcoveredwith avariety of seagrassspeciesgrowingon poorly

sortedsandysediments. The climate is subtropicalwith water temperaturescommonly ranging

from 10°Cin thewinter to over30°Cin thesummer. Becauseseagrassbedsare soplentiful, there

is considerablepotential for them to influence sedimentgeochemistry. The seagrassroots and

rhizomes,providenitrogen,phosphorusand othernutrientsto thephotosyntheticpart of theplant

while energy-richorganicmaterial is returnedbelowgroundto sustaingrowthand metabolism.

Sedimentscan limit growth or inhibit seagrasscolonizationwhenthey are depauperatein growth

limiting nutrients, contain toxic materials,or have some physical property that slows growth.

(Zimmermanetal., 1987; Pulich, 1989). Both physicalproperties,suchasconsolidationandgrain

size,and chemical characteristics,including high concentrationsof sulfides,ethanol,and metals,

mayleadto thedegradationor stuntedgrowthof seagrassbeds(Carlsonet al., 1994;Pulich, 1989).

In the LagunaMadrelow porewaterammoniummay also contributeto reducedproductionwhile

in otherareasof LagunaMadre ammoniummay actually be high enoughto reachtoxic levels

(Morse etal., in prep.).

Conversely,seagrasshave the potential to alter their sedimentaryenvironment. For example,

seagrassleafdetritus canenhanceboth the percentconcentrationandquality of organicmatterin

the sediments.The nitrogencontentand increasedlability of seagrassleafdetritus may stimulate

ammonium production through metabolism of the organic matter. Some of this recycled

ammoniumthenbecomesavailablefor seagrassgrowth(Zimmermanet al., 1987). The seagrass

can also pump photosyntheticallyproduced02 through a transportstructure(lacunae)that leads

through the root systemand into the sediments. This °2 loading has the potential to re-oxidize

sulfidesandotherporewaterandsolid constituentsin therootzone.

Thegoal of ourgeochemicalmodelingwasto producea quantitativedescriptionof the interactions

betweenseagrassesand sedimentgeochemistry. This allows us to predict changesin sediment
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chemicalpropertiesdue to seagrassproductionand colonization,and the possibletoxic effectsof

sedimentsulfideandammoniaon theseagrassplants.

Methods

General

Dataand observationsof generalgeochemicalrelationshipsfor sedimentsin LagunaMadre given

in Morse et al. (ChapterVil) are usedto parameterizeour diageneticmodel. The model usesa

numericalsimulationfor vertical transportthat borrowsheavily from Boudreau’s(1996) general

diageneticmodel, while the reactionsinvolving particulateorganicmatter (POM) mineralization

and generationare derived mostly from the Van Cappellenand Wang (1996) model. Our

diageneticmodel departsfrom theseearlier models, which were primarily designedto address

sedimentaryprocessesin oceans,in its treatmentof sedimentinteractionswith a biotic component-

-theseagrass.This requiresthe linking of theLagunaMadre sedimentaryenvironmentto seagrass

nutrient uptake,dissolvedorganicmatter(DOM) release,and 02 transportfrom the roots to the

sediments.Themodel representsoxidationof POM andDOM ascoupledreactionsin successively

deepersedimentarylayersto reductionby oxygen,nitrate, iron, andsulfate. Manganesewasfound

in very low concentrationsin LagunaMadreandthereforewas not includedin this analysis. The

useof eachoxidant within the model is predicatedon theGibbsfreeenergy(AG) releasedby the

organic matter (OM)-oxidant reaction. We are able to maintain theseenergy relationshipsby

assumingthat within eachlayer of the sediment,populationsof bacteriawill specializein using

specific oxidantswhile becominginhibitedby moreenergeticoxidants(Boudreau,1996). These

energyrelationshipsandthe specificityof bacteriamakeit possibleto formulatea generalizedand

consistentset of equations,for eachoxidant, that is valid for all sedimentstrata(Rabouilleand

Gaillard 1991;DhakarandBurdige,1996; Soetaertetal., 1996;andBoudreau,1997).

Reactions

Therearemanypathwaysby which organicmattermay be oxidized andthe oxidation may form

variousorganicintermediates(Lovley and Phillips, 1989;KristensenandBlackburn,1987; Postma

and Jakobsen,1996). To keeptheanalysismanageable,only onegeneralizedbiogenicreactionfor
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Table 1. Solid and dissolvedspeciesfound in the sedimentdiagenesismodel. The model assumes
an oxidation stateof zero for organicmaterial. C:N:P of surfaceflux is that of seagrassabove
groundbiomass. Rootzoneflux C:N:P is that of thebelowgroundbiomass.

Explicit species

OMI

OM2

DOM

02

N01
1

NH1
5O42

TS

Fe(OH)1
2+Fe

FeS2
DIC

ALK

labile organicmatter

refractoryorganicmatter

dissolvedorganicmatter

oxygen

nitrate

ammonia

sulfate

total sulfides

amorphous

ferrous

pyrite

dissolved inorganic carbon

total alkalinity (treated as

species)

Solid

Solid

Porewater

Porewater

Porewater

Porewater

Porewater

Porewater

Solid

Porewater

Solid

Porewater

Porewater

Implicate(calculated)species

HS

H2S

c02*

HC01
C03

2

ALKC

pH

sulfidespecies

sulfidespecies

sum of hydrated

unhydratedcarbonicacid

bicarbonate

carbonate

carbonatealkalinity

Porewater

Porewater

and Porewater

Porewater

Porewater

Porewater

Porewater
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Table 2. Shows the diagenetic reactionssimulated in the model. Equations 1 through 4 are
replicated for refractory and labile organic matter. x, y, z are the componentof oxidation
contributedby CH2O, NH1, and H1P04 respectively.Becausewe did not include all but reactions
from Van Cappellenand Wang (1996) thenumbersin table to are not sequential,but refer to the
numberingschemeusedby theseauthors).

Organicmatteroxidations:

1 (CH2O) (NH3) (H3P04) +(x +2y)O2 +(y+2z)HCO~ R~/x )(x+y+2z)C02+yNO~+zHPO~+ + 2y + 2z)H20

(cH2o) (NH1) (H3P04) ~ 3Y)NO~+ R, i~ ~2x+4Y)N ~ 3y+ lOZ)CO

2. (4x + 3y —
1OZ)Hc0 + zHPO~~3x + 6y + lOz)HQ

(CH2O) (NH1) (H3P04) + 4xFe(OH)3 + (7x + y — 2x)HCO~ R
41

1+ 4xFe2~
+~8x+y—2z)HCO~+yNH~+zHPO~+(3x —y+2z)H20

(cH~O)(NH3) (H3P04) + (~)so~+ ~y— 2z)C02+ (y — 2z)H20 ~ H25

+(x+y—2z)HCO~+yNH +zHP0~

Redoxcycles:

8. Fe2-4 °2 + 2HCO~+ !H20 R8 )Fe(OH)3 + 2C02

11. NH+202+2HCO~ ~ N0~+2CO2+2H20

12. H~S+2O~+2HCO~~ >S0~+2C02+2H20

14. H2S+4C02 + 2Fe(OH)3 RI
4

2Fe2~+ S°+4HCO~+ 2H20

15. FeS+202 ~ >Fe2~+SO42

22. Fe2~+2HC0~< R22R22 >FeCO3+ CO2 +1120

23. Fe2~+2HCO~+ H2S< ~3,~23 )FeS+2C02 +2H20

Alkalinity:

24 ~ + ~:5co2+ (1— ~)H2S~ (1— 5)HC0~+ (1— ~ )HS~+ H200~c5~1
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eachoxidant is includedand we assumethe reactiongoesto completion (CO2 and water). The

relationshipsbetweengrowth and substrateconcentrationare implementedin this model using

hyperbolic Monod relationships, while inhibition is modeled with a hyperbolic feedback(see

equations58 through62 in Boudreau,1996).

The sedimentdiageneticmodel has 13 geochemicalcompartmentscoveringsolid and porewater

organic and inorganic speciesthat are important in the diagenesisof LagunaMadre sediments

(Table I). We also calculatethe equilibrium distributionsof solutesin aquaticcarbonatesolution

andtheequilibrium systemfor porewatersulfides. A simplified stoichiometryfor theoxidation of

OM is provided to reducethe numberof speciesmodeled,and the numberof equationsin the

model (Table 2; EQ. 1-4). We also assumethe organicmatterspeciesoxidation reactionsare

biologically mediated.

Once the reducedproductsare formed, they can become titrated through reactionswith other

constituentsortransportedby diffusion and bioturbationback into upperstrataof thesedimentsto

be usedin a seriesof redox reactions(Table 2; EQ 8-15). We includedmostof thecoupledredox

reactionsconsideredin otherrecentdiageneticmodels(Boudreau,1996;VanCappellenandWang,

1996),butwith a slightly differentfeedbackfor FeSproductionandloss(Table 3).

Among thenumerousconstituentsmodeled,H25 and DIC are themost importantbecausesulfide

can be toxic to seagrassandDIC is an indicatorof total carbonmetabolismin sediments. DIC

concentrationis theconsequenceof equilibrium reactions(Table4) andprovidesa “whole system”

estimateof the model accuracy when results are comparedto measurements.When DIC or

alkalinity is not known, pH is also requiredfor Table 2, EQ 1 to 4 (Morse and Mackenzie,1990).

The model uses the Whitfield and Turner (1986) relationship for salinity and temperature

dependenceof equilibrium constantsand the Stummand Morgan(1981)closedsystemionization

fractionsto predict the distribution of solutesin aqueouscarbonatesolution. Data in this study

(ChapterVII) includedvertical profiles of pH, however, themodel also hasthecapacityto model

pH using formulationsfrom VanCappellenandWang(1996).
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Table 3. Rateequationsusedin the reactionscheme(Revisedfrom Van Cappellenand Wang,
1996).TS= [H2S] + [HS1. Indexeson equationare thesameas usedby VanCappellenand Wang
1996. N.A. indicatesthat the reactionreferencedwith the correspondingindex in Van Cappellen
andWang 1996wasnot used.

where:

~FeS > 1: 523 = 1, ‘~-23=0

~FeS ~ 1: ‘~23=0, ~-23 = I

Transportprocesses

Solids (Ci, ~imolcm3~)and porewater~ ~imolcm3~)constituentsaresubjectto advectiveand

diffusive transportwithin the sedimentsand at the sediment/waterinterface. Becauseof the

different affectscompaction,moleculardiffusion, bioturbation,andirrigation haveon solids and

porewaterconstituents,theyaretransportedwithin thesedimentsat different rates. Bioturbation

and burial (w) are the processesthat displacesolids within the sedimentcolumn. While the

effect of burial is obvious, thetransportby bioturbationis less clear. In this model, we assume

that thedisplacementor disturbancecausedby asingle infaunaldepositfeederis small relativeto

thetotal bioturbationwithin thesedimentcolumn. Given this assumptionBoudreau(1997)used

R= kg r02 R0=N.A. R~2=N.A.

R2= kg rNO1 R1=k [NH4~][021 R21= N.A.

R1=N.A. R2=k2TS [°21 R21=N.A.

R4=kgrFe R13=N.A. R22=N,A.

R2~kg rSO4 R4=k4 TS [Fe(OH)1 R22= N.A.

R~=N.A. R5=k~5[FeS] [021 R23=K23 ~23 (Q~FeS]-1)

R7= N.A R6= N.A. R23=K23Q23 [FeS] (1~~FeS)

Rgk~[Fe2~][021 R17= N.A.

R9= N.A. R21=N.A

~FeS

[Fe2+JH51
1H~1

[H~]+K11+ FeS
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Table 4. Reactionsinvolving eachmodel constituent~R~(x)(revised from Van Cappellanand

Wang 1996).

ROM =—(R, +R2+R3+R4+R5)

R0, = 1_c~_x+2yR~ 2R15)_~~+2R12)

RNO = 1; ~ R — 4x + + R115x

RFe
2

+ =
1~(4R4— 2R10 + R15 — R21 + K23)— R8

R50~ 1_~(R5)+R —R17

RNH. = ~ (~,+ R4 + R5)— R11

RFC(oH) = —4R4 + 1I~~JR~ + 2R10— 2~4

R~5= —R15 + R23 — R_23

RTC =
0(R1+R2+R3+R4+~)

R — l_~(R~R —R _R23+R23)_R121’S 0 ~2 ~ 14

( y+2z 4x+3y—l0z 4x+y—2z
- RI+ R~+ R3

RALK_10~ x 5x X

— 0 x+y_2zR2R+2R+4R~+R
~ x

—2R8—2R11—2R12

+8~~2zR4~1
x
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aReynoldsdecompositionandtime-averagingschemeto showthat bioturbationtransportcanbe

modeledas a diffusion process(biodiffusion,D,) (EQ25).

4~~~Db 4~S]~~Cc]]+~RC(X) EQ25

Profiles of porosity (q’) are used in the diageneticequation to determinethe rate of solid

compactionwith depth. In this analysis,we assumesteadystatecompaction(EQ26) to simplify

both the parameterizationof o and porewatervelocity (v~,and to reduce the number of

derivativesthat needto be calculated(Berner, 1980).

EQ26

Conversionof organic and inorganicsolids occursthrough the reactions(~R~(x)) (Table4).

The equationsin table 4 includesconversionbetweensolids and porewaterunits whereneeded.

Expansionandsimplification basedon steady-statecompactionresultsin an equationthat canbe

convertedto afinite differenceandsolvednumerically(EQ 27).

EQ27

The porewatertransport equation, although similar to that used for solids, has the added

complexityof moleculardiffusion (D~),tortuosity (02), andirrigation (a). Moleculardiffusion is

constantover depth and is calculatedfor all constituents,exceptDOM, using the subroutine

DIFCOEF providedby Boudreau(1996). This subroutineusesthe Stokes-Einsteinrelationship

and otherdata (seeBoudreau, 1996) to estimate“free-solution” molecular/ionicdiffusion (D~~)

from salinity, temperatureand pressure.DOM hasaspectrumof molecularweighswhich varies
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Table 5. Model parameters.

Description Symbol Units

Biodiffusion or mixing coefficient Dh cm2

V

Velocity of porewaterburial v cm

y

Velocity of solid particle burial w cm

y

Porosity q cm~

cm~

Porewater irrigation constant (nonlocal) a(x) y’

Tortuosity 9 dimensionless

Density p g

cm~

Generic solid concentration C~. ,Ltrlol

cm~

Generic porewater concentration Ci,, 1L~nol
3cm~

Rate constant k y”

temporally and spatially within Laguna Madre (Opsahl and Benner, 1993). The DOMsolution

free diffusion coefficient can only be estimated from first principles when we know the size and

shape of all the molecules that compose it (Berg, 1983). Given the heterogeneity of the DOM,a

first principle estimateis not possibleandan experimentalestimatewould not be meaningfulon

the scale of the Lagoon. The Einstein-Smoluchowski equation shows an inverse relationship

between the free-solution diffusion rate and molecular weight. Because of the generally high

molecular weight of DOM,we picked a low diffusion rate for DOM(1/2 that of sulfide) and ran

simulations that encompassed I order of magnitudebelow this diffusion rate. The normalized

root-mean square difference (i.e., S.D.(prediction — field data)! rnean(fielddata))variedamong
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these test cases from 0.34 to 0.48 with virtually no change in the normalizedroot-meansquare

difference(NRMSD) in any of theotherporewateror solid species.Further,simulationsshowed

thatthehigh porewaterirrigation ratesin LagunaMadreeffectedtheDOM concentrationprofile

morethandiffusion, causingthe model to be robust againstchangesin the DOM diffusion rate.

We do not expectthat diageneticmodelswill be robustagainstchangesin DOM diffusion rate in

othercoastaloceansiteswhereirrigation or advectionarenot dominatetransportprocesses.

Weinclude bothbiodiffusionand moleculardiffusion in theporewaterdiageneticequation. This

is not necessary in mostcoastalor oceansedimentswherebiodiffusion ratesarelow, howeverin

estuaries biodiffusion coefficients can be similar in magnitude to molecular diffusion (Berner,

1980). Tortuosity, however, is only applied to the free-solution molecular diffusion coefficient

since interface mixing through biodiffusion (Boudreau, 1997) does not increase the distance a

moleculeor ion must travel relative to the free-solutiondiffusion rate. Tortuosity is calculated

using the modified Weissberg relationship g?= 1—bln(ço,.~. The molecular diffusion rates in the

diageneticequation are constantover depth, while the other parameterschangewith depth,

requiring additional derivatives in the transport equation (EQ 28).

Irrigation in this analysis is assumed to occur through non-local exchange with the water-column

or exchange with a benthic boundary layer composed of unconsolidated seagrass leaf litter.

Irrigation is therefore a function of the differencebetweentheseconcentrationsand the actual

concentration of each constituent in the sediment profile (Emerson et al, 1984; Boudreau, 1984;

and Boudreau,1997) (e.g. third term RHS, EQ 28). Again thereaction ~Rc unit conversions

for solids and porewaterconstituentsareshownin table 4. The positive sign on the reaction term

signifies that the reactions proceed according to the equations in Table 4. The last term on the

RHSof EQ28 (~RFc ) are the fluxes of 02, DOM, NH4~,and N01 between sediment and the

seagrassroots.

+~RFc~EQ28
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Once again expansion of the equation and simplification based on steadystate compaction

provides an equation that can be formulated into a finite difference scheme. This process reduces

the total number of calculations in the model (EQ 29). Units of the parameters in EQ25 through

29 areshownin Table5.

4c~j ( D~~d~~C~]
~ =t1~Db+—~--)~2

+ ~ EQ29

+(x)(~C~]0~C~fl+~R~+~RFc

We useda simple linear relationshipfor Dh(x) (EQ 30) and its derivative (EQ 31) (Boudreau,

1997),

x<xl

(x —x)
x�~�x2 Dh(x)=Dh(0) 2 , EQ3O

(x2 —

x>x2 Dh(x)=O.

Here, we assumethederivativeof bioturbation(DDB(x)) is zeroto depth x and is constant to x2

(seeBoudreau,1997)

x�~�x2 DD1,(x)=— D1(0) EQ3I

(x2 — x1)

x>x2 Dh(x)=O.
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Boundaryconditions

At the sediment-water interface, two types of boundary conditions are defined, a flux condition for

OMand a concentration boundary for all other constituents. The model incorporates options for

switchingbetweenconcentrationand flux boundariesdependingon the dataavailable.The flux

boundary(FC~.)has the form (EQ 32):

~b(0) ~o)~C~]= FC~ EQ 32

while the other constituents are set to a known interface (C.) concentration(EQ33)

C(0)=C~11. EQ33

For all constituents the bottom boundary condition assumes that the diffusive flux has diminished

to zero(nogradients)(EQ34),

=0, EQ34
ox

where i is a solid or pore-waterconstituent(Boudreau, 1996). An alternative option for this

bottom condition is a concentrationboundary similar to EQ 33 when there is sufficient data

available.

Rootzonefluxes

Below groundseagrassreleaseof 02, anddissolvedorganicmaterial (DOM) aredispersedthrough

moleculardiffusion in therootzoneaccordingto a Gaussianprobability distribution (Berg, 1983)

(EQ 35),

1
2 e 2~2 ; (1 � x �np), EQ 35

2izo
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wherej is the index for eachgridpoint, np is the numberof gridpoints, p is the gridpoint in the

centerof the rootzoneand 2a dictatesthe numberof gridpoints over which the flux occurs. In

turn, theflux at eachgrid point is shownby EQ 36:

P(i,~i,o-)FT
RFc (x)~= , EQ 36

whereF~ is the total flux, i are the constituentstransportedvia the root system, and Lix is the

length betweeneachgridpoint. Berg (1983)hasshownthat the Gaussiandistribution is the most

accurateprobability distribution for diffusion of large numbersof small moleculesfrom a single

sourcesuchasthe rootzoneof aseagrassplant. With thisprobabilitymodel theusercan inputany

rootzonedepthor width that is consistentwith thetotal depthof theanalysis.

Model Resultsand Discussion

Our goal is to determinehowseagrass,throughroot-zonefluxes and leafdetritalformation, modify

geochemicalsedimentprofiles. As discussedin the methods,the model simulates exchange

betweenthe seagrassrootzoneand sediments. Comparing the model results with the actual

sedimentchemical profiles provides an assessmentof the seagrassinteraction with sediment

geochemistry.Removalof theseagrassmodel flux in sometreatmentsof the model thenprovides

a meansto quantifyhow theseagrassesmodify sedimentchemistry.

Vertical sedimentgeochemicalprofiles were collected by Morse et al., (ChapterVII.) in 2.0 cm

incrementsin SyringodiumJl1zj~rmi,ThalassiatestudinumandHalodulewrightii seagrassbedsand

in adjacentbareareasin LagunaMadrefor comparisonwith themodel results. Although, seagrass

rootzonefluxesareestimatedby adjustingthesefluxes in model sensitivity tests,we still required

an initial set of root-zonefluxes for eachseagrassspecies. Demographicstudies (Kaldy and

Dunton, in press)andproductionstudies(Herzka,and Dunton, 1997;Leeet al., 1997)wereusedin

an optimizationmodel (ChapterII) to estimatethesefluxes for Thalassiatestudium.Thereare no

similardemographicstudiesfor Halodulewrightii or Syringodiumfihiformiin LagunaMadre,
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Table 6. Rootzonefluxes
(Chapter 2). Case 2 and
estimates.

(mmol m2 d’) as estimatedfrom the inverse analysis
3 scenariosprovide 1/2 and the full rootzonefluxes

1’ Rootzoneuptakefrom Kuo SuLeeasjimol -N g’ dry-wt~h (per comm, 1998)
~ SummerThalassia productionpredictedfrom inversemodelling(Chapter2).
§ Predictedcarbon allocation estimates of carbon release from inversemodeling (Eldridge and
Kaldy, in prep.).

although photosynthetic, production, and respiration rates (Dunton and Tomasko, 1994; Tomasko

and Dunton, 1995) are available. Summer Halodulephotosynthesiswas 100-400mmol C m2 d

(Tomasko and Dunton, 1995) which is similar to the 288 mmol C m2 d’ estimated by the

optimization technique for summer Thalassia photosynthesis(sedimentgeochemistrysampling

was in June). Similarly, Halodule respiration bracketed the Thalassiainversemodel estimateof

respiration (Dunton and Tomasko, 1994). Syringodiumphotosynthesisandrespirationalso appear

to be similar (Nojima and Mukai, 1996). Thus, in our simulations we used the same root fluxes for

Halodule,Thalassia,and Syringodium(Table 6), but varied 02 flux to the rootzone as a percent of

primary production (Fig. 2-4). The model was run to a steady state and the results were compared

to thecollecteddata.

A numberof free parameterswere then adjustedto match observedprofiles for each seagrass

species(Table 7). Two important parametersthat were examinedover a rangeof “reasonable”

valuesfor a coastalsystemwere the sedimentationandbioturbationrates. Theseratescannotbe

reasonablymeasureddue to the dynamicconditions that prevail in shallow lagoons (e.g., storms

andhurricanes)thatresultin movementandresuspensionof sediments,Over400 model runswere

Species 02 DOM POC DIC NH4~

Halodule 288 35 48 41 8.0

Thalassia 288~ 35~ 48~ 4l~ 5.Ot

Syringodium 260 35 48 41 12
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Table 7. Conditionsfor sensitivity test. Three conditions are testedincluding no flux and 2 flux
ratesfrom therootzone(mmol C m2 d’). Parameterswith thesamevalueas in thecolumnto theleft
aregiven an ~.

Type Parameter Halodule Syrin~odium Thalassia

Physical Temperature 30.0 * * *

Pressure 35.0 * *

Surface pH 7.9 * *

SurfaceDh (cm3 yr) 5.0 * * *

DepthDh starts to decrease 5.0 * *

(cm)

DepthD, goesto zero(cm) 9.0 *

sedimentadvectionrate 0.20 *

(cmyr’)

Coef. of irrigation 85.0 200 *

Depthof irrigation 12.0 * * 7

Porosity-surface 0.80 0.60* 0.80 .7

Porosity -asyptotic 0.50 *~53 0.50 *

Porosity exponentalcoef. 0.15 * * *

(seetext)

Max Depthof simulation 12.0 * * *

(cm)

Meandepthof rootzone 4.0 3.5 *

Width of rootzone 2.5 3.5 *

boundary SedimentOrganicFlux - 18.6 8.8 8.2 1 .4

labile

conditions Sediment Organic Flux — 6.8 8.9 24.7 22.6

refractory

DOM mM 20.0 38 36 6.0
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Table7 continued

Type Parameter Halodule Syringodium Thalassia Bare

DOM advectedby irrigators 5.0 65 50.0 2.0

mM

02 ~iM 270.0 250 200 *

NO3’llM 4.0 * * *

NH4~jiM 40.0 100 * *

5042 mM 29.0 * * 34.0

H2S ~iM 2.0 * * 10.0

Fe3~ (Solid) mMkg-i 5.0 * * 1.0

Fe2~ ~iM 1.0 * * *

FeS (Solid) mM/kg 9.5 * 25.0

DIC mM 2.8 2.6 3.6 2.0

Rate Organicmaterial-labile yr~ 15.5 8.5 6.5 6.5*

constants Organicmaterial-refractory 0.15 0.06 0.10 .30

yr”

DOM yr’ 0.25 6.0 4.0 4.0

Dissolutionrate 0.15 * * *

kg 8.0E6 * * *

k11 3.0E3 * *

k12 2.6E8 * *

8.0E3 * * *

k3 3.0E3 * * *

k23 2.0E3 * * *

k23 1.OE-4 * * *
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Table7 continued

Type Parameter Halodule Syringodium Thalassia ~jre

Monod KO2 jiM 4.0 * * *

constants KNO3 jiM 10.0 * * *

KSO4jiM 85.0 * * *

KFe3’ jiM 100.0 *
* *

Conditional FeS 6.3E3 * * *

Equation

C:N:P (atom) Organic material-labile 105: 12: 0.2 105: 6: 0.2 105: 9 : 0.2 *

Organicmaterial-refractory 105:4 : 0.1 105: 6 : 0.1 105 : 8 : 0.1 *

DOM 105:3:0.1 105:3:0.1 105:3 :0.1 *

madeusing a combinationof sedimentationratesfrom 0.05 to 0.5 cm yr’ andbioturbationratesof

5 to 100 cm2 yr’. Results indicated that model agreement with maximum DIC and H25

concentrations was relatively insensitive to bioturbation rates and agreed best with intermediate

values for sedimentationrates (Fig 1). Values of 0.2 cm yr’ and of 5 cm2 yr’1 were used

respectivelyfor sedimentationandbioturbationratesin subsequentmodel runs.

Modelsimulations

For eachseagrassspecieswedevelopedthreesimulations:i) asimulationwith no rootzonefluxes,

2) a simulation with one half the estimated rootzoneflux, and3) a simulationwith the full rootzone

flux. Resultsof the simulations when no root flux occurred (Fig. 2-4, case 1) were consistent with

what one might expect in coastal sediments (see Berner, 1980). The modeled [021 did not

penetrate more than a few millimeters beyond the sediment/water interface (unpublished

microelectrode measurements, Joye per. comm.) and POMhad a continuously decreasing trend

(Fig. 2-4). [H2S] increases sharply with depth (—.4 cm) and was well in excess of all seagrass

rootzone data while [DIC] was increasingly underestimated with depth by the model.
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Figure 1. Sensitivityof model A) porewatersulfideconcentration(j.tM), andB) DIC concentration
(mM) to changesin bioturbationandburial rate(seetable5 for units).
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Table8. Normalizedroot meansquareddifferencesbetween
modelpredictionsandfield data.

When the rootzonefluxes were applied (Fig. 2-4, case2 and 3), the model was still unable to

provide reaction rates sufficient to support the measuredDIC concentration profile without

producingunrealisticallyhigh H2S concentrations.In order to overcomethesedifficulties, it was

necessary to have both a means of oxidizing porewater H2S and supplying DIC from a source other

thanorganicmatteroxidation. Thesecondmajorsourcefor DIC wasdemonstratedto be carbonate

mineral dissolution, based on E’3C values of porewaterDIC (see ChapterVII, for discussion).

Resultsindicate that well over half the DIC addedto the porewatersis coming from carbonate

mineral dissolution and that below about 6 cm depth close to all additional DIC comesfrom

carbonate mineral dissolution. With the additional processes of carbonatemineraldissolutionand

rootzone flux, the model calculated maximal reaction rates in the top few centimetersof the

ThalassiaandHalodule analyses which resulted in dramatic changes in [DId, [NH4~], and [H2SJ in

thesesimulations(Fig. 3-4). Surficial reactionrates(top 2 cm of sediment)were also high in the

Syringodiumsimulation,althougheven higher reactionratesdue to labile DOM in the rootzone

complicated this analysis (Fig 2).

We used the root mean squared difference between the model results and a cubic spline

interpolation of the field data to estimate the error in the simulation fit to the field data. This

quantity was thennormalizedby thelargerof theaveragevalueof the dataor model predictions.

This kept the normalized error from going to infinity when the field data or model results

approachedzero. The normalizedroot meansquareddifference(NRMSD) of the Thalassiaand
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Species No rootzoneflux One-half estimated Estimatedrootzoneflux

rootzone flux

H2S DIC H25 DIC H2S DIC

Halodule 0.77 0.11 0.66 0.10 0.66 0.09

Thalassia 1.11 0.18 0.15 0.14 0.11 0.14

Syringodium 0.95 0.28 0.52 0.14 0.08 0.08



Syringodiummodel fit the measuredH2S and DIC data better when rootzone fluxes were applied

(Table 8). Other thanDIC, NH4~and H2S, the model constituentswere insensitiveto rootzone

fluxes (Fig 2-4) and generally fit thetrendsin observeddata.

The NRMSD for the model validation runs (ChapterV) were actually better than that obtained

during the analysis presented here. The validation model is a time dependentanalysisfor which

the seagrassmodel (see ChapterI) is linked to the sediment diagenetic model (this Chapter).

While themodelparametersin oursensitivitytestwere adjustedto providethe best fit betweenthe

modelandthedata,themodel validationrequiredthat themodelparametersnotbechanged— only

the initial conditionsof the modelcouldbe changedto fit thedredgesiteconditions. Even though

the validation model parameterswere fixed, the NRMSD was between10 to 30 percentmore

accurate than the steady state model presented in this chapter. Themodel presentedhereassumes

that sediment processes are constant with time (i.e., steady state), while the linked model (see

Chapter V) varies root zone input in response to seasonal changes in seagrass productivity. The

comparison of NRMSDsuggests that the coupling of the seagrass model to the sediment model

significantly increases the accuracy of the sediment model.

Differencesin seagrasssedimentchemistry

The interaction between rootzone fluxes and [H2S], and [DIC] profiles in all the seagrass species

was sensitiveto the relativeposition of rootzoneand the depth of maximummetabolismin the

sediments. In the Syringodiumsimulation the two zonescoincided(Fig. 2). In this simulation,

irrigation transportedlabile DOM from the benthic boundary layer directly into the rootzone,

resulting in rootzonemetabolicratesthat exceededthe surficial metabolismby —20%. Although

there was no 02 in the sedimentsbelow the first centimeterin any test cases(Fig. 2), simulations

with rootzone02 fluxes (cases2 and 3) had alargerpercentageof theorganicmatterenteringthe

aerobic metabolic pathways (47% for case 1, 62% for cases 2, and 91% for case 3). The result was

a clear separation in [H25] and [DIC] sedimentprofiles for eachrootzone flux case (Fig. 2) with up

a 150 jiM differencein [H2S] betweenthesimulationwith and without seagrassroot-zonefluxes.
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In the Thalassiasimulation,the surficial sedimentmetabolismexceededthe rootzonemetabolism

by 43% percent. Again the 02 rootzoneflux provided an oxidant for the more muted rootzone

metabolism, thereby maintaining a low sulfide to NH4~ratio in test cases 2 and 3. However the

difference in position of major sites of metabolism, the surficial sedimentsand the rootzone,

reducedthe impactof the rootzonefluxes on metabolism. Hence,the [DIC] concentrationprofiles

were indistinguishable in all the Thalassia simulations(Fig. 3).

Finally, in theHalodule simulationnearlyall (84 %) of the carbonmetabolismoccurredwithin the

surficial sediments(0-2 cm). Theseparationbetweenthedepthzonewheremetabolismdominated

and where the rootzonefluxes occurredwas sufficient to uncouplesedimentmetabolismfrom

rootzonedynamics(Fig. 3). The [DIC] or [H2S] porewater profiles for all cases(with and without

rootzone fluxes) were therefore the same. Thehigh ratesof surficial metabolism(morethantwice

that of Syringodiumor Thalassia) resultedin very sharpgradientsin [DIC] and [H2S] and a clear

separationin modeled[DIC] profileswith andwithout carbonatedissolution(Fig. 4).

The POC in the bareareasimulationwas less reactivethen in the seagrassbeds (Fig. 5). Our

simulation for the bare area (Table 7) essentiallyused a single intermediatelyreactive POM

component.This contrastswith theseagrasssedimentswheremodel resultssuggestthat therewas

substantialinput of labile POM (Table 7). The initial decompositionratesof seagrassis rapid

(Opsahl and Benner, 1993) and export ratesfrom seagrassbedsare low (Stapelet al., 1996),

suggestingthat muchof the litter productionis usedwithin the seagrassbed and not exportedto

adjacentbareareas. The lower reactivity of bareareaPOM is consistentwith this description if

only seagrasses are considered. However, the gross primary production (GPP) of benthic

microalgae in bare areas is about one-half the seagrass production (Ziegler and Benner, 1999).

Microalgaebiomassincorporatedinto the sedimentsmight haveprovideda labilePOM component

that the model was unable to account for either due to the resolutionof the model and data,or

becausebenthicmicroalgaewasconsumedbeforediageneticdecompositionoccurred. Themodel

results suggest that there was a source of labile DOMin the sedimentsthat might haveits origin in
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microalgae biomass, either through cell lysis or sloppy feeding by consumer organisms.

Microalgae has less structural material than seagrass and DOM derived from microalgaeis quite

reactive(Aminot et al., 1990)

Conclusion

The model simulations indicate that rootzone fluxes of 02 are essentialto maintainingnon-toxic

levels of sulfide (<200 jiM) in Thalassia and Syringodiumseagrassbeds in Laguna Madre.

Halodule rootzonefluxes in thesesimulations were less effective in reducingsedimentsulfide

concentrations.Toxic concentrationsof sulfide (Pulich, 1989) and ammoniumare only likely to

occur when 02 transportto the rootzoneis reducedby low rates of photosynthesis.Rootzone

geochemicalfluxes generallyhave little effect on sedimentdiagenesisother than to reducethe

sulfide concentrationsand alterDIC porewaterprofiles. Carbonatemineraldissolutionis a major

contributor to DIC in these sediments, and has generally not been considered in previousmodels

for early diagenesis in siliciclastic sediments

Our model simulationssuggestthat knowledgeof thedepth and rateof maximumorganicmatter

metabolism and the depth of the seagrassrootzonecan be usedto predict severalfeaturesof

seagrasshabitatsedimentgeochemistry.Thesefeaturesinclude therelativerole of anaerobicand

aerobic metabolism, the sulfide to ammonium ratio and thepresenceor absencesof sulfides in the

rootzone
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Figure 2. Syringodiumfiliform.sitesedimentgeochemistry.Estimatedflux of DOM, POC,andNH4~,flux to therootzoneis estimated
using fractions of primary production estimatedin the T. Testudiumoptimization multiplied by the mean summer S. filiform
production. Dotted line simulation has no rootzone fluxes (case 1), dashed lines are one half the estimated rootzone flux (case 2), and
the linesaremodel resultswith theestimatedrootzonefluxes (case3). Asterisksaredatacollectedat LLM3 in September1996. [DOC]
and [DIC] asmM, POC in percentsolid, [O2],~NO3’], [NH4~’], and [H2S] jiM.
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Figure 3. Thalassiatestudium.site sedimentgeochemistry.Estimatedfluxes and model simulationsare as in Figure 1. Asterisksare
datacollectedat LLM2 in September1996.
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Figure4. Halodule wrightii i. site sedimentgeochemistry.Estimatedfluxes andmodel simulationsare asin Figure 1. The asterisksare
datacollectedat ULM2 during June1996.

S S

0

III - 28



*

•

*
•
,,•

.•
•
~

4
~

t•
•
•
*
I•

*
•
•
•
•
•
•
•
•
•
•
•
•
•
S

*

I

*

I

00

P
....*

.
•t....s

.~
n

_
a

*

I
I

I

.
—

—
—

I

I
I

*
W

ith
ca

rb
o

n
a

ted
is

s
o

lu
tio

n
..’”’

•
•~

•
•

•
•
•
~

I
•

•
•

•
•

.••
•
~

.1
’

.•.••••.....
W

ithout
*

I
caybonated

isso
lu

tio
n

+
01

1
2

00000‘-C

N00N

U
•
0

0

c’I

0
2Ii)11)

II)

4
-’

11)

000c’~1
(/2

(/2

4
-a

1
1

)

(1)

(/2

0C
/I

IL)

I-a
(/2

11)
~

00CIL)
b

Il
4

-’

CEC
/I

I-’

I-’

IfIL)

C

~••.*
•••...

~.
.

••
•

•
I

•
•
•

*
*

*
•

•
I

I
•

•
•

•
•

•
•

•
•II

S
•

•
•

•

1
II*

*
•
•
I•

S
*
~

~
_

,,•
,

I

*

5
4

1
1

..5
*
1

1
.•....

0
0

(m
o)

qidocj



ReferencesCited

Aminot, A., A. El-SayedMonhamed,and R. Kerouel. (1990) Fateof natural and anthropogenic

dissolved organic carbon in the macrotidal Elorn Estuary, France. Mar. Chem. 29: 255-275.

Berg, H. C. 1983. RandomWalks in Biology. PrincetonUniversity Press.Princeton,New Jersey,

142 p.

Berner, R. A. (1980) Early Diagenesis: a theoretical approach.Princeton University Press.

Princeton, NewJersey, 241 p.

Boudreau,B. P. (1984)On theequivalenceof nonlocaland radial-diffusionmodelsfor porewater

irrigation models for porewaterirrigation: J. Mar. Res.42: 731-735.

_______ —, — (1996) A method-of-linescode for carbon and nutrient diagenesisin aquatuc

sediments.Computers& Geosciences22: 479-496.

_______ —, — (1997) Diagenetic models and their implementation:modelling transport and

reactionsin aquaticsediments.Springer-Verlag,Berlin, Heidelberg,414 p.

Carison, P. R., L. A. Tarbro and T. R. Barber. (1994) Relationshipof sedimentsulfide to

mortality of Thalassia testudinum in FloridaBay. Bulletin of MarineScience54: 733-746.

Dhakar, S. P. and D. J. Burgide. (1996) A coupled,non-linear, steady statemodel for early

diageneticprocessesin pelagicsediments.Amer. J. Science. 296: 296-330.

Dunton, K. H. and D. A. Tomasko. (1994) In situ photosynthesis in the seagrass Halodule

wrightii in ahypersalinesubtropicallagoon.Mar. Ecol.Prog.5cr. 107: 281-293.

Emerson, S., R. Jahnke and D. Heggie. (1984) Sediment-waterexchangein shallow water

estuarine sediments. J.Mar. Res.42: 709-730.

Herzka, S. Z. and K. H. Dunton. (1997) Seasonal photosynthetic patterns of the seagrass Thalassia

testudinumin the western Gulf of Mexico. Mar. Ecol.Prog.Ser. 152: 103-117.

Koepfler, E. T., R. Benner,P. A. Montagna. (1993) Variability of dissolvedorganiccarbonin

sedimentsof a seagrassbed and an unvegetatedareawithin and estiuaryin south Texas.

Estuaries.16: 391-404.

Kristensen, E. and T. H. Blackburn, (1987) The fate of organic carbon and nitrogen in

experimental marine sediments: influences of bioturbation and anoxia. J.Mar. Res. 45: 23-

257.

III - 30



Lee, Kum-Seop,K. H. Dunton. (1997) Effects of in situ light reduction on the maintenance,

growth and partitioning of carbon resources in Thalassia testudinum. Journal of

Experimental Marine Biology and Ecology. 210: 53-73.

Lovely, D.R., E.J.P. and E. J. P. Phillips (1989) Requirements for a microbial consortiumto

completelyoxidize glucosein Re(III)-reducingsediments.Appl. Environ. Microbiol. 54:

3234-3236

Morse, J. W and F. T. Mackenzie.(1990) Geochemistry of sedimentcarbonates.Amsterdam,

Elsevier, 707 p.

Nojima, S. and H. Mikai. (1996) Therateandfateof productionof seagrassdebris in cagesover

a Syringodiumisoetiforlium (Aschers.)DandyMeadow,in Fiji. In: J. Kuo, R. C. Phillips.,

D. I. Walker and H. Kirkman. Seagrassbiology: proceedingsof an internationalworkshop.

RottnestIsland,W. Australia,25-29January.pp 149-154.

Opsahl,S. and R. Benner.(1993) Decompositionof senescentbladesof the seagrassHalodule

wrightii in asubtrophicallagoon.Mar. Ecol.Prog.Ser.94: 191-205.

Postma, D. and R, Jakobsen. (1996) Redox zonation: Eqiulibrium constraints on the Fe(III)/S04-

reduction interface. GeochimicaetCosmochimicaActa. 60: 3169-3175.

Pulich, W. M. (1989) Effects of rhizosphere macronutrients and sulfide levels on the growth

physiology of halodule wrightii Aschers.and Ruppia maritima L. s.l. J. Exp. Mar. Biol.

Ecol. 127: 69-80.

Rabouille C. and J. Gaillard (1991)Towardsthe Edge:Early diageneticexplanation.A model

depicting the early diagenesis of organic matter, 02, N03,Mn, and P04. Geochimicaet

Cosmochimica.55: 2511-2525

Tomasko, D. A. and K. H. Dunton (1995) Primary productivity in Halodule wrightii: a

comparison of techniques based on daily carbon budgets. Estuaries 18: 27 1-278.

Soetaert,K., P.M. J.Herman,andJ. J. Middelburg. (1997)A model of earlydiageneticprocesses

from theshelfto abyssaldepths.Geochim.Cosmochim.Acta. 57: 1473-1488.

Stapel,J., R Nijboer andB. Philipsen.(1996) Initial estimatesof theexportof leaf litter from a

seagrassbeadin the SpermondeArchipelago,SouthSulawesi,Indonesia.In: J. Kuo, R. C.

Phillips., D. I. Walker and H. Kirkman. Seagrassbiology: proceedingsof an international

workshop.RottnestIsland,W. Australia,25-29January.pp 155-162..

III - 31



Stumm,W. andJ. J.Morgan.(1981)AquaticChemistry.2nd ED.Wiley-Interscience,780 p.

Van Cappellen. P., and Y. Wang. (1996) Cycling of iron andmanganesein surfacesediments:a

general theory for the coupled transport and reaction of carbon , oxygen, nitrogen,sulfur,

iron, andmanganese.Amer. J. Science 296: 197-242.

Whitfield, M. andD. R. Turner. (1986)Thecarbondioxide systemin estuaries—and inorganic

prespective.ThescienceoftheTotal Environment.49: 235-255.

Ziegler, 5, and R. Benner.(1999) Dissolvedorganiccarbon cycling in a subtropical seagrass-

dominatedlagoon.Mar. Ecol.Prog.Ser.180:149-160.

Zimmerman,R. C., R.D. Smith, R. S. Alberte. (1987)Is Growth of eelgrassnitrogenlimited?A

numerical simulation of the effects of light and nitrogen on the growth dynamics of Zostera

marina. Mar. Ecol.Prog.Ser.41: 167-176.

III - 32



CHAPTER IV: WATER COLUMN DATA AND
SPECTRAL IRRADIANCE MODEL

Contents

Abstract 7

Introduction 8

LagunaMadrePigmentandNutrientData 9

SamplingandAnalyses 9

Nutrients 9

Watercolumnpigments 9

Seagrasspigments 10

Laboratorypigmentdata 10

ResultsandDiscussion 10

Nutrients 10

Watercolumnpigments 12

Seagrasspigments 20

Laboratorypigmentdata 24

LagunaMadreOpticalProperties 26

AC9 Measurements 27

PRRMeasurements 29

TSSMeasurements 30

AC9 versusTSS 30

HydrolightModel 36

PreliminarySpectralIrradianceModel 44

Model Description 44

InfluenceofLight Quality on Production 45

‘v-I



References .49

Appendix 51

Tables

Table 1. Watercolumn nutrientdatafor thesummer1996cruise. Dataareshownasmean

concentrationandstandarddeviationofquadruplicatesamplestakenat each

station 11

Table2. List ofpigmentsobservedin this studyandtheirtaxonomic-physiological

significance(adaptedfrom Bidigare 1989) 14

Table3. WatercolumnHPLCpigmentdatafor thesummer1996cruise. Dataareshown

asmeanconcentrationandstandarddeviationofquadruplicatesamplestakenat

eachstation. The“brown tide” stationwastakenin upperLagunaMadreduringa

“browntide” bloom. Abbreviations:B.D. belowdetection;

19-But = 1 9-butanoyloxofucoxanthin 15

Table4. SeagrassHPLC pigmentdatafor thesummer1996cruise. Dataareshownas

meanconcentrationandstandarddeviationof quadruplicatesamplestakenateach

station. Seetext for descriptionof dominantseagrassesat eachsite. Includedare

theratiosof chlorophyll b to chlorophyll a (Chlb/Chla)and lutein to chlorophyll

a(Lutein!Chla). A potentialoutlier is shownin bold type 24

Table5. HPLC pigmentdatafor “browntide” alga. DataforAureococcus

anophagefferensarefrom Bidigare(1989). Abbreviations:a=chlorophylla;

c=chlorophyllc1,c2 bf=19’-butanoyloxyofucoxanthin;f=fucoxanthin;

dn=diadinoxanthin;zzeaxanthin;B.D.belowdetection 25

Table6. Casesusedin thecomparisonofthespectralirradiancemodel (PspEcTp~L)with

the standardPARmodel (PPAR).PSPECTRAL’ PPARis theratioofwatercolumn

integratedproduction. Also, a~and a~arephytoplanktonandsedimentabsorption

coefficients,respectively 46

IV- 2



Figures

Figure 1. Ammonium(p~M)andchlorophyll a (jig/L) concentrationsalongatransect

throughtheUpperandLowerLagunaMadreduring summer1996 11

Figure2. Phosphate(~tM)andsilicate(~tM)concentrationsalongatransectthroughthe

UpperandLower LagunaMadreduring summer1996 13

Figure3. Dissolvedinorganicnitrogen(DIN=nitrate+nitrite+ammonium;~tM)versus

phosphate(tiM) concentrationsin Upperand LowerLagunaMadreduring

summer1996. Solid line representsthe“Redfield Ratio” 13

Figure4. Contourplot ofchlorophyll a concentrationatthe fixed samplingstationsin

LagunaMadrefrom North (ULM1) to South(LLM2) during theperiodJanuary

to November1997 17

Figure5. Contourplot offucoxanthinconcentrationat thefixed samplingstationsin

LagunaMadre(from North to South)during theperiodJanuaryto November

1997 17

Figure6. Contourplot ofchiorophylls c1 andc2 concentrationatthefixed sampling

stationsin LagunaMadre(from Northto South)during theperiodJanuaryto

November1997 18

Figure7. Contourplotof diadinoxanthinconcentrationat the fixed samplingstationsin

LagunaMadre(from North to South)during theperiodJanuaryto November

1997 18

Figure8. Contourplotof zeaxanthinconcentrationatthe fixed samplingstationsin Laguna

Madre(from North to South) during theperiodJanuaryto November1997 19

Figure9. Contourplotof 19’ butanoyloxyfucoxanthinconcentrationatthefixed sampling

stationsin LagunaMadre (from Northto South)during theperiodJanuaryto

November1997 19

Figure 10. Pigmentratiosfor themostprevalentpigmentsrelativeto chia at station

ULM1 (CorpusChristi Bay) from June1996 to November1997. Missingdata

pointsarearesultof pigmentconcentrationsbelowthedetectionlimit of

HPLC 21

IV- 3



Figure 11. Pigmentratiosfor themostprevalentpigmentsrelative to chi a at station

ULM2 (SouthofBird IslandBasin)from June1996 to November1997.Missing

datapointsarearesultof pigmentconcentrationsbelow thedetectionlimit of

HPLC 21

Figure 12. Pigmentratiosfor themostprevalentpigmentsrelativeto chia atstation

ULM3 (Northofthe LandCut) from June1996 to November1997. Missingdata

pointsarea resultofpigmentconcentrationsbelowthedetectionlimit of

HPLC 22

Figure 13. Pigmentratiosfor themostprevalentpigmentsrelativeto chl a at station

LLM3(nearPort Mansfield)from June1996 to November1997 22

Figure 14. Pigmentratiosfor themostprevalentpigmentsrelativeto chl a at station

LLM1(dredgedmaterialplacementarea233)from June1996 to November1997.

Missingdatapointsarea resultofpigmentconcentrationsbelow thedetection

limit ofHPLC 23

Figure 15. Pigmentratiosfor themostprevalentpigmentsrelativeto chla at station

LLM2 (seagrassbednearSouthPadreIslandConventionCenter)from June1996

to November1997. Missingdatapointsarearesultofpigmentconcentrations

belowthedetectionlimit of HPLC 23

Figure 16. Comparisonof pigmentratiosfor Aureoumbralagunensisfrom UpperLaguna

Madreduringa “brown tide” bloomandtheisotypeculture(TBA-2) 25

Figure 17. Absorptioncoefficienta (md)versuswavelength(nm) 28

Figure 18. Beamattenuationcoefficientc (m’) versuswavelength(nm) 28

Figure 19. Downwelling irradiance(wattsm~2nm’) versuswavelength(nm) for TSS=

4.54 mgIL at adepthof 0.77 m 31

Figure20. Downwelling irradiance(wattsm2nm’) versuswavelength(nm) for TSS=

15.6 mg/L at adepthof 0.5 m 31

Figure21. Beamattenuationcoefficientc (m~’)versusTSS(mg/L)at awavelengthof412

nm 32

Figure22. Beamattenuationcoefficientc (m~’)versusTSS(mg/L)at awavelengthof440

nm 32

IV- 4



Figure23. Absorptioncoefficienta (m’) versusTSS (mg/L)at awavelengthof 412

nm 34

Figure24. Absorptioncoefficienta (m’) versusTSS(mg/L) at awavelengthof 440

nm 34

Figure25. Totalscatteringcoefficientcoefficientb(m’) versusTSS(mg/L) ata

wavelengthof412 nm 35

Figure26. Totalscatteringcoefficientcoefficientb(m1)versusTSS(mg/L) ata

wavelengthof440nm 35

Figure27. Slope(L mg~’m’) versuswavelength(nm) for thebeamattenuation

coefficient 37

Figure28. Slope(L mg’ m’) versuswavelength(nm) for absorption 37

Figure29 Slope(L mg’ m’) versuswavelength(nm) for thetotal scatteringcoefficient.38

Figure30. Measurementsofthetotal scatteringcoefficientb(589nm) vs.concomitant

measurementsofTSSconcentrationatLagunaMadre 39

Figure31. Specificscatteringcoefficientb* asafunctionof wavelengthderivedfrom

LagunaMadremeasurements 39

Figure32. Measurementsoftheabsorptioncoefficienta(589nm)vs. concomitant

measurementsof TSSconcentrationatLagunaMadre 41

Figure33. Specificabsorptioncoefficienta* asa functionof wavelengthderivedfrom

LagunaMadremeasurements 41

Figure 34.Downwelling attenuationcoefficientKd(SSOnm) asafunctionofTSSderived

from Eq. 4 usingoutputfrom Hydrolight 43

Figure35. Specificdownwellingattenuationcoefficient i( ()1) asafunctionofwavelength

derivedfrom HydrolightandLagunaMadremeasurements 43

IV-5



Figure36. Our simplifiedradiancetransfermodel (downwellinglight only) predicts

spectralirradiance(jimols/m2/d/nm)asafunctionof depthfor (left to right)

filteredLagunaMadrewater,LagunaMadrewaterwith addedchrysophyte(30~ig

chlalL) andLagunaMadrewaterwith addedsediment(50 mg/L). The

coefficients,a~,ad, a~,a~andat,, arefor water,DOM, phytoplankton,sediment

andtotal absorption,respectively. In thelatter two cases,at is equivalent,which

meansPARis also equalat all depths.However,as is evidentfrom theshapesof

thecurves,spectralquality is quite different,particularlyat 650 to 700 nm 47

Figure37. Resultsof conceptualmodelshowingtheratioofpredictionsby ourspectral

irradiancemodel to predictionsby thePAR model(JassbyandPlatt, 1976)

(PSPECTI~L/PPAR) asafunction of depth(m) for additionsof phytoplankton(in ~ig

chiaa/L) andsediment(mg/L) 48

IV- 6



Abstract

Water samplescollectedmonthly, for 18 months, from six sites in the LagunaMadre were

analyzed to identify and quantify phytopigments using High Performance Liquid

Chromatography(HPLC). In addition,watercolumnpigmentandnutrient datawere acquiredat

12 stationsin Upper(ULM) and Lower LagunaMadre (LLM) during the summer1996 cruise.

The spatial and temporalscale of samplingprovide a unique perspectiveon the dynamicsof

phytoplanktoncommunitieswithin the LagunaMadre. Phytopigmentidentification from field

sampleswas consistentwith the known pigmentcomplexfor Aureoumbralagunensis,Texas

browntide. Pigmentidentificationandpigmentratios indicatethat the dominantphytoplankter

at mostsiteswasbrowntide; however,othergroupswere also present. Extremepigmentratios

in Lower Lagunaduring September1997 may be the resultof a red tide bloomor a wind event

suspendingbenthicdiatoms. Additionally, this dataset documentsthe declineof browntide in

the Upper Laguna. Nutrient datacollectedalong a transectthrough the Lagunaindicatesthat

Baffin Bay and Arroyo Coloradomay be sourcesof anthropogenicnutrients. Pigmentswere

identifiedandquantifiedfor themajor seagrassspeciesin LagunaMadre. Pigmentratios for the

seagrassesweresubstantiallyhigherthanpublishedvalues,becauseHPLC is moresensitivethan

traditionalmethods.

Inherentoptical properties(lOPs) of LagunaMadre waterswere studiedin August 1997, and

March andNovember1998. Measurementsof absorptionand backscatteringcoefficientswere

performedalongwith analysesof total suspendedsolids (TSS) and pigmentconcentrationsin

both Upperand Lower LagunaMadre. Strong relationshipswere observedbetweenlOPs and

TSS,which were ultimatelyusedto computespectral irradiancein the waterwith the radiative

transfernumericalmodel called Hydrolight. Finally, we describea simple spectral irradiance

productivitymodel that canusedataprovidedby Hydrolight to estimatealgal productivityin the

watercolunm. Comparisonswith standardPAR modelssuggestlight quality is important to

understandingproductivity in LagunaMadrewaters.
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Introduction

Light attenuationoccursasa resultof scatteringand absorbanceby wateraswell as suspended

and dissolved materials (Kirk, 1994). Suspendedsolids, including phytoplankton, are

responsiblefor the majority of light attenuation(Voss 1992). In addition to attenuation,the

presenceof phytoplanktonpigmentsand dissolvedorganic materials(e.g., humics) can cause

dramaticspectralshifts (Smithand Baker 1978,Yentsch1980,Pierceetal. 1986). LagunaMadre

has beendisrupted by an extensivebloom of Aureoumbralagunensis,Texas “brown tide”

(DeYoeet al. 1997),whichcauseda 50%reductionin underwaterlight levels in someportionsof

the Laguna(Dunton1994). Shadingfrom thebrowntide hasresultedin the lossof seagrassfrom

deeperportionsoftheUpperLagunaMadre(Onuf 1996). Although,A. lagunensishasbeenthe

dominantphytoplankterin someregions,otherphytoplanktonis importantin LagunaMadre.

Pigment composition is often usedas a taxonomic indicator for plankton and algae. High

PerformanceLiquid Chromatography(HPLC)candetectlow concentrationsof pigmentsand can

beusedto identify characteristicaccessorypigments. The presenceand abundanceof particular

accessorypigmentscanbe usedto identify majortaxonomicgroupscontributingto watercolumn

primary productivity. Thus, HPLC analysis is a sensitive tool to identify the major

phytoplankton groups responsible for light attenuationand to quantify the abundanceof

phytoplankton. Traditional spectrophotometericanalysisis limited to quantifying the relative

abundanceoforganismscontainingchlorophyll a.

Photosynthesis,the energygatheringmechanismof seagrasses,is primarily dependenton the

availability ofradiantenergyandnutrients. Thefluxes of theserate-limiting factorsare governed

by opticalpropertiesof thewatercolumn, hydrodynamicand sedimenttransport,andbiological

processes(Bidigare et al. 1987). Becausechlorophyll and other pigmentsabsorb light quanta

selectivelyfrom the light spectra,photosyntheticproductionwill dependon the spectralquality

ofthe light in thewaterandon the typesofpigmentsfoundin theplants.
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This chapterpresentswater colunm nutrient and pigmentand seagrasspigment (obtained by

HPLC) data collected in Upper and Lower Laguna Madre during summer 1996 cruise.

Additionally, wepresentwatercolumnHPLC pigmentdataobtainedat the permanentsampling

stations(i.e., “Blucher platforms”) from June1996 throughNovember1997 and HPLC pigment

datafrom the type culture (TBA-2) of Aureoumbralagunensis. The long-term watercolumn

pigmentdatacollectedat the platformspresentsa uniqueopportunity to examinethe temporal

and spatial dynamicsof phytoplankton in the LagunaMadre. Also included is a report on

inherentopticalpropertiesmeasuredin LagunaMadrewatersbasedon samplingsthat took place

in August 1997andMarchandNovember1998. Thesedatawere usedto describethe light field

in thewatercolumnwith amodelcalledHydrolight. Finally, initial testingofa spectral irradiance

model is included,which mayleadto betterestimatesof seagrassproduction.

Laguna Madre Pigmentand Nutrient Data

SamplingandAnalyses

Nutrients

Watercolunmnutrient datawere acquiredat 12 stations in Upper (ULM) and Lower Laguna

Madre (LLM) during the summer1996cruise. Sampleswere collectedin quadruplicatein 1 L

acid-washedNalgeneTMbottles. After rinsing,bottleswere filled three-quartersfull with surface

waterandfrozen. In the laboratory,sampleswerethawedandfiltered. Nutrientanalyseson the

filtratewereconductedaccordingto Biggset al. (1982).

Watercolumnpigments

Surfacewaterswerefiltered through47 mm GF/F filters andthe volumerecorded(about 100 to

1000 ml). At each site and date replicate (n = 4) samples were obtained, filtered and

subsequentlyanalyzed.Sampleswerefilteredunderlow light conditions,filters were enclosedin

aluminumfoil and, whenpossible,frozen immediately in liquid nitrogen. Filter sampleswere

keptfrozenprior to analysis. Pigmentswere extractedin 100%acetoneand measuredby High

PerformanceLiquid Chromatographyusingamodificationof theMantouraand Llewellyn (1983)

method. A Shimadzudiode-arraydetector(modelSPD-M1 OAV) wasusedto detectabsorbance.
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Absorbancepeakswerethenusedto calculatepigmentconcentrationQig U’) basedon extraction

and samplevolume. Canthaxanthin(1 jig ml’), a xanthophyllpigmentnot found in algae, was

addedto all samplesandblanksasan internalstandard.

Seagrasspigments

Seagrasssamples,Thalassia testudinum,Syringodiumfil~formeand Halodule wrightii, were

extractedin the laboratoryofDr. K. Dunton,UTMSI, and an aliquotof the extractwasshipped

to Texas A&M for analysis. Pigments were measured by High Performance Liquid

Chromatographyusingamodificationofthemethodof MantouraandLlewellyn (1983).

Laboratorypigmentdata

Dr. R. Greeneat TexasA&M University providedsamplesof the Texas“brown tide” organism

(clone TBA-2) for pigmentanalysis. Cells were grown in batch culture in f/2 media at six

phosphateandanimoniumconcentrationsat 30°Cand about 100 jimol quanta/m2/s. Pigments

wereextractedandmeasuredaspreviouslydescribed.

ResultsandDiscussion

Nutrients

During June 1996, nutrient concentrationswere low compared to eutrophic estuaries; e.g.,

ChesapeakeBay (Table1). Ammoniumwas the most abundantform of inorganicnitrogenand

its concentrationrangedfrom 0.52 to 4.42 jiM. Maximawereobservedat Station20 in the ULM

and Station25 in the LLM (Fig. 1). The former is in the vicinity of Baffin Bay, whereasthe

latter is in the vicinity of the Arroyo Colorado. Both of these areasare likely sourcesof

nitrogen-rich waters, owing to anthropogenicnutrient inputs. Baffin Bay is bordered by

agriculturallandstreatedwith fertilizersandpesticides.Additionally,Baffin Bay receivesseveral

intermittent sourcesof freshwater,someof which are contaminatedwith treatedwastewater.

The Arroyo Coloradooriginatesat the Harlingenwastewatertreatmentplant, recieveseffluent

from shrimpfarmsandis the largestsourceof freshwaterto Lower LagunaMadre. In contrast,

oxidized forms of nitrogen, nitrate and nitrite, were below 0.3 jiM throughout the region.
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Table 1. Water column nutrient datafor the summer1996 cruise. Data are shown as mean
concentrationandstandarddeviationof quadruplicatesamplestakenateachstation.
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Figure 1. Ammonium (jiM) andchlorophyll a (jtg/L) concentrationsalong a transectthrough the
UpperandLower LagunaMadreduring summer1996.

Station Ammonium Phosphate Urea Nitrate Nitrite Silicate

(IIM) (jiM) (pM) (jiM) (jiM) (jiM)
Conc. Std. Conc. Std. Conc. Std. Conc. Std. Conc. Std. Conc. Std.

13 1.30 0.27 0.43 0.19 0.82 0.23 0.19 0.10 0.01 0.01 45.9 8.53
16 0.87 0.28 0.29 0.22 0.80 0.19 0.21 0.21 0.01 0.01 35.1 24.6
18 1.88 0.62 0.31 0.09 1.30 0.78 0.11 0.08 0.01 0.01 25.7 2.69

20 4.42 6.19 1.92 2.70 3.98 5.89 0.23 0.12 0.04 0.04 53.5 6.99
22 1.98 3.05 0.98 1.58 1.63 1.88 0.12 0.08 0.04 0.03 43.0 4.04
24 0.52 0.24 0.11 0.04 0.64 0.11 0.31 0.16 0.01 0.01 52.2 5.77
25 2.26 0.50 0.24 0.07 0.92 0.57 0.21 0.11 0.07 0.04 41.3 12.0
26 1.00 1.07 0.17 0.14 0.83 0.54 0.15 0.08 0.03 0.04 39.7 7.93
27 0.46 0.16 0.09 0.04 0.16 0.11 0.04 0.03 0.02 0.01 7.96 2.19

28 0.64 0.60 0.14 0.02 0.50 0.32 0.06 0.01 0.02 0.00 7.28 0.76
29 0.72 0.60 0.13 0.07 0.61 0.54 0.06 0.05 0.02 0.02 6.89 1.57
30 1.43 1.66 0.15 0.08 0.83 0.90 0.07 0.04 0.03 0.02 5.88 2.01
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Surprisingly,urea, an organicform of nitrogen,was found at high concentrations,varying from

0.2 to 3.98 jiM. High abundanceof ureawas also documentedin sedimentporewater,which

mayhavebeenthesourcefor theoverlyingwaters.

Phosphateconcentrationsrangedfrom 0.09 to 1.92 jiM. Overall, the trend for phosphate

appearedto be decreasingvaluesfrom ULM to LLM (Fig. 2) with a significantmaximumfound

at the sameULM region (nearBaffin Bay) where the highest ammonium concentrationwas

measured.At leastduring this periodof the year, N:P were always lower than Redfield ratio

(16:1) (Fig. 3). This suggeststhat additional nitrogencould lead to increasesin algal abundance.

Finally, silicatevalueswereneverlow in either portion of the Laguna(> 5 jiM throughout),but

decreasedsignificantly to thewestofStation26 (Fig. 2).

Watercolumnpigments

TheHPLC analyzerwasconfiguredto detectchlorophyllsa, b, c1 and c2 as well as 12 accessory

pigments including fucoxanthin, 19’ butanoyloxyofucoxanthin,diadinoxanthin, prasinoxanthin,

lutein, zeaxanthinand Beta-carotene. The time series data set (Appendix 1) from the fixed

stations(ULM 1-3 andLLM 1-3) represents392 samplestakenoveran 18 monthperiod. The

five most prevalent pigments, besides chl a, were chl c1c2, fucoxanthin, 19’

butanoyloxyofucoxanthin,diadinoxanthinandzeaxanthin.Thetaxonomicgroupsassociatedwith

the particularaccessorypigmentsmeasuredin the LagunaMadre are presentedin Table 2.

Comparisonsbetweenchlorophyll a measurementsby HPLC and spectrophotometricmethods

werediscussedin ChapterV.

Duringthe summer1996 cruise, chi a valuesrangedfrom 0.43 to 25.60 jig/L. Chlorophyll a

valuesduring thesummer1996cruisewere higherin the ULM comparedwith the LLM (Fig. 1,

Table3), andwhile therewas no obvious correlationwith nutrient abundance,concentrationsof

bothwerehigherin the ULM (Figs.2 & 3).
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Water Column Data
5

4

z
2

1

0
0 0.4 0.8 1.2 1.6 2

Phosphate (riM)

Figure 3. Dissolvedinorganic nitrogen(DIN=nitrate+nitrite+ammonium;pM) versusphosphate
(jiM) concentrationsin Upper and Lower LagunaMadre during summer 1996. Solid line
representsthe“Redfield Ratio”.

N:P = 16:1 S

S

S
S

.

IV- 13



Table 2. List of pigmentsobservedin this study and their taxonomic-physiologicalsignificance
(adaptedfrom Bidigare 1989).

1alsocontainsmall amountsof zeaxanthin

Pigment Significance

Algal biomassandphotosyntheticpotential

Photo-protectant

Physiological Markers

Chlorophyll a

Diadinoxanthin
Zeaxanthin

Golden-brown algae

Fucoxanthin
Chlorophyll c1,c2

19‘-butanoyloxofucoxanthin
Fucoxanthin

Chlorophyll b-containing algae

Lutein

Prasinoxanthin

Zeaxanthin

Diatoms (and some chrysophytes and
prymnesiophytes)

Chrysophytes

Chlorophytes’

Prasinophytes’

Prochlorophytes’

Phycobilin-containing algae

Zeaxanthin Coccoidcyanobacteria
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Table3. Watercolumn HPLC pigmentdatafor thesummer1996cruise. Dataareshown as mean

concentrationandstandarddeviationofquadruplicatesamplestakenateachstation. The “brown
tide” stationwas takenin upper LagunaMadre during a “brown tide” bloom. Abbreviations:
B.D. = belowdetection;19-But= 19-butanoyloxofucoxanthin.

Table3. Continued.

Station Date Chlorophyll a Chlorophyll c Chlorophyll b Lutein
(jig g~~) (jig g~1) (jig g~) (jig g1)
Cone. Std. Conc. Std. Conc. Std. Conc. Std.

13 6/1/96 13.41 1.36 2.00 0.03 B.D. B.D. 0.43 0.12
16 6/1/96 25.60 1.77 1.99 0.17 1.85 0.20 B.D. B.D.
18 6/1/96 1.65 0.04 B.D. B.D. B.D. B.D. B.D. B.D.
20 6/1/96 36.35 2.44 2.06 0.44 B.D. B.D. B.D. B.D.
22 6/1/96 3.08 0.25 B.D. B.D. B.D. B.D. B.D. B.D.
24 6/1/96 0.43 0.11 B.D. B.D. B.D. B.D. 0.17 0.01
25 6/1/96 3.68 0.53 B.D. B.D. B.D. B.D. B.D. B.D.
26 6/1/96 1.06 0.10 B.D. B.D. B.D. B.D. 0.11 0.02
27 6/1/96 1.66 0.06 B.D. B.D. B.D. B.D. B.D. B.D.

28 6/1/96 2.23 0.05 B.D. B.D. B.D. B.D. B.D. B.D.
29 6/1/96 0.46 0.04 B.D. B.D. B.D. B.D. B.D. B.D.
30 6/1/96 1.60 0.07 B.D. B.D. B.D. B.D. B.D. B.D.
“Brown 6/29/96 35.28 0.00 3.61 0.00 0.83 0.00 0.30 B.D.
Tide”

Station Date Fucoxanthin Zeaxanthin Diadinoxanthin 19-But Prasinoxanthin
(jig g’) (pgg’) (pgg~) (jig g’) (pgg’)
Cone. Std. Cone. Std. Cone. Std. Cone. Std. Cone. Std.

13 6/1/96 1.55 0.05
16 6/1/96 0.93 0.04
18 6/1/96 0.60 0.08
20 6/1/96 6.18 0.58
22 6/1/96 0.66 0.07
24 6/1/96 0.13 0.08
25 6/1/96 1.08 0.12
26 6/1/96 0.27 0.60
27 6/1/96 0.30 0.04
28 6/1/96 0.85 0.04
29 6/1/96 B.D. B.D.
30 6/1/96 0.06 0.02
Brown 6/29/96 10.59 0.00

0.65 0.05 B.D. B.D. B.D. B.D. B.D. B.D.
1.21 0.39 B.D. B.D. B.D. B.D. B.D. B.D.
B.D. B.D. B.D. B.D. B.D. B.D. B.D. B.D.
1.39 0.10 B.D. B.D. B.D. B.D. B.D. B.D.
0.21 0.01 B.D. B.D. B.D. B.D. B.D. B.D.
B.D. B.D. B.D. B.D. B.D. B.D. B.D. B.D.
0.15 0.05 B.D. B.D. B.D. B.D. B.D. B.D.
B.D. 0.00 B.D. B.D. B.D. B.D. B.D. B.D.
0.10 0.00 B.D. B.D. B.D. B.D. B.D. B.D.
0.28 0.01 B.D. B.D. B.D. B.D. B.D. B.D.
B.D. B.D. B.D. B.D. B.D. B.D. B.D. B.D.
B.D. B.D. B.D. B.D. B.D. B.D. B.D. B.D.
0.42 B.D. 2.41 B.D. 6.11 B.D. 0.17 B.D.

Tide
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Contour plots provide auniqueperspectiveon the spatial and temporal dynamicsof pigment

concentrationsin LagunaMadre. As expectedthepigmentcompositionchangedas a functionof

both locationand time (Figs. 4 through 9). Chlorophyll a values were high at all sampling

locations during winter and spring 1997 (Fig. 4). At LLM2, which typically has very low

chlorophyll levels (e.g. <3 pg L~’),cM a valueswere around 10 jig U’ from April to June and

elevatedconcentrationspersisteduntil September1997(Fig. 4). Elevatedlevels(> 2.5 jig L’) of

fucoxantin occurred at most sites between February and May 1997. High fucoxanthin

concentrations(i.e., 10 jig L’) correspondwith chlorophyll a valuesin excessof 30 pg U’ (Figs.

4 and 5).

Elevatedchl c1c2concentrationsalso occurredat most sites betweenFebruaryandMay andthe

highestconcentrations(0.5 jig L’) coincidewith chlorophylla valuesin excessof 30 jig U’ (Figs.

4 and 6). The pigmentsdiadinoxanthin,zeaxanthinand 19’ butanoyloxyfucoxanthin(Figs. 7, 8

and9) alsoexhibitedmaximathat coincidedwith high cM a concentrations(Fig. 4). All of these

accessorypigmentsarecomponentsof the light harvestingcomplex associatedwith the Texas

“brown tide” Aureoumbralagunensis(DeYoe et al. 1997). Bidigare (1989) reported that

Aureococcusanophagefferens,New England “brown tide”, had significant amounts of

fucoxanthin,chlorophyll c, 19’-butoyloxofucoxanthin,andasmall quantityof diadinoxanthin.

AlthoughA. lagunensiswasthedominantphytoplankterduring the spring, otherphytoplankton

werepresentand important contributorsto primary production. The presenceof diatoms is

indicatedby thecombinationoffucoxanthinand chlorophyll c1,c2. Both of thesepigmentswere

observedin most samples, and the presenceof diatoms would be consistent with the

concentrationsof silicatein thesewaters (Fig. 2). The otherpigments, lutein, zeaxanthinand

prasinoxanthin, suggest the presence of chlorophytes, prasinophytes and cyanobacteria,

respectively(Table2). It mustbe statedthat this type of information canalso be obtained,and

with moredetail, from microscopycounts. However, our main reasonfor measuringpigment

compositionwasourinterestin modelingradiativetransferof light in theLagunawatercolumn.
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Figure 4. Contourplot of chlorophyll a concentrationat the fixed samplingstations in Laguna
Madrefrom North (ULM1) to South(LLM2) during theperiodJanuaryto November1997.
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Figure 5. Contour plot of fucoxanthin concentrationat the fixed sampling stations in Laguna
Madre(from North to South)duringthe periodJanuaryto November1997.
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Figure6. Contourplot of chiorophylls c1 and c2 concentrationat the fixed samplingstationsin
LagunaMadre(from North to South)duringtheperiodJanuaryto November1997.
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Figure7. Contour plot of diadinoxanthinconcentrationat the fixed sampling stationsin Laguna
Madre (from North to South)during theperiodJanuaryto November1997.
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Zeaxanthin (pig/I)
ULM 1

U LM

U LM

LLM

LLM 2

Figure8. Contourplotof zeaxanthinconcentrationatthe fixed samplingstationsin LagunaMadre
(from North to South)duringtheperiod Januaryto November1997.
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Figure9. Contourplotof 19’ butanoyloxyfucoxanthinconcentrationat thefixed samplingstations
in LagunaMadre(from Northto South)during theperiodJanuaryto November1997.
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Theratioofaccessorypigmentsto chlorophylla in asampleprovidesa techniqueto examinethe

relative contributionof variousalgal groups. Particularalgal groups often have characteristic

pigment ratios. For example,DeYoeet al. (1997) usedpigment ratios, in part, to delineate

betweenA. anophagefferens,A. lagunensisandP. calceolala,which are all membersof the class

Pelagophyceae.A. lagunensischaracteristicallyhaschl c:cM a ratio of 0.1, a fucoxanthin:chla

ratio of about0.3 and a diadinoxanthin:chla ratio around0.1 (DeYoeet al. 1997). Using these

valuesas a guideline,A. lagunensisappearsto be the dominantphytoplankter at all of the

sampling stations,with a few notable exceptions(Figs. 10 through 15). At LLM 1 during

September1997,thefucoxanthin:chla anddiadinoxanthin:chla valueswereabout 6.0, which are

indicative of either diatoms or dinoflagellates. These extremepigment ratios may have been

relatedto the red tide bloom (Gymnodiniumbreve) that occurredat aboutthe sametime or to a

wind event suspendingbenthicdiatoms. The first winter fronts (i.e., wind events) generally

occurduring late September(Brown andKraus 1997).

Seagrasspigments

Concentrationsof chlorophyll a, chlorophyll b andlutein are shown for seagrassesin Table 4.

Stations 13-20 were characterizedby Halodule wrightii, stations22-26 were dominatedby

Syringodiumfil~formeand stations27-30 were dominatedby Thalassiatestudinum. Ratiosof

chlorophyll b to chlorophyll a variedfrom 0 51 to 0 80, but did not seemto vary with locationin

the Laguna Although an order of magmtudesmaller, 049 to 080, the rangeof values were

similar for lutein to chlorophyll a ratios. Chlorophyll b to chlorophyll a ratios canbe usedasan

indicatorof light stressin seagrasses.High cM ba ratios indicatethat the plantshaveinvested

energy in an accessorypigment (i.e., cM b) in an attempt to maximize the light harvesting

potential of the chloroplast The cM b a ratios calculatedusing spectrophotometericdata,

rangingbetween0.3 and0.5 (Czernyand Dunton1995, LeeandDunton 1996)were substantially

lower thanvaluescalculatedusing HPLC methods(Table 4). This discrepancyis probably a

resultofthe HPLC method’shighersensitivity andresolution.
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Figure 10. Pigmentratios for the most prevalentpigmentsrelativeto chl a at
(CorpusChristi Bay) from June1996 to November1997. Missing datapoints
pigmentconcentrationsbelowthedetectionlimit ofHPLC.
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Figure 11. Pigmentratios for the most prevalentpigmentsrelativeto chl a at station ULM2
(SouthofBird IslandBasin)from June1996 to November1997. Missing datapoints area result
ofpigmentconcentrationsbelowthedetectionlimit of HPLC.
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Upper Laguna Madre 3
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Figure 12. Pigmentratios for the most prevalentpigmentsrelativeto cM a at station ULM3
(North of theLandCut) from June 1996 to November1997. Missing datapoints are a resultof
pigmentconcentrationsbelow thedetectionlimit of HPLC.
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Figure13. Pigmentratiosfor themostprevalentpigmentsrelativeto chl a at station LLM3(near
PortMansfield) from June1996 to November1997.
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Figure 14. Pigment ratios for the most prevalentpigments relative to chl a at station
LLM1(dredgedmaterialplacement area233) from June 1996 to November1997. Missing data
pointsarearesultofpigmentconcentrationsbelow thedetectionlimit of HPLC.
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Figure 15. Pigment ratios for the most prevalentpigmentsrelative to cM a at station LLM2
(seagrassbednearSouthPadreIslandConventionCenter)from June 1996 to November 1997.
Missingdatapointsarearesultofpigmentconcentrationsbelow thedetectionlimit of HPLC.
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Table 4. SeagrassHPLC pigmentdata for the summer 1996 cruise. Data are shown as mean
concentrationandstandarddeviationofquadruplicatesamplestakenat eachstation. Seetext for
descriptionof dominant seagrassesat eachsite. Included are the ratios of chlorophyll b to
chlorophyll a(Chlb/Chla)andlutein to chlorophyll a(LuteinlChla). A potential outlier is shown
in bold type.

Laboratorypigmentdata

As mentionedearlier,Bidigare (1989)reportedon the pigment compositionof an Aureococcus

anophagefferensculture (New England“brown tide”) obtainedfrom E.M. Cosper at SUNY,

Stony Brook. We measuredthe pigmentcompositionof a sampletakenduring a “brown tide”

bloom in the ULM on 29 June 1996, and the type clone (TBA-2) of Texas“brown tide”.

Samplesof TBA-2 were obtained from Dr. Richard Greene at Texas A&M University.

Comparisonsofpreliminaryresultsareshownin Table 5 and Figure 16. Thesepreliminary data

indicatesignificant differencesin pigmentcompositionbetweenfield and laboratorysamplesof

A. lagunensis. However,recentmorethoroughwork, hasshowna greatersimilarity in pigment

ratiosbetweencultured(TBA-2) and field samplesof Texas“brown tide” (DeYoeet al. 1997).

Furthermore,ribosomalRNA sequencingindicatesthat A. anophagefferensandA. lagunensisare

distinctgeneraandspeciesbut botharedistantrelativesofPelagomonascalceolata(DeYoeet al.

1995). The pigmentcompositionof the Texas “brown tide” algacan be usedin the spectral

irradiancemodel to betterdescribelight attenuationin theLagunaMadre.

Station Species Chlorophyll a Chlorophyllb Lutein Chlb/ Lutein!
(jig g’) (jig g”) (jig g~’) Chia Chla
Cone. Std. Conc. Std. Cone. Std.

13 Hw 1804 140.1 915.6 53.38 95.30 25.22 0.51 0.053
16 Hw 1496 353.0 1107 748.7 92.96 23.82 0.74 0.062
18 Hw 1865 690.7 3009 3743 106.6 39.10 1.61 0.057
20 Hw 2126 439.4 1092 263.6 118.2 26.43 0.51 0.056
22 Sf 250.7 64.78 179.4 46.76 20.16 5.079 0.72 0.080
24 Sf 460.5 90.04 289.5 49.38 36.30 6.193 0.63 0.079
25 Sf 742.2 323.5 476.3 200.8 51.74 20.42 0.64 0.070
26 Sf 602.1 370.2 394.6 150.4 40.56 16.00 0.66 0.067
27 Tt 484.3 301.5 389.2 457.1 29.65 13.05 0.80 0.061
28 Tt 496.3 97.73 320.5 283.2 24.56 4.174 0.65 0.049
29 Tt 734.0 173.3 501.7 405.8 38.13 10.44 0.68 0.052
30 Tt 663.2 129.8 430.9 299.3 37.22 9.204 0.65 0.056
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Table 5. HPLC pigmentdatafor “brown tide” alga. Datafor Aureococcusanophagefferensare
from Bidigare (1989). Abbreviations: a=chlorophyll a; cchlorophyll c,,c2 bf=19’-
butanoyloxyofucoxanthin; f=fucoxanthin; dn=diadinoxanthin; z=zeaxanthin; B.D.=below
detection.
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ci)
E
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O Fucoxanthin/Chlorophyll a
O Chlorophyll c1,c2/Chlorophyll a

Fig. 16. Comparisonof pigmentratios for Aureoumbralagunensisfrom Upper LagunaMadre
duringa “brown tide” bloomandtheisotypeculture(TBA-2).

Sample c:a bf:a f:a dn:a z:a
Aureococcus anophagefferens0.42
Bidigare(1989)
Texas“browntide” (cloneTBA-2) B.D.
Samplefrom “browntide” bloom 0.10

0.54 0.050.21 B.D.

B.D. 0.31 0.31 0.06
0.17 0.30 0.07 0.01

o Zeaxanthin/Chlorophyll a
O Chlorophyll b/Chlorophyll a
O Lutein/Chlorophyll a
9 Diadinoxanthin/Chlorophyll a
• 19 Butanoyloxofucoxanthin/Chlorophyll a
• Prasinoxanthin/Chlorophyll a

Field Culture
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Laguna Madre Optical Properties

The overallgoalofthis effort wasto developaccurateand efficient algorithmsfor computingthe

spectraldownwelling irradianceincident on the bottom of LagunaMadre as a function of total

suspendedsolids (TSS) concentration. Our approachwas to first measureinherentoptical

properties(lOP’s) alongwith TSSconcentrationsat arangeofsitesthroughoutLagunaMadre to

obtaina functionaldatabaseof lOP’s versusTSS applicableto theregionunderstudy. From this

databasewe werethenableto derivea geo-opticalmodel relating TSS to lOP’s, or vice versa.

Next,wecomputedthe downwelling irradiance,Ec~(X.,Z),at abottom depthz for a rangeof TSS

concentrationsusing the commercialsoftwarepackageHydrolight, which numericallysolvesthe

radiative transfer equation. Our geo-optical model obtained from the Laguna Madre

measurementsallowedusto computetheTOP’s, which serveas input parametersto Hydrolight,

for the rangeof TSS concentrationsthat we used. Then, from Ed at the surfaceand bottom as

computedby Hydrolight, we calculatedthe “bulk” downwelling,diffuse-attenuationcoefficient,

Kd(2~),over the photosyntheticallyactive wavelengthrange,400 — 700 nm. Finally, basedon

thecomputeddatabaseof Kd(2L.) asa functionof TSS,a direct relationshipwas derivedbetween

thesetwo parameters.

Fundamentally,the logical flow of these relationshipsis TSS > lOP’s ) Ed. The first

step, TSS > TOP’s, is computedfrom the geo-opticalmodel derivedfrom the LagunaMadre

measurements.The secondstep, lOP’s ) Ed, is computedwith Hydrolight. It would be

impractical,however,to incorporateHydrolight directly into theL-M modelbecauseof the huge

increasein computationtime, complexity, and expense. Our approach was to use E~(2~)

computedwith Hydrolight to calculatea bulk KaQ~),denoted1~d(~),which will be described

below. Thus, using Hydolight, we can take a third step, namely Ed > K~. Finally, we

derivedadirectrelationshipbetweenKd(~2~)andTSS. SincetheequationthatrelatesEd to
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is easilyinvertedto obtainEdfrom Kd(2~),we have,finally, the logical flow of ourrapid model:

TSS Kd ) Ed, with simpleanalyticalequationsrepresentedby theconnectingarrows.

AC9Measurements

The AC9® measuresthe volumeabsorptionandbeamattenuationcoefficients,denoteda and c,

respectively,at nine wavelengths,wherewavelengthis denotedby A.. Absorption is measured

by sendingaknownbeamoflight throughahighly reflective samplecell to a detector. The light

not reachingthe detectoris absorbed,becausethe high reflectivity permits measurementof

scatteredlight. Backscatteringis correctedusingan empirical formula. Total attenuation(c) is

measuredby sendinga knowncollimatedlight beamthroughan optically black samplecell to a

detector. Theattenuationis determinedby the differencebetweenthe amountof light projected

into thecell andtheamountmeasuredat the detector. The nine wavelengthsare: 412, 440, 488,

510, 532, 589, 620, 676, 715urn.

Becausethe AC9 is aflow-through, pumpedsystem,a time seriesof a and c was measuredat

eachstation and the averagevaluescomputedover a segmentof eachseries. Examplesof the

spectraof a andc areshownin Figures17 and 18. Note that both a and c yield exponential

curvesasafunctionof A.. This was consistentthroughoutall of the datasets and indicatesthat

the dominantinfluenceon the inherentoptical properties(TOP’s) is the total suspendedsolids

(TSS),presumedto be primarily inorganicresuspendedsediments.

For thepurposesofmodeling,wewill parameterizethe absorptioncoefficienta(A.) andthe total

scatteringcoefficientb(A.) = c(A.) - a(A.) with exponentialsoftheform:

a(A.)= a(A0)exp~_y~(A.- A.0)], (EQ 1)
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ABSORPTION VS. WAVELENGTH
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Fig 17. Absorptioncoefficienta (m’) versuswavelength(nm).
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Fig 18. Beamattenuationcoefficientc (m1) versuswavelength(nm).
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b(A.)= b(A.0)exp~—y~(A.— ~2i~)], (EQ2)

where A.0 = 412 rim is the referencewavelengthand ~, y~are exponentialcoefficients for

absorptionandscattering.Note that, in general,~ arefunctionsof thetype of sediment. For

LagunaMadre, we assumethat thesecoefficientsareconstant. Preliminaryanalysisof the data

indicatesthatthis is agoodassumption.

Thetotal scatteringcoefficientb is usedinsteadofthebeamattenuationcoefficientc becauseb is

a more fundamentaloptical property. Although c is measureddirectly with the AC9, it is a

derivativeopticalquantity from a and b, namelyc = a + b. It is the absorptionand scattering

propertiesofthesuspendedsediments,ascharacterizedby aand b, that wewish to determine.

PRR Measurements

The PRR600 measures the spectral irradiance Ed at six wavelengths, plus PAR

(photosyntheticallyavailableradiation), and the spectralradianceL~at six wavelengths The

wavelengthsare : 380, 412, 443, 490, 510, 555. In addition to the in-water radiometric

measurementsmadewith the PRR600,the downwellingspectral irradianceonto the surfaceof

the waterwas measuredwith a surfaceradiometer At most of the sites, theseradiometric

measurementswere made at two depths. Measurementsof Ed at two depths yield the

downwellingdiffuseattenuationcoefficient, Kd. TherelationshipbetweenEd(z), wherez is the

depth,andKd is givenby

Ed(z2)= Ed(zl)exp~—Kd(z2— z
1

)]
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assumingBeer’slaw. In this coordinatesystem,z is positivedownwardsothez2> z1.

TSSMeasurements

AC9 versusTSS
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FromthesemeasurementsandcomputationsofKd, which, it should be noted, is a functionof X,

the solar irradianceincident on the bottom, or more importantly on a seagrasscanopy, can be

computed. Oneobjectivethen is to relateKd(A.) to the TSS. Once Kd can be estimatedor

modeledfor a givenamountof resuspendedsedimentsas quantified by TSS, the downwelling

spectralirradianceincidenton thebottomoraseagrasscanopycanbecomputed.

ExamplespectraofEd(’A.) measuredat LagunaMadrewith the PRR 600 are shownin Figures19

and20. Figure 19 showstheresultsof a relatively low concentrationon TSS at a depthof 0.77

m andFigure20 showstheresultsata relatively high concentrationat a slightly shallowerdepth

of0.5 m. Notenotonly thesignificantly lower valuesof Ed at the higherTSS concentrations,as

expected,but also the changein the spectralcurve in going from low to high concentrationsof

TSS. Thiseffect is a resultof exponentialdependenceof a, and especiallyb, on wavelengthfor

inorganicresuspendedsediments,aswefoundin LagunaMadre.

Total suspendedsolids weredeterminedfrom bottlesamples,which weretakendirectly from the

waterflowing throughtheAC9. Thesamplewasfiltered in duplicate. Theseaverageswere used

in correlatingTSSwith a, b, andc.



To see how well the inherent optical properties (TOP’s) correlatedwith TSS for the data

collectedat LagunaMadre, weplottedc, a, andb = c - a, versusTSS. Figures21 and22 show

DOWNWELLING IRRADIANCE VS. WAVELENGTH
DEPTH = 0.77 m TSS = 4.54 mg/I
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Fig 19. Downwelling irradiance(wattsm2 nm”) versuswavelength(rim) for TSS = 4.54 mg/L at
a depthof 0.77 m
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Fig 20. Downwelling irradiance(wattsm2 nm”) versuswavelength(nm) for TSS = 15.6 mg’L at
adepthofo.5m
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Fig 22. Beamattenuationcoefficientc (rn4) versusTSS(rng/L) at awavelengthof440 nm.
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beamattenuationat 412 and 440 urn, respectively,versusTSS. Note the surprisingly good

correlationof c with TSS, includingvarious locationsand times at LagunaMadre. Thereare a

fewoutliers,but if theseoutliersare consideredto be accuratemeasurements,thenperhapsthey

canbe associatedwith anomalousfield conditions.

Figures23 and24 showabsorptionatthe sametwo wavelengths(412,440)versusTSS. Clearly

thecorrelationis not nearlyasgood aswith beamattenuation. It is possiblethat the scatterin

theabsorptionversusTSS correlationis dueto measurementerrors in the absorptioncoefficient.

The absorptionmeasuredby the AC9 is known to contain errors due to scattering. To some

degreethis error can be corrected,and was correctedin the datashown here. However, the

scatteringerror cannotbe removedcompletely. Nonetheless,due to the systematicnatureof the

scatteringerror, it is unlikely that mostof the“scatter”in theplotofa versusTSSis dueonly, or

evenprimarily, to the errors in the absorptionmeasurement.Thereis a strong possibility that

the absorption contained significant contributions from colored dissolved organic matter

(CDOM) that was to somedegreenot correlatedwith the scatteringcausedby the suspended

solids. Also, absorptionby suspendedsedimentsis not well known or characterized,and our

resultsmay simply reflect the naturalvariability in absorptionby theseinorganicparticles,or a

changeofthefractionof organicversusinorganicsolids thatmayhavevariedasafunction of TSS

concentration.

In LagunaMadre(excludingbrowntide), it is clearlysuspendedsolids,primarily inorganic,which

have the largesteffect on the water optical properties. These suspendedsedimentparticles

scattermuchmore light thanthey absorb(althoughthe scatteringdoes“enhance”the absorption

via opticalpathlengthincrease).It is to be expectedthat the magnitudeof scatteringincreasesin

proportion to particleconcentration. Thus, of the optical propertiesa, b, and c, we should

expectb to yield the greatestcorrelationwith TSS. Figures25 and 26 show the total scattering

coefficient b versus TSS. As with the beamattenuationcoefficient c, the total scattering

coefficientb showsa highcorrelationwith TSS. This is to be expectedsincethelargest
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ABSORPTION VS. TSS
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contributionto c comesfrom b (recall that c = a + b). More importantly, b, unlike c, doesnot

containtheeffectofabsorption,sothecorrelationof b with TSS is expectedto be better than it

is with c, which is indeedthecasewith ourdataset. Thus,exceptfor probablya single outlier at

aboutTSS = 61 mg/L, the LagunaMadre dataset gives an excellentlinear correlationof b with

TSS. This resultallows us to accuratelymodel theeffectsof light attenuationdue to scattering

by suspendedsedimentsin LagunaMadre.

It is of interest to calculatethe slope of the TOP’s versusTSS for various wavelengths,to

investigatethewavelengthdependenceon theslopes. This is important for the overall modeling

of PARasafunctionof suspendedsedimentconcentrations.Figures27, 28, and 29 show these

results for c, a, and b = c - a, respectively. Interestingly,the slope versuswavelengthfor c is

nearly linear. For a, the slope dependenceon wavelengthis not as simple, but it is still

surprisinglymonotonic,althoughit shouldbe rememberedthatthe correlationof a with TSS was

not very good. As should be expected,we obtainthe “smoothest” relationshipof slopeversus

wavelengthfor b.

Hydrolight Model

The first step was to developthe geo-opticalmodel relating TSS to the lOP’s, namely the

spectralabsorptionand total scatteringcoefficients, a(?~)and b(2~),respectively. As stated

earlier,in-situ measurementsofa and b wereperformedatarangeof sites in both the Lower and

Upper Laguna. At all of thesesites, bottle sampleswere taken and later analyzedfor TSS

concentration.Figure30 showsan exampleofb versusTSSat 589 nrn, which is one of the nine

wavelengths(412, 442, 488, 510, 532, 589, 620, 676, 715) that the AC9 measuresthese

coefficients. As expected,a simple linearregressionbest fit the data. The slopeof this line is

referredto asthespecificscatteringcoefficient,b*, andin this casehasunits of L mg” m”1. The

relationshipbetweenTSSand b(?~.)is then b(A.) = b * (A.)TSS,where TSS is given in units of

mg/L. Figure31 showstheresultinggraphof b * (A.) at all ninewavelengths. As canbe seenin

this figure, b * (A.) is accuratelymodeledby a linear function of wavelength. A linear regression

yieldedtheresult
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SLOPE VS. WAVELENGTH FOR BEAM ATTENUATION COEFFICIENT

Fig 27. Slope(L mg~rn”) versuswavelength(urn) for thebeamattenuationcoefficient.
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Fig 28. Slope (L mg’~’m’) versuswavelength(nm)for absorption.
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SLOPE VS. WAVELENGTH FOR TOTAL SCATTERING COEFFICIENT
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Fig 30. Measurementsof the total scattering coefficient b(589 rim) vs. concomitant
measurementsofTSSconcentrationat LagunaMadre.
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b * (A.) = 0.707— 0.000409A. (EQ4)

wherethewavelength2~is in unitsof nm.

Theabsorptioncoefficientwassimilarly modeled. Figure 32 shows an exampleof a versusTSS

at 589 nm. The slope is the specific absorptioncoefficient a*, which wascomputedat all nine

wavelengths. Figure 33 shows the resultinggraphofa * (A). In this casewe found that an

exponentialfunctionbestfit thedata. An least-squaresregressiongavetheresult

a * (A.) = 0.0191+ 2.69exp(—0.0101A.). (EQ 5)

Equations 4 and 5 arethe algorithmsthat allow one to compute the spectral total scattering and

absorption coefficients for any given value of TSS concentration.

The next step was to compute the spectral total scattering and absorptioncoefficientsfor a range

of TSS concentrationsfrom 0 to 100 mg/L. Using this resulting database of b(X) and a(X.) as

inputparametersto Hydrolight,we computedEc.j(X, z) at a bottom depth z = 2 m. The spectral

downwelling irradiance EdQ~,z) at depth zcan be expressed by

Ed(A.,z)= Ed(A.,0)exp~—Kd(A.)z] (EQ 6)
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whereE~(X,0) is the downwelling irradiancejust below the surfaceand Kd(A.) is the “bulk”

downwellingirradianceattenuationcoefficient. Givenvaluesfor the input parametersb(2~)and

a(?~)andcertainboundaryconditions,Hydrolight providesasouputEd(?~,0) and Ed(X, z). From

the Hydrolight ouput,a(A.) canbe computedby invertingEQ 6, namely,

= ln~Ed(A.,0)/Ed(A.,z)] (EQ 7)

Since Kd results from a particular set of TOP’s b and a, and b and a were derived from a particular

TSSconcentration, Kd can be directly related to TSS. An example for 580 nm is shownin Figure

34. Clearly, a linear relationshipbetween Kd and TSS exists, and the slope is the specific

downwelling attenuation coefficient, K(A.). Figure 35 showsthe resulting graphof Ka~(A.)asa

function of wavelength for a particular set of boundary conditions. For all boundaryconditions

relevant to Laguna Madre, we found that an exponential function best fit the K (A.) versus TSS

data. The most important boundary condition is the sun angle. After computing a multivariate

database of k~(A.) versus TSS for sun angles from 0 to 90 degrees, a least-squares regression

gave the best fit equation,

1~d(A.)= a~(A.)+ [0.0255+ 0.537exp(—0.00441A.)]TSS (EQ 8)cosO~

where O~is the refractedsun angle and a~(?..) is the absorptioncoefficientof pure water (Pope

and Fry, 1997). This model is valid from 400 to 700 urn and accurate for bottom depths in the

range 0.5m ~ z � 4m and demonstrablyvalid in the TSSrange 0 � TSS~ lOOmg/L, although we

are confident that the model is valid atTSSconcentrationsabove200 mg/L.
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Fig 34. Downwelling attenuationcoefficientKd(580 nm) as a function of TSS derived
from Eq. 4 usingoutputfrom Hydrolight.
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Preliminary Spectral Irradiance Model
Abundantseagrassesarea sign of healthyand productivecoastal environmentsthat support a

biodiverse fauna. Unfortunately, seagrassdensities have been declining in U.S. waters.

Consequently,significant state and national resourcesare being devotedto the study and

modelingofseagrasses.Our recentefforts strongly suggestthat acceptedmodeling strategiesare

not appropriate for predicting the outcome of anthropogenicdisturbances. Equivalentlight

absorptionby either sedimentsor algaewill affect seagrassgrowth differently becauseof their

contrastinglight absorbanceproperties.Although seagrasseshavesuccessfullyevolved to take

advantageofthe light/nutrientenvironmentfound in LagunaMadre, man-madechangesimposed

by dredging,and the adventof algal blooms in the late 1980s have resultedin a significant

alterationin the quantityandquality of light.

The seagrassmodeling effort is only intendedto determinethe impacts due to changesin

sedimentconcentrationin the water column. Thus, it is important that the model discriminate

betweenimpactsdue to increasingsedimentconcentrationand those due to other factors (e.g.,

algal blooms). As shownin the preliminary modelingdescribedbelow, modelsthat accountfor

the quality of light (spectralirradiancemodels),which is impacteddifferently by sedimentand

living material, will predict different growth rates compared to establishedPAR models.

However,PAR modelsare extremelyuseful becausethey canemploy the available data(PAR,

attenuationcoefficients,photosynthesisversusirradiance(P vs I) curves).A descriptionof the

PAR modelsusedin theseagrassmodelunderdevelopmentcanbe found in ChapterI. We have

initiatedtestingofa spectralirradiancemodel. This shouldallowusto makebetterpredictionsof

thegrowthpotentialofseagrassesunderpredictedlight fields andto assessthe relativeimpactof

sedimentandliving materialon seagrasshealth.

ModelDescription

The seagrassmodelwill ultimately havecomponentsfor nutrient limitation and othersediment

derivedinhibition factors,but thesematterswill not be addressedin this chapter. Primary
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productionof phytoplankton,drift algae,andseagrasscanbe calculatedfrom availableirradiance,

which is measuredby thespectralradiometer:

P(z) = 0(z) 12000PHAR, (EQ 9)

whereP(z) is the daily productionrate(mg-C m’~3d”) at depth z, PHAR is photosynthetically

absorbedradiation(Einsteinm3 d’), 12,000is aconversionfactorand 0(z) is the in situ quantum

yield (Einsteinmg Chla’ d’). PHAR is calculatedby quantifying photosyntheticabsorption

spectraof theplant basedon thespectralquantaavailable:

PHAR= $700Q(z,A.)a(A.)chla(z)dA., (EQ 10)

where Q(z,2~)is spectralquanta(Einstein s’1 m2 nm”), a(A.) areabsorptioncoefficients (e.g.

“brown tide”, seagrass,drift algae(m2 mg’)) andChla(z) (mg m’~3)is a proxy for biomass. In

turn, 0(z) is afunctionofirradianceandcell physiologyand canbestbe characterizedby a variant

oftheKiefer-Mitchell model (Bidigare etal. 1987). This formulation defines Om asthe maximum

quantumyield, andrelatesthis quantity to 0(z) using a Monod-like negative feedback. For this

purposeKct is the Pm scaledby Om (Einsteinmgchla’~d4):

(k’Chla(z))
(EQ 11)

(k~’Chla+ PHAR(z))

Influence ofLight Qualityon Production

To demonstratethe importanceof light quality, wepresenta conceptualmodeling exercise. Five

concentrationsofa chrysophyte(similar to Brown Tidealga)and of sedimentwerechosen,such

that the resultingabsorptioncoefficients,a~and a~,respectively,were similar (Table 6). The

high concentrationsof cM a and SPM representextremesituationsand arenearthe boundsof
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whathasbeenmeasuredduring extremeeventsin LagunaMadre. Absorptioncoefficientsusedin

themodelweretakenfrom Roesleretal. (1989;opalglassmethod)and Mobley (1994). In turn,

availablelight (PAR and spectral)was calculatedas a function of depth (0 to 2 m) similar to

those in the LagunaMadre. Although PAR versusdepth was equivalent for eachcase (not

shown), regardlessof the source of turbidity, the quality of light differed (e.g., Fig. 36).

Nutrientswereassumedto be non-limiting. To simplify this example,we usedthe samespectral

irradiancemodelfor thechiysophyteandthe seagrass(i.e., chlorophyll a was the mostprevalent

pigment in both).

The PAR-basedproductivity model (Jassby and Platt, 1976) predicted higher production

comparedto thespectralirradiancemodel, particularly at high concentrationsof chrysophyteor

sediment(Table 6). This differencewas more evidentat depths where seagrasseswould grow

(see Fig. 37). Also, the disparity between models was significantly greater when the

chrysophytewas the sourceof turbidity becauseit absorbslight at wavelengthsrequiredby

plantsgrowing at depth. Finally, scatteringwas not considered,but this phenomenonshould

haveaccentuatedthis difference(G. Jackson.pers.comm.). Although simplistic, this modeling

exercisedemonstratesthe potential importanceof distinguishingthe sourceof light absorption,

particularly whencomparingthe impact of sedimentresuspensionto that of algal blooms or

floating algalmats.

Table 6. Casesusedin the comparisonof the spectral irradiancemodel (PSPECTRAL) with the
standardPAR model (PPAR). PSPECTRAL’ ~ is the ratio of water colunm integratedproduction.
Also, a~anda~arephytoplanktonandsedimentabsorptioncoefficients,respectively.

• Case [Chl a] [SPM] a~ a~ Phytoplankton Sediment
p.g/L mg/L PSPECTRA!./ ~PAR PSPFCTRAII PPAR

1 0 0 .00 .00 0.99 0.99
2 5 10 .10 .12 0.98 0.98
3 30 50 .61 .60 0.91 0.95
4 60 100 1.2 1.2 0.85 0.93
5 300 500 6.1 6.0 0.79 0.93
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a1 = a~+ ad a, = a~+ ad + a~ a~= a~+ ad + a~
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Figure 36. Our simplified radiancetransfer model (downwelling light only) predicts spectral
irradiance(j.imols/m2/dlnm)asafunction of depthfor (left to right) filtered LagunaMadre water,
LagunaMadre water with addedchrysophyte(30 ~i.gchl a/L) and LagunaMadre water with
addedsediment(50 mg/L). The coefficients, a~,ad, a~,a~and at,, are for water, DOM,
phytoplankton, sedimentand total absorption,respectively. In the latter two cases, at is
equivalent,which meansPARis alsoequalat all depths.However,as is evidentfrom the shapes
ofthecurves,spectralquality is quite different,particularlyat 650 to 700 nm.
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~SF�CVRAL/P~~For Increasing Chrysophyte Concentration
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Figure37. Resultsof conceptualmodelshowingtheratioofpredictionsby ourspectralirradiance
model to predictionsby thePAR model(Jassbyand Platt, 1976) (PspEcTJ~/PPAR) as afunction

ofdepth(m) for additionsofphytoplankton(in jig chlaa/L) andsediment(mg/L).

IV-48



References

Biggs, D. C., Johnson,M. A., Bidigare,R. B., Guffy, J. D., Holm-Hansen,0. 1982. Shipboard

autoanalyzerstudies of nutrient chemistry. Tech. Rep. 82-11-T, TexasA&M Univ.

Dept. OfOceanogr.,CollegeStation,Texas.

Bidigare, R.R. 1989. Photosyntheticpigment composition of the brown tide alga: Unique

chlorophyll and carotenoidderivatives,pp. 57-85. In: Novel PhytoplanktonBlooms

(E.M. Cosper,V.M. Bicelj, E.J. Carpenter,Eds.). Elsevier.

Bidigare, R. R., R. C. Smith, K. S. Baker, and J. Marra. 1987. Ocean primary production

estimatesfrom measurementof spectralirradianceand pigmentconcentrations. Global

BiogeochemicalCycles1: 171-186.

Brown, C.A. andN.C. Kraus. 1997. Environmentalmonitoring of dredgingand processes in

Lower LagunaMadre, Texas. Final Report submittedto US Army Corps of Engineers,

District Galveston,Galveston,TX. TAMU-CC-CBI-96-01.

Czerny,A.B. andK.H. Dunton. 1995. The effectsof in situ light reductionon the growth of

two subtropical seagrasses,Thalassiatestudinumand Halodule wrightii. Estuaries18:

4 18-427.

DeYoe,H. R., A.M. Chanand C.A. Suttle. 1995. PhylogenyofAureococcusanophagefferens

and a morphologically similar bloom-forming alga from Texas as determinedby 1 8S

ribosomalRNA sequenceanalysis. J. Phycol.31: 413-418.

DeYoe,H.R.,D.A. Stockwell, R.R. Bidigare, M.Latasa,P.W. Johnson,P.E. Hargravesand C.A.

Suttle. 1997. Description and characterizationof the algal species Aureoumbra

lagunensis gen. et sp. nov. and referral of Aureoumbra and Aureococcusto the

Pelagophyceae.J. Phycol. 33: 1042-1048.

Dunton, K.H. 1994. Seasonalgrowthandbiomassof the subtropicalseagrassHalodulewrightii

in relation to continuousmeasurementsof underwaterirradiance. Marine Biology 120:

479-489.

Jassby, A. D., and T. Platt. 1976. Mathematical formulation of the relationship between

photosynthesisandlight for phytoplankton.Limn. Oceanogr.21: 540-547.

Kirk, J.T.O. 1994. Light and Photosynthesisin Aquatic Ecosystems. CambridgeUniversity

Press.

IV -49



Lee,K.S. and K.H. Dunton. 1996. Productionand carbonreservedynamicsof the seagrass

Thalassiatestudinumin Corpus Christi Bay, Texas, USA. Marine Ecology Progress

Series143: 201-210.

Mantoura,R.F.C.and C. A. Llewellyn. 1983. The rapid determinationof algal chlorophyll and

caratenoidpigmentsand theirbreakdownproducts in naturalwatersby reversed-phase

high-performanceliquid chromatography.Anal. Chim.Acta 151: 297-314.

Mobley, C. D. 1994. Light andwater:Radiativetransferin natural waters. AcademicPress.

SanDiego,CA.592 pp.

Onuf, C.P. 1996. Seagrassresponsesto long-termlight reductionby brown tide in the Upper

LagunaMadre,Texas:distributionandbiomasspatterns.MarineEcologyProgressSeries

138: 219-231.

Pierce,J.W.,D.L. Correll, B. Goldberg, M.A. Faust and W.H. Klien. 1986. Responseof

underwaterlight transmittancein the Rhode River Estuary to changesin water-quality

parameters.Estuaries9: 169-178.

Pope,R.M. and E.S.Fry. 1997. Absorptionspectra(380-700nrn) of pure water: II. Integrating

cavity measurements.Appl. Opt. 36: 8710-8723.

Roesler,C. S., M. J. Perry,K. L. Carder. 1989. Modeling in situ phytoplankton absorption

from total absorption spectra in productive inland marine waters. Limnology and

Oceanography34: 1510-1523.

Smith, R.C. and K.S. Baker. 1978. Optical classificationof natural waters. Linmology and

Oceanography23: 260-267.

Voss,K.J. 1992. A spectralmodel of the beamattenuationcoefficient in the oceanand coastal

areas. Limnology andOceanography37: 501-509.

Yentsch,C.S. 1980. Light attenuationand phytoplanktonphotosynthesis.Pp. 95-125. In: I.

Morris (ed.). The physiological ecologyof phytoplankton. University of California

Press,Berkeley.

IV - 50



Appendix 1. Pigmentdatafor thefixed samplingstationsin LagunaMadrefrom June1996to November1997. Values representmeans

and standarddeviations. B.D. = below detection,NS= notsampledand severalsampleswere lost asaresult of analyticalproblems.

Site date Chl a SD Chi b SD Chi clc2 SD 19 But. SD 19 Hex SD Fuco SD Prasin SD Diadin SD Zea SD
ULM 1 Jun.96
ULM 2 Jun.96
ULM 3 Jun.96
LLM 1 Jun.96
LLM 2 Jun.96
LLM 3 Jun.96
ULM 1 Jul. 96
ULM 2 Jul. 96
ULM 3 Jul. 96
LLM 1 Jul. 96
LLM 2 Jul. 96
LLM 3 Jul. 96
ULM 1 Aug. 96
ULM 2 Aug. 96
ULM 3 Aug. 96
LLM 1 Aug. 96
LLM 2 Aug. 96
LLM 3 Aug. 96
ULM 1 Sept. 96
ULM 2 Sept.96
ULM 3 Sept.96
LLM 1 Sept.96
LLM 2 Sept. 96
LLM 3 Sept. 96
ULM 1 Oct. 96
ULM 2 Oct. 96
ULM 3 Oct. 96
LLM 1 Oct. 96
LLM 2 Oct. 96
LLM 3 Oct. 96
ULM 1 Nov. 96
ULM 2 Nov. 96

21.0
28.1
43.7
14.9
4.5
15.4
7.8

Lost
45.7
5.2
0.6
NS
9.2

Lost
61.6
2.6
0.8
NS

43.3
59.3
34.2
5.0
0.6
9.9
5.5
31.5
34.1
7.9
0.9
NS
4.8

Lost

1.0
1.8
2.2
0.2
0.5
1.5
0.8

Lost
1.5
2.3
0.2
NS
0.5

Lost
7.0
0.3
0.2
NS
6.3
13.0
6.8
0.7
0.2
1.4
0.3
4.6
4.0
1.1
0.1
NS
0.9

Lost

3.1 0.2
1.1 0.2
5.3 0.4

B.D. B.D.
B.D. B.D.
1.9 0.3

B.D. B.D.
Lost Lost
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
Lost Lost
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS
B.D. B.D.
Lost Lost

1.8 0.3
10.0 5.3
4.0 0.2

B.D. B.D.
B.D. B.D.
1.1 0.9
0.8 0.1

Lost Lost
4.7 0.2

B.D. B.D.
B.D. B.D.
NS NS
2.4 1.7

Lost Lost
0.6 0.1

B.D. B.D.
B.D. B.D.
NS NS
2.5 0.2
5.7 1.0
3.7 B.D.
4.4 1.5

B.D. B.D.
2.2 0.3
0.2 0.0
0.4 0.0
0.4 0.0
0.2 0.0

B.D. B.D.
NS NS
B.D. B.D.
Lost Lost

3.9
6.5
8.0

B.D.
B.D.
2.7
0.8
Lost
4.9

B.D.
B.D.
NS
1.2

Lost
B.D.
B.D.
B.D.
NS
5.2
9.4
5.5
0.5

B.D.
1.8

B.D.
B.D.
B.D.
B.D.
B.D.
NS
B.D.
Lost

0.1
0.5
0.3
B.D.
B.D.
0.1
0.1
Lost
0.2

B.D.
B.D.
NS

B.D.
Lost
B.D.
B.D.
B.D.
NS
1.8
0.2

B.D.
0.1

B.D.
0.5

B.D.
B.D.
B.D.
B.D.
B.D.
NS
B.D.
Lost

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
Lost Lost
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
Lost Lost
3.6 0.4

B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS
B.D. B.D.
Lost Lost

5.7 0.3
7.6 0.1

12.7 0.7
0.5 0.1
B.D. B.D.
3.9 0.2
1.2 0.2

Lost Lost
12.9 0.6
1.6 0.8
0.3 0.1
NS NS

B.D. B.D.
Lost Lost
18.6 2.5
0.6 0.1

B.D. B.D.
NS NS
9.4 3.7
2.7 0.2
11.3 B.D.
1.6 0.2
1.4 1.6
2.4 1.1
1.2 0.0
7.6 1.1
8.3 1.2
2.0 0.8

B.D. B.D.
NS NS
1.4 0.3

Lost Lost

B.D.
0.5

B.D.
B.D.
B.D.
0.0
0.1

Lost
1.1

B.D.
B.D.
NS

B.D.
Lost
2.3

B.D.

B.D.
NS
0.5
2.0
2.3
B.D.
B.D.
0.0
B.D.
B.D.
B.D.
B.D.
B.D.
NS

B.D.
Lost

B.D.
0.7

B.D.
B.D.
B.D.
0.0
0.1
Lost
0.2

B.D.
B.D.
NS

B.D.
Lost
0.2

B.D.
B.D.
NS
0.8

B.D.
B.D.
B.D.
B.D.
0.0
B.D.
B.D.
B.D.
B.D.
B.D.
NS
B.D.
Lost

B.D.
4.5
B.D.
B.D.
1.5
1.0

B.D.
Lost
2.6

B.D.
B.D.
NS

B.D.
Lost
7.2

B.D.
B.D.
NS
1.7
5.8

B.D.
0.0

B.D.
0.7
0.4
7.6
7.5
0.8

B.D.
NS

B.D.
Lost

B.D.
1.7

B.D.
B.D.
0.4
0.2

B.D.
Lost
0.1

B.D.
B.D.
NS

B.D.
Lost
1.1

B.D.
B.D.
NS

B.D.
1.3

B.D.
0.0

B.D.
0.2
0.0
1.0
0.9
0.1
B.D.
NS
B.D.
Lost

1.4 0.5
0.9 0.1
2.3 0.2
B.D. B.D.
B.D. B.D.
0.9 0.1
0.7 0.1
Lost Lost
1.1 0.0

B.D. B.D.
0.0 B.D.
NS NS
0.6 0.1
Lost Lost
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS
0.5 B.D.
0.4 0.1
0.4 B.D.
0.2 0.1

B.D. B.D.
0.5 0.5

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS
B.D. B.D.
Lost Lost
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Site date Chl a SD Chl b SD Chl clc2 SD 19 But. SD 19 Hex SD Fuco SD Prasin SD Diadin SD Zea SD
ULM 3 Nov. 96
LLM 1 Nov. 96
LLM2 Nov.96
LLM 3 Nov. 96
ULM 1 Dec. 96
ULM 2 Dec. 96
ULM 3 Dec.96
LLM 1 Dec. 96
LLM 2 Dec. 96
LLM 3 Dec. 96
ULM 1 Jan. 97
ULM 2 Jan. 97
ULM 3 Jan. 97
LLM 1 Jan. 97
LLM 2 Jan. 97
LLM 3 Jan. 97
ULM 1 Feb.97
ULM 2 Feb. 97
ULM 3 Feb. 97
LLM 1 Feb. 97
LLM 2 Feb.97
LLM 3 Feb. 97
ULM 1 Mar. 97
ULM 2 Mar. 97
ULM 3 Mar. 97
LLM 1 Mar. 97
LLM 2 Mar. 97
LLM3 Mar.97
ULM 1 Apr. 97
ULM 2 Apr. 97
ULM 3 Apr. 97
LLM 1 Apr. 97
LLM 2 Apr. 97
LLM 3 Apr. 97
ULM 1 May. 97
ULM 2 May. 97
ULM 3 May. 97

38.1
2.3
0.7
NS
7.4

Lost
66.4
4.3
2.1
NS
2.8
13.1
27.9
3.2
1.8

40.5
3.2
3.1
33.4
19.8
18.3
21.3
4.3
14.2
28.7
56.5
1.2
NS
6.3

21.7
28.4
12.0
30.0
NS
6.8

33.6
36.7

2.1
0.3
0.3
NS
0.4

Lost
1.6
1.5
0.4
NS
0.5
2.2
2.9
1.0
0.2
2.2
0.7
0.3
2.9
1.8
0.5
0.9
1.0
1.0
1.6
0.5
0.1
NS
0.2
3.2
1.1
1.3
1.5
NS
0.1
0.8
0.3

B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS
B.D. B.D.
Lost Lost
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
4.8 0.2

B.D. B.D.
B.D. B.D.
5.8 0.4
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
1.5 0.2

B.D. B.D.
2.8 0.3

B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
2.2 0.3
2.4 0.1
1.1 0.1

B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.

3.3
B.D.
B.D.
NS
0.2

Lost
0.7

B.D.
B.D.
NS

B.D.
B.D.
0.2

B.D.
0.1
0.5

B.D.
B.D.
0.5
0.3
0.3
0.2
0.1
0.2
0.3
0.6

B.D.
NS
0.2
0.2
0.3
0.2
0.5
NS

B.D.
0.5
0.4

0.4
B.D.
B.D.
NS
0.0
Lost
0.0

B.D.
B.D.
NS

B.D.
B.D.
0.0

B.D.
0.0
0.0

B.D.
B.D.
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.1

B.D.
NS
0.0
0.0
0.0
0.0
0.0
NS

B.D.
0.0
0.0

B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS
0.2 B.D.

Lost Lost
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
1.4 0.2
1.5 0.2

B.D. B.D.
B.D. B.D.
B.D. B.D.
2.1 0.0

B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.
0.9 0.1

B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.

B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS
0.2 0.1
Lost Lost
1.5 0.3

B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
1.1 0.1

B.D. B.D.
B.D. B.D.
1.5 0.3

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
0.4 0.1
1.3 0.1
1.2 0.1

B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
0.8 0.3

B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
1.4 0.1
1.2 0.1

9.1 1.7
0.6 0.0

B.D. B.D.
NS NS
2.0 0.0

Lost Lost
14.1 1.8
1.3 0.5
0.6 0.1
NS NS
0.4 0.0
0.9 0.2
1.8 0.1
0.7 0.3
0.5 0.1
7.9 0.7
1.1 0.2
0.8 0.1
9.0 1.8
5.8 1.1
5.0 0.6
2.6 0.2
1.0 0.2
2.7 0.3
7.7 0.5
14.9 0.2
0.3 0.1
NS NS
1.3 0.2
3.0 0.9
4.7 1.0
2.4 0.2
5.1 0.9
NS NS
2.2 0.1
9.8 0.3
10.1 0.5

B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
Lost Lost
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
1.5 0.3

B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.

B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS
B.D. B.D.
Lost Lost
B.D. B.D.
B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
0.5 0.1
0.9 0.3

B.D. B.D.
B.D. B.D.
2.7 0.5

B.D. B.D.
B.D. B.D.
B.D. B.D.
3.4 0.5
3.4 0.4

B.D. B.D.
0.2 0.0
0.6 0.0

B.D. B.D.
B.D. B.D.
0.1 0.0
NS NS
0.4 0.0
1.1 0.2
2.1 0.1
1.3 0.3
1.7 0.1
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.

Lost Lost
B.D. B.D.
B.D. B.D.
NS NS
0.1 0.0
Lost Lost
0.3 0.1
0.1 0.0

B.D. B.D.
NS NS

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
0.2 0.1
0.8 0.2

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
0.7 0.1
0.6 0.0
B.D. B.D.
NS NS
0.1 0.0
B.D. B.D.
0.2 0.0
0.6 0.1
0.2 0.0
NS NS
0.3 0.0
0.5 0.0
0.5 0.0
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Site date Chl a SD Chl b SD Chl clc2 SD 19 But. SD 19 Hex SD Fuco SD Prasin SD Diadin SD Zea SD

LLM 1 May. 97 14.9 0.8
LLM 2 May. 97 0.2 0.1
LLM 3 May. 97 NS NS
ULM 1 Jun. 97 7.9 0.3
ULM2 Jun.97 18.3 2.9
ULM 3 Jun.97 20.8 0.7
LLM 1 Jun.97 8.1 1.2
LLM 2 Jun.97 0.4 0.2
LLM 3 Jun.97 14.4 1.6
ULM 1 Jul. 97 5.6 0.4
ULM2 Jul.97 1.2 0.1
ULM 3 Jul. 97 6.8 0.2
LLM 1 Jul. 97 3.9 0.4
LLM 2 Jul. 97 0.1 0.2
LLM 3 Jul. 97 4.0 0.6
ULM 1 Aug. 97 10.2 0.2
ULM 2 Aug. 97 3.1 0.4
ULM 3 Aug. 97 6.2 0.8
LLM 1 Aug. 97 0.5 0.2
LLM 2 Aug. 97 4.8 0.2
LLM 3 Aug. 97 7.0 0.7
ULM 1 Sept. 97 6.5 0.5
ULM 2 Sept. 97 2.0 0.1
ULM 3 Sept. 97 4.1 0.1
LLM 1 Sept. 97 0.5 0.1
LLM 2 Sept.97 3.0 0.3
LLM 3 Sept.97 4.6 0.4
IJLM 1 Oct. 97 1.9 0.3
ULM 2 Oct. 97 6.3 0.4
ULM 3 Oct. 97 6.0 0.9
LLM 1 Oct. 97 4.7 0.6
LLM 2 Oct. 97 2.0 0.1
LLM 3 Oct. 97 11.1 0.3
ULM1 Nov.97 3.7 0.1
IJLM2 Nov.97 4.5 0.6
ULM 3 Nov. 97 7.0 0.5
LLM 1 Nov. 97 5.0 0.5

B.D. B.D.
B.D. B.D.
NS NS
1.3 0.1
0.9 0.1
1.7 0.1
1.0 0.2

B.D. B.D.
1.6 0.3

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
1.0 0.1

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.

0.4
0.5
NS

B.D.
0.2
0.2

B.D.
B.D.
0.2

B.D.
B.D.
0.1
0.1

B.D.
0.2
0.2

B.D.
B.D.
0.3
0.1

B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
0.2

B.D.
0.2

B.D.
B.D.
B.D.
B.D.

0.0
B.D.
NS

B.D.
0.0
0.0

B.D.
B.D.
0.0

B.D.
B.D.
0.0
0.0

B.D.
0.0
0.0

B.D.
B.D.
0.0
0.0

B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
0.0

B.D.
0.0

B.D.
B.D.
B.D.
B.D.

B.D.
B.D.
NS

B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
2.4

B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
0.5

B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.

B.D.
B.D.
NS

B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
0.6

B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
0.1

B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.

B.D. B.D.
B.D. B.D.
NS NS

B.D. B.D.
0.8 0.2
0.4 0.1

B.D. B.D.
B.D. B.D.
0.4 0.0

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
0.4 0.1

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.
0.6 0.1

B.D. B.D.
B.D. B.D.
B.D. B.D.
B.D. B.D.

2.5 0.4
B.D. B.D.
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Abstract

The schedulingof dredgeoperationsin late 1988providedan excellentopportunityto verify the

model for Thalassiatestudinum.Samplingof thesites,describedin ChapterIX, was designedin

associationwith themodelersso asto obtainthemaximumamountof usefulinformationpossible.

The model wasrun using measuredlight fields a the varioussampling locationsand the model

resultswerecomparedwith observedbiomassatthesamesite.

Threeverification runsweremade.The first waswith datacollectedat thecontrolsite(Fix-2)

which did not show theeffectsof dredging.A secondverification runwasmadefor thesitesPA-

235abwheretheseagrasseswereburied andthemodelwasalteredto accountfor burial. In both

of thesecasesonly theseagrassbiomassmodelwas used.Thefull seagrass-sedimentdiagenesis

modelwasverifiedusing irradianceandsedimentchemistrydatacollectedat sitesPA-235cd.The

modelshowsgoodagreementwith theavailabledata.
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Introduction

TheLagunaMadreSeagrassModel describedin ChapterI wasformulatedusing avarietyof avail-

abledatasets:a 9 yeartime seriesof aboveand below-groundbiomassandcanopylevel light for

Halodulewrightii; a similar 2 yeartime seriesfor Thalassiatestudinum;anda 1 yeardatarecord

for Syringodium/iliforme. Of these,only the Halodule wrightii dataset includedtheeffectsof

light reduction, in this casefrom a persistentbrown tide that affectedUpperLagunaMadre. In

this case,the modelwasableto reproducetheobservedresponsesof theplantto thereducedlight

levels.

In orderto providefurtherverification of themodel,Thalassiatestudinumsites (Table 1) were

monitoredduringadredgingeventin late 1998. A comparisonbetweenthesedataandresultsfrom

themodel is presentedin this chapter.

Verification Data

Verification of the seagrassmodel was performedusing datacollectedat 5 sites in the Laguna

MadrebetweenJune1998andJune1999 (Table 1 andFigure 1 in ChapterIX).

Table 1: Table of site locations
StationNumber Latitude Longitude Seagrass

FIX-2 26°10’ 50.9” N 97°15’ 18.0” W Thalassiatestudinum

PA-235a 26°07’ 05” N 97°13’ 50” W Thalassiatestudinum

PA-235b 26°07’ 23” N 970 13’ 44” W Thalassiatestudinum

PA-235c 26°07’ 13” N 97°13’ 40” W Thalassiatestudinum

PA-235d 26°07’ 21” N 97°13’ 48” W Thalassiatestudinum

Above andbelow-groundbiomassandcanopylevel irradiancewerecollectedby KenDunton

atall 5 sitesandsurfaceirradiancewascollectedatonesite(FIX-2). Light datafrom the5 sitesare

shownin Figure 1. A gap lastingapproximatelytwo months(from mid December1988 through

mid February1999)existsin all the datarecords. The siteFIX-2 was not impactedby dredging
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andwas usedasa control site. DredgingactivitiesoccuredduringSeptember9th and 10th 1998

(pers. comm.,J. Kowalski).

SitesPA-235aand PA-235b arereplicatesof eachother;similarly for sitesPA-235cand PA-

235d. Canopylevel irradiancefor sitesPA-235aandPA-235b(Figure 1) revealthattheseagrasses

wereburied at this location by late October. Above and below-groundbiomasswasmeasured

at sitesPA-235aand PA-235b from the periodJune1998 through June1999 (Figure 2). After

dredgingoccurred,theseagrassesat this sitewere buried (as can be seenfrom the light profiles

in Figure 1). The above-groundbiomassrapidly decreasedto zero; the below-groundbiomass

decreasedto almostzerobutover a longertime (Figure2). BiomassatsitesPA-235candPA-235d

wasmeasuredonly from November1998 onwards.This sitewas establishedonceit wasrealized

that seagrassesat sitesPA-235aandPA-235bwereburied.

DredgingoccurredbetweenSeptember9th andSeptember10th 1998 (pers. comm. J. Kowal-

ski). Seagrassesat site PA-235awere not buried by September19th, but by September26th a

knee-deepcolloidal layerwascoveringthesensorat this site(pers.comm. J. Kowaiski).

Model Verification

Threedifferent verificationswereperformedusing themodelandtheavailabledata. Thefirst two

verificationsmadeuseof theseagrasscomponentof themodelalone(asdescribedin ChapterI).

Thethird verificationusedthefull seagrass-sedimentdiagenesismodel:

1. Seagrassbiomassmodelaloneusingdatafrom FIX-2.

2. Seagrassbiomassmodelaloneusingdatafrom PA-235a

3. Combinedseagrass-diagenesismodel for sitePA-235c.

Ver~ficationfor siteFIX-2

Thedataavailablefrom theFIX-2 siterepresentedthemostcompleteof theverification datasets.

Unfortunately,it wasalsothecontroldatasetandso wasnot oneof thedisposalsitesbeingmoni-

tored. It doeshoweverprovideagooddatasetagainstwhich to testtheThalassiamodel.
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Figure 1: Observedirradiancesat the5 verification sitesfor theperiodJune1998 to June1999.
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Figure 2: Measuredshoot density(top row), above-groundbiomass(middle row) and below-

groundbiomass(bottomrow) at sites PA-235a(left handcolumn)andPA-235b (right handcol-

umn). Error barsrepresentstandarddeviations.
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Figure 3: Measuredshoot density (top row), above-groundbiomass(middle row) and below-

groundbiomass(bottom row) at sitesPA-235c(left handcolumn) andPA-235d(right handcol-

umn). Error barsrepresentstandarddeviations.
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Figure4: MeasuredcanopyirradianceatsiteFIX-2
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The measuredirradianceat canopylevel (Figure4) showedtheexpectedseasonaltrend with

a gap of two monthsduring which datawere not collected(a similar gapappearsin the surface

irradiancemeasurements,Figure 1). Sincethegapin light measurementsappearsduringthewinter

whenthe plantsare leastproductive,one might expectthat themissinglight datawould not bea

problem. However,the measuredabove-groundbiomass(Figure 5) at thesite showeda marked

increaseduringthis time.

Figure5: Measuredabove-groundbiomassatsiteFIX-2. Error barsrepresentstandarddeviation.
ObservedThalassiabiomassatFIX—2 (1998—1999)
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Withouta sophisticatedradiativetransfermodeland informationon theparticulatematerialin

the watercolumnduring this period, it is impossibleto realistically fill adatagapof this length.

We canhoweverestimatethe surfaceirradianceusing the modeldescribedin ChapterI andwith

this, togetherwith an interpolatedlight attenuation,arrive atan estimatefor thelight atthecanopy

level. Theresultof this is shownin Figure6.

An estimateof theattenuationcoefficientk,~wasobtainedusingtheavailablesurface(Figure1)
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Figure6: Combinationof theobservedsurfacelight profile with themodeledsurfacelight.
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andcanopylevel (Figure4) togetherwith theformula

1 (I(z)\
(1)

wherez = 1.1 m is thedepthofthecanopy-levelsensorbelowthewater,1(z) themeasuredcanopy

bevelirradianceand1(0) thesurfaceirradiance.This producesan approximatevalueof thediffuse

attenuationcoefficient(Figure7).

Figure 7: EstimateddiffuseattenuationcoefficientatFIX-2
Fix—2 observedattenuation

I

Thegapin thetime seriesof thediffuse attenuationcoefficientwasfibbedusing alinear interpo-

lation betweenthevalueseithersideofthegap. Differentschemesfor filling thegapin thekd time

serieswereinvestigated(e.g.,usingaconstantratherthana linearly interpolatedvalue).Therewas

no differencein thefinal resultsof themodeledplantbiomassusing thesedifferent schemes.

Usingthetime-seriesshownin Figure7 for thediffuse attenuationcoefficientandthesurface

light time-seriesshownin Figure6, an estimateof theirradianceat thecanopylevel (Figure8) was

4

‘E 3

2

0
I J A 5 0 N D J F M A M I

V-12



obtained using a re-arranged form of equation(I)

1(z) =I(0)exp(—k(Jz) (2)

whereI(z) is the irradianceat thecanopylevel (depthz),1(0) is thesurfaceirradianceandkd

is theattenuationcoefficientshownin Figure7.

C
E

Figure8: Combinedobservedandmodeledcanopylevel irradianceat FIX-2
Canopylevel light

TheThalassiaseagrassmodelwasrun usingthecanopy-levelirradianceshownin Figure8 asa

forcingfunctionandan initial biomassequalto thefirst measuredbiomass.A comparisonbetween

theobservedabove-groundThalassiabiomassand theresultsof themodelareshownin Figure9.

Themodeldoesa goodjob of trackingchangesin the above-groundThalassiabiomassprior

to the gap in the light record(betweenDecember1998 and February1999) . After this gap in

the bight record the model under-predictsthe above-groundbiomass. The reasonfor this is the
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Figure9: Comparisonbetweenmodeledand measuredabove-groundThalassiabiomassat FIX-2.

Errorbarsrepresentstandarddeviations.
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Figure 10: Observedbiomassat FIX-2. The dotsshowtherawdatavalues,thesquaresthe mean

valuesandtheerrorbarsarestandarddeviations.
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increasein plantbiomassbetweenNovember1998andlate February1999(Figure9). Thereason

for this increasecanbe seenfrom thedistributionof raw datashownin Figure 10. The biomass

estimatesfor 199 bothcontainsingleoutlyerswhich producetheunexpectedlyhigh meanvalues

(February1999andApril 1999 in Figure 10). As a result,the largerbiomassmeasuredin 1999can

be attributedto samplingheterogeneityasdiscussedin ChapterI ofthis report.

Themodel doesreproducechangesin above-groundbiomassof Thalassiaduringthefirst part

of the verification study. During thelatterhalfof thedatarecord,modelagreementwith the data

is poor. This is aresultof samplingheterogeneity.

Ver~ficationfor the sitePA-235a

Theseagrassesat sitesPA-235aandPA-235bwereburiedby dredgedeposits.This is evidentfrom

the time seriesof canopyirradiance(Figure 1) which show adramaticdeclineto zero irradiance

in September1988; irradianceat PA-235ashowsa slight return in Novemberand Decemberof

1998. In addition, the above-groundbiomassdrops from approximately140 gdw m2 to almost

zerobetweenSeptember1998andtheendof October1998 (Figure2). Thebelow-groundbiomass

showsa dramaticdeclineduring thesameperiod, followedby a gradualdeclineto zerobiomass

by June1999.

Themodel wasrun using theunderwatercanopylevel light measuredat thesitePA-235a(Fig-

ure 1) andmodel resultswerecomparedwith the measuredbiomassat thatsite(Figure 11).

Thecomparisonbetweenmodeland datashowsthat thewhilst themodelpredictsadeclining

above-groundbiomass,therateof declineis muchlessdramaticthanthat seenin thedata.

This caseis difficult to model for thefollowing reason.Themodeldescribedin ChapterI was

not formulatedto model thebehaviorof seagrassesaftercompleteburial. Undertheseconditions

the plant will ceaseto photosynthesizebecauseit is receivingno light. The resultingdeclinein

living biomasswill bedramatic.In themodel,conditionsaremoreappropriateto achronicdecline

in light resultingfrom dredging.Therateof lossof live plantmaterialwill be very different in the

two cases.This differenceis akin to modelingthedeathof a humanbeingfrom malnutritionas

opposedto asuddendeathby shooting;themortality ratein thetwo casesis very different.

As aresult,a secondmodelwasrun with themortality alteredto thefollowing accordingto the
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Figure 11: Comparisonof model (solid line) with data(solid line plus error bars). Error bars

representstandarddeviations.
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grossproductionP(I) 1 0.0052 if P(I) � 0

Ma~ (3)

0.1 ifP(I)=0

The valueof M~whenP(I) = 0 was determinedby trial anderror in suchaway thatthemodel

resultsagreedbestwith theobservationsby visual inspection.Thisnewformulationprovidesanad

hocrepresentationof the increasedrateof material losswhentheplantsareburied. With thisnew

formulation, amuchbetteragreementbetweendataand model resultswasobtained(Figure 12).

We stressthat themodel wasnotdesignedto describesudden,catastrophicdie-off resultingfrom

(for example)burial. Themodification representedin Equation3 is anad hocformulationandonly

showsthatthemodelcanbemodifiedundercertaincircumstancesto representdifferentsituations.

Figure 12: Comparisonof model (solid line) with data(solid line pluserrorbars)usingnew loss

formulation.Errorbarsrepresentstandarddeviations.
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Full modelverification: comparisonwith sitePA-235c

The objectiveof this simulationis to determinehow accuratelythecombinedseagrass-sediment

geochemicalmodelcanpredicttheresultsof adredgedisposaleventon seagrassbiomassandrhi-

zospheregeochemistry.Both theseagrassandthesedimentchemistrymodelsweredevelopedwith

datacollectedbetween1990and1997 in LagunaMadre. Theseagrassandrhizospheremodel(sed-

imentgeochemicalmodel)areseparatelydescribedin ChaptersI andIII of thisreport. Thelinked

modelwasdevelopedby solvingtheseagrassandsedimentgeochemicalequationssimultaneously.

This enabledus to usethe outputsof the seagrassmodel - detritus, dissolveorganicmatter,etc.

- asinputs to thesedimentmodel. Furtherthe simultaneoussolutionto bothmodelsallows us to

formulatefeedbacksbetweensulfideand ammonium,and seagrassproduction.Sulfide is toxic to

seagrassat high concentrationswhile ammoniumsimulatesseagrassgrowth.

Theproblemfacingvalidationof thecombinedseagrass/sedimentmodel is that no singledata

setexiststhat coverslight, biomassand sedimentchemistry.Sedimentchemistryat sitePA-235c

wasmostcompletesothis sitewasusedto developtheverification.Unfortunately,atthis site, light

andbiomasswerenotmeasuredinitially (Figures1 and3). To solvethis, adatasetofbiomassand

irradiancewascompiledfrom datacollectedatsitesPA-235a,PA-235b,PA-235candPA-235d.

A time-seriesof light datawascompiledby taking the averagevalueof daily irradianceat

eachsite (PA-235a,PA-235b, PA-235cand PA-235d). Two problemsexist with this approach.

First, the underwaterirradianceat sitesPA-235aand PA-235b goesto zero in late Septemberof

1998 (Figure 1) becausethe light sensorwas buried by material. No light dataexist for the sites

PA-235cand PA-235dup until late October1998 for PA-235c and late February 1999 for PA-

235dso it is hard to tell what the underwaterlight environmentwas like at thesetwo sites. As

a result,thecompiledlight datausedfor theverification atPA-235cmayunder-estimatethelight

beingexperiencedby theplants.Thisgap in theunderwaterirradianceduring September1998was

filled usingatimeseriesofpositive randomnumbershavingthesamemeanvalueas theirradiance

measuredNovemberandDecember1998.

Secondly,the gapbetweenDecember1998andFebruary1999existsall irradiancedatasets.

This is a genuinegap in the datarecord. To fill this gap, a time seriesof the light attenuation

coefficient at sitePA-235cwasestimatedusing theavailableunderwaterlight dataat that siteand
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thesurfacelight datashownin Figure 1. Themeanvalueof this light attenuationtime-serieswas

calculated.This meanvaluewas then usedto fill thegap in attenuationcoefficientbetweenDe-

cember1998andFebruary1999. Theunderwaterirradiancewas thencalculatedusing thesurface

light model shown in Figure 6 and the attenuationtime seriescalculatedabove. The resulting

underwaterirradianceusedin theverification is shownin Figure 13.

Figure 13: Thecompiledlight profileusedin themodel verification for sitePA-235c
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Theprocessof validationrequiresthat themodel be able to predicttheoutcomeof thedredge

eventon theseagrassand rhizospherewhenprovidedwith light data,thethicknessof the deposi-

tional layerfrom dredgematerial disposalandthecompositionof thedredgedmaterial.Although

severalsitesweresampledafterthedredgedisposalevent(seeabove),seagrassat all butPA-235c

wereeither completelyburiedor were not impactedby thedisposal.At PA-235c,7 to 10 cm of

new sedimentswere depositedover a Thalassiabed. Much of theleafmaterial remainedabove

the sedimentlayerwhile theroot! rhizomesof theplant wereburiedto 9-12cm. Theusualdepth
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of theroot/rhizomesystemof Thalassiais between2 to 5 cm below thesediment/waterinterface.

The new sedimentcontainedabout0.5% organicmatter. We did not havea completerecordof

light for this siteand hadto fill gapsin the light recordfrom nearbysites (seeabove).Evenwith

an incompletelight recordthevalidation model resultsand thebiomassdatacollectedatPA-235c

werenearlythesame(Figure 14). Themodelslightly underestimatedbiomassin Septemberduring

the initial declinein biomass.

Figure14: Comparisonof above-groundThalassiabiomasspredictionsfrom themodel (solid line)

with data(solid line plus errorbars).Thedatawas collectedat sitePA-235c.Error barsrepresent

standarddeviations.
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Vertical concentrationprofiles of severalpore-waterconstituentswere measurer’-~ 10 weeks

afterthedredgedisposalevent.Pore-watersulfideshadincreasedto 1800 to 2600 ,uM concentra-
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sulfidesandammoniumfor that time period.Thesemodeledconcentrationdeclinedslowly overa
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periodof 10 monthsuntil themiddleof Junewhenthe seagrassphotosynthesisincreaseddramat-

ically. Themodelsuggestedthat dissolvedoxygenfrom this photosynthesismovedbelowground

throughtransporttissue(Iacunae)to oxidizemuchof theremainingsulfide(Figure 15).

Figure 15:

PA-235c.
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Rootzonetotal sulfides(a) and rootzoneNH4 (b) model results for Thalassiafor site

Table2 providesan estimateof goodnessof fit betweenthemodelandtheverticalpore-water

profilesmeasuredafterthedredgedepositionat PA-235c.Thebestfit betweenthemodelanddata

occurredon the dateat which the sampleswere taken. However,becauseof the slow declinein

pore-waterconstituent,therecontinuedto beahigh goodnessoffit with thedatauntil theThalassia
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seagrass started to recover.

Table 2: Normalized root mean squared differences between the model and Thalassiafield data

after the dredge event.

Week 10 20 30 40 50

DIC 0.19 0.20 0.23 0.22 0.19

NH4 0.23 0.32 0.36 0.36 0.38

HS 0.26 0.30 0.41 0.41 0.39

Conclusions

Threeverificationsof the Thalassiamodel were run. Two verifications usedonly the biomass

part of the model;one using the datafrom FIX-2 which was not affectedby the dredginganda

secondusingdatafrom PA-235awheretheseagrasseswereburied.A verificationof thecombined

seagrass/sedimentdiagenesismodelwasmadeusingdatafrom sitePA-235c.

In spiteof problemswith thedatarecordsfrom all thesesites,theverificationsweregenerally

successful. The verification at site FIX-2 producedgood agreementwith the observationsfor

July 1998 throughOctober1998but under-estimatedtheabove-goundbiomassthat wasmeasured

in February1999 andApril 1999. BetweenOctober1998 and late February 1999 therewas an

increasein observedabovegroundbiomassthat was notcapturedin themodel. This maybe due

to changesin environmentalcircumstances,measurementerroror the lack of an explicit below-

groundcompartmentin themodel.

The model verification at thesitePA-235awas complicatedby thefact thattheplants at this

site were buried by late September1998. The model is designedto dealwith chronic declines

in conditionsaffectingseagrassessuchasprolongedlow irradiancelevels. The model wasnot

designedto dealwith sudden,catastrophicchangesin conditions,suchascompleteburial of the

plant. However,amodificationofthemortality termin theequationsgoverningtheplantdynamics

showsthat themodelcancopewith suchasituation.

Theverification of thecombinedseagrass/sedimentdiagenesismodelat sitePA-235cwas also

V-23



successful.This verification was moreproblematicin that therewas not a completedatasetfor

this site. The model capturesthe declineof the seagrassbiomasswell, but doesnot capturethe

recoveryin June1999. This may be due to thefact that thetime seriesendsin Juneand, given

longer time seriesof light andbiomassdatathemodelmayhavealso showna recovery.Another

possiblilty is that the lackof an explicit below-groundbiomasscompartmentin themodel results

in an under-estimatein theplantresourcesavailablefor recovery.
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Abstract

Continuousmeasurementsofphotosyntheticallyactiveradiation(PAR), seagrassabundance,and

watercolumn chemicalparameterswere measuredat severalstationsin LagunaMadre overan

18-monthperiod starting in April 1996. PAR showedclearseasonaltrends;lowestvalueswere

recordedin winter and highestin summer(15 and60 mol m*2 d~respectively). Averagewater

transparencywasclearlyhighestat stationLLM 2 (k = 0.7 m’) which wassurroundedby dense

seagrassbeds,andlowestat LLM 1 (k = 2.4 m~1),an unvegetatedsite. The declinein the brown

tide algal bloom in the upperLagunaled to significantincreasesin water clarity; at ULM 3, k

values over 7.0 m~’in January 1997 declinedto less than 2 rn’ by June. Water column

chlorophyll levels were generally<10 ~tgL1 in the lower Laguna,and declinedin the upper

Lagunafrom 20-70 ~igL~to <10 ~tgU1 following the decline in the browntide algal bloom.

Nitrateandammoniumlevelswere generallylessthan3 ~tMandsalinity rangedfrom 30-450/oo

at all sites.

The densityand above-and below- groundbiomassof the threepredominantseagrassspecies

(Halodule wrightii, ThalassiatestudinumandSyringodiumfil?fbrme) showeddistinct seasonal

changesthat reflectedchangesin bothdaylengthandwatertemperature.Ratiosofbelow-ground

to above-groundbiornasswere highestin winter (3-8) and lowestin summer(2-6). Thalassia

exhibitedthehighestbiomass(over 900 gdw m2),but highestshootdensitywascharacteristicof

Halodule (over 8,000 m2), with Syringodiumintermediatebetweenthe two species. Carbon

contentin Thalassialeafandrhizometissuesaveraged36%; the nitrogencontentof leaftissues

(1.7-2.7%)washigherthan that ofrhizomes(<1%). Bothnitrogenandcarboncontentexhibited

distinct variationsasafunctionof leafage.
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Introduction

The distribution andprimary productivity of submergedaquaticvegetationis largely regulated

by variations in light attenuationwithin the watercolumn. In coastalregions,declinesin water

quality from humanencroachmenthavecausedworldwide lossesin thedistribution ofseagrasses

(reviewed by Dennisonet al. 1993). In Texas, the documentedloss of over 140 km2 of

seagrassesin the lower Laguna Madre since the 1960’s is attributed to decreasedwater

transparencyfrom maintenancedredging(Quammenand Onuf 1993, Onuf 1994); the nearly

completeloss of seagrassbedsin GalvestonBay (over 20 km2) is also attributedto decreased

water transparency and eutrophic conditions that resulted from wastewaterdischarges,

subsidenceanddredgingactivities(PulichandWhite 1991).

Light energyhaslong beenrecognizedasthemostimportantfactorinfluencingseagrasshabitats

(Ziemanand Wetzel 1980),but thereare few long-termmeasurementsof in situ irradiance. In

addition,althoughthephotosyntheticcharacteristicsof severalseagrasseshavebeendetermined

(Drew 1979, Libes 1986, Marshet a!. 1986, Fouqureanand Zieman 1991, Perezand Romero

1992), this photosyntheticdatahasnot beenappliedto in situ measurementsof irradiance.The

long term in situ measurementsirradiance,plant photosynthesis,and seagrassbiomassin the

LagunaMadre representa notableexception(Dunton 1994, Dunton and Tomasko 1994). The

presenceof thesedata,along with measurementsof incident irradiance,growth and biomass,

presenta rareopportunityfor modelingseagrassproductionand biomasswith respectto changes

in theunderwaterlight field.

Changesin theamountof light thatreachesthebottomareprimarily regulatedby concentrations

of total suspendedsolids (TSS) and chlorophyll (chl), which canvary widely. The contribution

madeby TSSandchl largelydeterminethemagnitudeofthediffuse light attenuationcoefficient

(k). The relative importanceof both can vary acrossbroadspatial and temporalscales.In San

Antonio Bay, the resuspensionof solids contributemostto light attenuation(Dunton 1996). In

other systems, high chlorophyll concentrationsresult from increased levels of dissolved
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inorganicnitrogen that areoften derived from anthropogenicinputs (sewageor fertilizers). In

eithercase,light limitation can be assessedfrom increasesin leafchl contentin someseagrass

species(e.g., Thalassia)that attemptto photoacclimateto maintainhigh photosyntheticactivity.

This chapterpresentsthe 18-mo compilationof in silu measurementscollected in the Laguna

Madre on underwaterand surfaceirradiance, plant biomassand density, variouswater column

parameters(e.g., chl & nutrients),and seagrassbladeconstituents.The dataset focuseson the

threespeciesof seagrassesprevalent in the Laguna Madre: Halodule wrighlii in the upper

Lagunaand in the lower Laguna,ThalassiatesiudinumandSyringodiumJul~forme.Muchof the

informationpresentedherewasusedin thedevelopmentof an integrativeproductivitymodel for

all threespecies.

Methods

Photonflux measurement

Photosyntheticallyactive radiation (PAR: 400-700 nm) was collected continuously at six

permanentstations(Table 1). At eachsiteaLI-193SA sphericalquantumsensorwasdeployedat

canopylevel with aLI-bOO datalogger(LI-COR Inc.). Thedataloggerwasplacedin a weighted

clearpolycarbonatehousing(Ikelite Model 5910, Indianapolis,IN) andwaswired to the sensor

cablesthroughmolded underwaterconnectors(Crouse-HindsSeries41 Penetrator,LaGrange,

NC). Sensorswere mountedon a 3-cm diameterPVC pipe at canopylevel (usually 15-20cm

abovethe bottom) to minimize fouling by drift algae and seagrassleaves. At all sites,a clear

polyethylenebagwasplacedoverthe sensorto minimizebiofouling ofthe sensorglobeandwas

replacedat 10-14dayperiodsto minimize fouling. Thepolyethylenebag hasa negligible effect

on light measurements.Photonflux density(PFD: l.tmol m2
~1) wasmeasuredat 1-mm intervals

and integratedhourly. Daily PFD (mol m2 d1)wascalculatedasthesummationof quantumflux

overeach24 hrperiod.
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Coincidentmeasurementsof surfacePFD was also collectedat threestations(ULM- 1, ULM-3,

andLLM-2) using a LI-I 9OSA quantumsensoranddatalogger.This datawasusedin calculating

percent surface irradiance (%SI) and values for the diffuse attenuation coefficient, k.

Measurementsof depth are averagedepths(Table 1), basedon numeroussoundingsthat were

collectedat thepermanentstudysitesby field technicians. Sincetotal tidal amplitudesgenerally

range less than 20 cm, are significantly influenced by prevailing winds, and tide gauge

information is not availablethroughoutthe Laguna,correctionof k for slight changesin depth

werenot made. Light attenuationwascalculatedusingtheBeer-Lambertequation:

= I~eia

whereI~is irradianceatthesurface, I~.is irradianceat depthz andk is theattenuationcoefficient

(rn’). The sensorsusedin this study were calibratedto ±5%(traceableto National Bureauof

Standards);stability was±2%over any 1 yr period,and datawas recordedwith a precisionof

±0.01p.mol m2 s’.

Table 1. Permanentsamplingstations.

Station Established Latitude Longitude PhysicalDescription Biological Depth(rn)

ULM 1 6/17/96 27°41’30” 97°13’2O” ICWW Bare 1.0

ULM2 4/1/96* 27025’ 97°21’ lOOm EastoflCWW Halodule 1.0

ULM 3 6/17/96 2701 l’33” 97°25’42” ICWW Bare 1.0

LLM 1 6/4/96 26°IO’45” 97°15’36” Westof ICWW Bare 1.15

LLM 2 6/4/96 26008’ 97°12’ 1.0km Eastof ICWW Thalassia 1 .20

LLM 3 3/1/97 26°35’25” 97°22’57” 6.0 km Eastof Port
Mansfield

Syringodium 1.27

*platform not installedatthis station
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Seagrassdensityandbiomassmeasurements

Indicesof seagrassabundance(densityand biomass)weremeasuredin June1996 at 12 stations

(four stationsper species)on a transectthat extendedthe entire length of the Laguna(Fig. 1).

Depthsat the twelve stationsrangedfrom 0.7 m (Syringodium)to 1.65 m (Thalassia),but were

generallyin the 0.8-1.1 m range(Table 2). In addition, standingstock wasassessedat three

stations(eachrepresentingone of thepredominantspecies)overa 12-monthperiodat 3-4month

intervals.On eachoccasion,four replicatesampleswere collectedwith a 9 cm diametercoring

devicefor Halodule and Syringodium,while a 15 cm diametercore was usedfor Thalassia).

Sampleswere thoroughlycleanedof epiphytesand sediments,separatedinto above-groundand

below-groundlive biomassanddriedat 60°Cto aconstantweight. Shoot densitywasestimated

by countingthenumberof shootspercoreandscalingto appropriateunits (shootsm2).

Watercolumnparameters

Water columnphysicochemicalmeasurementswere collectedon two transectsthat extendedthe

entire length of the Laguna on 3 June 1996 and again on 27 January 1997. Continuous

measurementsof chlorophyll a in the water column were determinedusing a Morgan 10-AU

fluorometerequippedwith a continuousflow 25 mm cuvette. In addition,monthly samplingwas

conductedat thesix permanentstations(Table 1) over the entireperiodof this study. Total DIN

(N03 + NO2 + NH4~)and chlorophyll a were determinedfrom four replicatewater samples

collectedat eachsite. Chlorophyll a sampleswerefiltered onto cellulosenitrate filters, andthen

extractedwith 90%acetonebufferedwith 0.05%MgCO3 andanalyzedon a spectrophotometerat

750, 664, 647 and630nm following Parsonseta!. (1984). DIN wasdeterminedcolorimetrically

accordingto Parsonset a!. (1984). Temperaturewasmeasuredin situ usinga stemthermometer;

salinity wasmeasuredusing an Orion Model 140 conductivity-salinitymeter.
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Figure 1. Mapofthe LagunaMadre showingthelocationof permanentsamplingstations(ULM
1-3; LLM 1-3) and transectstations.EachCOEtransectsitehasa correspondingstation# which
is listed in Table2.
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Table2. SamplingstationsalongtheLagunaMadretransect.

COE # Station Marker Latitude Longitude PhysicalDescription Biological Depth(m)

1/2 30 S/B 123 26°08’06” 97°12’31” 1.0 km Eastof ICWW Thalassia 1.2

3/4 29 S/B 115 26°07’57” 97°14’21” 1.0km Westof ICWW Deep Thalassia 1.65

5 /6 28 S/B 91 26°11’ 97°13’ Eastof ICWW Thalassia 1.3

7/8 27 S/B 91 26°11’ 97°17’ WestofICWW Thalassia 1.15

9/10 26 S/B 9 26°20’05” 97°18’45” Eastof ICWW - on spoil bank
nearmouthof Arroyo

Colorado

Syringodium 0.9

11/12 25 S/B 7 26°21’ 97°19’20” Westof ICWW - naturalbed
nearArroyo Colorado

Syringodium 0.7

13/14 24 S/B 159 26°30’23” 97°21’53” 2.0km Eastof ICWW Syringodium 0.8

15/16 22 S/B 103 26°40’ 97°24’ 3.0km Eastof ICWW Syringodiuin 0.8

17/18 20 S/B 47 27°1O’47” 97°25’45” Old BlucherRemote Halodule 1.1

19/20 18 S/B 3 27°16’20” 97°24’ Eastof ICWW Halodule 1.1

21/22 16 S/B 151 27°25’ 97°21’ 100 ni Eastof ICWW Halodule 1.2

23/24 13 S/B 114 27°29’42” 97°19’32” King Ranch Halodule 1.2

S/B : Paired-sitecombinationof seagrassandbarehabitats

Blade constituentanalysis

Bladechlorophyll (chl) contentwasdeterminedfor six replicatesamplesfrom eachsampling

date. Pre-weighedleaf tissuewas ground in 90% cold acetonebuffered with 0.05% MgCO3

using chilled pestlesand mortarswith washedsea sand. Extractswere madeup to a known

volume and centrifuged. Absorbancewasmeasuredat 750, 664, and647 nm with a Shimadzu

UV 1 60U spectrophotometer.Chlorophyll a and b contentswere determinedusing the equations

of Jeffrey and Humphrey (1975) for 90% acetoneextractions. Subsamplesof dried plant
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materialweretakenfrom biomasscoresandusedto determinetotal carbonandnitrogencontent.

Samplesof 1-2 rng were weighedinto tin boatsfor elementalanalysisusing a Carlo ErbaEA

1108elementalanalyzer.

Results

Watercolumn characteristics

On bothJuneandJanuarytransects,thepresenceof thebrowntide algal bloomwas reflectedin

high (40-80j.ig chl L’) pigmentlevels.Thebloomwasdensestin theupperLagunain June(Fig.

2), and the Land Cut areato the south in January 1997 (Fig. 3). The shift appearsto be a

consequenceof predominantnortherly winds which pushedthe bloom southwardin winter.

Light attenuationwasgreatestin areashavingthehighestchlorophyll levels, and lowestnearest

thepasses.Nitrateandammoniumlevelswere generallylessthan3 jtM andsalinity rangedfrom

30 to 45 ppt.

Watercolumn chl concentrationsfrom the permanentupperLagunaMadre stations(ULM 1, 2

and3) weremuchhigherthanthoseof lower LagunaMadre stations(LLM 1, 2 and 3) (Fig. 4).

Chlorophyll levelsat ULM sites 2 and 3 exhibitedtheir highestlevelsduring summerand fall,

but droppedprecipitously by June 1997, when the seven-yearbrown tide bloom in Laguna

Madre ended. Water column chl concentrationsat ULM 1 in Corpus Christi Bay were

considerablylower thanat sitesULM 2 and3 throughoutthestudyperiod. In the lower Laguna

Madre, the pattern was the opposite; water column chl levels reacheda peak in late winter

(March and April) andwere lowest during the summermonths. In summer,the averagechi

concentrationin upperLagunaMadre (ca. 30 ~.igchl L1) wasapproximatelythreetimes that of

lower LagunaMadre (ca. 10 ~tg chl L’). Except for the brief winter peak, chlorophyll

concentrationsin the lower Lagunawere generallylessthan10 ~tgchl L’1 comparedto 20-70~tg

chl L1 in the upper Laguna. Ammonium (Fig. 5) and nitrate + nitrite (Fig. 6) concentrations

were generally low (<3.0 ~tM) at all stations throughout the entire study period, with the

exceptionof a fall peak(5-8~tM)at theULM 1 site in October1997.
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Photonflux density

Surfaceirradiance(SI) exhibiteda clear seasonaltrend; lowestvalueswere recordedin winter

and highest in summer(ca. 15 and 60 mol m2 d1, respectively). Continuouscanopy-level

measurementsofPAR indicatedthat theunderwaterlight environmentwashighly variable;daily

valuesrangedfrom 0 to 35 mol m2 d’ for upperLagunaMadre (Fig. 7-9)andfrom 0 to 60 mol

m2 d1 for lower LagunaMadre(Figs. 10-12).

Diffuse attenuationcoefficients(k) ranged from 0.1 m~to as high as 10 m~among the six

permanentsamplingstations. Averagewatertransparencywasgreatestandk valueslowest at

ULM sites 1 and2 and LLM site2 (Table 3). Thedeclinein thebrown tide in ULM is clearly

apparentafterJune1997at sitesULM 2 and3. At ULM 3, kvaluesover 7.0 m1 in January1997

steadily declinedto lessthan 2 by June. Light attenuationwasclearly highestat LLM 1, with

manyvaluesrangingbetween4 and 10. The low transparencyat this site clearly reflects the

presenceof unconsolidatedsedimentsand dredgedmaterial depositsthat areoften resuspended

by winds and waves--thereare no seagrassespresentat this site. In contrast,k valueswere

generally<1.0m’ for LLM 2 (Fig. 11) which is surroundedby densegrassbeds.No underwater

light datawere collectedat LLM 1 and2 betweenFebruaryandJune1997. Missing underwater

irradiancedataat all sites in both 1996 and 1997 is relatedto rapid fouling of the underwater

sensors;visits to the sitesoccurredevery 12-14days, but sensorswereoftenvisibly fouled after

10 daysduring the warmermonths. Consequently,irradiancedatawas routinely removedfrom

thedatasetafter 10 daysat siteswherefouling wasrapid(ULM 1, ULM 3, LLM 1, LLM 3).

Densityandbiomass

Thedensityandabove-andbelow-groundbiomassofthethreepredominantseagrassspecieswas

measuredat 12 stationsthroughoutthe upperand lower Lagunaon a surveyconductedin June

1996. Thalassiaexhibitedthe lowest shootdensity,rangingfrom 1,270 shootsm2 at site30 to

1,950 shoots rn2 at site 27 (Fig. 13). Syringodiurn and Halodule exhibited similar shoot

densities,rangingfrom 2,200to 6,800 shootsm2. In general,thehighestshoot densities(for all

species)wererecordedfor sitesat thenorthernendof thesamplingtransect(Table 2, Fig. 13).
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Table3. Averagesurfaceirradiance(SI) anddiffuse attenuationcoefficients(k) characteristicof
eachof the permanentsampling stationsbasedon total daily quantareceivedby surfaceand
underwatersensors.

Site Number of Days
N

Mean SI (SE)
%

Mean k (SE)
m’

ULM 1 350 40(1.14) 1.148(0.04)
ULM 2 553 32 (0.55) 1.220(0.02)
ULM3 388 16 (0.50) 2.128 (0.04)
LLM 1 305 10 (0.54) 2.451 (0.09)
LLM 2 442 59 (0.92) 0.702 (0.04)
LLM3 35 15 (1.86) 1.766 (0.15)

In contrast,Thalassiawas found to exhibit the highestbiomass,which rangedfrom 630 to 900

gdw n-i2. Therewas no evidentcorrelationbetweentotal biomassand shoot density for this

species. Biomassof Syringodiumwas highly variablewith sampling site; valuesrangedfrom

150 gdw m2 at site25 to 670 gdw m2 at site 24. Haloduleexhibitedthe lowesttotal biomass,

which rangedfrom 150 to 390 gdw m2. Thalassiaalso had higher root/shootratios (2.6-6.6),

while thoseofSyringodiumandHaloduleweresimilar (0.9-3.3)(Fig. 13).

Temporal changesin density and biomass in Halodule, Syringodium, and Thalassia were

measuredat sitesULM 2, LLM 3, and LLM 2 respectively,betweenJune1996 andMay 1997

(Table 4). All threespeciesshoweddistinct seasonalchangesin densityandbiomass. Ratiosof

below-groundto above-groundbiomass were clearly highest in winter (3-8), and lowest in

summer (2-6), which largely reflect the major seasonal changes in the abundanceof

photosyntheticshoot and leaf tissues. Consistentwith the station survey results (above),

Thalassiaexhibited the highestbiomass(over 900 gdw m2), but highest shoot density was

characteristicof Halodule (over 8,000 n-~~2)with Syringodiumintermediatebetweenthe two

species.

Bladechlorophyll

Total bladechl contentof Halodule (7.92-11.42mg chl gdw~)washigher than that of either

Syringodium(2.26-7.33mg chi gdw~)or Thalassia(3.62-6.35mg chl gdw’). However,chl a:b
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Table 4. Density and biomasschangesin threeseagrassspecies,Thalassiatesiudinum(LLM 2),
Syringodiumfili/orme(LLM 3) andHalodulewrighlii (ULM 2).

Sampling Date
June 1996 September1996 January 1997 May 1997

Thalassiatestudinurn
Density(shtsm2) 1273.5±96.7 2165.0+58.3 1471.6±189.1 1316.0±155.7

Biomass(gdw m2) 909.6±72.3 642.3±41.5 819.3±136.5 993.9±97.9

Root/shootratio 5.9±0.5 3.6±0.3 7.5±0.5 6.2±0.9

SyringodiumfilUbrme
Density(shtsm2) 6664.7±384.1 2858.3±668.3 2731.0±810.2 3905.4±585.9

Biomass(gdwm2) 665.5±43.4 246.3±59.9 231.1±51.5 314.5±58.8

Root/shootratio 2.5 ±0.8 1.5 ±0.1 3.5±0.4 3.6±0.6

Halodulewrightii
Density(shtsm2) 5919.1 ±1587.0 8192.9±660.2 6480.7±1094.0 8235.3±1124.8

Biomass(gdwm2) 265.5±55.6 365.4±13.4 346.9±41.7 522.5±75.7

Root/shootratio 2.0 ±0.2 2.0 ±0.2 8.1 ±0.9 3.4±0.8

ratios from Thalassia leaf tissues (3.0-3.6) were higher than those from Syringodium and

Halodule (2.2-2.7) (Fig. 14). Therewere no clear patternsin chl contentbetweenstationsfor

eachspecies,exceptfor Syringodium,in which total chl washigherat stations25 and26 thanat

stations22 and24.

Carbon andnitrogen content

Carboncontentin Thalassialeaftissuesshowedseasonalvariation,with highestvalues(37%) in

late summercomparedto lessthan34%in winter; rhizometissue carboncontentrangedfrom a

high of 37% in summerto 35% during the remainderof the year (Fig. 15). Leaf tissueshad

higher nitrogen content (>1 .7%) than rhizome tissues (<1%) throughout the study period,

exhibiting lowest(1.7%)levelsin summerandhighest(2.7%)in late winter. Nitrogencontentof
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rhizometissuesshowedlittle seasonalvariation. Carbon:nitrogen(C:N) ratios rangedbetween

39 and 53 for rhizomesand 13 and 22 for leaves. The ratios for both tissuesshowedsimilar

seasonaltrends(Fig. 15).

Tissue nitrogen and carbon content exhibited distinct variations as a function of leaf age.

Comparedwith young, newly formed tissue,both carbonand nitrogencontentwere lower and

C:N ratiohigherin oldermoresenescentleafparts(Table 5). Carboncontentdecreasedfrom Ca.

38%to 34%,andnitrogen,from 2.1%to 1.1%.

Discussion

Underwater light reduction has been linked to decreasesin shoot density and biomassof

seagrasses(Czerny and Dunton 1995, Lee and Dunton 1996). In estuarinesystems, light

penetrationthroughthe water column is regulatedby concentrationsof total suspendedsolids

and chlorophyll. In the LagunaMadre, underwaterlight conditions may be predictedas a

function of water column chlorophyll concentration,especiallyin ULM where the brown tide

bloompersists. At severalsitesin ULM therewasastrongcorrelation(r2 = 0.65)betweenwater

column chl and k values, while therewas a weak correlation(r2 = 0.14)betweenTSS and k

values(Duntonc/ al. 1994). In general,we foundthat light attenuationin theULM washighest

during periodswhenchl concentrationswere high. In LLM, winter fluctuationin kvalues(up to

5 i-ri’) were moresite specific, in that increasesin k were relatedto either a short brown tide

event(i.e. winter increasesin water columnchl resultedfrom themovementof browntide from

ULM via winter stormfronts; e.g.stationsLLM 2 and3) or to there-suspensionof sediments

Table 5. Tissuecarbonand nitrogencontentsin different leafparts of Thalassiatestudinum
collectedfrom thelowerLagunaMadre(LLM 2) in October 1997. Values are means ± SE
(n=3).

Leafpart
Juvenile Mature Senescent

C (wt %) 37.83±2.09 37.81 ±2.16 33.76±2.49

N(wt%) 2.16±0.11 2.10±0.08 1.12±0.13
C/N ratio 20.41 ±0.19 20.98±0.51 35.48±2.07
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(LLM 1). Seagrassdensity and biomass did not exhibit pronouncednegativecorrelations

relativeto watercolumnchlorophyll. We suggestthattheshort-termwinter appearanceofbrown

tide in LLM doesnot impactseagrasses,sincephotosynthesisandrespirationarealreadyreduced

by low watertemperatures.

A pronouncedspatialvariationin watercolumnchlorophyll concentrationwasdirectly correlated

with thedistribution of brown tide algaealongtheLagunaMadretransect. Although chl values

exhibit seasonalvariation, the lowestvaluesfrom ULM were nearly two-fold higherthanthose

from LLM. In general,ULM hasmuchhigherchl concentrations(almost 80 mg L’) andmuch

lower underwaterirradiancelevels. Thelossof seagrassstandsfrom deeperportionsofthe ULM

(Onuf 1996)havebeendirectly attributedto a 50% reductionin underwaterlight causedby the

browntide (Dunton1994).

Seagrassbiomassand density patternswere similar to previously publishedreports (Dunton

1994, CzernyandDunton 1995,Leeand Dunton 1996). Species-specificdifferencesin biomass

wereexpected,sincetheseplantsexhibitmarkedmorphologicaldifferences. Thalassiahaslarge,

flat bladesanda prominentrhizomesystem,while Halodulehasvery fine bladesandrhizomes.

Syringodiumhasroundleavesand is intermediatein sizeby comparison.Largeroot:shootratios

may be explainedby the fact that approximately80% of seagrassbiomassis typically below

ground. Patternsfor carbon,nitrogenand C:N ratiosweresimilar to thosereportedby Lee and

Dunton (1996).

Some seagrassgenera(e.g., Zostera and Thalassia)exhibit the ability to photoacclimatein

responseto changes in light availability by adjusting pigment content and stoichiometry

(Wiginton and McMillan 1979, Dennisonand Alberte 1982, 1985, Abal et al. 1994, Lee and

Dunton 1996). However,thepurposeof this researchwasto collectbackgroundinformation on

the pigment levels of three grass species from a variety of locations. Previous work has

demonstratedthat Halodule, unlike Thalassia, doesnot exhibit a “classic” photoacclimation

response(Dunton 1994, Lee and Dunton 1996) as previously reported for higher plants
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(reviewedby Boardman1977, Björkman 1981). Therefore,as indicatedby the data,no distinct

variationsin Halodulepigmentcontentwere noted. Halodulewas observedto be the dominant

speciesand exhibitedthe highesttotal chlorophyll content. Halodulewrighiii canbe classified

as an “opportunistic” species (Czerny and Dunton 1995), and the maintenanceof high

chlorophyll levels may contribute, in part, to this plant’s ability to tolerate environmental

disturbance(i.e. reductionsin light quality/availability).

High salinity valuesobtainedin ULM were probablyrelatedto a very limited water exchange

betweenthis areaand the Gulf of Mexico. Although both ULM and LLM arehypersaline,the

waterexchangein LLM is higher due to the proximity of the Mansfieldand Brazos-Santiago

Passes.Overall, nutrient levelswere low. Water column ammoniumexhibitedtwo peaks,one

nearthe mouth of Baffin Bay and againnearthe mouthof the Arroyo Colorado. Thesepeak

ammoniumvaluesmayhaveresultedfrom agriculturalrun-off and/ormunicipaleffluent into the

LagunaMadresystem.

Watercolumnchlorophyll concentrationswereestimatedby traditional spectrophotometric(this

chapter) and high performance liquid chromatography(HPLC) methods (Chapter IV).

Comparisonbetweenthesetwo techniquesyielded an excellentcorrelation(0.832),but despite

the positive correlation,chl valuesdeterminedby the spectrophotometrictechniqueconsistently

underestimatedchl contenton the samewatersample(Fig. 16). Additionally, HPLC appearsto

be more sensitive for detecting very low levels of chlorophyll, while at high pigment

concentrations(i.e., similar to thosenotedin ULM) traditional methodsmaybe moresensitive.
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Abstract

The major objectiveof the study of LagunaMadre sedimentgeochemistrywas to establishthe

general relationshipsamong major physical and chemical componentsof the sedimentsand

seagrassesasa guide to producingthe“below ground” part of the seagrassproductivity model.

The sediment-relatedfield efforts consistedof a major samplingcruise on the RV Longhorn in

June,1996, and afocusedsmall boatsamplingof Blucherplatformandpotential platform sites in

September,January,and May. On theLonghorncruise,24 “survey” siteswere studiedover the

lengthof LagunaMadrefor both seagrassbiology and sedimentgeochemistryto establishgeneral

relationships and 4 “super sites” were carefully studied using detailed depth profiles of

geochemicalparametersto provide guidancein constructingdiageneticmodels.The time series

measurementsat 5 siteswere donein a mannersimilar to the“super sites” to documenttemporal

changesandfurtheraugmentthedatabasefor modelconstructionandtesting.

Resultsdemonstratethatmostsedimentsin LagunaMadrearesandywith a relativelynarrow range

in their physicaland geochemicalcharacteristics. However, thereare local major exceptionsto

thesegeneralrelationshipsandin somecasesboth verticalandlateralheterogeneityis extremeeven

on a very small (cm in depth, m laterally) scale.Therewas generally little differencebetween

vegetatedand bareareas,exceptthat high dissolvedsulfide valueswere restrictedto bareareas.

The diageneticpatternin thesesedimentsis usually quite different from that in most estuarine

siliciclasticmudsin thatvirtually all diageneticactivity takesplacein theupperfew cmof sediment.

In grass beds, this is associatedwith the root zone. This diageneticpattern has demanded

substantialmodificationof pre-existingmodels.
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Part 1: Sediment Geochemistry at Survey Sites

Sampling, Analyses and Data

The samplingsites in Upperand Lower LagunaMadre were previously describedand given in

mapAl. Thegeneralaim was to obtain triplicatesamplesat 3 depths(0-2, 6-8, 18-20cm) from

eachsite, exceptfor glovebag-squeezersamplesfor oxygen-sensitivecompoundsthat, becauseof

logistic and time constraintswere only sampledat 1 depth (8-10 cm). Weatherand coring

difficulties in hard bottom and sandy sediments,along with the very low porosity of some

sedimentspreventedus from alwaysobtainingour idealgoals.Sedimentsampleswerecollectedby

hand using plastic core liner (7 cm i.d.) and cappedunderwater.Coresto be used for shore-

laboratoryanalysesof solids andsomeporewatercomponentswereimmediatelyfrozenon dry ice

andkeptfrozen until time of analyses.Coresfrom which pore waterwas extractedwere either

sectionedand waterextractedby centrifugationfor nofl-02 sensitivecomponentsor placed in a

glove bagundera high purity N2 atmospherewheretheywere sectionedandthenthesedimentwas

loadedinto Reeburgh(1967)-typesedimentsqueezers.The pore water from the squeezerswas

passedthrougha0.45 pm Nucleporefilter andthen into a syringe where it was storedin thedark

and refrigerateduntil thetimeof its analysis.

H2S wasmeasuredusingtheCline (1969)spectrophotometncmethod. Chloridewas measuredby

titration with silver nitrateandsulfateby ion chromatography.Dissolved organiccarbon(DOC)

wasdeterminedon an OIC carbonanalyzeranddissolvedinorganiccarbon(DIC) was determined

coulimetrically. Nutrients, and dissolved iron and manganese were determined

spectrophotometrically.pH was determinedon the Hansson (1973) pH scalefor seawaterby

injectingasubsampleof thepore waterinto a flow-throughcombinationpH electrodefor January

andMay time seriessitesonly. Solid sedimentsampleswere analyzedfor porosity by drying for

24 h at 110°C,grainsizeweight fraction lessthan63 pm (the sizedividing sandfrom silt + Clay

fractions)by wet sieving,and weight percentorganic-Cand inorganic-Cusing a LECO carbon

analyzer(macroscopicorganic material was removedprior to analysis). Acid volatile sulfides

(AVS) were determinedby the HCI + SnCl2 method of Cornwell and Morse (1987), and total

reducedsulfur ~FRS)was measuredusing the boiling Cr(II) + acid methodof Canfield et al.

(1986). “Reactive” iron and manganesewere extractedby both the boiling HCI and citrate

dithionite methods.Analytic resultsarereportedasaverageswherereplicatesampleswereobtained

for solid phasecomponentsin Table1 and porewatercomponentsin Table2. Individual analyses

aregiven in Table3.
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Table 1. Surveysite solids.

V frac I wt.% ~.tmol/gdw I

COE# Station Depth <63 p.m Org-C CaCO3 TRS AVS CD-Fe HCI-Fe_1 CD-Mn HCI-Mn
1 30 grass 0 to 2

6 to 8
18 to 20

0.65 30 1.41 17 8.35 4.36 3.73 37.2 ND L56
0.58 38 0.96 15 2.49 2.07 2.14 47.1 ND L60
0.49 37 0.52 10 1.70 2.09 0.49 46.3 ND 1.50

2 30 bare 0 to 2 0,55 13 0.52 21 4.23 2.27 1.96 25.7 ND 0.87
6 to 8
18 to 20

0.56 24 0.69 12 2.43 1.88 1.48 33.9 ND 1.29
0.47 37 0.47 9 1.36 1.11 0.76 50.9 ND 1.58

3 29 grass 0 to 2 0.47 22 0.21 18 2.44 1.68 1.40 32.1 ND 1.15
6 to 8 0.53 38 0.36 14 2.17 1.79 0.70 62.2 ND 2.10
18 to 20 0.47 40 0.35 13 1.19 1.04 0.55 50.3 ND 2.23

4 29 bare 0 to 2 0.44 8 0.17 24 2.41 2.94 1.78 16.6 ND 0.71
6 to 8 0.50 41 0.45 12 3.02 1.43 4.56 71.7 ND 2.70
18 to 20 0.46 36 0.40 10 3.09 1.25 2.20 62.4 ND 2.67

5 28 grass P to 2 0.44 6 1.30 ND 3.03 1.52 1.51 19.2 ND 0.61
6 to 8 0.47 18 0.33 12 1.92 1.13 1.72 33.9 ND 1.19
18 to 20 0.48 42 0.43 8 1.77 1.52 0.00 40.2 ND 1.76

6 28 bare 6 to 8 0.41 13 0.22 10 3.22 1.86 0.83 21.7 ND 0.83
7 27 grass 6 to 8 0.48 22 0.43 20 2.66 1.71 0.42 27.8 ND 1.54

18 to 20 0.53 34 0.51 15 1.33 0.89 0.50 45.8 ND 2.53
8 27 bare 0 to 2 0.46 8 0.24 14 2.89 1.70 1.24 20.2 ND 0.93

6 to 8 0.52 29 0.56 19 1.13 0.97 ND 42.9 ND 1.91
18 to 20 0.49 35 0.37 15 1.86 1.52 ND 51.5 ND 2.41

9 26 grass 0 to 2 0.49 19 0.33 26 2.09 1.54 1.42 53.8 ND 2.07
6 to 8 0.55 83 0.40 19 3.14 2.70 0.87 108.5 ND 3.50
16 to 18 0.55 86 0.42 20 1.96 1.54 0.91 129.0 ND 3.86

10 26bare Oto2 0.58 53 0.51 20 2.60 1.83 1.55 60.7 ND 2.15
6to8 0.56 81 0.39 19 1.79 1.57 0.94 113.8 ND 3.04
17 to 19 0.53 96 0.27 21 4.79 1.64 0.37 171.7 ND 4.43



11 25 grass 0 to 2
6 to 8
18 to 20

0.60 60 0.47 16 5.91 3.24 2.52 75.3 ND 2.89
0.54 69 0.43 18 3.32 2.64 2.52 64.9 ND 3.10
0.51 77 0.37 22 2.35 1.59 2.27 101.9 ND 3.36

12 25 bare 0 to 2
6 to 8
18 to 20

0.61
0.54
0.54

53
65
93

0.43
0.46
0.25

20
18
21

5.79
1.97
2.22

2.79
1.71
1.17

1.91
3.36
0.68

67.7
77.2

130.5

ND
ND
ND

2.55
3.06
3.34

13 24 grass 0 to 2 0.60 19 0.57 27 3.56 1.88 2.00 23.3 ND 1.23
6 to 8 0.51 29 0.55 17 4.96 2.85 2.58 37.8 ND 2.08
18 to 20 0.47 14 0.24 7 1.92 1.09 0.69 19.6 ND 0.70

14 24 bare 0 to 2
6 to 8
18 to 20

0.60 27 0.66 14 5.43 2.90 3.91 30.4 ND 1.41
0.58 37 0.54 16 6.25 3.43 2.69 33.3 ND 1.74
0.48 12 0.29 12 3.79 1.95 0.62 21.2 ND 0.99

15 22 grass
(no23)

0 to 2 0.89 84 5.41 38 9.25 4.23 10.26 74.7 ND 2.98
6 to 8 0.77 42 2.05 15 19.32 9.62 2.95 38.0 ND 1.39
l8to2O 0.58 15 0.46 11 4.24 1.57 0.56 19.5 ND 0.55

16 22 bare 0 to 2
6 to 8
18to20

0.71 22 1.27 14 5.12 2.12 1.99 23,6 ND 0.94
0.71 29 1.42 12 5.05 2.53 1.84 26.3 ND 0.89
0.55 19 0.50 11 3.30 1.91 1.91 27.5 ND 0.66

17 20grass Oto2 0.61 14 0.83 30 6.67 3.14 2.10 24.5 ND 1.27
6 to 8 0.49 17 0.32 34 2.92 1.16 1.32 18.6 ND 2.42
16 to 18 0.57 26 0.34 52 4.40 2.35 1.51 29.6 ND 2.92

18 20 bare 0 to 2 0.69 31 0.78 14 2.68 1.76 2.75 31.3 ND 1.47
6 to 8 0.72 55 0.83 12 6.05 3.43 3.54 36.8 ND 2.04
16 to 18 0.82 81 1.28 14 6.29 4.15 5.76 82.1 ND 6.22

19 l8grass Oto2 0.49 5 0.23 3 5.68 2.66 1.58 11.2 ND 0.35
6 to 8 0.47 11 0.30 2 3.56 1.41 0.62 8.9 ND 0.14
18 to 20 0.43 6 0.16 2 3.99 1.71 0.00 6.8 ND 0.26

20 18 bare Oto2 0.51 8 0.29 4 4.33 2.17 0.82 10.0 ND 0.34
6 to 8 0.49 13 0.29 4 4.77 2.43 1.13 15.8 ND 0.59
18to20 0.43 3 0.10 4 3.12 0.90 ND 3.1 ND 0.16



21 16 grass 0 to 2 0.62 17 0.92 21 6.29 2.80 1.71 17.2 ND 0.58
6 to 8 0.53 23 0.44 20 4.67 2.41 1.64 23.7 ND 1.03
18 to 20 0.53 20 0,63 45 7.10 3.24 1.67 23.8 ND 0.94

22 16 bare 0 to 2 0.72 25 1.56 12 6.40 3.05 1.97 21.3 ND 0.43
6 to 8 0.57 10 0.50 10 5.84 2.35 0.44 7.8 ND 0.32
18 to 20 0.54 19 0.54 18 3.30 2.41 1.37 17.5 ND 2.19

23 13 grass 0 to 2 0.66 12 1.13 29 7.65 3.60 1.65 10.7 ND 0.81
6 to 8 0.52 4 0.50 26 3.48 1.11 0.40 4.6 ND 0.32

24 13 bare 0 to 2 0.56 17 0.60 29 5.42 2.42 0.61 9.8 ND 0.63
6 to 8 0.53 18 0.43 51 3.69 1.85 0.79 15.3 ND 1.15



Table2. Survey siteporewaters.

1mM I I

4 29bare

5 28 grass

6 28bare

7 27 grass

17 20grass

CI

550

s’~
532
466
519
534

DOC H2S Fe

372j I~~J~I
Mn

~W~-P

2751 60 33 I 3.3j
1.761
I.67J
270! ~
1.511
175J
2 3~l21 0.5 10.0
1.281
2.32J,
134! 29 1.0 33
I.06J
6.40

!

26!! 156 1.6 3.5
1.41

!

3.67

!

1.331 235 1.5 0.6
1.301 -

756!

,

I0.77J 420 2.0 4.7

3.92

!

863

!

403! 1125 2.0 4.4
2.70!

612J

~ I 23.251 39 1.8 0.7
596 I~

I Station I Depth
1 3ograss Oto2

NH4I N03

71 0

Urea
22

2 3Obare 0102

P04
5

Si02
73

S04

28.3

SR
6 to 8
18 to 20

3 29grass Oto2

21
97 4

2
25

66

129
44

6 to R

6
261

5
4

57

18 to 20

49
40

50

26.9

5
3

0

) to 2

48
19

43
43

0

23.3

26.5
3

to 8
61

42
33

0
2

[8 to 20

26.7

98
41

0

) to 2

2

88
25 2

70
22

3
2

6108 88 0 36 5 68 26.0 529 2 17 192 2.6 2.7
_________ 18 to 20 34 3 34 5 67 24.6 496 2.47

________ - -- - -- 1.84
_________ 1.72 36 2.1 6.8

________ __________ 0.87
__________ 2.47

- 395 58 3.5 10.5

________ ________ 27 25.7 511

________ - 40 282 547 0.84
________ 66 267 526 1.25 29 1.9 4.9

______ 87 27.9 543
________ 12

6to8 42 2 58 6 14 28.7 551 1.49 20 1.6 1.7

_______ Sto2O , 32 0 45 9 46 _____

Oto2 ~‘ _____

to8 151 2 46 7 53 41 0.4 1.1

________ 18 to 20 ______________________________________________________________________

________ 2 — 28.0 536 2.15 21 1.4 3.1
________ _________ ___________ 1.56

_________ 16.1 283 4.16
________ 24 1.7 2.0

_______ 18to20 160 2 34 10 58 _________________________________
9 26 grass 0 to 2 52 0 26 5 86 29.3 555 1.51

36 5

o to 2
6 to R

8 27 bare

70 1 33

0102

18 to 20 33 3 39 3 187 26.0 I 508
72

281 2 42 12 3
Gto8 129 3 35 1 56

StoX 1 0 S 6 120 29.! 560
l6toIS 39 0 7 2 121 30.1 576

10 26 bare 0 to 2
6to8
18 to 20

56 0 20 4 61 30.5 583
68 I 18 6 61 29.9 575
86 2 30 5 77 28.8 56!

11 25 grass Oto2

6to8
181020

90 0 15 17 83 29.0 j~Q
92 0 27 15 159 29.0 563
72 0 28 14 83 28.1 555

12 25bare 01o2
6to8

18to20

65 0 21 6 50 29.2 562
101 0 22 7 38 29.1 560
110 0 18 16 64 27.3 531

13 24 grass Oto2

6to8
18to20

121 1 47 2 113 30.0 576
83 1 46 2 18 29.7 575
65 0 23 3 68 29.9 560

14 24 bare 0 to 2
6to8

18to20

55 2 38 52 30.5 581
164 2 37 3 37 29.7 580
142 2 33 2 13 27.8 547

15 22 grass 0 to 2
(no 23) 6to8

18to20

176 0 16 8 68 31.0 j.~4_
121 0 18 10 73 31.5 597
130 0 17 6 69 31.6 603

16 22bare Oto2
6to8

18to20

121 I IS 8 81 31.7 618
305 1 13 14 73 29.3 586

407 1 12 7 92 22.0 1781

16 to 18

0 to2 2440 0 9 3 94 32.3
6to8 2050 0 16 13 63 38.3

5430 0 8 22 186 29.2
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21 16 grass

6 to 8

Dto2
6 to 8
181020

6 108

4~

42
35
35

1280

0

0
0
0

0

12 7 34

18 20bare Oto2 213 7 73 32.5 612 1.24

6to8 213 I 10 16 134 32.3 612 2.23 591 2.4 2.7
_______ 16to18 1082 I 10 44 245 28.3 616 3.90

19 18 grass Oto2 15 0 tO 2 60 35.3 649 3.56
_________ - 28 1.0 1.1

_______ 18 to 20 56 0 7 2 29 34.4 629 116
20 18 bare Oto2 75 0 3 4 76 349 643 27

!

6to8 1480 0 3 37 34.2 626 37 0.8 0.0
_______ 18 to 20 79 0 3 4 42 __________

________ — — ~ 346 624 14.91
_________ 69 33.8 623 134 2.3 2.2

_____ _____ 5 sij’ ___

16 bare Oto2 43 7 32 I 34.8 631 4.25
- -_-- 1 ~ 257 2.4 0.7

________ 18to20 1001 0 21 2 48 31.8 601 0.97
23 13 grass Oto2 1150 I 17 8 58 36.2 654 4.20

6to8 1690 I 19 6 71 I 34.2 625 4.97 64 2.6 0.5
-_18to2~~~~I~I

24 13 bare Oto2 51 I 26 8 49 I 35.4 637

________ 18to20 ~ 57 I 18 6 25 3.! 0.5

3
22 20
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Table3. Individual analyses.

I v Frac I wt.% I jimovgdw I

COE# Station Replicat Depth Bottle (~) <63 jim Org-C Carb-C f TRS AVS CD-Fe HCI-Fe. CD-Mn HCI-Mn

1 30 grass I 0 to 2
6 to 8
181020

2 Oto2

6 to 8

18 to 20
3 0 to 2

6to8

18 to 20

274 0.65 28 0.84 1.66 8.03 4,35 5.41 30.0 <0.25 1.47

249 0.55 33 1.03 1.22 1.87 1.62 1.08 47.2 <0.25 1.50

257 0.48 33 0.41 1.10 0.62 0.48 0.36 38.7 <0.25 1.27

243 0.62 28 2.00 2,78 13.95 6.15 1.69 34.8 <0.25 1.44
276 0.63 44 0.99 2.66 3.25 2.59 3.86 59.1 <0.25 2.03

244 0.49 38 0.53 1.29 2.18 1.91 0.61 47.8 <0.25 1.55

264 0.68 35 1.38 1,75 3.08 2.58 4.1! 46.9 <0.25 1.77
265 0.55 37 0.86 1.54 2.36 2.01 1.48 34.9 <0.25 1.28

255 0.49 40 0.62 1.36 2.29 1.93 0.50 52.5 <0.25 1.68

2 3Obare I

2

3

Oto2 275 0.60 15 0.77 1.72 4.50 2.79 2.38 38.0 <0.25 1.05

6108 236 0.58 24 0.85 1.32 1.89 1.62 1.66 41.8 <0.25 1.64
18 to 20 294 0.50 40 0.46 1.07 0.81 0.50 0.87 53.4 <0.25 1.73

0 to 2 237 0.45 15 0.29 4.1! 3.92 1.66 1.46 14.2 <0.25 0.61

6 to 8 258 0.56 23 0.62 1.41 3.27 2.24 1,76 28.7 <0.25 1.22

18to20 282 0.46 35 0.44 1.22 1.93 1.66 0.73 49.4 <0.25 1.51
0 to 2 279 0.60 10 0.50 1.80 4.26 2.37 2.05 24.5 <0.25 0.95

6 to 8 262 0.54 26 0.59 1.73 2.12 1.79 1.04 31.2 <0.25 1.00
18 to 20 260 0.45 36 0.5! 1.01 1.35 .16 0.68 50.! <0.25 1.49

3 29 grass I 0102 253 0.47 22 0.21 2.22 2.44 = .65 1.40 32.1 <0.25 1.15

6 to 8 232 0.53 38 0.36 1.73 2.17 .79 0.70 62.2 <0.25 2.10
18 to 20 CT8 0.47 40 0.35 1.6! 1.19 1.04 0.55 50.3 <0.25 2.23

4 29 bare 1 0 to 2 336 0.44 8 0.17 2.94 2,4! 0.80 1.78 16.6 <0.25 0.7!
6 to 8 317 0.50 41 0.45 1.43 3.02 1.69 4.56 71.7 <0.25 2.70
181020 362 0.46 36 0.40 1.25 3.09 1.63 2.20 62.4 <0.25 2.67

5 28 grass 2 0102 148 0.44 6 1.30 0.00 3,03 1.52 1.51 19.2 <0.25 0.61
6to8 313 0.47 18 0.33 1.40 1.92 1.13 1.72 33.9 <0.25 1.19
18 to 20 205 0.48 42 0.43 0.96 1.77 1.52 <0.25 40.2 <0.25 1.76

6 28 bare 1

2

6108 220 0.41 16 0.26 0.92 3.7! 2.04 0.97 21.9 <0.25 0.91
610 8 219 0.42 9 0.17 1.56 2.73 1.68 0.68 21.4 <0.25 0.74

7 27 grass I 6to8 251 0.48 12 0.34 2.82 2.60 1.49 0.44 15,5 <0.25 0.96
18 1020 296 0,5! 34 0.47 1.50 1.11 0.93 0.56 38.7 <0.25 2.10

6108 226 0.49 3! 0,51 2.02 2.72 1.92 0.40 47.4 <0.25 2.11

18 to 20 286 0.55 35 0.55 2,04 1.54 0.84 0.44 52.9 <0.25 2.96

8 27 bare I 0 to 2 268 0.46 8 0.24 1.72 2.89 1.70 1.24 20.2 <0.25 0.93

610 8 229 0.52

0.49

29

35

0,56

0.37

2.30

1.77

1.13

1.86

0.97 <0.25 42.9 <0.25 1.91



-4

1~
-4

grass I 0 to 2
6to8

16 to 18

196 0.49 19 0.33 3.14 2.09 1.54 1.42 53.8 <0.25 2,07

188 0.55 83 0.40 2.33 3,14 2.70 0.87 108.5 <0.25 3.50

161 0.55 86 0.42 2.36 1.96 1,54 0.91 129.0 <0.25 3.86

bare 2 Oto2
6 to 8

17 to 19

180 0.58 53 0.5! 2,36 2.60 1.83 1.55 60.7 <0,25 2.15

15! 0.56 8! 0.39 2.25 1.79 1.57 0.94 113.8 <0.25 3.04
154 0.53 96 0.27 2.53 4.79 1.64 0.37 171.7 <0.25 4.43

grass 1 0 102

6 to 8

18 to 20

2 0 102

6 to 8
18 to 20

3 0102

6 to 8

18 1020

356 0.59 62 0.43 2.09 3.24 2.17 2.96 70.0 <0.25 3.15

348 0.52 69 0.42 1.95 1.65 1.50 1.93 65.7 <0.25 3.02

360 0.51 56 0.41 2.27 2.32 1.67 1.60 53.4 <0.25 2.60

341 0.60 60 0.49 2.03 4.36 2,48 3.23 71.1 <0.25 2.94

326 0.54 63 0.45 2.15 1.90 1.61 2.79 70.8 <0.25 3.15

320 0.54 77 0.46 2.35 3.24 2,73 2,19 101.7 <0.25 3.67

202 0.61 57 0.50 1.81 10,12 5,08 1.38 85.0 <0.25 2.57

204 0.57 76 0.41 2.37 6.40 4.80 2.85 58.3 <0.25 3.14

344 0.49 98 0.25 3.23 1.49 0.36 1.38 150.7 <0.25 3.81

bare I

2

3

0102 195 0.62 59 0.45 2.59 6.34 3.04 2.17 77.0 <0.25 2.78

6to8 357 0.5! 61 0.43 2.15 1.66 1.44 1.81 62.1 <0.25 2.82

18 to 20 200 0.54 87 0.31 2.21 2.01 1.73 0.61 119.7 <0.25 3.17

Oto2 170 0.60 50 0.43 2.48 5,06 2.61 1.89 57.1 <0.25 2.28

6 to 8 355 0.55 70 0.53 1.97 1.74 1.44 2.46 80.2 <0.25 3.10
18 to2O 176 0.53 94 0.23 2.82 1.73 0.78 0.90 126.3 <0.25 3.48

Oto2 177 0.61 51 0.40 2.15 5.97 2.73 1.66 69.2 <0.25 2.58

6 to 8 167 0.57 63 0.43 2.40 2.52 2.26 1.55 89.3 <0.25 3.27

18 to 20 182 0.55 9’7 0.21 2.54 2.92 1.00 0.54 145.6 <0.25 3.37

grass I
.

0 to 2 540 0.60 19 0.57 3.25 3.56 1.88 2.00 23.3 <0.25 1.23
6 to 8 515 0.51 29 0.55 2.08 4.96 2.85 2.58 37.8 <0.25 2.08
18 to 20 507 0.47 14 0.24 0.85 1.92 1.09 0.69 19.6 <0.25 0.70

bare I

2

3

0 to 2 531 0.65 40 0.80 1.66 6.76 3.44 1.92 35.4 <0.25 1.50

6 to 8 509 0.61 45 0.61 2.18 8.28 3.99 2.80 35.4 <0.25 2.01
Oto2 524 0.63 26 0.75 1.90 5.37 3.00 7.12 34.3 <0.25 1.71
6to8 516 0.54 44 0.51 1.68 6.26 3.64 2.01 35.4 <0.25 1.83
18 to 20 537 0.44 7 0.16 1.83 4.47 1.73 0.46 12.3 <0.25 0.54

Oto2 517 0.53 16 0.44 1.55 4.15 2,26 2.69 21.5 <0.25 1.02

6to8 522 0.60 21 0.49 1.8! 4.20 2.66 3.25 29.0 <0.25 1,38

18 to 20 556 0.52 16 0.41 1.10 3.11 2.16 0.77 30.1 <0.25 1.44
grass 3

(no23)

0102 377 0.89 84 5.41 4.59 9.25 4.23 10.26 74.7 <0.25 2.98

6to8 J 492 0.77 42 2.05 1.81 19.32 9.62 2.95 38.0 <0.25 1.39

18 to 20 J 379 0.58 15 0.46 1.37 4.24 1.57 0.56 19.5 <0.25 0.55



-4

1~
-4

16 22 bare I

2

3

0102 375 0,77 27 1.74 2.38 7.10 3.39 2.00 33.1 <0.25 1.29

6to 8 399 0.82 52 2.62 2.56 4.81 2.47 3.15 46.8 <0.25 1.77
18 1020 417 0.59 18 0.54 2.17 4.12 2.58 1.83 28.2 <0.25 0.77

Oto2 404 0.69 20 0.92 1.55 3.07 1.65 2.05 19.1 <0.25 0.63

6 108 394 0.65 10 0.82 0.80 4.62 2.31 1.08 13.0 <0.25 0.36

18 1020 368 0.64 35 0.81 1.25 3.33 2.38 1.99 46.7 <0.25 1.19

0102 429 0.68 20 1.15 0.96 5.19 1,32 1.93 18,7 <0.25 0.90

6 108 400 0.65 24 0.81 0.91 5,73 2.82 1.30 19.2 <0.25 0.54
18 1020 402 0.43 3 0.14 0.56 2.44 0.76 <0.25 7.6 <0.25 0.04

17 20grass 2 0102 363 0.61 14 0.83 3.57 6.67 3.14 2.10 24.5 <0.25 1.27
6 to 8 433 0.49 17 0.32 4.06 2.92 1.16 1.32 18.6 <0.25 2.42
16 to 18 495 0.57 26 0.34 6.29 4.40 2.35 1.51 29.6 <0.25 2.92

18 20bare 3 Oto2 403 0.69 31 0.78 1.63 2.68 1.76 2.75 31.3 <0.25 1.47
6to8 412 0.72 55 0.83 1.48 6.05 3.43 3.54 36.8 <0.25 2.04
l6to 18 415 0.82 81 1.28 1.67 6.29 4.15 5.76 82.1 <0.25 6.22

19 18 grass 2 0102 512 0.49 5 0.23 0.32 5.68 2.66 1.58 11.2 <0.25 0.35
6108 476 0.47 11 0.30 0.22 3.56 1.41 0.62 8.9 <0.25 0.14

18 to 20 555 0.43 6 0.16 0.20 3.99 1.71 <0.25 6.8 <0.25 0.26
20 18 bare 3 0 to 2 557 0.51 8 0.29 0.51 4.33 2.17 0.82 10.0 <0.25 0.34

610 8 549 0.49 13 0.29 0.49 4.77 2.43 1.13 15.8 <0.25 0.59

18 to 20 56! 0.43 3 0.10 0.54 3.12 0.90 <0.25 3.1 <0.25 0.16

21 16 grass 2 0102 41! 0.62 17 0.92 2.58 6.29 2.80 1.71 17.2 <0.25 0.58

6to8 638 0.53 23 0.44 2.40 4.67 2,41 1.64 23.7 <0.25 1.03
18 to 20 629 0.53 20 0.63 5.43 7.10 3,24 1.67 23.8 <0.25 0.94

22 l6bare 2 Oto2 646 0.72 25 1.56 1.43 6.40 3.05 1.97 21.3 <0.25 0.43
6 to 8 637 0.57 10 0.50 1.23 5.84 2.35 0.44 7.8 <0.25 0.32

18 to 20 410 0.54 19 0.54 2.22 3.30 2.41 1.37 17.5 <0.25 2.19

23 13 grass 2 0 to2 270 0.66 12 1.13 3.54 7.65 1.65 10.7 <0.25 0.8!

6to8 315 0.52 4 0.50 3.08 3.48 .11 0.40 4.6 <0.25 0.32
24 13 bare 3 0102 585 0.56 17 0.60 3.53 5.42 2.42 0.61 9.8 <0.25 0.63

6to8 622 0.53 18 0.43 6.09 3.69 ~I.85 0.79 15.3 <0.25 1.15



I jiM I mM I

COE# I Station Replicat j Depth NH4 N03 I Urea j P04 I Si02 I S04 I Cl DOC
1 3ograss I

2

3

Oto2 75 ND 15 4 63 29.2 561 4.49
6 to 8 173 ND 53 5 69 27.7 557 2.46

18 to 20 37 3 2 3 68 26.0 517 0.99

Oto2 61 ND 6 82 28.3 553 3.24
6to8 51 ND 36 6 69 25.4 513 2.41

18to20 32 2 42 5 71 24.8 515
0 to 2 78 ND 30 5 74 27.4 537 3.42

6to8 41 ND 20 4 65 25.7 517 1.63
18 to 20 34 ND 39 6 63 23.0 455 3.95

2 30 bare 1

2

3

0 to 2 49 1 23 4 66 26.6 524
6to 8 79 2 26 4 60 26.6 527
18to20 140 1 38 2 55 22.9 472
Oto2 57 ND 25 1 61 26.3 513

6to8
18to20

139 3

138 10

28

50

10
10

68
69

27.3
~

544
1JIIIT

1.7
Oto2 68 ND 22 2 70 26.0 502

6to8 73 7 21 3 44 26.8 524

18 to 20 109 4 59 3 20 23.7 460 0.8

3 29 grass 1 0 to 2 44 4 40 3 19 26.5 519 2.47
6to 8 50 ND 43 3 33 26.7 534. 3,~

27. 5111

~
~

o,
12

141
‘

53
89’_2 1.4 5 1.7

125 2j.l ‘1 1.2
54 26.6 518 2.5,

18to20 43 ND 42 2
4 29 bare 1 Oto2 61 ND 41 2

6to8 9 ND 25 2
18to20 8 ND 22 2

S 28 grass 2 0 to 2 70 3 36 5

6to8 42 3 58 6
18to20 32 ND 45 9

6 28 bare I
2

6to8 152 2 47 6

6to8 149 ND 44 7
7 27 grass I 6to8 85 3 34 2

18to20 33 3 43
6to8 54 3 32 2
18to20 32 3 34 3 248 26.7 524 1

2~_~

—

I 2.75
576 1.76

8 27 bare 1 Oto2 281 2 42 12 3, 1,1

3.

29.1

6to8 129 3 35 1 “

120’

18to20 160 2 34 10

9 26 grass 1 Oto2 52 ND 26 5

6to8 58 ND 5 6
16to18 39 ND 7 2 121 30.1

10 26 bare 2 0 to 2 56 ND 20 4 61 30.5 583 1.67
6 to 8 68 1 18 6 61 29.9 575 2.70

17to19 86 2 30 5 77 28.8 561 1.51

VII- 14



11 25 grass 1

2

3

0 to 2 100 ND 30 41 126 28.6 539 2.62
552 1.85
549 147
531 1.3!

6 to 8 65 ND 28 10 65 28.8
18 to 20 65 ND 30 17 58 27.6
Oto2 100 ND 10 7 70 28.3
6to8 125 ND 27 11 148 28.5 555 3.46

18 to 20 87 ND 24 18 136 28.4 567 167
551 1.32Oto2 71 ND 6 2 54 29.6

6 to 8 87 ND 26 25 265 29.6 581 1.73
18 to 20 65 ND 31 6 56 28.3 550 0.70

12 25 bare 1

2

3

0 to 2 68 ND 28 5 41 29.2 544 3,3
6to8
18 to 20

75
68

ND
ND

28
15

7
2

32
8~

29.5 557 1.6

Oto2 61 ND 10 6 56 29.0 598 — .84
6to8 122 ND 8 7 40 28.6 554 — .13

526
544 1.7

18to20 167 116 24 40 77 26.1
0 to 2 65 ND 24 7 54 29.5
6toS 106 ND 30 8 41 29.1 568 1.2
18to20 94 ND 14 7 25 28.4 535 0.9

13 24grass 1 Oto2 121 1 47 2 113 30.0 576 6.4
6 to 8 83 1 46 . 2 18 29.7 575 2.61
18 to 20 65 ND 23 3 68 29.9 560 1.41

14 24bare 1

2

3

Oto2 59 2 37 . 110 30.7 582 2.15
6to8 144 2 39 2 67 30.7 593

Oto2 53 2 39 1 41 30.6 581
6to8 169 2 35 2 29 29.8 582
18 to 20 159 2 34 2 11 ,

Oto2 53 2 39 1 6 30.3 580
6to8 178 2 38 4 16 28.8 564 1.8
18 to 20 125 2 31 15 27.8 547 1.28

22 grass
(no23)

3 Oto2 176 ND 16 8 68 31.0 594 7.56
6to8 123 ND 18 10 73 31.5 597 10.77
18 to 20 130 ND 17 6 69 31.6 603 3.92

22 bare 1

2

3

~

0 to 2 101 1 17 7 94 32.6 627 7.71
6 to 8 409 ND 15 17 60 27.0 565 4.69
18to20 377 1 13 9 110 16.3 3012 2.90
Oto2 148 1 14 8 70 30.9 610 11.06
6to8 210 ND 12 9 61 31.4 603 3.89
18 to 20 346 ND 12 7 84 27.6 549 2.49
Oto2 115 1 13 10 76 31.6 616 7.12
6 to 8 295 1 II 16 29.61 589f 3.52

32.3 612
38.3 597 23.25
29.2 596,

32.5 612 1.24

I
18to20 498 1 12 83,

20grass 2 0 to 2
6to8
I6to 18

2440 ND 9 3 94
2050 ND 16 13 63
5430 ND 8 22 186

2Obare 3 Oto2
6to8
!6to18

213 1 13 7 73
213 1 10 16 134 32.3 612 2.23

1082 ND 10 44 245 28.3 616 3.90

18 grass 2 0102
6to8
18to20

15 ND 10 2 ,,,,,,,,60

29

35.3

34.4

649•
629

3.56

1.16
44 ND 12 2
56 ND 7 2
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jiM

COE# Station Replicat H2S I Fe I Mn
1 30 grass 1 192 2.6 2.7
2 30 bare 1

2
3

42 4.2 14.2
23 1.2 4.6
43 0.9 1.7

3 29 grass 1
2

71 3.5 11.3
45 3.5 9.7

4 29bare 1
2
3

2.7 1.1
29 2.4 8.6

0.6 4.9

5 28grass 1
2
3

25 2.1 2.0
28 1.3 2.0
20 1.3 . 1.1

6 28 bare 1
2

40 0.1 1.1
42 0.6 1.1

7 27 grass 1
2
3.

23 1.3 2.3
23 1.3 3.0
14 1.6 3.9

8 27bare 1
2
3

23 0.1 1.2
24 3.1 3.9
24 1.8 0.9

9 26 grass 1
2
3

88 2.4 0.9
47 1.1 0.9
46, 6.4. 8.2.

~
57

8.1
21 0.3’ 11.8

10 26bare I
2

11 25grass 1
2
3 22 0.6 10.2

12 25 bare

~

1
2
3

43 1.1 4.9

22 1.3 1.8
23

~
77

219

0.6

~
1.6

2.4

3.3

~
3.5

0.7

13 24 grass 1
2
3

14 24 bare 2
3 250 0.6 <0.5

15 22grass 1

2
3

3.4 9.3
412 1.6 3.3
428 1.1 1.5

16 22 bare 1
2
3

978 2.3 4.9
1282 2.1 3.5
1114 1.6 4.9

17 20 grass 1
2

3

25 1.1 <0.5
72 3.4 0.9

19 0.8 0.5
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18 20 bare 1

2

625 2.1 0.9
556 26 4.4

19 18 grass 1
2
3

23
. 48

.3
~

0.7
~

14 0.6 1.5

20 l8bare 1

3
47
27 0.8 <0.5

16 grass 1
2

3

154 1.6 2.1

181

6~

2.9

~

2.2

~
22 16 bare 1

.7

427
R#~

2.4 0.7
~

13 grass 1
2
.7

48 3.1 <0.5
65

1 L I

2.1
~

<0.5
~-
~

13 bare 3 25 3.1 <0.5
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Results

~Comnents

It is commonlyobservedthat manysedimentparametersoften correlatewith the portion of the

sedimentin the silt plus clay (<63 jim) size fraction relativeto the sandcomponent. Figure 1

shows the relativeabundanceof sampleswith different contentsof the silt plus clay fraction.

The sedimentsin LagunaMadre are far from uniform in their grain size distribution and are

dominatedby poorly sortedsandysediments(79%are>50% sandfraction). Adjacentgrassand

baresites havebeenplotted againsteachother for different sedimentdepths in Figure 2. For

about90%ofthesitesthereis relatively goodagreementbetweenthe pairedvalues. Thereis no

clearcut trend for othervariationsthat probablyjust reflect local variability. It, therefore,does

not appearthat the potential baffle-effect of the seagrassbeds is leadingto a significantly

enhancedaccumulationof fine-grainedsediments.The relationshipsof carbonate-C,organic-C

andporosity to the<63 jim (silt plus clay ) grainsize fractionareshown in Figure3. The data

havebeendividedinto grassandbareareasandthe 3 samplingdepths.Two trendsareapparent

in the relationshipbetweencarbonate-Candgrainsize. One group of dataarelargely confinedto

about 1 to 3 weight percentcarbonate-Cand are largely independentof grainsize distribution.

The other group of dataexhibitsawide rangeofcarbonate-Cvalues,but is largely confined to

sedimentswith >75%sandfraction. The highvaluesarerestrictedto seagrassbedsand probably

reflect the presenceof bivalves and mollusks preferentially living there. Organic-C exhibited a

similar dual trend relativeto grainsize, one being fairly typical of what is commonly seenand

anotherwith awiderangeof valuesin the sand-richsediments.(Note the onevalueat 5.4 wt,%

probablyhadroot materialin it.) The highorganic-Cvaluesaregenerallyrestrictedto the 0-2 cm

depthsamplesandthereappearsnot to be majordifferencesbetweenbareandgrassareaswhen

macroscopicroot material is carefully removed. Although not as clear cut, porosity also

exhibitedatendencyto havetwo trendswith respectto grainsize. Thewide rangein porosities,

from about0.4 to 0.8, for sand-richsedimentsdoesnot seemto havea strong relationshipasto

whetheror not the sedimentwas vegetated.TRS concentrationsdid not appearto bear any

relationshipto sedimentgrainsize (Figure4) and were generallyat leastan order of magnitude

lessthan is typical for fine-grainedsiliciclastic marinesedimentsin the Gulf of Mexico region.
2 . . . . . . .HCl extractableFe exhibiteda linearly (r = 0.86) mcreasingrelationshipwith increasingsilt and

clay content(Fig. 5),whereastheFe derivedfrom theweakercitrate dithionite extractionwas at

very low concentrationsandshowedno relationshipto grain size. This was also true for HC1

extractableMn. Citrate dithionite extractableMn was below (<0.25 jimol!gdw) analytical

detectionlimits.
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Figure 1. Relativeabundanceof samplescontainingdifferentpercentagesofthe<63 jim grainsize
fraction.
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Figure2. Plotof the<63j~mgrainsizefractionin adjacentbareversusvegetatedareas.Circles
0-2cm; squares6-8cm; triangles 18-20cm.
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Figure4. Relationshipbetweentotalreducedsulfur (TRS)andsedimentgrainsize.
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Figure5. Acid volatile sulfides(AVS) versustotalreducedinorganicsulfur (TRS). Heavy line is
linear leastsquaresfit andlight line is for 50% TRS as AVS.
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Two interestingrelationshipsin the sedimentarysulfur systemin LagunaMadre are shown in

figures5 and6. Thefirst is that theportionofTRS asAVS is very closeto constantat 50% for all

samplesmeasured, This is much higherthan is typical for most nearsediment-waterinterface

anoxicmarinesedimentswheretypical maximumvaluesareabout5 to 10 percentof TRS asAVS.

The lack of major differencesAVS:TRS with depth, grain size, organic-Ccontentor between

vegetatedand bareareasis amazing.Anothercommonlyobservedrelationshipis that the weight

ratio of sedimentaryorganic-C to TRS is about 2.8 for most “normal” marine sediments.

However, theC/S ratiohereis aboutan orderof magnitudehigher.

PoreWaterComponents

Therelationshipsamongthe dissolvedcomponentsthat weredeterminedin sedimentpore waters

will be discussedin this section. In the following section the interrelationships between

sedimentarysolidanddissolvedcomponentswill be presented.The two pore watercomponents

of centralconcern,for the study of the relationshipbetweensedimentchemistryand seagrasses,

areammoniumandhydrogensulfide. Figure7 is aplot of dissolvedammoniumconcentrationsin

seagrasssedimentsplottedagainstthosein adjacentbareareas. Most of the sitesstudiedcluster

tightly in the relatively low (<‘-~300jiM) region. Other sites fall into two distinctly different

trends. In the first, bareareasshow substantiallyelevatedammoniurnconcentrationsrelativeto

seagrasssedimentsand, in the second, the opposite relationship is observed. The highest

ammoniumconcentrationsoccurin seagrassbeds.

Figure 8 is a plot of dissolved hydrogen sulfide concentrationsin seagrasssedimentsplotted

againstthosein adjacentbareareas. Most of the sitesstudiedclustertightly in the relatively low

(<—~l0Oj~M)region. With theexceptionof onesite, wheretheseagrasshydrogensulfide is higher

thanthatof theadjacentbarearea, in sedimentswith elevatedhydrogensulfide concentrationsthe

bare areasare generally substantiallyhigher than in sedimentscovered by seagrasses. The

relationshipbetweenhydrogensulfide andammoniumis shown in Figure 9 (note H25 dataare

from 8 to 10 cm and NH4~data are from 10 to 11 cm depth), where sedimentswith elevated

hydrogen sulfide concentrationstend to have low ammonium concentrationsand those with

elevatedammoniumconcentrationstendto havelow hydrogensulfide concentrations.This occurs

for both baresedimentsandthosecoveredby seagrasses.

The relationshipbetweenthe dissolvednutrientsphosphateand ammoniumis also of potential

interest. It is shownin figures 10 and 11. Most of thedataclusterin an areaof P04< 20 jiM and

NH4 < 400jiM. With theexceptionsof one sample(therealwaysseemsto be one) the otherdata
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Figure7. The relationshipbetweenporewaterammoniumconcentrationsin sedimentscoveredby
seagrassandin bareareas.Circles 0-2cm; squares6-8 cm; triangles18-20cm.
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I

pore water hydrogen sulfide concentrationsin sediments
Note that thesedataareall from about8 to 10 cmdepth.
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Figure9. The relationshipbetweenporewaterammoniumandhydrogensulfide concentrationsin
sedimentscoveredby seagrass(solid circles)andin bareareas(open circles).
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Figure 10. Dissolvedphosphateversusdissolvedammonium.Circles 0-2 cm; squares6-8 cm;
triangles18-20cm. Solid symbolsarefor sedimentscoveredwith seagrassandopen symbolsare
for sedimentsfrom bareareas.
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Figure 11. Expandedplot of dissolvedphosphateversus dissolvedammonium.Circles 0-2 cm;
squares6-8 cm; triangles18-20 cm. The line of N = 16 x P is for the Redfieldratio of marine
organicmatter. Solid symbols arefor sedimentscoveredwith seagrassandopen symbolsare for
sedimentsfrom bareareas.
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remain in the sameapproximatephosphateconcentrationrange but show substantiallyelevated

ammoniumconcentrations.Therealso appearsto be no strong dependenceon whetheran areais

coveredwith seagrassor barein theserelationships.The expandedview of the low concentration

field data (Fig. 11) shows that, although thereis considerablescatter, many of the pore waters

havea reasonablycloseN:P ratio to that of the Redfield ratio for marine organic matter. Again

there is no apparentstrong difference for pore waters from beneathseagrassbeds and bare

sediments.

Dissolvedorganic carbon(DOC) concentrationsin bare versus seagrasscovered sedimentsare

shownin Figure 12. For mostsites,therearerelativelysimilarconcentrationsof DOC in bareand

seagrasscoveredareas.However, for severalsitesDOC is substantiallyhigher in the root zoneof

sedimentsfrom the seagrassbeds. Dissolvedhydrogen sulfide and ammoniumconcentrations

havebeenplotted againstDOC in Figure 13 (noteNH4 andDOC 6 to 8 cm; H2S 8 to 10 cm). The

elevatedH2S andNH4 valuesfound in a few samplesarealso associatedwith moderate(>‘-3000

jiM) to high DOC values.This probablyreflectsgreaterbiologic metabolismoccurringwithin these

sediments.

Ureais at exceptionallyhigh concentrationsrelative to ammoniumin many sedimentsand may

representan important componentof nitrogen in the Laguna Madre ecosystemthat has not

previouslybeenconsidered.Dissolved iron and manganeseare at very low (generally<10 jiM)

concentrationsin porewatersthroughoutthe areasampled.The extentof sulfatereduction in pore

watersis alsosmall with usuallyless thana 5% depletionrelativeto Cl occurring. This low extent

of sulfate reduction reflects a limitation of metabolizableorganic carbon for sulfide production

ratherthanthe availability of dissolvedsulfate.

RelationshipsBetweenSolid andDissolvedComponents

Althougha verylarge numberof parameterscould be comparedfrom the numerousanalyticdata,

only thosemostprobableto be of significanceto the relationshipbetweenseagrassesandsediment

geochemistrywill be examinedhere.The focuswill largely be on the relation of solid sedimentary

organic-Cconcentrationandrelateddissolvedproductsof its remineralization.Figure 14 showsthe

relationshipsbetweenH2S and organic-C,andDOC and organic-Cfor sedimentsbeneathbare

areasandseagrassbeds(noteorganic-CandDOC 6 to 8 cm; H2S 8 to 10 cm). Although the data

contributingto trendsat higherconcentrationsareratherlimited and,thereforemust be treatedwith

caution, it appearsthat thereare closeto linear trendsbetweenH2S and organic-C,that are quite
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Figure 12. Dissolved organic carbon (DOC) concentrationsin bare versus seagrasscovered

sediments.Line is for a 1:1 ratiofor pairedsites.Circles 0-2 cm; squares6-8 cm; triangles18-20

cm.

1500 I I 1111111111 111111

- 2450

-~ 1000

=
z

0
~“C,C 500
1

A
0 I I I I I I I I I I I I I I I I

0 5000 10000 15000 20000 25000

DOC (jiM)

Figure 13. H2S (circles)and NH4 (triangles)concentrationsversus DOC for seagrass(solid) and
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different for bareand seagrass-coveredareas. Although a numberof explanationsare possible,

two attractive ones are that supply of 02 to seagrasssedimentsis depressingH2S in these

sedimentsor that theorganicmatterin thesesedimentsis moreresistantto metabolismby sulfate

reducingbacteria. With theexceptionof thealwaystroubling onevery high-DOGpoint, therealso

is ageneraltrendfor increasingDOCwith increasingorganic-C. However,theredoesnot appear

to beamajordifferencein trendsfor bareandgrassareas. No similartrendwasobservedbetween

NH4 andorganic-C. The relationshipin the sulfidesystembetweendissolvedhydrogen sulfide

andtotal reducedinorganicsulfur (TRS) is presentedin Figure 15. Mostdataclusteredat very low

valuesfor both parameters.However,in bareareasthereis a majorincreasein H2S at a valuefor

TRS of about6 jimol/g.

Discussion

For most samples,analyticvaluestendto be largely clusteredovera narrow and oftenquite low

rangeof values. After examiningour current databasein light of the objectiveof this study, to

determinethe relationshipbetweenseagrassbedsin LagunaMadre andsedimentgeochemistry,it

was decidedto focus on the parametersof fraction of solids in the <63 jim size range, weight

fractionorganic-C,andTRS, NH4, P04, DOC and H2S concentrations.Basedon thepreviously

describedrelationshipsand figures “normal” rangesfor theseparameterswere chosenfor Laguna

Madresediments.Theyare: <50 wt.% silt and clay fraction (<63 jim); <I wt.% organic-C; <8

,umol/g TRS;<500 jiM NH4, , <12 pM P04, <4000 jiM DOG; and <200 jiM H2S (the value

abovewhich it maynegativelyinfluenceseagrasses).Sampleswith valuesoutsidetheselimits are

summarizedin Table4 andrepresent“anomalous”sedimentsfor this area.It is importantto note

that this terminologyof “normal” is basedon theobservationthatabout95% of thedata fall within

the above ranges.However, the proportion of sites having at least one datavalue out of the

“normal” rangeis higherdueto the largenumberof analysespersite.

Thepercent“anomalous”valuesfor the variousparametersare: grainssize 21%; organic-C10%;

TRS 5%; NH4 13%; P0413%; DOG26%; and H2S 21%. If thespoil bank (COEsites9 and 10,

our station26) and thenearbysitewhich is alsoin thevicinity theArroyo Colorado(COEsites 11

and 12, our station 25) are droppedfrom consideration,then the percentanomalousgrain size

drops to 5%. 69% of theanomalousDOG valuesare in grassbeds,noneof which are Thalassia

beds,whereasall but 1 (80%) theanomalousH2S valuesarein bareareas.An interpretationof this

observationis thatthe influenceof the seagrassesis to elevateDOG, possibly as exudates,and
keepH2S down by pumpingoxygen into the sediment. The compositionof “typical” Laguna

Madresedimentsdoesnot appearto be stronglyinfluencedby the presenceor absenceof seagrass
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beds. It is of centralimportanceto theobjectivesof this studythat thesesedimentscontrastsharply

with those found in dredgedchannels. Average values from six sites, 3 in lower and 3 in upper

LagunaMadre, are 82% <63 jim grain size fraction, 1.9 wt. % organic-C and 2957 jiM NH4.

They arethusmuchfiner grainedandcontainroughly doublethe organic-Cand6 timestheNH4 as

the upper limits for the “typical” sediments. These major compositional differencesraise the

possibility that depositionof channel maintenancedredgedsedimentsin seagrassareashas the

potential to significantly alter the sedimentaryenvironmentand this may impact the vitality of

grassbeds. The observationthat an old dredgedeposithad, with the exception of grain size,

largelyevolvedinto ageochemicalcompositionsimilar to mostotherLagunaMadre sedimentsis at

leastsuggestivethatwith time recolonizationof suchareasis possible.

0 5 10 15 20

IRS (jimol/g)

Figure 15. The relationship betweendissolved hydrogen sulfide and total reduced inorganic

sulfur. Solid circlesare from beneathseagrassbedsandopencirclesarefrom beneathbareareas.
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Table 4. Summary of sampleswhosedata falls outsideprescribed“normal” ranges.L = Lower
LagunaMadre; U= UpperLagunaMadre;I = Thalassia;S = S ringodium;H = Halodule.
COE# Station Depth :63 jim Org-C TRS NH4 P04 DOC H2S

1 30 grass, L, 1 0 to 2 1.41 8.35

5 28 grass, L, T 0 to 2 1 .30
9 26 grass, L, S

spoil bank
6 to 8 8 3
16 to 18 86

1 0 26 bare, L
spoil bank

0 to 2 5 3
6 to 8 8 1
17to19 96

11 25grass,L,S Oto2 60 17
6to8 69 15
18to20 77 14

1 2 25 bare, L 0 to 2 53
6to8 65
18to20 93 16

1 3 24 grass, L, S 0 to 2 6939

1 4 24 bare, L 6 to 8 235
1 5 22 grass, L, S 0 to 2 84 5.41 9.25 7920

6to8 2.05 19.32 11126 420
18 to 20 4279

16 22 bare, L Oto2 1.27 9321
6to8 1.42 14 4721 1125

1 7 20 grass, U, H 0 to 2 2440
6 to 8 2050 1 3 23496
16 to 18 5430 22

1 8 20 bare, U 6 to 8 55 16 591
16 to 18 81 1.28 1082 44 5260

1 9 18 grass, U, H 0 to 2 5125
2 0 18 bare, U 6 to 8 1480
21 l6grass,U,H Oto2 17046
2 2 16 bare, U 0 to 2 1.56 5849

6to8 1280 257
18to20 1001

2 3 13 grass, U, H 0 to 2 1.13 1150 5246
6to8 1690 5975
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Part 2: Sediment Geochemistry at “Super” Sites

Sampling and Data

Fortunately,largelyattheurgingof Dr. Eldridge, four siteswerechosenfor detaileddepthprofiles

within sedimentsto betterunderstanddiageneticprocessesand providemoredetailedinformation

for constructionof seagrass-sedimentinteraction models. These sites were at seagrassbeds

representingeachof the threespeciesof seagrassesin LagunaMadreand abarearea. Multiple

coreswere collectedat eachsite, someof which werefrozen for subsequentanalysesand others

that were processedimmediatelyfor certain pore water componentssuch H2S (see previous

section),Wherepossible(3 of 4 sites),coreslong enoughfor profiles down to 24 cm were taken.

Dataarepresentedin tables5 and6.

Results

There is a strong trendat all sites of decreasingporosity with depth indicating relatively rapid

compactionof thesediment.Thevery low porositiesin lower partsof thecoresmadeextractionof

porewaters in sufficient volumefor all analysesoften impossible. The silt and clay grain size

fractiongenerallyexhibitedwide variationsovershortdepthintervalsindicating highly non-steady-

statedeposition,with sporadicstorms (and perhapsdredging operations)causingthese major

variations.In theThalassiaand Halodulesitesboth organicand carbonatecarbonexhibitedmajor

decreaseswith depth, probably as the result of diagenesis.Organic-Cbehavedsimilarly at the

Syringodiumsite, but carbonate-Cshowed no major depthtrends at the Syringodiumand bare

sites,andorganic-Cshowedno distinctivedepthtrendatthe baresite. Oneof themoreinteresting

observationsis thatTRS insteadon increasing with depth is highestnear the sediment-water

interfaceand that AVS generally makes up a much higher proportion of IRS than in most

sediments.

Porewaterprofiles for dissolvedNH4 and H2S are presentedin Figure 17. In the seagrassbeds

there are elevatedvaluesof NH4 and H2S nearthe sediment-waterinterface in the root zone,

followed by a major decreasein their concentrationsbelow the root zone. This is probably

indicativeof elevatedlevelsof biologicactivity in the root zone. However,the majordecreasesin

NH4 and H2S concentrationsbelow this zonearequiteunusualand indicatea major decreasein

diageneticactivity. Themajorincreasesin NH4 andH2S with depth in thesedimentfrom the bare

areaare fairly typical of what is commonly observedin anoxic marinesediments. Thesevery

different profiles from the seagrassbed sedimentsand bare area sedimentprovide important

informationfor constructingmodelsof sediment-seagrassinteractionandhow seagrassesmayact
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to “condition” sediments.Thereis only a slight extentof sulfatereductionin thesesedimentsand

the concentrationsof dissolvediron andmanganesearealsolow.

Table5. “Super” site solid analyticalresults.

SS-Thal 25
IV frac. wt.% jimol/gdw 1

Depth 4 ] <63 jim Org-C CaCO3 TRS AVS CD-Fe HCI-Fe [CD-Mn fiiCl-Mn

0 to 2 0.64 28 0.65 27.16 11.02 5.43 5.24 30.9 <0.25 1.54
2 to 4 0.63 26 0.58 20.41 9.98 4.92 5.29 31.5 <0.25 1.49
4 to 6 0.56 28 0.59 10.58 1.67 1.51 2.63 31.3 <0.25 1.01

6 to 8 0.51 32 0.57 8.25 1.94 1.69 1.64 28.8 <0.25 0.90

8 to 10 0.49 33 0.42 9.91 1.75 1.53 1.20 47.8 <0.25 1,22
10 to 12 0.47 35 0.39 8.91 1.57 1.33 0.77 43.6 <0.25 1.02
14 to 16 0.51 32 - 0.32 11.33 1.58 1.38 0.90 52.7 <0.25 1.33
18 to 20 0.46 31 0.23 8.08 1.06 0.69 0,68 36.2 <0.25 1.04
22 to 24 0.40 25 0.21 6.33 1.58 1.26 0.49 31.4 <0.25 1.10

—

SS-Hal26
Depth

0 to 2 0.66

<63 jim

36

Org-C

0.84

CaCO3

18.66

TRS

5.20

AVS
2.92

CD-Fe

1,77

HCI-Fe

32.3

CD-Mn

<0.25

HCI-Mn

1.35
2 to 4 0.61 27 0,67 26.66 3.88 2.15 1.39 23.2 <0.25 1.13
4 to 6 0.52 26 0.50 18.41 3.09 1.54 0,87 19.5 <0.25 0.93
6 to 8 0.49 12 0.34 11.08 0.86 0.09 0.56 20.4 <0.25 0.85
8 to 10 0.60 14 0.78 7.16 3.59 2.29 1.18 42.3 <0.25 2.43
10 to 12 0.52 19 0.37 3.25 5,81 3.06 0.52 29.9 <0.25 1.47

14 to 16 0.40 8 0.10 2.42 2.61 1.26 0.27 18.5 <0.25 0.66
18 to 20 0.40 7 0.06 3.42 1.41 0.29 <0.25 20.3 <0.25 1.21

22 to 24 0.39 7 0.10 10.50 1.84 0.65 <0.25 12.9 <0.25 0.58

SS-Syr27

Depth <63 jim Org-C CaCO3 TRS AVS CD-Fe HCI-Fe CD-Mn_~HCI-Mn

0 to 2 0.66 21 0.78 26.99 8.57 4.06 2.32 19.4 <0.25 0.83
2 to4 0.63 12 0.77 25.66 2.06 1.03 2.36 17.5 <0.25 0.75
4 to 6 0.55 18 0.52 16.91 3.49 1.29 1.52 10.9 <0.25 0.55
6 to 8 0.57 9 0.51 18.66 3.84 1.85 1.36 18.4 <0.25 0.79
8 to 10 0.62 36 0.77 24,66 5.22 3.27 3.55 37.1 <0.25 1.44
10 to 12 0.59 27 0.67 ND 3.69 2.13 3.30 27.7 <0.25 1.11

SS-Bare28
Depth <63 jim Org-C CaCO3 TRS AVS CD-Fe HCI-Fe CD-Mn_f HCI-Mn

0 to 2 0.75 44 1.51 10.08 13.56 6.59 4.68 25.3 <0.25 0.50
2 to 4 0.47 69 1.71 5.50 7.89 4.36 4,20 25.2 <0.25 0.38
4 to 6 0.72 29 1.36 18.83 8.67 4.43 3.12 21.3 <0.25 0.45
6 to 8 0.63 16 0,72 39.32 11.71 5.01 1.76 9.8 <0.25 0.33
8 to 10 0.52 8 1.54 30.24 3.14 1.46 0.70 8.6 <0.25 0.62
10 to 12 0.53 32 0.34 19.99 1.87 0.97 0.41 6.6 <0.25 0.63
14 to 16 0.42 7 0.18 7.16 3.51 1.69 0.49 6.1 <0.25 0.60
18 to 20 0.44 10 0.30 21.07 2.41 0.74 0.60 8.2 <0.25 0.70
22 to 24 0.40 5 0.10 32.32 3.90 1.32 <0.25 3.1 <0.25 0.34
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Table6. Concentrationsof porewatercomponentsat “super” sites.

SS-ThaI
I mM I jiM I mM I jiM 1

Depth IINH4
Oto2 61
2 to4 70
4 to 6 43

NO3IUrea 1P04 j SiO2
7 28 9 117
5~ 16 8 93

19 28 44 145

DO~1DIC H2S
6.40 4.71 7

159

. 64~
3.83 55

~

S04
28.4
28.2
27.8

CI Fe
57212.87
560~ 2.61
5621 2.61

Mn
0.7
7.9
5.1

6to8
8 to 10
10 to 12
14 to 16
18 to 20
22 to 24

52
24

37
30

3 26
1 30

35
3j 57

5

15

9
6

103

160

32
95

27.8 561j 3.12
I 2.87

~

~~

2.0
0.9

I

III

SS-HaI
NW Urea P04 Si02 DOC DIC H2S [ S04 C1J Fe

0 to 2 ~ , 80 18 365 136.86 4.80 72 32.8 ‘~98 2.61
2 to 4 3 50 2 164 9.42 4.85 161 31.6 605 287
4 to 6 1 41 1 230 3.45 4.41 92 29.8 576 5.68
6 to 8 I 41 1 55 2.89 3.90 101 29.6 575 ~9
8 to 10 I 45 1 37 3.11 4.07 58 29.0 564 1.33
10 to 12 1 51’ 3 I • 103, 4~7‘ 30 26.7 ~24 1.84
14 to 16 I 1 : —~ i,.,..,.,. .59
18 to 20 1 0.82
22 to 24 0.82

Mn
0.1
1.5
3.9
1.3

<0.5
0/
1.5
1.4
0.9

4
‘1
4

8tolO 331 ~

14 to 16 499
18to20
22 to 24 769

3.90 115 33.4 634 1.59 <0.5

241 4.91 2.1

593 4.66 0.7

SS-Syr
Depth NH4 NO3 Urea P04 [ Si02 : DOC

‘~:‘::~

~

DIC H2S ] SO4 CI Fe Mn
0 to 2
2 to 4
4to6

132
210
135

~~~I1~JI
~

~

9
113

7

3
5
4

108
72
74

3.59 62 34.5 634 1.33 0.5
4.23
4.79

132
161

34.2
34.7

634
641

1.84
1.84

1.4
1.4

6 to 8 92 1 7 7 142 4.15 49 34.3 635 1.59 3.9
8 to 10 51 7 6 92 3.55

5.01
29 34.1 630 2.36 10.8

10 to 12 66 ~ 10 6 153 4.08 69 33.9 628 1.84 2.8

SS-Ba re
Depth NH4 N03 Urea ] P04 Si02 DOC DIC H2S S04 Cl Fe Mn

Oto2 1 ii 7 113 3.62 Y70 34~ 637 L33 03
2 to 4 73 17 13 116 1.52 4.90 21 36.1 662 0.82 0.7
4 to 6 155 14 14 138 2.57 3.81 27 34.5 643 1.33 0.6
6 to 8 188 17 19 159 3.86 4.12 45 28.4 544 0.82 0.7

10 to 12 344 15 22 357
15 11 61 4.22

13 13 50

— — —
3.16

10 16 357

353 31.1

4.67

618

275

1.59 <0.5

1.84 0.8
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Figure 16. Depthprofilesof dissolvedammonium(A) and hydrogensulfide(B). Thalassia=
solidcircles; Halodule= solid squares;Syringodium= solid triangles;Bare= opendiamonds.
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Part 3: SedimentGeochemistryat Time Series Stations

Sampling and Data

The samplingatthe time seriesstationswas undertakenprimarily to determineseasonalchangesin

LagunaMadreseagrassesandsedimentgeochemistry.Originally it wasplannedthat this would be

donequarterly for ayear. However, it was decidedto do the samplingin coordination with the

Blucherplatformsiteswhich did not correspondto the previously described“supersites” and thus

eliminatedthe early summerquarter.Additionally one site (ULM 1) turned out to be a relatively

deepwaterhardbaresandthat could not be well sampledfor sedimentgeochemistry. Finally, as

will be subsequentlydiscussed,someof the siteswereextremelyspatiallyheterogeneousmaking it

impossibleto unambiguouslydiscernbetweenspatial and temporal change. In spite of these

difficulties, the largeamountofdatacollectedhaveprovenextremelyuseful for refining and testing

the belowground model, which was the primary purposefor making thesemeasurements.The

samplingand analytical procedurespreviouslydescribedwere usedfor this part of the project as

well.

Resuits

Analytic resultsare presentedon a monthly basis for September,1996, and Januaryand May

1997, in Table 7. Monthly depthprofiles for 3 parametersare plotted for each sampling site in

figures 18 to 22. The 3 parameterschosenwere grain size, which is relatively insensitive to

diagenesisand thereforea good first order indicator of heterogeneity,and dissolvedammonium

andhydrogensulfidewhich are of primary interestwith respectto sediment-seagrassinteractions.

Becausethesedatawereprimarily usedin modeldevelopment,only a limited commentaryon them

will be madehere.

LLM I: This site wasabarebottomsandwhich containedan increasingsandand silt fraction with

depth. Grain size was moderatelyreproducible for the different sampling trips as were the

fractionsof organic-Candcalciumcarbonate. Ammonium was modestandhydrogensulfide very

low in SeptemberandMay, but both exhibited a major increasein the upper sedimentin May.

Surprisingly,the oppositeappearstrue for DOC andDIC.

LLM2: This site was in a Thalassiabed. The Septemberand May sampleswere sandy with

generallycloseto thesamesandfraction. The Januarysamplewas dominatedby the silt andclay

grain size fraction. In spite of this observationthe Septemberand May sampleshave similar

ainmoniumprofiles, which are high in the root zone, andsulfide profiles, which are universally

very low. There is a hugeincrease(to about3000 jiM) in nearsurfacesulfide concentrationswith
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a concurrentdrop of amrnoniumto about half its value at other samplingtimes in May. The

probableexplanationfor this is the presencein May of a large“tumbleweed” algal mat lying on the

seagrassbed. The extremesulfide concentrationsgeneratedmay provide an explanationfor the

productionof bareareasin seagrassbedsand its relatively rapid penetrationthroughoutthe root

zoneprovided very valuabledata for modeling the potential influencesof dredgedeposits.These

elevatedsulfideconcentrationswere accompaniedby amajordrop in pH, hugeincreasein DIC and

surprisinglyavery largedrop in DOC.

LLM3: This site was in aSyringodiumbed. Coreswere vertically fairly homogeneousin sand

fraction but exhibiteda variationfrom almostpure sandsto only about60 wt.% sandfraction at

differentsamplingtimes.SeptemberandJanuaryammoniumprofileswereremarkablysimilar with

a large maximum in the centerof the root zone which was lacking in the May core. Sulfide

concentrationsweremoderate(<25 jiM) to low.

IJLM2: This site was in a Halodulebed and extremelyheterogeneousin grain size distributions

with closeto pure sandsand muds being found on a small (meters)scaledistribution and even

within some cores (one rangedfrom no to 80 wt.% sand). Ammonium concentrationswere

remarkably similar and that the sandiestsedimenthad by far the highest (>800 jiM) sulfide

concentrationin the upperpart of the core. Given the observationat LLM2 of the impactof the

mobile “tumbleweed”algal mats,it is possiblethat onehadrecentlyimpactedthe areaat the time of

the Septembersampling.

ULM3: This was a secondbare site and suffers from a similar heterogeneityin grain size

distribution to that observedat ULM2. Ammonium concentrationswere similar throughoutthe

samplingperiodandto thoseobservedat the otherbaresite (LLM1). The JanuaryandMay sulfide

concentrationswerealsosimilar to LLM1, however,Septembersulfideconcentrationswere much

greaterthanat LLM1 andhighly variablewith depth.
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Part 4: Model Verification Studies of Sediment Chemistry

Sources of Dissolved Inorganic Carbon (DIC)

Initial attemptsat modelingdiageneticprocessesindicatedthat the increasein porewater

DIC concentrationscould not be due entirely to the oxidation of organicmaUer. This raised the

possibility of significant dissolution of calcium carbonatethat is generally abundantin the

sediments. In orderto testthis hypothesis,cores were takenat sites from two differentThalassia

seagrassbeds in Lower LagunaMadre, along with overlying water samples.pH values, DIC

concentrationsandthe ÔC’3 of theDIC weredetermined. Eventhoughthetwo stationswereabout

2 km apart,theirdepthprofileswereremarkablysimilar (Table8). The ~C13of theDIC addedto

the pore water by diageneticprocesseswas determinedby subtractingthe concentrationof the

overlyingwaterDIC with its 6C’3 valuefrom thepore waters. Basedon this calculationtheÔC’3

of the diageneticallyproducedDIC could be calculated. An approximatecalculation of the

contributionsof organicmatterand calciumcarbonatecould then be made using a mixture of

organicallyderivedDIC (~C’3 -24) andaragonitederivedDIC (~C’3=+2). Aragonitewasused

asthecalciumcarbonatesourceas it is acommonbiogeniccarbonatecomponentandcalculations

indicatedthat in somecasesthe pore waterwas closeto being in equilibrium with this mineral.

Resultsindicatethat well over half (Table 9) the DIC addedto the pore waters is coming from

carbonatemineraldissolutionasrequiredfrom thediageneticmodel.
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Table8. Analyticresultsfor DIC sourcestudy.
Depth (cm) pH- 1 pH-2 DIC-1 (mM) DIC~2(mM) ~3c-i ~‘3C-2
surfacewater 7.66 7.69 2.60 3.09 -3.46 -2.75

0-2 7.04 6.94 3.38 3.32 -4.23 -4.23
2-4 7.13 7.28 3.48 3.63 -4.90 -3.90
6-8 7.30 7.29 5.40 5.78 -3.45 -3.12

10-12 7.29 7.41 6.05 6.57 -2.99 -2.70

Table9. Calculatedresultsfor DIC sourcestudy.

Impact of Dredge Depositson Porewater Chemistry

A critical partof the modelingeffort was to predictsthe impact of depositionof channeldredge

materialon the porewaterchemistryof seagrassbeds. Becauseof its toxicity the potentialbuildup

anddurationof abnormalconcentrationsof hydrogensulfidewasof particularconcern. The model

predictedthat even relatively thin (on the order of 1 cm) dredgedepositscould causedissolved

sulfideconcentrationsto reachcritical levelsfor extended(months)periodsof time. Becauseof the

central importanceof this model predictionto the goals of theproject, it was decidedthat these

predictionsneededto be verified by directobservations.Unfortunately,thedifficulties encountered

in both the timing of dredgingand the largeamountof material depositedon the test grassbeds

resultedin alessrobusttestof the model resultsthanhopedfor. Twice we pre-sampledthe study

areaprior to dredgingonly to havethe dredgingput off. Resultsof this substantialeffort are

reportedin Table10. Theywill not be discusseddetailhoweveras theyare of limited utility to the

objectives.Our discussionwill focusprimarilyon theresultspresentedin Table 11 wheresamples

wereobtainedabout1 monthafterdredgingtook place.

Depth (cm) %DIC-Carb 1 %DIC-Carb 2 Cal Sat-i Cal Sat-2
surfacewater 2.0 2.4

0-2 65 57 0.6 0.5
2-4 56 68 0.8 1.4
6-8 78 77 1.8

10-12 81 81 1.9
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Table 10. Pre-dredgesedimentsamplingresults.Nutrientand H2S concentrationsarepM.

June 20. 1998
Site ~Depth (cmli NH4 P04 Urea N03 N02 S103 H2S DIC mM pH-NBS
FIX2 surface 0 4.16 7.65

0-2 38.6 5.4 5.6 2.7 1.0 71.8 11 4.82 7.60
4-6 239.1 10.8 5.6 2.6 1.2 78.0 12 6.60 7.88
8-10 454.1 9.3 5.6 2.4 1.5 119.3 242 9.80 7.72

FA23SA surface 0 3.10 7.76
0-2 31.1 3.3 5.6 2.6 1.5 63.5 11 5.22 7.46
4-6 128.7 9.6 6.8 1.8 3.4 94.2 0 5.04 7.93

8-10 127.2 3.1 5.1 2.6 3.6 62.1 0 3.71 7.98
FA23SB surface 0 3.26 7.65

0-2 33.3 2.1 5.6 2.6 0.8 77.3 0 3.84 7.75
4-6 121.0 4.7 5.6 2.1 0.5 75.3 0 4.21 7.94

8-10 123.4 4.2 6.7 3.2 2.4 73.4 0 4.28 7.96

September5, 1998

FIX2 suiface 60.0 1.8 5.2 2.0 0.2 742 0 3.37 7.45
0-2 68.8 2.5 6.3 3.1 2.1 112.2 162 4.12 7.69
4-6 164.4 4.4 5.2 2.6 2.8 125.4 126 5.11 7.48

8-10 263.8 3.9 6.2 4.3 1.2 118.7 178 6.87 7.40

FA235A surface 213.0 7.6 9.4 4.3 0.3 132.0 181 5.44 7.31
0-2 16.8 3.1 9.9 2.4 3.3 140.4 464 7.38 7.16
4-6 109.3 7.0 6.2 32.2 28.5 142.4 478 8.05 7.34

8-10 149.0 5.3 8.3 4.0 1.9 131.7 230 8.57 7.30
FA23SB suiface 35.8 1.7 6.8 4.5 0.5 154.4 0 5.15 7.65

0-2 48.8 4.9 10.4 2.5 1.5 158.0 88 6.92 7.28
4-6 4.7 3.0 6.2 3.7 1.5 126.8 36 5.83 7.41

8-10 30.3 1.9 5.2 0.7 3.6 75.7 125 8.25 7.26

Althoughboth theJuneand Septembersamplings(pre-dredging)were doneat thesamesites the

Juneresultsarefor directly in seagrasseswhereastheSeptembersamplingwas done in associated

unvegatatedareas. This turnedout to be a good thing to havedone since the dredgematerial

unexpectedlywas depositedto sufficientdepthsso that it was not possible to ascertainif a core

wasbeingtakenin denseseagrassorasparselyvegatatedarea.

In generalthe resultsaresimilar, but somewhathigher sulfide, DIC and lower pH values were

observedin the unvegatatedareas. This could be in part the result of oxic ventilation of the

sedimentsin seagrassroot zonesas predictedby the model.
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Table 11. Post-dredgesedimentsamplingresults.NutrientandH2S concentrationsarepM.

November 3. 1998
Site Depth (cm)II NH4 P04 Urea N03 N02 Si03 H2S DIC mM pH-NBS
FIX2 surface 48.3 3.2 20.0 7.8 0.8 110.5 0 5.53

0-2 112.1 14.5 15.7 17.6 1.0 228.1 15 5.90 7.45
4-6 104.3 3.1 25.4 19.8 1.2 232.4 151 7.29 7.47
8-10 40.1 1,0 26.5 0.9 9.3 154.9 24 6.47 7.30

FA235C surface 520.0 3.8 26.4 4.4 1.5 311.3 0 9.71 7.69

0-6 932.0 27.2 5.2 3.4 1.5 544.9 1138 21.69 7.16
8-10 1012.0 21.8 15.1 3.6 2.6 555.8 2622 28.02 7.16
10-12 652.0 5.1 5.7 4.5 7.5 460.3 1867 24.08 7.20
14-16 173.8 1.7 15.7 6.0 2.7 431.7 805 16.47 7.23
18-20 33.3 1.1 16.7 9.9 12.8 384.4 386 13.29 7.38

FA23SA 0 281.9 13.9 22.6 5.0 0.5 400.0 0 8.56 7.85
13-15 1216.0 50.7 15.1 1.9 1.3 839.2 298 18.64 7.19
15-17 1256.0 48.1 15.6 3.2 1.3 817.7 467 19.62 7.10
19-21 1616.0 51.1 6.2 4.9 0.9 876.6 845 23.10 7,10
23-25 1748.0 59.3 10.4 4.1 5.5 914.1 1995 29.50 6.99
33-35 3216.0 62.5 8.8 14.7 16.8 771.6 4425 46.30 7.06
37-39 1496.0 22.1 5.7 5.7 3.0 502.9 2134 31.79 6.95
41-43 648.0 7.1 7.7 1.8 8.2 501.8 1933 25.97 7.10
45-47 46.9 2.3 8.2 28.3 11.5 400.3 431 13.90 7.33

In Table11 resultsarepresentedfor samplestakenata controlsitewith no dredgedeposits(FIX2)

andtwo sites coveredwith roughly 9 cm (FA235C) and 35cm (FA235A)of dredgedsediments.

Theresultsat thecontrolsitearequite similar to thoseobtainedin the pre-dredgesurveysat these

sites. Clearly parameterssuchammonium,hydrogensulfide and DIC aremuch higher, and pH

lower, at the dredgedepositsites within the sedimentbelow the pre-dredgesediment-water

interface. Thereis a clearpatternof rapidly increasingconcentrationwith depthwithin the dredge-

sedimentlayer. This is underlainby the original sedimentwhereconcentrationsrapidly decrease

awayfrom theoriginal sedimentwaterinterface.

As discussedin thesedimentmodelingsectionthis is most reasonablyinterpretedas substantiating

ourmodel predictionof generationof largeamountsof sulfide in the dredge sedimentlayerand

relativelyrapiddiffusion of thesulfide into theroot zoneat toxic levels. Cautionshould be applied

howeverto thesemodel verificationresultssincetheyarefor thick dredgedeposits.
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Abstract

Sedimentscan play an importantrole in estuarineecosystemsby acting not only as sinks for

nutrients,but alsoas sourcesof nutrientsthat can buffer theirconcentrationsin overlying waters.

This study examinedtherolesurfacechemistryplaysin controllingthereleaseof NH4~and P04
3

from resuspendedsedimentsin thelarge, but shallow, negativeestuaryLagunaMadre,TX. Both

a generallyacceptedopen systemelutriatemethodand ourown much more dilute closedsystem

techniquewereused. Thetwo techniquesgivedifferent resultsthatcanlargelybe explainedby the

relativepositionsthat thefinal solutionconcentrationsplacethesystemson for an experimentally

determinedLangmuir-typeadsorptionisotherm. Theclosedsystemtechniquealso indicatedthat

typicallyapproximatelyequalamountsof theN H4+ releasedcamefrom porewater,looselybound

quick desorbingand tightly bound slowly releasedfractions. Experimentalresults were largely

substantiatedby observationsof dredgingactivities. Model calculationsindicatethat resuspension

of sedimentsby theseand other humanactivesmay causeNH4~releasesthat approachthose of

NH4+ fluxes out of sedimentsovermajorareasof theestuary.This could potentially exacerbate

environmentalproblemsin this estuarysuchasthe“brown tide”.
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Introduction

Microbially-mediatedredox reactionsin estuarinesedimentslead to the remineralizationof organic

matterandrecyclingof nitrogenandphosphoruscompoundsin coastalenvironments(Fencheland

Blackburn1979). Organicmattertransportedto thesedimentsis broken down by heterotrophic

bacterialand fungal activity. Generally, NH4+ is releasedduring remineralizationof organic

nitrogen compoundsand subsequentlyoxidized to N02 and N03 through the bacterially

mediatedprocessof nitrification. However, in anoxiccoastalsedimentswheredissolvedoxygen

is not available for nitrification, NH4+ can accumulateto mM concentrationsin sediment

porewaters.Sinceestuarinesedimentsgenerallyare in the pH rangeof 7-8, concentrationsof the

cation NH4+ usually dominateammoniaspeciation. This positively chargedion as well as

negativelychargedP04
3 can participatein adsorption-desorptionreactionswith sedimentsolids

followed by incorporationinto thesolid phase(absorption)(Rosenfeld1979;Froelich1988). This

processhasbeensuggestedto be a significant buffering mechanismfor nutrientconcentrationsin

estuaries(Pomeroy 1965). Under high porewaterNH4~concentrations,the quantity of NH4~
maintainedin theabsorbedphaseis limited only by thecationexchangecapacityof thesediments.

+ .

NH4 loosely bound onto clay mineralsis referredto as the exchangeablefraction (Rosenfeld

1979),~This fraction hasbeenquantifiedby Rosenfeldandothersvia a single 2 N KCI extraction

in which adsorbedNH4~is displacedby K~(Rosenfeld1979; Mackin and Aller 1984; Seitzinger,

Gardnereta!. 1991). ExchangeableNH4~quantificationis essentialfor calculationof the linear

adsorptioncoefficient(K) for NH4~describedby Rosenfeld( 1979), and further this term is

importantto the model descriptionof early diagenesisand nutrient cycling describedby Berner

(Berner 1976). More recently, the effectivenessof a one step extraction determinationof

+ . .

exchangeableNH4 hasbeenquestionedand theefficiencyhasbeencalculatedin somecasesto be
lessthan50% (Laima1992).

Nutrient releasefrom estuarinesedimentsis capableof supplying a significant fraction of the

biologic demandof watercolumn primary producers(Nixon 1981; Rizzo 1990). Biologically

availablenitrogendiffusesout of sedimentsastheoxidized species(NO3, N02) in depositional

VII 1-4



environmentscharacterizedby low organicmatterloadingrates,and asreducedNH4+ in regions

where loadingis high (Sloth, Blackburneta!. 1995). In shallow estuarinesystems characterized
,,

by frequentresuspensionof surficial sediments,NH4 stored throughsolid phaseexchange,can
alsocontributeto internalcycling of nutrients,effectively delayingefforts to reduceeutrophication

dueto externalorganicmatterloading(RizzoandChristian 1996).

Diffusional processesgenerallydominatein undisturbedenvironmentswhere sedimentsremain

intact. In shallow marineenvironments,where human activity or sustainedstrong winds are

common,anothermechanismof releaseinvolvesthephysicalresuspensionof surfacesediments.

Radical resuspensioneventscan relocatesurfacesedimentsand interstitial water from stable

equilibriumto extremenon-equilibriumin termsof concentrationgradientsfor both the interstitial

watersandthesedimentparticles. Releaseof nutrientsfrom resuspendedporewaterand sediment

particleshas beenimplicatedin the stimulationof heterotrophicmicroplanktonin estuarinewaters

(Wainright 1987). Consideringthe capacityfor elevatedporewaternutrient concentrations,this

effectis not surprising. However, investigationsinto thepossible alterationof nutrientreleaseand

influenceon geochemicalprocessesdue to resuspensionhave beenrare until recently(Blackburn

1997; Rutgers, van der Loeff and Boudreau1997; Wainright and Hopkinson 1997). These

investigationshavemainly concentratedon enhancedbiological activity, suchas organic matter

mineralizationandmineraldissolutionduring naturalperiodicresuspensionof surficial sediments.

Sedimentrelocationdueto yearlymaintenanceof thechanneland waterwaynetworkin thecoastal

UnitedStatesis a particularexampleof resuspensionwhich can result in the relocationof large

volumesof anaerobic,sub-surfaceporewaterand particles. Chemicalexchangebetweenthese

resuspendedsedimentsandsurroundingwatersis of primaryconcernto theU. S. Army Corpsof

Engineerswho are responsible for the maintenanceof the coastal waterways. Previous

investigationsof dredgingrelatedsedimentresuspensionand subsequentnutrient releasehave

tenuouslyconcludedthat biologically availablenitrogen releaseduring dredgingeventsdoes not

adversely alter water column concentrations(Jones and Lee 1979). Conclusions of this

investigationwere basedon theelutriatetestwhich involvesresuspensionof dredgesedimentsin

overlyingwater(volumeratio 1:5). Here, we reportcontradictoryresultsalong with a comparison

of the differentexperimentalapproaches.Nutrientconcentrationsduring theseeventsare altered

locally dueto porewaterdilution. In addition, therelatively fast releaseof particlesurfacebound

ions as well as slower exchangewith ions diffused inside clay particles, can contribute to

concentrationalterations.
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Thepresentwork investigatesthereleaseof NH4+ from highly anoxicsedimentstaken from the

bottomof theGulfIntracoastalWaterway(GIWW) betweenCorpusChristi, TX. and Port Isabel,

TX. Dilution experimentsusing differentdry weight to volume ratiosof sediment(0.1, 1.0 and

10.0 grams per L) were conductedwith a comparisonto the U.S. Army Corps of Engineers

elutriatetest. In addition,GIWW sedimentswereextractedthroughmultiple(5 ) treatmentswith 2

N KCI to determinetotalextractableNH4+. Theresultsfrom theextractionarecomparedto results

from resuspensionexperimentsto investigatetheeffectof varying solid to solution ratios which

occurin naturalsystems.

Methods

Study Area

LagunaMadreis a seasonallyhypersaline,shallow(ca. 1 m) estuarylocatedin thesouthernregion

ofTexas. Phytoplanktonproductionhasbeenestimatedto be 78 g C m2 yr~,while aboveground

seagrass(Halodule wrightii) productionhas been measuredat 723 g C m~2yr’ (Chin-Leoand

Benner, 1991). The estuaryis transversedalongits north to south extent by the GIWW which

averagesa depthof approximately4 meters. TheGIWW is basically a channelconstructedand

maintainedby theU. S. Army Corpsof Engineersto accommodatebarge traffic from industrial

centersfrom Port Isabel,Texasto CorpusChristi, Texas. Maintenanceof the channelrequires

frequentdredgingoperationsthatinvolve the relocationof depositedsedimentsto otherregionsof

theestuaryor alongthe sidesof thewaterway. The relocationand subsequentresuspensionof

sedimentscausesthe mixing and dilution of interstitial waters associatedwith the channel

sedimentswith overlyingwaters. Dredgingeventscanresult in thereleaseof high concentrations

of dissolved componentscontainedin sedimentporewaters. Barge traffic in general can be

responsiblefor additionaland perhapsmorefrequentresuspensionof channelsedimentsas well.

Sedimentslumpinginto thechannelreducestheclearancedepth(shoaling)along thechannellanes.

During samplecollectionin Juneof 1996 we observedlargesedimentplumescreatedby passing

barges. This also implies that at leastthesurficial sedimentsinside the channelare periodically

resuspendedanddeposited.WecollectedsedimentsinsidetheGIWW channelalong theNorthern

and Southernsectionsof the LagunaMadre and from shallow bare areasoutside the channel.

Thesesedimentswereusedin resuspensionexperimentsto assessthepotential for NH4+ released

during dredgingoperations.
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TableI: Sedimentsampledesignationsandareain theLagunaMadrein which theyweretaken.

Sediment Sample Location Location Description

I

2

Marker91

Marker 157

3 Marker41

4

5

COESta.5

COESta.28

GIWW Lower LM

GIWW LowerLM

GIWW LowerLM

Top 10 cmBareSediment

Top 10 cm BareSediment

6

7

8

9

10

Marker45

Marker59

Marker 151

COESta.16

COESta.13

Water samplescollectedin lower andupperLagunaMadre

usingsedimentsfrom differentpartsof LagunaMadn~.

GIWW UpperLM

GIWW Upper LM

GIWW Upper LM

Top 10 cm BareSediment

Top 10 cmBareSediment

were filtered to 0.2 pm immediately for experiments

Sediment Collection

Sedimentcores (7.0 cm diameter)from potential dredgesites along the channel bottom were

collectedusinga gravitycoringmechanismon awinch line. Thetop 10 cm of eachsedimentcore

wasquickly homogenized,sealedin Nalgenecontainersand storedat 4°Cfor transferbackto the

lab at CollegeStation,TX.. Sedimentstakenoutsideof the channelwere collected by hand in

shallow, baresectionsof LagunaMadre using large (30.5 cm), hand held coring mechanisms.

Thetop 10 cm of sedimentwas homogenizedand placedin I liter Nalgenecontainers. Table 1

definestheregionto whicheachof thesedimentdesignationscorrespond. Only theouterchannel

sedimentsCOEStation#28 and#13 weretestedfor NH4+ release.Overlying watersampleswere

collectedin closeproximity to eachsitefor use in the resuspensionexperiments. The waterwas
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filteredthrougha 1 .0 jtm milliguard cartridgefilter, in line with a 142 mm, 0.2 j~mmembranefilter

(Millipore) into largeNalgenecarboysandkeptcold duringtransport. All sedimentsand overlying

waterwerestoredat4°Cuntil experimentswereconducted.

Coreswerecollectedby diversfrom 12 stationsin both upperandlower LagunaMadre in orderto

determineconcentrationprofiles and calculatepotential NH4+ flux into overlying waters.

Sedimentcores(7.0cmdiameter,30 cmlength)weretakenboth within grasscoveredareasand in

bareareas. Sedimentswere sectionedat 2 cm intervalsto 12 cm and againat 14, 20, 24 and 28

cm, placedin 50 ml tubesandcentrifugedat 3000rpm for 1 hour. The porewaterwasdrawnoff

with a glass 10 ml syringeand passedthrough 0.45 jim syringe filters. Liquid sampleswere

collectedin 20 ml scintillation vialsandfrozen (-20°C).

General Sediment Characterization

Porosity measurementswereperformedimmediatelyon small subsamplesfrom eachsite in order

to calculatemassadditionsfor the resuspensionexperiments(by weight fraction). Duplicate

sedimentsubsampleswere weighed into pre-taredPyrex beakersand placed in a drying oven

overnight(80°C).Whensamplesappearedthoroughlydriedtheywereweighedagainto determine

thesolid weight fraction. In addition, weight fraction <63 jim and percentcarboncontentwas

determined.The <63 jim fraction was determinedby washingout thesmallerfraction througha

63 jim sieve, collecting and drying the retainedfraction, and measuringthe weight. Duplicate

subsamplesweresplit into two equalquantitiesfor carbonanalysis. Onequantitywas combusted

directly in a LecoOrganicCarbon Analyzerfor total carboncontentand the otherwas acidified

with 10% HCI prior to combustionfor analysisof organiccarbon.Inorganiccarbonwas calculated

by difference. Interstitial watersfrom eachsamplewere collectedby centrifugingapproximately

20 ml of sampleat 2500 rpm, for onehour, in a fixed anglecentrifugerotor. Porewaterwas

drawnoff with a small glass syringeand filtered through a 0.45 jim membranefilter into pre-

cleaned20 ml scintillation vials with Teflon caps. Thewater was immediatelyfrozen on dry ice

and stored at -20°C. Pore water NH4+ concentrations were determined using the

spectrophotometricmethodsof Strickland and Parsons(1972). NH4+ measurementswere also

performedon all overlyingwatersamples.
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Sediment NH4~Extractions

Total NI~Ll±contentwas determinedon duplicatesubsamplesusing a modification of a method

usedby Laima (Laima 1992). Tengramsof sedimentwas first centrifugedat 2500 rpm for one

hourto removetheporewater. The porewatersupernatantwas thendrawnoff with a largeglass

syringethrougha Teflon tubeand filtered through0.45 jim Millipore syringe filters into 20 ml

scintillationvials. A 20 ml volumeof 2N KCI and0.1% azidewasthenaddedto thesedimentand

themixture washomogenizedin 250ml centrifugebottlesusinga benchtopvortexer. The samples

were shakenat 150 rpm overnightin a 25 °Cincubator, thencentrifuged. The supernatantwas

removedand filtered, storedasabove, andimmediatelyfrozen. This extractionprocedurewas

+

repeated5 times for each sample. Total NH4 from each extraction was determined
spectrophotometrically(phenol blue method)and summedfor all extractions. An asymptotic

relationshipwas observedwhen accumulatedvolume through the sequenceof extractionswas

comparedto the accumulatedNH4~. This relationshipcan be describedby the mathematical

formulation:

[NH~j=~NHJ~(1_e~”) (eqn. 1)

where INH4+IMax is equal to the maximumaccumulatedamount of NH4+, k is a desorption

constant,andv is theaccumulatedvolume. Total NH4+ was predictedby fitting a line described

by the aboveequationto the data and extrapolatingthe maximum value. The line fit was

determinedusing a non-linearoptimizationroutinein MATLAB’~.

Sediment Resuspension Experiments

Closedsystem

Experimentswere carriedout for eachsedimentcollected from inside and outsidethe channel.

Using theporosity to calculatesedimentdry weightper volume, duplicatesedimentaddition of

10.0, 1.0, and 0.1 gramswereresuspendedin six I liter Erlenmeyerflaskscontaining1000 ml. of

0.1% azide amendedoverlying water. Thesesedimentadditions were madewith wet sediment

resulting in significant addition of porewaterto each experiment. Porewatervolumes were

calculatedusing the porosity and were accountedfor in concentrationcalculations. Prior to

sediment addition, overlying water sub-sampleswere filtered into scintillation vials for

determinationof backgroundnutrientconcentrations.The experimentswere carriedout in flasks
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sealedwith rubberstoppersfitted with syringeneedleports, andstirredvigorously with Teflon stir

barsthroughoutthe durationof theexperiments(48 hr.). At regular intervals (5, 15, 60, 120,

240, 720, 1440, 2160, and 2880 mm), 10 ml of the sedimentwater mixture was removedand

filtered into scintillation vials using syringe filters. Liquid samples for nutrient concentration

determinationwereimmediatelyplacedon dry ice until frozen, then transferredto a -20°Cfreezer.

All experimentsweremaintainedat roomtemperature(approx.23°C)throughouttheir duration.

NH4+ analyseswere carriedout spectrophotometncallyasdescribedabove. High concentrations

of NH4~requiredthat eachsamplewas diluted (in duplicate)for NH4~ measurement. NH4~
releasemeasuredat 5 minuteswas consideredto be fast release. This quantity representsthe sum

of backgroundconcentration,porewaterconcentration,and loosely bound nutrient concentration.

Sub-sampleswere also analyzedfor PO4
3concentration. P0;3 determinationswere also carried

out spectrophotometricallyaccording to the methodsof Strickland and Parsons(1972). The

experimentsweremonitoredoveratwo day time period and the maximummeasuredconcentration

of both P0;3 and NH4+was consideredto be the total released. Theseexperimentswere

consideredclosedasdissolvedoxygenconcentrationswere not maintained. The consumptionof

dissolvedoxygen was possibly significant in somecases,but NH4~mobility generally is not

strongly dependenton oxygen concentration. Conversely,the releaseand solution mobility of

P04
3 is dependent on oxygen consumption specifically due to the formation of iron

oxy/hydroxides. For this reasonwe will concentratemainly on the observationsand analysisof

NH4~.

Opensystem-

Theopensystemexperimentswere carriedout accordingto the U. S. Corpsof Engineers(COE)

method describedby Plumb (1980). The experimentswere similar to our closed experiment

procedure,with notableexceptions. Sedimentadditions were madeon a volume basis in a 1:5

sedimentto solution ratio (100 ml sediment:400 ml overlying water), and releaseexperiments

wereconductedin 500 ml PyrexErlenmeyerflasks. Eachflask was sealedwith a rubberstopper

containingtwo syringeneedleports. Oneport was usedto withdraw samplesof the slurry, while

the otherwas connectedto an air pump. The slurries were aeratedthroughoutthe experiment

duration.We refer to this methodof resuspensionexperimentas “open” becausethe slurry was

aerobic.Backgroundsampleswere taken as above,prior to sedimentaddition. Sedimentwas

maintainedin suspensionby securingtheflaskson a shakertable (150 rpm). After one hour of

shaking, sedimentwas allowedto settle. Sampleswerecollectedat 10, 20, 40, and60 minutesas
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describedby theCOE method,and a 1440 minute samplewas takenfor comparisonto the closed

systemexperiments. Storageand nutrientanalysisof the time seriessampleswasperformedas

described.

Dredge Operation Sampling

During a February 1997 sampling trip we were able to sampleseveralpoints located in close

vicinity to an activedredgingoperationbeing conductednearPort Mansfield,Texas in the lower

LagunaMadre. Thedredgingoperationwasinterruptedtemporarilysothat samplescould be taken

from thepipecanyingsediment.Sampleswerealsocollectedapproximately30 meters(near) from

theopeningof thepipe andat approximately300 meters(far). Watervolumeswerecollectedand

filtered for nutrientanalysisaswell assamplesfrozen for determinationof total suspendedsolids.

Samplescollectedfor suspendedsolid quantificationwere later thawed, resuspendedand filtered

onto pre-tared47 mm GF~F filters. The filters were dried and weigheduntil no changewas

detected.

Results

Sediment Characteristics

Sedimentscollectedfrom thechannelbottom had a significantly largersilt and clay size fraction

than thosefrom shallow bareareaoutsideof the channel. Table 2 presentsmeasuredsediment

characteristicsfor both channelbottom and bare areasediments. Sedimentscollectedinside the

channel displayedevidenceof active sulfatereduction (dark black color with sulfurous odor).

N~L~concentrationswereall very high in thechannelbottomsamples(mM), while concentrations

in sedimentscollectedoutsidethe channel were an order of magnitudelower. Channelbottom

sedimentshadroughly twiceasmuchorganiccarbonastheoutersediments.

Sediment NH4~Extractions

Thetotal sedimentNH4~is composedofthe dissolvedporewaterfraction and that associatedwith

thesedimentsolid phase.We determinedthis valueby performingmultiple (5 total) exchangeable

NH4~extractionswith 2N KCI on eachsedimentaftertheporewaterwasremoved. Accumulated

+ .NH4 quantities denvedfrom each successiveextraction displayed close dependenceon the

accumulatedextractionvolume. This dependencecan be accuratelyrepresentedmathematicallyby
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equation1. Figures Ia and lb demonstratethis relationshipfor thesedimentscollectedfrom the

channelbottomatMarker#45 in the upperLagunaMadre. Thesegraphsillustratestypical results

observedfor all sediments.Thefirst datapoint on eachplot representstheammoniumcontentand

themeasuredporewatervolume. Thedottedhorizontal line at the top of eachfigure representsthe

asymptoticmaximumconcentration(~NH4~]M~)of NH4~approachedby eachfunction. This

valuewas taken as the total amountof NH4+ obtainedfrom the extractedsample. In order to

establish“goodness”of fit for theanalysisprocedure,wecalculatedthesumof residuals(sumtotal

differencebetweenthemeasuredpointsandequationpredictions)for eachsedimentextraction. In

all inner channelsedimentextractionthe sum of residualswas less than 5% of the asymptotic

maximum. Thesummedresidualsin oneof theduplicate analysisfor theoutersedimentat Station

13 was 14%of the asymptoticmaximum. Thesedimentscollectedoutsidethechannel in general

were not aswell representedby theequationusedin the line fit procedure,though the summed

residualscalculatedfor all outer sedimentextractions,with theaboveexception,were at most 7%

of theasymptoticvalue.

The total amountof NH4~associatedwith eachsedimentsamplewas normalizedto a per gram

(dryweight) sedimentaddedbasisfor eachsample(Table2). Total NH4~(~NH4~)refers to the

combinedquantityassociatedwith theporewaterplus that looselybound to surfacesand dissolved

inside clay particles. Sedimentstaken from the GIWW channel bottom containedmuch more

~4Tj~~+ associatedwith thesolid phase.

The~NH4+ contentof sedimentsinside and outside the intracoastalwaterwaywas examinedto

assesstheamountof NH4+ availablefor desorptionand to assesswhat fraction of the total might

be releasedduring a resuspensionevent. Table 3 shows the NH4+ yield from the first two

extractionswith 2N KCI andacomparisonto the final yield obtainedfrom theoptimizationroutine.

Efficienciesfor the first extractiondid not exceed50%for any sedimentandwereaslow.
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Figure 1. Sediment NH4~extractionsfrom sedimentscollectedat Marker 45 in LagunaMadre.

AccumulatedNH4~was comparedto accumulationof total extraction volume. The solid lines

representtheexponentialequationusing thefitting techniqueto thedata(circles)asdescribedin the

methods(eqn. 1). Dottedlines representthevaluefor the total NH4~associatedwith the sediment

Kd is theconstantwhich alsoresultsfrom this fitting technique.
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Table 2. Sedimentphysical characteristicsand some porewaterconcentrationsmeasuredin the

interstitial water for the sedimentscollected at the channel bottom and outside in bare areas.

Outsidesedimentsaregiven stationdesignationsandarelisted atthe bottom.

Station <63 ~m Inorganic

(%) Carbon
(%)

Organic

Carbon

(%)

Total

Carbon

(%)

Pore

water

P04

(mM)

Porewater

NH4 (mM)

Total

NH4

(~zmoles/

gdw)

Inner Channel

Marker 157 0.8 99 2.60 1.00 3.59 0.106 1.73 11.61

0

Marker 151 0.9 81 1.18 4.53 5.71 0.034 3.85 32.50

0

Marker59 0.7 60 0.36 0.93 1.28 0.124 3.62 8.04

2

Marker45 0.8 65 1.84 1.59 3.42 0.061 2.90 15.80

3

Marker4l 0.8 94 2.44 2.37 4.81 0.035 2.66 20.60

7

Marker9l 0.7 91 2.40 1.06 3.45 0.015 2.07 10.90

8

Outer Channel

Stat 13 (N) 0.4 5 4.81 0.42 5.23 0.008 0.352 1.61

7

Station28 0.4 6 1.24 0.52 1.76 0.008 0.450 2.70

(S) 3
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Table3. Yieldsof extractableammoniumafterthe first two treatmentswith 2 N KCI. Linear

diffusion coefficient(K) wascalculatedaccordingto Rosenfeldfor eachof thefirst two extractions

andfor theTotal. Uppervaluesarefor innerchannelsedimentsandlower numbersarefor outer

channelsediments.

Exchangeable

Ammonium

Station After first

extraction

Qtmoies/gdw)

Percent of

Total

K

(slope=

2.i8)

After second

extraction

(~imolcs/gdw)

Percent

of Total

K

(slope

3.53)

Predicted

Total

(jtmoles/gdw)

K

(sloper’

6.81)

Marker 3.5i 30.2 1.4 5.68 48.9 2.3 11.61 4.50

157

Marker 8.71 26.8 0.7 14.42 44.4 1.1 32.5 2.10

151

Marker 59 3.94 49.0 2.3 5.96 74.1 3.7 8.04 7.10

Marker 45 4.84 30.6 1.2 7.82 49.5 2.0 15.8 3.80

Marker 41 5.62 27.3 0.9 9.61 46.7 1.4 20.6 2.70

Marker 91 4.04 37.1 1.6 6.39 58.6 2.6 10.9 5.10

Station 13 0.75 46.6 6.7 1.05 65.2 10.8 1.61 20.90

(N)

Station 28 0.48 17.9 7.7 1.53 56.7 12.4 2.7 23.90

(S)

as 18%for thesandy sedimentcollectedat Station28. After thesecondextractiononly halfof the

yieldsexceeded50%,andthehighestyield was 74%for oneof theinnerwaterwaysediments.No

correlationwas obviousbetweenextractionefficiencyandthesedimentporosity.

Using the relationship presentedby Rosenfeld (1979), we calculatedthe NH4~adsorption

coefficient, K, for the first extraction,secondextractionand for the total amountdeterminedby

multiple extractions. The porewaterconcentrationof each sedimentcomparedto the yield of

extractableNH4~afterthe subsequentextractions(1st, 2nd and final) are presentedin Figure 2.

Inset in eachgraphare the regressioncurvesdeterminedfor eachrelationship. The slope of the

line fits rangedfrom 2.18 for thefirst extractionto 6.81 for the total extractableNI-k~content,and

y interceptvalueswere negativefor eachextraction. This result is in contrastwith earlier data

(Rosenfeld 1979; Boatmanand Murray 1982; Mackin and Aller 1984). Positive y-intercepts

observedin previous investigationshave been attributedto sedimentpre-treatment designedto
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removeorganicmaterial. “Excess” NH4~associatedwith positive y-interceptswas explainedby

thereleaseofNH~from readily hydrolyzablesources(e.g. surfaceboundamines). No attempts

to removeorganic material from the sedimentswere performedin this study. Another possible

explanationfor this observationis that, astheextractableNH4+ approacheszero,some dissolved

NH4~should remain in the porewater. When y is set equal to zero for eachregressioncurve

(implying total removalof extractableNH4+), the porewaterconcentrationcan be calculated. This

value is 0.168, 0.118 and0.233 mmollL for the first, secondand final extraction,respectively.

Theslopesofeachregressionwereusedin therelationshippresentedby Mackin andAller (1984),

to determinetheapparentadsorptioncoefficient(K*):

*

K = CN / CN (eqn.2)

where CN is the sedimentexchangeableN}L~concentration(/Lmole/gdw sediment)and CN is the

porewaterconcentrationof NH4+ (mM). Units for K* aregiven in ml porewater/gdwsediment.

The linear adsorptioncoefficient can be calculatedfollowing the relationshipderived by Krom

(1980)using thevaluefor K*, the measuredporosity for eachsedimentand the sedimentdensity

Ps(2.65 g/ml).

(~_~)*

K= p~K

0 (eqn.3)

Adsorptioncoefficientscalculatedfor eachsetof extractionsarepresentedalongwith the extraction

yields in Table3. AlthoughK valueswereextremelyvariableandshoweda strong dependenceon

the numberof extractions,thesevalues fell well within the range of adsorption coefficients

measuredin variouscoastalsystemsby Laima(Laima, 1992).
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Figure2. Concentrationof exchangeablecomparedto porewaterNH4~in sedimentscollectedin

bareareasandtheGIWW in LagunaMadre. Inset equationsareregressioncurvesfit to the data.
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Closed Experiments
+

Resultsfor theclosedsystemNH4 releaseexperimentsare presentedin Table 4. Thechannel

bottom sedimentresultsaredisplayedin the upper regionof thetablesand the bare area(outside

channel)resultsare locatedbelow theshadedarea. Dataare presentedas the averageof duplicate

sedimentadditions in the rows beneaththe location designation. NH4+ concentrationsin the

dilution watersincreasedrapidly over the first 20 minutesof the experimentsand then exhibited

slow increasesover the remainderof the experiment. The backgroundconcentrationof NH4+ in

the overlying waterwasaddedto thetotal NH4~ associatedwith the porewatervolume (added

with sediment)to arriveat a seawater+ porewaterNH~4concentration. This valuerepresentsthe

concentrationofNH4~expectedatthe instantresuspensionoccursdue to porewaterdilution. The

differencebetweenthis quantity and the measuredquantity at 5 minutes representsthe “fast”

releasefraction of looselyboundNH4t Themaximummeasuredconcentrationwas consideredto

be thetotal quantity of NH4~in the sedimentsample. Thefast releaseandseawater+ porewater

componentswere subtractedfrom the total to determinethe “slow” releasequantity. NH4+

releasedfrom the channel sedimentsgenerally greatly exceededthe releasefrom the sediments

collectedin bareareasof theLagunaMadre, with one exception. Sedimentscollected at marker

157releasedless NH4
4 in the0.1 gramadditionexperimentthan both bareareasediments. In the

higherdilutions (1.0 and 10.0 gramadditions) Marker 157 sedimentsreleasedmoreNH4~gdw’

added. Porewaterconcentrationsof NH4~in the marker157 sedimentswere the lowest for the

sedimentscollectedinside thechannel.

The“fast” and “slow” releasepatternsare shown in Figures3a and 3b. Thesegraphsillustrate

typical replicateresultsfor 10.0gramadditionexperimentson sedimentscollected in the upperand

lower Laguna Madre The horizontal lines on eachgraph are describedon the right side,

correspondingto the seawater(background)+ porewaterconcentrations,fast releasefraction and

slow releasefraction. The inset graphdisplaysthe first 300 minutes of the experiments. It is

apparentthatsignificantreleaseoccursafterthe first two hoursof resuspension.Averagesof the

fast and slow releasefractions for eachexperimentnormalizedto per gram sedimentaddedare

shownin Table3. In two of the closedexperimentsin which 0.1 gram of sedimentwere added,

VIII-!8



theNH~i~concentrationactuallydroppedin the first five minutes (seeMarker 151 and Station 28,

0.1 gramaddition). This couldbe dueto an increasein theconcentrationof adsorptionsitesdue to

therapid dilution of particulatematteror possibly becauseof error introducedin measuringsmall

quantitiesof sediment.These sedimentsweretheonly two which exhibitedthis typeof behavior.

+

In general,the quantity of rapidly releasedNH4 was dependenton the quantity of sediment
added. The rapidreleaseNH4+ for eachsedimenthoweverdid not increasein a mannerdirectly

proportionalto themassof sediments. In most casesthe NH4+ gdw’ releasewasgreatestfor the

lowest sedimentaddition. This relationshipwas also observedfor the total releasedfraction and

particularly for theslow releasequantity. The last threecolumnsof Table4 dealwith total NH4~

content of each sediment(from aboveextractions), the maximum NH4+ measuredfor each

experiment, and the fraction of the total measuredin the closed system experiments. The

calculationsofgreaterthan 100%of thetotalNH4~(porewater+ extractable)determinedfor some

sedimentsis attributedto the varying ratios of solid to solution and will be addressedin the

discussion.

Open Experiments (Elutriate Test)

Resultsfor theexperimentsconductedaccordingto theCorpsofEngineersmethodaredisplayedin

Table5. Manyof thecalculationsarethesameasthoseusedin theclosedexperiments.

BackgroundseawaterNH4~concentrationswereaddedto the porewaterconcentrationsof NH4~
to determinean expectedquantity releasedat the instant of resuspension.This was followed by a

maximumN}Lj+ concentrationmeasuredover thesuccessivesampling times. Thebackground+

porewaterconcentrationwas subtractedfrom the maximum measuredNH4~to calculate the

amountassociatedwith thesolids in eachsediment. This measurementwas normalizedto weight

of solid sedimentadded(per gram). Thevaluewas comparedto the extractiondeterminationof

+ . + .

~NH4 to generatea percentagereleased. Thedynamicsof NH4 releaseasa function of time
for theopensystemexperimentswere very similar to thoseobservedin theclosedsystemsCorps

experiments.NH4+ concentrationsrapidlyincreasedduring the first time samples,then showeda

relatively small increasebetweenthe 60 minute sampleand the final sampletaken at 24 hours.

This final increasein thenutrientconcentrationin theoverlying wateroccurredafter the sediments

hadsettled,indicating thatreleaseofNH~cancontinueafter particleshavesedimentedout ofthe
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Location Seawater Seawater Initial Fast NH4 Slow Fast Slow Total NH4 Relea Total
and initial + NH4 release max Release Release Release (~smoles/gdsed as Releas

sediment concentr Porewate I = Smins in ~iM (~iM) ‘~~iM) ~.tmolesIgd ~.smolesIgd w) % of e
addition ation r (~.iM) w) w) total (~.tmol

(gIL) (kM) amrnoniu es/gdw
m(~iM)

Marker 15) 32.50
0.1 7.5 8.8 7.9 -0.9 12.6 3.8 nd 37.8 116,39 37.83
1.0 11.6 24.9 45.1 20.2 57.2 12.1 20.2 12,1 99.39 32.30

10.0 11.3 144.0 325.6 181.7 373.5 47.9 18.2 4.8 70.63 22.96
Marker 157 11.60

0.) 1.0 1.3 1.4 0.1 2.5 1.1 1.0 11.0 103.44 12.00
1.0 1.9 4.6 9.2 4.5 13.7 4.5 4.5 4.5 77,74 9.02

10,0 1.2 28.7 86.8 58.1 123.5 36.7 5.8 3.7 81.72 9.48
Marker 45 15.80

0.1 4.2 4.8 7.1 2.3 9.5 2.5 22.8 24.9 301.39 47.62
1.0 3.4 8.8 21.3 12.5 29.6 8.3 12.5 8.3 131.85 20.83
10.0 3.9 57.8 150.7 92.9 218,8 68.1 9.3 6.8 101.90 16.10

Marker 59 8.00
0.1 10.1 10.5 10.7 0.2 12.6 1.9 2.3 19.4 270.90 21.67
1.0 7.6 11,2 16.1 4.9 24.9 8.8 4.9 8.8 l7r.09 13.69

10,0 9.6 45.7 98.6 52.9 133.8 35.1 5.3 3.5 110.00 8.80
Marker 9) 10.90

0.1 3.3 3.6 5.3 1.7 6.8 1.5 17.3 15.3 298.79 32.57
1.0 2.2 5.2 10.8 5.7 18.5 7.7 5.7 7.7 122.40 13.34

10.0 3.1 32.3 95.3 63.0 133.2 37.9 6.3 3.8 92.64 10.10
Marker 4) 20.60

0,1 6.6 7.3 8.1 0,7 13.4 5.3 7.4 28.8 175.52 36.16
.0 6.4 13.5 22.5 9.1 23.9 1.4 9.1 1.4 50.83 10.47

0.0 5.7 76.0 160.4
~~-~--

Station 13

84,5 171.8 11.3 8.4 1.1 46.51 9.58
~

1.60
0.1 7.2 7.2 7.8 0.6 8.9 1.1 6.4 11.1 1092.7 17.48

4
1.0 6.7 6.8 8.3 1.5 15.5 7.2 1.5 7.2 545.17 8.72
10.0 7.! 8.2 31.9 23.7 43.5 11.5 2.4 1,2 220.23 3.52

Station 28 2.41
0.1 8.0 8.0 7.7 -0.4 9.9 2,2 rid 22.0 762.22 18.37
1.0 8.5 8.6 9.5 0.9 10,5 1,0 0.9 1,0 78.40 1.89
10.0 6.6 7.9 9.7 1.8 12.8 3.1 0.2 0.3 20.31 0.49

Table 4. Resultsfor theclosedexperimentsconductedby adding0.1, 1.0, 10.0gramsof sedimentby dry

to oneliter volumesof overlying water. Outerchannelsedimentresultsaredisplayedatthebottomand inner
sedimentsat the top of the table.
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watercolumn. In severalof theexperiments,thereleaseaftersedimentshad settledwas in excess

of 10% of the total release. Oneexceptionto this was the results Marker 151 sedimentswhere

NI-L1~concentrationdecreasedbetweenthe one hour sampleand final sample. This station’s

sedimentsalso had the highestreleaseof NH4~in theopen experimentsand arecharacterizedby

+thehighesttotal NH4 content.

NH4~releasefrom bare areasedimentsin the elutriateexperimentswas more than an order of

magnitudeless than for the innersediments. Final calculationsof massnormalizedreleasein the

open experimentsexhibited similar trends to the mass normalized calculationsfor the closed

systems. In both typesof experimentsMarker 151 sedimentshad a very high releaseof NH4~,

whereassedimentscollectedinside the channelat Marker 157 and Marker 59 releasedthe least.

Marker 59 and 91 sedimentsreleasedthe highestpercentageof the ~NH4~ containedin the

sediments(determinedby extraction). This wastrue for both the open and closedexperiments.

Marker45 sedimentsin theclosedexperimentsalsoreleasedalargeportionof thetotal containedin

thesediments.

Experimentswherethe largestfractionof ~NI-L~wasreleasedwerealsocharacterizedby the

highestmassof sedimentsadded.Sedimentmassadditionsin theopenexperimentsexceededat

leasttwice themassadditionin closedexperiments.Porewateradditionsin openexperimentsalso

far exceededthe additionsin theclosedexperiments,and wereconsideredin final calculationsof

NH4’~concentrationsand ~NH4+release.

Po;~ReleaseDuring Resuspension

Thesedimentscollectedinside the GIWW were all black in color and sulfide could be detected

when the sediments were exposed. Anoxic estuarine sediments characterizedby high

concentrationsof sulfide, particularly in theLagunaMadre generally havehigh concentrationsof

acidvolatile sulfide composedmainly of reactiveiron-sulfidecompounds. Thesecompoundsare

rapidly oxidized upon exposureto oxygenatedenvironments. The oxidation of reducediron

compoundsresultsin theformationof metal oxides andhydroxides which are known to strongly

adsorbphosphatefrom solution. This explainsthegeneraltrendobservedin thetime course
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concentrationsmeasuredfor the various resuspensionexperiments. Figure 4 displays typical

results which were observed in almost every case. An initial rapid increase in the P04
3

concentrationwasfollowed by a rapiddecrease.P04
3releasedinitially by porewaterdilution was

probably readsorbeddue to the simultaneousformation of oxide minerals in the experiments.

Unfortunatelythiscomplicatesthe interpretationof theP04
3data. In somecaseswhere1.0 or 0.1

gramsof sedimentwere addedtheP04
3concentrationactuallydecreasedto below the background

level by theendof theexperiment.

Table5. Resultsfor theopen,elutriatetest. Datais presentedwith innersedimentsat thetop of

thechartandoutersedimentsin the lowersection

Location NH4 max Grams iMoles NH4 Total Released

Sediment of released NH4

measured added NH4 (~tMJgdw) (~tMJgdw) as% of

(pM) released total

Marker 151 1449.30 26.75 528.45 19,75 32.50 60.78

Marker 157 692.32 52.00 169.67 3.26 11.60 28.13

Marker45 929.80 45.19 305.03 6.75 15.80 42.72

Marker59 1074.30 73.63 279.97 3.80 8.00 47.53

Marker91 982.40 57.17 242.37 4.24 10.90 38.89

Marker41 828.00 33.70 0.30 0.01 20.60 0.04

Station13 705.60 139.54 186.43 1.34 1.60 83.50

(N)

Station28 99.00 146.67 26.96 0.184 2.41 7.63

(S)
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NH4~Flux Determination and Sediment Plume Analysis

SedimentNH4~profileswere determinedin corestakenfrom seagrassbedsandfrom bareareas.

Flux estimationswere calculatedusing Fick’s first law along with modifications suggestedby

Boudreau (1996). Concentrationgradients were calculated using the difference between

+. . . .

concentrationsof NH4 in theoverlying waterand at 2 cm sedimentdepth. Thediffusivity was
considereda function of porosity and adjustedusing the reciprocal of (1 - ln(~2)). NH4~flux

estimationswere all positive and rangedfrom 229 to 622 j~Mm2 dyt for bare areas,and from

175 to 612 p~Mm2 dy~in grasscoveredregions. Theseestimateswere usedto calculatea total

+ . . .

NH4 flux from sedimentsin SouthernLagunaMadre,considenngatotal sedimentsurfaceareaof
2 . . +487 km andapproximately70%seagrasscoverage.A conservativeestimateof NH4 flux will be

presentedin thediscussionwith calculationsofpotentialreleaseassociatedwith a dredgingevent.

Resultsof thesedimentplumesampling collectedin Februaryof 1997 arepresentedin Figure 5.

The column graph at thetop of thefigure displaysthe NH4~concentrationand suspendedsolid

quantitiesmeasuredatthethreepoints[at thedredgepipe, 30 metersaway (near),and 300 meters

away (far)] . Both NH4~and suspendedsolid concentrationincreasewith distancefrom the

dredge pipe. The increasein suspendedsolids with distancefrom the source was due to the

interruption of sedimentflow from the outlet during sampling allowing the sedimentplume to

move with the currentaway from the areaof disposal. NH4+ concentrationsincreasedfrom

approximately20 ~M nearthedredgepipe terminusto over 130j~Min thesedimentplume. At the

bottom of Figure 5 suspendedparticleconcentrationis comparedto NH4” concentration. The

comparisonappearsto reflectanon-linearrelationshipbetweentheamountof suspendedsolid and

quantity of NH4” released. As the suspendedparticle load in the water increasedthe

concentrationof NH4+ seemedto follow an exponentialincrease. It should be kept in mind that

the higherconcentrationof particlesalso correspondsto an increasein distancefrom the dredge

pipe, andthusan increasein theamountoftime thesedimentshadbeenresuspended.
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Figure4. Time courseP04
3concentrationsobservedduring resuspensionof Marker 59 sediments

from LagunaMadre. Squaresandcirclesrepresentduplicatereleaseexperiments.

Discussion

Comparison of Release Experiments

The impetus for this study was to comparethe currently acceptedmethod of NH4~release

assessmentto a method that may more accuratelyrepresentopenwaterenvironments.We found

that our closedsystem experimentsresulted in much larger values of releasedNH4~when

comparedto the elutriatemethod. Major differencesbetweenthe two methodsare the constant

aerationof thesedimentresuspensionsin the elutriateexperimentsand terminatingthe agitation of

thesedimentwatermixtureafteronehour. Although thesedifferencesin methodology influenced
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Figure 5. Datacollectedduring a dredgingevent in February, 1997. The upper column graph

displays NH4~ concentrations (shaded column) as well as suspended particulate matter

(SPM)(crosshatchedcolumn)atpoints300 metersfrom the dredgepipe (far), 30 metersfrom the

dredge pipe(near, and immediately adjacent to the pipe. The lower graph compares NH4~
concentrationsto suspendedparticle load. The points are resultsof duplicate samples at each

location.
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the experimentalresults, they are probablyof secondaryimportanceto the relative amount of

sedimentaddedin thetwo techniques.

In theelutriateexperimentsthesedimentdry weight to volumeratio rangedfrom 52.4 gramsto 249

gramsL”. In contrast,sedimentdry weight addition in the closedsystemexperimentswerelO

grams, 1 gram and0.1 grams per liter. Figure 6 displaysthe final concentration[assumedto be

theequilibrium concentration(~tM)]measuredat the end of eachresuspensionexperimentusing

sedimentscollectedat Marker 45. The concentrationis plotted againstthe sedimentdry weight

addition normalizedto one liter of overlying water. The graph resemblesa typical Larigmuir

isothermwith theclosedexperimentvaluesfoundon the linear part of thecurve while the elutriate

experimentmeasurementsarecloserto the saturationpartof the curve. This type of relationship

wasobservedfor all sediments. Elutriateexperimentswere largely designedto imitate conditions

inside dredgepipes during the sedimentrelocationprocesswhere very high sediment to water

ratiosoccur. After sedimentsare expelledinto openwaters the ratio of sedimentto water volume

rapidly decreasesasthe sedimentplumemovesaway from thesource. Thus our closedsystem

experimentsmay better representconditionsin open water where sedimentplume dilution and

persistenceof the particlesin suspensionfor extendedperiodsof time allows for greaternutrient

release.

Measurementstakenin the field during a dredgingeventappearto support this conclusion. The

datapresentedin Figure 5 illustrate the releaseof NH4~after the initial dilution of porewater.

Insteadof a linear increaseof NH4~with suspendedparticleconcentration,we observedmore of

an exponentialrelationship. This would seem to indicate that NH4+ releasecontinuesafter

porewaterdilution. In both the elutriate and closed experimentslarge quantitiesof NH4~

associatedwith the “fast” releaseof loosely bound ions were releasedin the first five minutesof

sedimentresuspension.This fraction will be importantin theearlystagesof particleresuspension,

releasingNH4~to the surroundingwater following the initial dilution of pore water dissolved

NH4~.In addition,smallerparticlescapableof remainingin suspensionfor long time periods (on

the orderof hours)will continueto desorbNH4+ until removalby sedimentation.
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Figure 6. Final equilibrium NH4~concentrationvs. sediment (dry weight) normalized to the

volumeof overlyingwaterusedin resuspensionexperimentswith Marker 45 sediments. The data

points fall on atypical Langmuirtypecurve. Datacollectedfrom theclosedexperimentsfall on the

linear sectionof thecurve nearthe origin. Thepoints falling closerto the saturationpart of the

relationshipareresultsgeneratedfrom theopen,elutriatetest.

Environmental Implications

We haveestablishedthat sedimentscollected from the bottom of the GIWW have very large

quantitiesof NH4~associatedwith the porewatersand solid fraction and that their resuspension

couldresult in releaseof possiblyenvironmentallysignificant quantitiesof NH4
4, particularly in

very shallowregimes. A recentinvestigation by Blackburn(1997)using a simulation model of

sedimentresuspensionconcludedthat resuspensionof up to 2.4 cm of surficial sediment and

porewaterwouldhaveinconsequentialeffects on theoverlying water nitrogenconcentration, and

thusno effect on primaryproducersin the watercolumn. In a mesocosmexperiment,Sloth et al.

observed a slight increasein NH4~concentrationswhere an estimated6 mm of surficial

0 20 40 60 80 100

Grams Sediment added (Lifel~)
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sedimentswereresuspendedandtheliberatedNH4~nitrogenwasassumedto be relatively rapidly

absorbedby planktonicalgae(Sloth 1996). Thepresentinvestigationconcentrateson the affect of

largescaledredgeoperationswhich arecharacterizedby removalofsedimentsto depthsof 1 meter

(Technicalreport,CherylA. Brown andN. C. Kraus. for U.S. Army Corp. of Engineers1996).

A similar investigation conductedby Jonesand Lee using the elutriateprocedureconcludedthat

dredgeassociatednutrientreleasewould rarely havean adverseeffect on waterquality (Jonesand

Lee 1979). Theseauthorsdeterminedthat therelativelyshort-liveddurationof theseeventswould

prevent any significant affects on the dump site surroundings, though they admit that this

conclusionshouldbe evaluatedon asite-by-sitebasis.

Using the datacollectedin thepresentstudy we calculateda potential releaseof NH4~during a

dredgingoperationnearPort Mansfield Texasin 1989 whereover318,000 m3 of sedimentwere

removedfrom the channeland depositedoutside. Consideringthe volume fraction determination

of the sediments,this would result in the dilution of over 5.3 x 108 liters of porewater. These

calculationsshouldbe consideredasroughestimatesof the conditionswhich actuallyoccurduring

large scalesedimentrelocation. Using the porewaterconcentrationof NH4+, and the volume

fraction of water we calculateda releaseof NH4+ throughporewaterdilution. In addition we

addedthequantityassociatedwith the looselyboundfraction of NH4~which was releasedwithin

5 minutesof resuspension.The potential releasein this relatively small areaof estuarywas in

excessof 46 metric tons of NH4+ over a time period of approximately two months. For

comparison,weusedflux calculationsestimatedfrom 12 nutrient profiles obtainedfrom sediment

corescollectedin the lowerLagunaMadrein both grasscoveredandbare areas. CalculatedNH4+

releasefrom thesedimentson a monthlybasiswas approximately80 metric tons. Thesenumbers

should be consideredas conservativein that we have not taken into account the release of

additionalNH4+ associatedwith a slow releasefraction. In our laboratorystudieswe determined

that this fraction can contributea significant amountof the total releaseoccurring during sediment

resuspension.In addition we haveonly consideredphysical diffusion of NH4~from sediments

and havenot attemptedto includebiological factorssuchas bioirrigation. Sedimentcorestaken

during sampling trips in theLagunaMadre displayedan biologically active surficial zone. The

macrobenthosfoundin surficial sedimentshasbeendeterminedcapableof significantly altering the

flux ofmaterialsoutof andinto thesediment(Aller, 1982)
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The potential for nitrogen enrichment during channel maintenanceoperationshas significant

implicationsfor theLagunaMadreestuary.Alterationsin theNH4~concentration,specifically the

ratio of available NH4
4’ to available N03

2, may influence the structureof the planktonic algal

communities which inhabit the LagunaMadre. A well known phenomenareferredto as “the

brown tide” has been occurringin this south Texasestuarinesystemfor the last seven years.

Streetet al. describedthebrown tide eventand isolated the organismresponsiblefor the bloom

(Street,1997). This organismis a memberof theChrysophyceaefamily and is closelyrelatedto

an organismassociatedwith browntide in Long Island SoundandNaragansettBay, Aureococcus

anophagefferens. Unlike the organismisolated in the Northern Atlantic coastal systems, the

LagunaMadrespeciescannotutilize nitrateasa N source(DeYoe and Suttle 1994). Lomaset al.

havecharacterizedthenitrogenuptakedynamicsof the organismisolatedfrom Long IslandSound

and NaragansettBay (Lomas 1996). The authorsdeterminedthat A. anophogefferensis well

adaptedto low light, highly turbid environments,and in thesetypes of conditions, preferentially

takeup NH4~’asnitrogen source. This couldbe due to the fact that N03
2uptakerequires light

(energy)whereasNH4’t’ uptakedoesnot.

Theonsetofthebrowntide in southTexaswasassociatedwith a largedie-off of fish and benthos

during severefreezesin the estuaryin the winter of 1989 (DeYoeand Suttle 1994). This event

causedNH~I,4’concentrationsto increaseto 69 j~Min the SouthernLagunaMadre and coincided

with a collapseof the micro- and macro- zooplanktoncommunities. Theseeventstaken together

with the physiological characteristicsof the Texas brown tide organism createdexceptionally

favorableconditionsforthemono-specificbloom. NH4’t’ inputs during dredgingeventscombined

with areductionin light penetrationcouldsimulatethesubstratealterationsof theoriginal event,at

least in a localized fashion. Due to the geographicalstructureof the Laguna Madre estuary,

nutrient concentrationperturbationsare not transported rapidly outside of the estuary and

eliminated. Theselocalizedalterationscan persist,essentiallyacting to exacerbatethe brown tide

bloom.
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Abstract

Theeffectsofdredgingon theproductionandsurvivalof theseagrassThalassiatestudinumwere

assessedin lower LagunaMadre, Texas. Underwaterphotosyntheticallyactiveradiation(PAR),

shootdensity,biomassandbladechlorophyllcontentweremonitoredbeforeandafterthedredging

eventatastation(PA235) locatednearthedisposalsiteandatan adjacentbutunaffectedcontrolsite

(Fix 2). DredgingoftheGulfIntracoastalWaterway(GIWW) andplacementof dredgedmaterials

in PlacementArea 235 (PA235)beganin earlySeptember,1998. Two ofthesamplingsitesatthe

placementarea(PA235a& b) were buried by dredgematerialsand all plant shootsdisappeared

within 2 monthsafterdredging;two remainingsites(PA235c& d), locatedwithin 200m distantof

theburied siteswereexposedto heavysiltationbut notburied. UnderwaterirradianceatthePA235

siteswasreducedsignificantlycomparedto thecontrolduring andfollowing dredgingactivity. This

increasedlight attenuationwassustainedfor over 9 months. Watercolumn chlorophyllandNH4~
concentrationsincreasedsignificantly afterdredging. Increasesin watercolunmNH4~concentrations

at the PA235 sites were coincidentwith increasesin water column chlorophyll concentrations,

suggestinghigh re-mineralizednitrogenflux from thesediment,which hadNH4~valuesexceeding

500 ~tMafterdredging. Shootdensityandbiomassdeclinedsignificantly, andleafproductionrates

decreasedto athirdof thoseatthecontrolsiteafterdredging.

Dredgingactivity wasdeleteriousto seagrassgrowthand survivalasa resultof directburialand

increasedlight attenuationcausedby sedimentsuspension.Burial wasseverebut morelocalized

in comparisonto the increasedlight attenuation,whichpotentiallyaffectsextensiveareasof seagrass

bedsfor long periods due to continuousre-suspensionof dredgedmaterialsby wind-generated

waves.
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Introduction

Significantdeclinesin seagrasscoveragearerelatedto humanactivities (Cambridge& McComb

1984, Cambridgeet al. 1986). Pollution, ship and bargetraffic, sewagedumpingand dredging

activitiescanreduceseagrassgrowthandconsequentlycausedeclinesin seagrasscoverage.While

dredgingactivitiesarecritical for maintainingshallowchannelsandharbors,theshallowbayand

coastalareasnear the channelsand harborsusually contain flourishing seagrassesand other

submergedaquaticmacrophytes. Therefore,dredgingactivities can removesubmergedaquatic

vegetationdirectly by burial and indirectly through increasesin light attenuationfrom sediment

suspension.

LagunaMadrehasthemostextensiveseagrassbedsin Texascoastalregions. TheGulf Intracoatal

Waterway(GIWW), whichpassesthroughLagunaMadre,providesan essentialconnectionfor the

transportationof productsvital to theeconomyofTexas(TexasDepartmentof HighwayandPublic

Transportation1980). Someareasofthe GIWW haverelativelyhigh shoalingratesandrequire

maintenancedredgingby theU. S.Army CorpsofEngineers(USACE)approximatelyevery2 years

(Brown and Kraus 1997). The presentstudy examinedthe effectsof dredgingactivities on

seagrassesin anopen-baydredgedmaterialplacementareaalongthe GIWW in thelower Laguna

Madre.

Theproductivity andphysiologicalresponsesof seagrassesto environmentalchangescausedby

dredgingactivitieshavebeenlittle documenteddespitethe immediateanddirect impactson seagrass

growth andsurvival (Onuf 1994). The main causeof seagrassloss resulting from maintenance

dredgingis underwaterlight reduction(Onuf 1994). Seagrassesrespondmorphologicallyand

physiologicallyto reducedunderwaterirradianceby increasingchlorophyll content,narrowingblade

width, anddecreasingchi a:b ratio,biomassanddensity(CzemyandDunton1995,LeeandDunton

1997).

We hypothesizedthat dredging and the disposalof dredgedmaterialswould affect seagrass
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productivityand survival throughburial with dredgespoilsandthroughseverelight reductionwith

periods of high light attenuationextendingfor severalmonthsas dredgedmaterialsbecome

continually re-suspendedby winds and currents. To test this hypothesis,we monitored the

underwaterlight regimebeforeandafterdredging.Additionally, wecharacterizedwatercolumnand

sedimentenvironmentsandassessedthechangesin productivity,shootdensity,biomassandblade

chlorophyll contentoftheseagrassThalassiatestudinum.

Materials and methods

Studysites

This studywasconductedin an open-baydredgedmaterialplacementarea(PA235)alongtheGulf

IntracoastalWaterway(GIWW) in lower LagunaMadre (Fig. 1). Thalassiatestudinumis the

dominantseagrassspeciesin this area. We establishedfour samplingsiteswithin a0.5 km2 areaat

astation(PA235)locatedwestoftheplacementarea. SitesPA235a(26°07’ 05”N, 97°13’ 50”W)

and PA235b(26°07’ 1 1”N, 97°13’ 56”W) were locatednearthe edgeof the dredgedmaterial

placementarea,andtwo additionalsitesPA235c(26°07’ 13”N, 97°13’ 40”W) andPA235d(26°

07’ 21”N, 97°13’ 48”W) wereplacedca.200 m westof thefirst two. A nearbybut unaffectedT

testudinumbed(Fix 2; 26°08’ 06”N, 97°12’ 29”W) waschosenasa control (Fig. 1). Lower

LagunaMadreis characterizedby strongwindspredominantlyfrom thesoutheast(Brown andKraus

1997). Thesewindscarrythedredgedsedimentsto thenorthwest,leavingthecontrolsite(Fix 2;

located to northeastof the dredgedmaterial placementarea),unaffected.Dredgingof the Gulf

IntracoastalWaterway(GIWW) and placementof dredgedmaterialsin PA235 beganin early

September1998.

Photonflux measurement

Underwaterphotosyntheticallyactive radiation(PAR; 400-700nm) wascollectedcontinuously

during pre- andpost-dredgingperiods(June1998 to June1999)using aLI-193SA sphericalquantum

sensorat seagrasscanopylevel, whichprovidedinputto LI-bOO data-logger(LI-COR). Since
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Figure 1. Studyareaat lower LagunaMadre,Texas.
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seagrassbedsat sitesPA235aandPA235bwereunexpectedlyandrapidlyburiedby dredge

materialsthatwerenotretainedin theplacementarea,underwaterPAR wasmonitoredfrom the

controlsite(Fix 2) andsitesPA235cand PA235dfollowing burial ofthequantumsensorsat

PA245aandPA235b. UnderwaterPFD at PA235cand PA235dwereaveragedto represent

underwaterlight conditionat PA235sites. Theunderwaterlight sensorwascleanedeverytwo

weeksto minimize fouling. CoincidentmeasurementsofincidentsurfacePARweremadeat Fix

2. Daily attenuationcoefficientwascalculatedfrom theintegrateddaily surfaceandunderwater

irradianceandwaterdepthsusing theBeer-Lambertequation:

= I~e~

whereI~is underwaterPhotonflux density(PFD) at depthz, 10 is surfacePFD andk is the light

attenuationcoefficient(md). Averagewaterdepthswere determinedby poolingdatafrom oneto

severalindependentmeasurementsthat occurredduring distinct lunartidal cycles. Thereis no light

datafor the period December1998 to February b 999 when the instrumentswere retrievedfor

servicing.

Water columnandsedimentcharacteristics

Watertemperature,salinity and depthweremeasuredevery2 weeksduring pre- andpost-dredging

periodsfrom controland dredgedisposalstation. Sinceall siteswerelocatedwithin a0.5 km2 area,

we assumedthat watercolumncharacteristicswerehomogeneousamongthefour PA235 sites. Four

replicatessurfacewater sampleswere collectedmonthly at the control site and site PA235cto

determinewater column NH4~and N03+N02 concentrations. Sedimentpore water NH4~

concentrationswere determinedfrom four replicatesedimentsamplescollectedwith a 2.5 cm-

diametercorerto adepthof 13 cm. Sedimentporewaterwasobtainedby centrifugation(S000xg

for 15 mm) andthendiluted (1:5, v/v) with low NH4~seawater(< 0.1 p~M)collectedoffshorein the

GulfofMexico. WatercolumnNH4~andNO3 +N02 andsedimentporewaterNH4~concentrations

weredeterminedusing standardcolorimetrictechniquesfollowing themethodsof Parsonset al.

(1984).
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Sedimentgrainsizedistributionwasdeterminedfrom fourreplicatesedimentsamplesusing standard

geologicprocedures(Folk 1964). Percentdistributionby weightwasmeasuredfor components,

rubble(e.g.,shell hash),sand,silt andclay. A 20 ml homogenizedsedimentsamplewasmixed with

100 ml 3 % hydrogenperoxideto digesttheorganicmaterialsin sediment. The samplewaswet

sievedthrougha62 ~tmstainlesssteelscreenusingavacuumpumpto separaterubbleand sandfrom

silt andclay. Therubbleandsandwereseparatedusinga 125 ~imscreenafterdrying. Thesilt and

clay fractionswere measuredusing a pipettemethodthat samplessedimentsuspensionat 10-cm

depthafterspecifictime intervals.

Biological measurements

Forshootdensityandbiomass,5-10replicatesamplesfrom eachsamplingsitewere collectedusing

a 15 cm diametercorerdrivenapproximately20 cm into thesediments.Sampleswerecleanedof

epiphytesand sediments,separatedinto leaf(above-ground)androot andrhizome(below-ground)

tissues,anddriedat60°Cto aconstantweight. Shootdensitywasestimatedby countingthenumber

ofshootsin thecoresamples.Shootdensityandbiomasswereexpressedasarea!estimates:shoots

m2 and g dry wt m2, respectively.Fordeterminationofbladechlorophyll content,10 to 20 shoots

from eachsitewerecollectedandthencleanedof epiphytesin the laboratory. Tenreplicatepre-

weighedcenterportionsof greenleaveswereextractedfor 3-4dayswith 10 ml ofN,N-dimethyl

formamide(DMF) following Dunton and Tomasko (1994). Absorbanceof the extractswas

measuredat 750, 664 and647 nm on aspectrophotometer(ShimadzuUV16OU). Contentsofchl

a andb weredeterminedusing the equationsof Porraet al. (1989). Leafproductionrateswere

estimatedusing theblademarkingtechnique(Zieman1974,KentulaandMclntire 1986). Five to

fifteen randomlychosenshootsfrom eachsitewere markedjust abovethebundlesheathwith a

hypodermicneedleandcollectedafterapproximately2 weeks. Leafmaterialwas separatedinto

tissueproducedbeforeand aftermarking,andwasdriedat 60°Cto aconstantweight. Therateof

leafproduction(g dry wt m2 d’) wasdeterminedby dividing the dry weight of new leaftissue

producedafter marking by the numberof dayselapsedsince markingand multiplying by its

correspondingshootdensity. Sinceall shootsdisappearedafterdredging,leafproductionratesand

bladechlorophyll concentrationsweremeasuredin controlandnon-burieddredgedisposalstation.
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Statistics

All valuesarereportedasmeans± 1 SE. Statisticalanalyseswereperformedusingagenerallinear

procedure(SAS Institute,Inc 1989). Dataweretestedfor normalityandhomogeneityof variance

to meetthe assumptionsof parametricstatistics,andassumptionsweresatisfiedfor all datatested.

To examinethe effectsof dredgingactivities, significant differencesin underwaterPFD, water

column and sedimentcharacteristics,seagrassbiomass,leafgrowth rate and bladechlorophyll

contentamongstudy sitesandsamplingtimesweretestedusingatwo-wayANOVA with timeas

ablock. Whenasignificantdifferenceamongvariableswasobserved,themeanswereanalyzedwith

a Tukey multiple-comparisontestto determinewherethesignificantdifferencesoccurredamong

variables.

Results

Underwaterirradianceandlight attenuationcoefficient

Siteson theedgeof theplacementarea(PA235a& PA235b)wereburiedby dredgedmaterials.

AverageunderwaterPARatPA235candPA235ddecreasedsignificantly (P<0.O01)afterdredging

beganand thenremainedhighly variable(especiallyin contrastwith the control site) for the

remainderofthestudy (to June1999;Fig. 2). Light attenuationcoefficientsatPA235candPA235d

increasedsignificantly (P<O.OO1) andwerealsohighly variablefollowing theinitiation ofdredging

comparedto thecontrolsite(Fig. 3)

Watercolumnandsedimentcharacteristics

Watertemperature,salinity anddepthwerenot significantly(P = 0.59,0.82 and0.81, respectively)

differentbetweenthecontrolanddredgedisposalsitesduringpre- andpost-dredgingperiods(Fig.

4). Rubble,sand,silt andclaycontentat thecontrolsitedid notchangesignificantly (P = 0.33,0.15,

0.22 and0.47, respectively)afterdredging(Table1). At PA235,rubbleandsandcontentdecreased

significantly (P<O.OO1),but silt andclay contentincreasedsignificantly(P<O.OO1)afterdredging.

Watercolumnchlorophyll andNH4~concentrationswere notsignificantly (P = 0.14 and0.61,
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Table 1. Sedimentgrainsizedistributionat control(Fix 2) andburied(PA23Sa& b)
andnon-buried(PA235c& d) dredgedisposalsites.

Site
Control
(Fix 2)

Pre-dredging
(June1998)

Post-dredging
(February1999)

Dredgedisposalsite
PA235a&b PA235c&d

3.1±0.3 -

25.7±1.8 -

37.0±1.5 -

34.2±0.7 -

Rubble
Sand
Silt
Clay

Rubble
Sand
Silt
Clay

16.8±9.5
50.3±6.3
12.3 ±1.4
20.6±2.0

6.0 ±0.7
61 .5 ±2.5
10.0±1.0
22.6±1.6

0.1 ±0.1
0.7 ±0.3
47.6±5.7
51.7±5.9

7.6±1.5
41.3±2.0
29.4±3.8
21.7±3.6
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respectively)differentbetweenthecontrolanddredgedisposalsitesat PA235during pre-dredging

periods(Fig. 5A, B). However,chlorophyll and NH4 concentrationsat PA235 sites increased

significantly (P<O.OOl) afterdredgingcomparedto the control site. Watercolumn N03+N02
concentrationswerenotdifferent significantly(P = 0.21)betweenthecontrolandPA235 sitesduring

pre- andpost-dredgingperiods(Fig. SC). In additionsedimentporewaterNH4~concentrationswere

not significantly (P = 0.17)differentbetweencontrolanddredgedisposalstationbeforethe initiation

of dredgingstarted(Fig. 6). However,following dredging,porewaterNH4~concentrationswere

significantly (P<0.00b)higherat PA235 thanthe control site at Fix 2. At PA235,buried sites

(PA235a& b) had significantly (P<0.O01)higherpore waterNH4~concentrationsthan thenon-

buriedsites (PA235c&d) following dredging(Fig. 6).

Seagrassshootdensityandbiomass

At thecontrolsite,shootdensitydid not significantly (P = 0.21)changeafterdredging(September

to October). However,shootdensityat sitesPA235a& b decreasedby 75%,andby 55%at sites

PA235c& d one month after dredgingbegan(Fig 7). All seagrassshootsdisappearedabout2

monthsafterdredgingat sitesPA235a& b, whichwereburiedby sedimentaccumulationsof 10 cm

ormore(Fig. 7). Above-andbelow-groundandtotal seagrassbiomasswerenot significantly (P =

0.41, 0.97 and0.99, respectively)differentbetweenthecontrolandPA235 sitesbeforedredging

(Fig. 8). However,above-groundbiomassdecreasedby about95%atsitesPA235a& b, andby 70%

atsitesPA235c& d comparedto thecontrolsiteonemonthafterdredging.Below-groundbiomass

decreasedby 55%and45%comparedto thecontrolsiteonemonthafterdredgingat PA235a& b

andPA235c& d sites,respectively.Below-groundbiomasscontinuouslydecreasedatPA235sites

throughouttheexperiment,while above-groundbiomassat sitesPA23Sc& d increasedat theend

of theexperiment(Fig. 8).

Lea/productionratesand bladechlorophyllconcentrations

Leafproductionratesat thecontrol siteexhibiteda significant(P<O.00b)seasonaltrend(Fig. 9).

Productionrateswerenot different significantly (P = 0.49)betweencontrol anddredgedisposal

stationbeforedredgingstarted. However,leafproductionratesatthedredgedisposalstation (0.7-
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1.2 g dry wt m2 d~)weresignificantly (P<0.OOl)lower thanatthecontrolsite (2.4-3.6g dry wt m2

dj afterdredgingstarted. Total bladechlorophyll concentrationswere significantly (P<0.OOi)

higherandchl. a:b ratios were significantly (P<0.00l)lower at PA235 comparedto the control

during pre- andpost-dredgingperiods,exceptJune1999(Fig. 10).

Discussion

Dredgingactivities andopen-baydredgematerialdisposalsignificantly decreasedproductionand

survivalof theseagrassThalassiatestudinumthroughdirect burial by dredgematerialsandthrough

significantdecreasesin underwaterPARlevels. Seagrasseson theedgeof thedredgeplacementarea

wereburiedby dredgematerials,andall plantsdisappearedwithin 2 monthsafterdredging. Within

200 m of PlacementArea 235, underwaterPFD significantly decreasedafter dredgingdue to

suspensionandre-suspensionofdredgematerials.Underwaterirradianceandthelight attenuation

coefficientsatPA23S sitesfluctuatedhighly andwerecharacterizedby extremelylow underwater

PFD andhigh attenuationcoefficientfor thedurationof thestudy. Thesefluctuationssuggestre-

suspensionofthedredgedmaterialsduringdayswith highwindsandcurrents. Brown andKraus

(1997)reportedthatwind-generatedwavesandcurrentswerethedominantmechanismsfor sediment

re-suspensionin lower LagunaMadre. Approximately99%ofthedisposeddredgematerialswere

silt andclay,which areeasilyre-suspended.

Decreasesin growthand biomassasa resultof light reductionhavebeenreportedin Thalassia

testudinum(Czernyand Dunton 1995, Lee and Dunton 1997). In this study, decreasesin leaf

productionrate,shootdensityandbiomasswereprobablydueto thereductionofunderwaterlight

causedby dredgingactivities.Above-groundbiomassdecreasedmorerapidly thanthebiomassof

below-groundtissues. Rapid reductionsof leafbiomassarenormalresponsesof terrestrialand

submergedplantsto reducedlight levels(AddicottandLyon 1973,BackmanandBarilotti 1976,Lee

andDunton1997). After dredging,seagrassesatthesitesPA235c& d receivedan averageof27%

ofsurfaceinadiance(% SI),while plantsin thecontrolsite receivedapproximately60%SI. Czemy
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and Dunton(1995)and Leeand Dunton (1997)demonstratedthat T. testudinumdid not survive

undera light reductionequivalentto 14%SI. Theminimumlight requirementof 15 to 25% SI for

T testudinumwasreportedby Dennisonet al. (1993). Therefore,T testudinumat PA235appears

to receivetheminimum PARfor survival afterdredging.

Water column chlorophyll and NH4~concentrationsat the dredgedisposal station increased

comparedto thecontrolsiteafterdredging,while watercolumnN03+N02 concentrationswerenot

significantly different with thoseat the control site (Fig. 4). Increasedwater column NH4~
concentrationsprobablyreflecthigh re-mineralizedNH4~flux from sediment,whichthenstimulated

phytoplanktongrowthasreflectedby therise in chlorophyll levels. Increasedsedimentporewater

NH4~concentrationsin reducedlight conditionshavebeenattributedto increaseddecompositionof

seagrassdetritusanddecreasednitrogenuptakeby seagrassroots (LeeandDunton1997). Similarly,

high sedimentporewaterNH4~concentrationsatPA235 sitesfollowing dredgingprobablyreflected

increasesin decompositionand decreasesin nitrogenuptake.

Leafbiomassat PA235candPA235d(non-burieddredgedisposalsites)hadbegunto returnto pre-

dredginglevelsninemonthsafterthe initiation of dredging. This restorationof leafbiomasswas

probablydueto high sedimentnutrientsanddecreasedlight attenuation.Fluctuationsin underwater

PFD were lowest and water transparencyhighest in June 1999, approximately9 monthsafter

dredging(Fig. 3). During thisperiod,dredgematerialsbecamecompactedandincorporatedinto the

sedimentssurroundingthe seagrassesat sitesPA235cand PA235d,reducingthe proportionthat

couldbecomere-suspendedinto thewatercolumn. Patternsoftotal bladechlorophyll contentand

chl a:b ratio did not changesignificantly afterdredging(Fig. 3), probably becausetheseplants

previously exhibited pigmentcharacteristicsthat were reflective of low light conditions(high

chlorophyll contentand low chl a:b ratio) prior to dredging (Wiginton and McMillan 1979,

DennisonandAlberte 1982, 1985,Aba! et al. 1994, LeeandDunton 1997).

In conclusion,dredgingand disposalof dredgedmaterialshad a distinctquantitativeimpact on

seagrassproductionandsurvival. Seagrassesdisappearedrapidly asa resultof burial by dredge
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materialsandproductionsignificantly decreasedin seagrassbedsadjacentto thedisposalareafor

over 9 monthsin responseto continuousre-suspensionof dredgedmaterialsby wind-generated

waves.
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on apergramdryweightbasis. VerticalbarsdenoteSEof means(n 4) 15

Figure 4. Syringodium filiforme. A comparison of laboratory and field-collected

photosyntheticdatafor late-summer(3OEC) and late-spring(28EC) 1996-1997. White

barsrepresentlaboratory measurementsfor August 1996 and May 1997. Shadedbars

representin situmeasurementsfor September1996 andJuly 1997. Dataareexpressedon

apergram dryweightbasis. Vertical barsdenoteSEof means;thosewith thesameletter

arenot significantlydifferent (p>O.O5;n = 4) 16
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Abstract

SyringodiumJIliforme doesnot exhibit physiologicalcompensationasa function of season. This

hasimportantimplicationswith respectto thediversityand spatialdistributionof seagrassspecies,

with Syringodiurn-like physiological characteristics,that are exposed to chronic low light

conditionscommonto estuarineenvironments.Adult Syringodiumfihiformeplantsweresampledat

bimonthly intervalsbetweenAugust 1996 andAugust 1997 from a site in Lower LagunaMadre,

Texaswith ameandepthof ~l .2 m. Photosynthesis-irradiance(PT) experimentswereconductedat

ambienttemperatures,in conjunctionwith measurementsof reactioncenterdensity and size, to

characterizephotosyntheticapparatusstructureandperformance.Valuesfor relativequantumyield

(a; 02 evolvedper incidentphoton),compensationpoint (ia), saturationpoint (Ik), dark respiration

(Rd) and light-saturatedphotosynthesis(Piiax), collected during late-summer1996, exhibited no

significantdifferencesfrom thosecollectedin late-spring1997. Changesin pigmentconcentration,

exhibitingno distinct seasonalpattern,weremanifestedin adjustmentsofboth photosystemdensity

and size.Densitiesfor photosystemI (PSI) werehighestduring wintermonths(ca. 0.5 pmol mm3);

densitiesfor photosystemII (PSIT)exhibitedno seasonaltrend,rangingfrom 0.2 to 0.7 pmolmm3.

Little variationwas noted regardingthe sizeof PSI (PSUP700),whereas,size estimatesfor PSIT

(PSU07)were largestduring winter and early-spring(ca. 5400 Chl-a P680~1).Thesedataindicate

thatS. fll?forme mayhavesomecapacityfor alteringphotosyntheticapparatusstructure. However,

sincea, I~and ‘k did not changewith season,thebenefitof suchadjustmentsis not obvious. We

suggestphotophysiologicalparametersmay not be reliable indicatorsof environmentalstressin

SyringodiumJiliforme, asthis speciesdoesnot exhibita greatpotentialfor phenotypicplasticity.

This work servesasa basis for future studiesdesignedto addressphysiologicalcompensationin

seagrassesand the ability of coastal macrophytesto respondto environmental change(e.g.,

reductionsin light availability).
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Introduction

South Texasis distinguishedby someof the world’s most productivecoastalmarinecommunities

(McRoy and McMillan 1977). Seagrasspopulationsextendover approximately730 km2 of the

Texascoast(Quammenand Onuf 1993) and are of key ecological and economicalimportance

(reviewedby Zieman 1982). Seagrassesserveasmajorprimaryproducersandprovidehabitatfor

various speciesof invertebrates,fishes and waterfowl (Cornelius 1977, Fry and Parker 1979,

Rookeret al. 1997). As theygrow and senesce,seagrassesreleasebothparticulateand dissolved

organic matter, providing a vast organiccarbonsourcefor assemblagesof pelagicand benthic

suspensionfeeders.However,thesepopulationshaverecentlyexhibitednotabledeclines,including

150 km2 of habitatlossin lower LagunaMadre(Quammenand Onuf 1993,Onuf 1996). Declines

have beenattributed to underwaterlight reduction(Dunton 1994) and increasedturbidity as a

consequenceof anthropogenicdisturbancessuchasdredgingpractices(Onuf1994). In someareas,

light levelshavebeenreducedby asmuch as50%(Dunton1994). Increasesin ourunderstanding

of seagrassphoto-physiologymayprovide an opportunityto detectstressin seagrassesbeforethe

effectsof light limitation aremanifested.

Plants and algae exhibit considerablevariation in photosyntheticresponse(s)to environmental

change.Although thevariationmayreflectgeneticadaptationto growthregimes(e.g.,Kübleret al.

1991),mostrepresentphenotypicacclimationresponses(reviewedby Berry and Björkman 1980).

Not only doesacclimationresultin optimizationofphotosynthesisandgrowth,but in somecases,it

mayincreasetoleranceto and/orability to recoverfrom extremeexposures(Dudgeonet a!. 1990,

Pearsonand Davison 1994). Speciesadaptedto habitatscharacterizedby great environmental

variationtendto possessahigher,geneticallydeterminedpotentialfor photosyntheticacclimation,

which enablesthem to shift their metabolismin concert with seasonalchangesin temperature

and/orlight (reviewedby Berry andBjörkman 1980,Falkowski andLaRoche1991).When grown

under low light, specieswith the ability to photoacclimateexhibit relatively high ratesof light-

limited photosynthesis,high relativequantumyieldsand high pigmentconcentrations;thereverse

is foundwhengrownunderhigh light (BakerandMcKiernan1988,Falkowski andLaRoche1991).
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Previous researchhas shown that some seagrassgenera(e.g., Zostera and Thalassia) can

photoacclimateby adjustingpigmentcontentand stoichiometry(Dennisonand Alberte 1985,Abal

ci al. 1994).

This study targetedSyringodiumJul~forme,which is commonin coastalwatersof South Texas,

inhabiting areasthat are 1-2 m in depth. Limitations in thedistribution of Texasseagrasseshave

beenattributedto anotabledeclinein waterclarityobservedin theLagunaMadreover the last8-9

years(Onuf 1996). It is largely unknownhow efficiently Syringodiumrespondsto changesin the

environment.A co-existing species,Halodule wrightii, does not demonstratea clear ability to

photoacclimate(Dunton1994, Duntonand Tomasko1994). The implicationsareenormouswith

regard to this lack of phenotypicplasticity; if light availability continuesto decline in coastal

waters, we may witness further disappearanceof seagrass-dominatedhabitats and consequent

declinesin speciesdiversity.

The main objective of the following researchwas to characterizechangesin photosynthetic

performanceand light-harvestingcharacteristicsasa function of seasonin Syringodiumfil~forme.

A secondaryobjective was to evaluate the usefulnessof photophysiologicalparametersas

environmentalindicatorsin seagrasssystems.In addition,photosynthesis-irradiancecharacteristics

derivedfrom laboratorystudieswerecomparedto thosederivedfrom field-collecteddatato assess

theappropriatenessofeachapproachwhenaddressingtheimpactof anthropogenicdisturbanceon

seagrasspopulations.
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Methods

StudySite

Adult Syringodiumfiliforme KUtzing plantsweresampledbetweenAugust 1996 andAugust 1997

from a site (Station2, marker 123) in lower LagunaMadre,Texaswith a meandepthof~-l.2m.

Station 2 (26°08’N, 97°l2’W) is locatedeastof theGulf IntracoastalWaterway(GIWW), off the

coastof South PadreIsland, and lies approximately 15 km north of the Rio Grande(Fig. 1).

Although this populationofS. ful~formeforms a monotypicstand, ThalassiatestudinumBanks ex

Konig, Halodule wrightii Aschersonand Halophila engelmanilAscherson are common in

surroundingareas. Low epiphyte abundanceand water column chlorophyll concentrationsmade

this an ideal sitefor conductingin situ experiments.

Underwaterirradiancewas monitoredat Station 2 betweenAugust 1996 and August 1997. To

measureambientphotonflux density,aLICOR LI- 193SA sphericalquantumsensorwaspositioned

atcanopyheight (i.e., -~25cm from thesedimentsurface),providingcontinuousinput to a LICOR

LI-bOO datalogger(LICOR, Inc., Lincoln, NE, USA) sealedin a watertightunderwaterhousing.

As describedby Dunton (1994),datawerecollectedat 1 mm intervalsand integratedon an hourly

basis.

PigmentContent

Pigmentswere quantified spectrophotometricallyfollowing extractionwith dimethyl formamide

(DMF) asdescribedby Dunton and Tomasko(1994). Chlorophyll-aand -k concentrationswere

determinedusingtheequationsofPonaeta!. (1989).
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Figure 1. Syringodiumfiljforme. Mapofstudy site,designatedStation2, in lower LagunaMadre,
Texas. Meandepthis ~-~1.2 m.
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PhotosystemDensityandSize

PhotosystemI

PhotosysternI (P700) was isolatedusing a modification of the procedureoutlined by Smith and

Melis (1987; see also Henley and Dunton 1997). Whole Syringodiumplantswere collectedat

bimonthly intervalsfrom Station 2 as describedabove.Segments(~2-14 cm sections)were cut

from seagrassbladesabovethesheathandchoppedinto small fragmentswith asharprazorblade.

Tissuefragments(~2.Og freshweightper sample)were homogenizedwith 15 mL cold isolation

buffer(40 mM Tricine; 0.4M sucrose;2% PVP-40; 10 mM NaCl; 2 mM MgC122 mM Na2EDTA;

5 mM DTT; 20 mM methylamine;5 mM Na2-ascorbate;0.1% BSA at pH 7.6) for ~30 s, using a

Polytrontissuehomogenizer,gradually increasingthe speedfrom 5 to 14,000 rpm. Homogenates

werefiltered throughmiraclothand thylakoidmembraneswerepelletedby centrifugationfor —40

mm at 4°Cand 10,000x g. Supernatantswerediscardedandremainingpelletswere resuspended

with 3 mL cold suspensionbuffer (20 mM Tricine(pH 7.6); 200 mM sucrose;10 mM NaC1; 5 mM

MgCl2). Sampleswere centrifugedfor —40 mm at 4°Cand 10,000 x g. Supernatantswere once

againdiscardedand 3 mL cold solubilizationbuffer (20 mM Tricine (pH 7.6); 200 mM sucrose;10

mM NaCI; 5 mM MgCI2 0.2% Triton-X 100) were addedto eachsample. Thylakoids were

solubilizedusing a vortex,transferredto microfugetubesand spunfor -—2 mm at 10,000x g in an

Eppendorfmicrofuge. Sampleswere maintained on ice, in completedarkness,and analyzed

spectrophotometricallywithin 30 mm of isolation. Concentrationsof P700were determinedfrom

light-inducedabsorptiondifferencesat 697 nm relativeto 720 nm with an extinctioncoefficientof

64 mot1 m2 (Falkowski ci’ a!. 1981, Smith andMelis 1987). Aliquots were alsotakenanddiluted

(3-8 fold) with 20 mM Tricine (pH 7.6) for Chl determination(seeHenleyandDunton 1997).

PhotosystemII

PhotosystemIT (P680) reaction center densities were measuredby the 02 --flash technique

(Mishkind and Mauzerall1980, Falkowski et a!. 1981). Segments(-—2-14 cm sections)were cut
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from field-collectedSyringodiumblades abovethe sheath.Thesesegmentswere then cut into

smaller,2-cmsectionsandallowedto woundrespirefor 1-1.5 h prior to use. Measurementswere

madewith a Clark-typeoxygenelectrode(Rank Brothers,Bottisham,England)and high intensity

strobe(Stroboslave,Genrad)at flash frequenciesof 15-20Hz. Thelengthof incubationin flashing

light was -—10 mm per frequency,which was sufficient in durationto obtain a stablerateof 02

production. PhotosystemII reactioncenterdensitieswerecalculatedfrom average02 evolutionper

flash divided by four; photosyntheticunit size was calculatedfrom PSII density and total Chl-a

content(mol Chl-amol 02).

PhotosyntheticMeasurements

In Situ Measurements

Whole-plantPT experimentswere conductedduring September1996 and July 1997. Four 5 L

plexiglas chamberswere randomlyplaced in the Syringodiumbed at Station2. Measurementof

ambientirradianceand photosynthesisweremadefollowing theprotocolof Dunton andTomasko

(1994). A total of 15 irradiancelevelsbetween4 and 1200 mmol photonsm2 s1 wereusedfor the

constructionof P1 curves. Photosynthesis-irradianceparameterswerecalculatedon thebasisofdry

weightusing theBannister(1979) functionandthecurve-fittingprogramSigma-Plot(Herzkaand

Dunton 1997). Mean ratesof ~ were calculatedfrom light-saturatedratesof photosynthesis

achievedin all chambersand expressedin termsof grossoxygenevolution. Respirationratesof

photosyntheticand non-photosynthetictissues and whole-plant respiratory requirementswere

estimatedasdescribedby Herzkaand Dunton(1997). Measurementsofwatercolumnrespiration

were negligible. Relativequantumyield (a; 02 evolvedper incidentphoton)wasthe slopeof the

light-limited region of the PT curve, representingan estimateof light-harvestingefficiency. The

compensation(IC) andsaturation(Ik) pointsweredefinedasthePFD requiredto achieveratesof net

photosynthesisandlight-saturatedphotosynthesis,respectively.
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LaboratoryMeasurements

Whole Syringodiurnplants were collectedat bimonthly intervalsusing a 15 cm diametercorer.

Intact coreswere placedin 19 L seawater-filledbucketsthat were immediatelytransportedto the

laboratoryandprovidedaccessto flowing seawaterto maintain ambientgrowthtemperatures.An

irradianceof —4 50-200~tmolphotonsm2 s~was providedby an overheadbank of fluorescent

lights asmeasuredwith a LICOR LI-192SA flat cosinesensor.

Segments(—— 2-14cm sections)werecut from seagrassbladesabovethesheath. Thesesegments

were thencut into smaller,2-cm sectionsand allowed to wound respirefor 1-1.5 h prior to use.

Measurementsweremadewith a Clark-typeoxygenelectrode(RankBrothers,Bottisham,England)

and acustom-builtchamberwith flat Plexiglaswindows,containing14 mL Millipore-filtered (0.45

mm) seawateras describedby Duntonand Tomasko(1994).Photosynthesiswasmeasuredat 11

irradiancelevelsbetween4 and 1500~tmolphotonsm2s~.Ratesof oxygenproduction(total ~tmol

02 chambef’)were derived from a Rank Brothers digital outputand recordedon a Zenith PC

computeroveraperiodof-—5-10 mm at eachirradiance.

Photosynthesis-irradiance(PT) parameterswere calculatedon thebasesof both Chlorophyll-aand

dry weight using the inverse-quadratictransformationof Jassbyand Platt (1976)and the curve-

fitting programSigma-Plot. Ratesof light-saturatedphotosynthesis(Pi~ax)wereexpressedin terms

ofgrossoxygenevolution. Relativequantumyield, ‘C and ‘k weredefinedasdescribedabove. No

datawereavailablefor December1996.

StatisticalAnalysis

Statisticalsignificanceof seasonaleffectswasdeterminedusing asingle-factorANOVA (Analysis

ofVariance). Thenull hypothesiswasrejectedat thelevel ofp £ 0.05. Multiple comparisonswere

madeusing the Ryan-Q test (Zar 1984, Day and Quinn 1989). All statistical analyseswere

performedon aGateway2000(PentiumII) computerwith Microsoft Excel 97 software.
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Results

UnderwaterIrradiance and Temperature

Ambient daily integratedirradiancefollowed a distinct seasonalpattern (Fig. 2A). Valuesfor

underwaterirradiancewerehighestduring summermonths(i.e.,July andAugust),averagingca. 33

mol photonsm2. Lowestunderwaterirradiancelevelswereobservedfrom Januaryto March 1997

(ca. 11 mol m2). Annual integratedphoton flux densitywas approximately8100 mol m2 from

August1996 to August1997.

Therewas approximatelya 12°Cannualshift in ambientseawatertemperaturesat Station 2 (Fig.

2B). Temperaturesdeclinedfrom 30°Cin August 1996 to aminimum of 19°Cin January1997.

LagunaMadrewaterswarmedrapidly afterMarch, reaching27°Cin May andtheannualmaximum

of3l°Cin August1997.

BladeChlorophyll andPhotosystemContents

No distinct seasonalvariations in major light-harvestingpigmentconcentrationswere observed

from pigmentdata(Table 1). Chlorophyll-acontentwashighestin August 1996andMarch 1997

andlowestin October 1996 andAugust 1997. Concentrationsof Chl-k followed a similarpattern

to that of Chl-a. Chlorophyll-a:b ratios rangedbetween2.46 and 2.79, exhibiting no apparent

variationwith season.

Changesin thephotosyntheticapparatusfollowed thoseof pigmentand exhibitedhigh variability

throughouttheyear (Table 1). Densitiesof both photosystemI (PSI) and photosystemTI (PSTT)

rangedfrom 0.1 to 0.7 pmol mm3. However,PSI densitiesexhibiteda greaterdegreeof change

betweenMarch and August 1997, resulting in high PSII:PSI ratios in May and August 1997.

Seasonalvariationin photosyntheticunit (PSU) sizewaslessobvious. Estimatesfor PSU~700were

higher during January 1997 (775 mol Chl-a mol P700’) than those obtainedduring any other

month (ca. 520 mol Chl-a mol P700’), excludingAugust 1997. No otherdifferencesin PSUP700
were observed. Estimatesfor PSU02rangedbetween3448 and 5927 mol Chl-a mol O2~,with

minimumandmaximumPSUsizesnotedin October1996andMarch 1997, respectively.
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Table 1. Syringodiumfil~forme.Seasonalchangesin pigmentcontent,photosyntheticunit size,reactioncenterdensityand

ratios. Valuesaremeans(SE);thosewith thesameletterarenotsignificantly different(p> 0.05).

Month n CM-a

mg g’dw

Chl-b

mg g1dw

ChI-a:Chl-b

mg g1dw

PSI!

pmol mm~3

PSU02

Ch1~aO~

n PSI

pmol mm~3

PSU~700

CM-a P7001

PSII:PSI

Aug-96 4 3.61 (0~17)a 1.38 (0~09)a2.63 (005)ab ND ND ND ND ND ND

Oct-96 4 2.32(
0~06

)C 0.95 (
0

•
04

)C 2.46(006)b 0.7 (0~04)a 3448(233)b ND ND ND ND

Dec-96 ND ND ND ND 0.4 (005)cde
5525 (170)a

3 0.4 (003)a
37 (u)b

1.0

Jan-97 4 2.82(0.36)~ 1.01 (
0~13

)C 2.79(000)a o~5(Ø
03

)C 4898 (98)~ 3 0.5 (006)a 515 (48)b 1.0

Mar-97 4 3.42(023)a 1.36 (009)a 2.52 (001)ab
03 (00)be 5927 (77)a

3 0.5 (003)a
(38)a 0.6

May-97 4 2.78(024)ac 1.06 (010)ac
2.62(005)ab

0.3 (00)bd
5427 (413)a

3 0.2 (0•Ø)b 518 (25)b 1.5

Aug-97 4
b

1.15 (0.06)
b

0.42 (0.02)
ab

2.74 (0.14)
b

0.2(0.03)
bc

4221 (329) 3
b

0.1 (0.03)
ab

637 (70) 2.0



PhotosyntheticPhysiology

Photosynthesis-irradianceparametersderived from field-collected data in September 1996

exhibited no significant differences from those collected in July 1997 (Fig. 3A, 3B). When

comparinglaboratoryand in situ estimates of P1 parameters,valuesfor a were nearly 1-3 times

higher in laboratory-incubatedplants(1.3-2.0 cf. 0.6-0.7~tmo102 g’dw h’/jimol photonsm2 s~,

respectively)during both late-summerand -spring (Fig. 4A). In contrast, laboratory oxygen

evolutionmeasurementsunderestimated‘k by nearly40% whencomparedto valuescalculatedfor

whole-plantincubations(ca. 144 cf. 370 ~tmolphotonsm2 s~,respectively;Fig. 4B). A similar

trendwasnotedfor ‘C where laboratory estimateswere 9-18%lower than in situ estimates(Fig.

4C).

Although not statistically different, ratesof whole-plantgrossP1~were lower than laboratory-

derivedratesin late summer;no differenceswerenotedin late spring (Fig. 4D). Whole-plantdark

respirationrates(ca. 70 ~tmol02 g1dw leafh~for September1996andJuly 1997),calculatedfrom

tissue-specificvaluesfor Rd and ratios of non-photosyntheticto photosynthetictissues(NPS:PS;

afterHerzkaandDunton 1997),were 1.5 timeshigherin late summerandfive timeshigherin late

spring than those exhibited by laboratory-incubatedblades (Table 2, Fig. 4E). In addition,

photosynthetictissueexhibitedrespiratorydemandsthat wereapproximately3-4 timeshigherthan

those of non-photosynthetictissue (Table 2). Estimatesof whole-plant and chamberoxygen

consumptionper gramdryweight of leaftissueyieldedsimilarvalues,demonstratingthat chamber

respiration(excludingthatof seagrasses)wasnegligible(Table2).
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x-15



—
,

CD
~

o
-
~

CD
~

~
~

C
D

rj
~

~
-

CD
~

-
~

~
,

_

~
CD

C
~

~
CD

O
~

~

~
~

,-
~

—
~

,-
~

~
o

—

CD
—

CD
CD

~
1

~
0

—
CD

‘<
-
~

CD
—

.

-
~

-
~

~
~

-.
~

CD
~

~
U

)
-
~

U
)

0
0

C
D

~
~ (
~

0

U
)

~
—

.
CD

~
0

~
-

~
)

~
..

~
.o

o -
~

~
‘C

D
~

‘
— CD

-
~

~
0

—
~-

,
CD

CD
~

cr
~

~
D

0
=

v
o

_
~

-
~

~
CD

L
ti

c,
CD

CD
~

U
)

,-
~

~
C

D
~

~
—

‘
R

--
-

0
C

D
C

D
-

~
~

-o
~

~
U

)
CD

CD

U
)

~
‘<

CD

!~
(~

m
o

Ip
ho

to
ns

m
2

s1)
~

-
—

t-
~

~
I

I
I

I

~
C

i

G
ro

ss
P

~
1

(j.
tm

ol
0

2
j’d

w
h~

1)
~

4
t#

~
.~

U
~

©
0

0
0

0
0

0
0

0
0

0
I

I
I

I
I

a
(ij

m
ol

0
2

g1dw
h1’)

(~
m

o
1p

ho
to

ns
m

2
~

4)

0
—

00 -4 C
’

-4 -I

R
d

(ji
m

ol
0

2
g’

dw
h

’)

t~
J

~
.

C
’

00
0

0
0

0
0

0
0

I
~

‘k
(ji

.m
ol

ph
ot

on
sm

~
21’

)
—

~
~

.~
.-

u
~

C
’

0
0

0
0

0
0

0
0

0
0

0
0

0
I

I
I

I
I

00 C
’

‘C C
’

-4 -4 00 C
’

�1
,

-4 ‘C C
’

00 C
’

‘-
I’ -4 C
’ 00 0
~

‘C -4 -4

£
I1

~
4

ia
~

:i
~

~
w



Table2. Syringodiumfil~forme.In situ estimatesofdark respirationbasedon whole-chamberandseparate

incubationsofphotosynthetic(PS)andnon-photosynthetic(NPS)tissuesat Station2, LLM. Valuesaremeans(SE)(n = 4).

Month Chamber Rd

~imoI02 g’dw leafh1

PSRd

~tmol02 g’dw h1

NPSRd

j.tmol 02 g’dw h1

NPS:PS

gdw g1dw

Whole-plant Rd

jtmol 02 g1dwleafh’

Net Pmax:Rd

Sep-96 69.1 (4.5) 36.5 (2.0) 10.3 (1.0) 3.1 68.6(3.2) 3.5

Jul-97 89.8 (5.2) 29.0 (0.5) 7.7 (0.6) 5.5 73.3 (7.5) 1.6



Discussion

PhotosyntheticApparatusStructureandPerformance

We suggestSyringodiumfiliforme probably lacks the phenotypic plasticity to metabolically

compensatefor changesin the environment. This species is able to achieve high rates of

photosynthesisand productiononly when temperatureand irradianceare relatively high (i.e.,

during warm seasonsof late-springand summer). In contrast,this species“endures” sub-optimal

conditions. Like otherseagrassspecies(e.g., Tha!assiatestudinum;HerzkaandDunton 1997),S.

Jll~forme“shutsdown” during winter months,exhibitingvery slow growthandproduction.Clearly,

this has important implications for the long-term survival of Syringodium, and other aquatic

macrophytes,in systemsthat arechronicallyexposedto anthropogenicandnaturaldisturbances.

In this study, variability in chlorophyll and accessorypigment contentwas not correlatedwith

seasonalchangesin temperatureandirradiance.Pigmentstoichiometryremainedrelativelyconstant

throughouttheyear, indicatingthat adjustmentsofChl-aandChl-k wereproportional(i.e., changes

in pigment content offered no clear adaptive advantage).Chlorophyll concentrationswere

associatedwith alterationsin both reactioncenterdensityandsize.Syringodiumfi!(forme exhibited

a greaternumberoffunctionalPSI reactioncentersbetweenDecember1996andMarch 1997, with

little seasonalchangein thephotosyntheticunit sizeofPSI (PSU~700).In contrast,no seasonaltrend

wasnotedin PSIT density,butestimatesfor PSUQ2were largerduring wintermonths. Thesedata

indicate that S. Ji!~formemay havesome capacityfor adjustingpigmentpackaging. However,

consideringthelackof seasonalityobservedin otherlight-harvestingparameters(e.g.,a, ‘k and IC),

the benefit of such adjustmentsis not obvious and may warrant further investigation. The data

presentedherearethe first estimatesregardingphotosyntheticapparatusstructurein Syringodium,

and are consistentwith those from other seagrasssystems,using the 02-flash (PSU02) and

absorption-difference(PSU~700)techniques(Mishkind and Mauzerall 1980, Mazella ci a!. 1981,

Dennisonand Alberte 1982, Dennisonand Alberte 1985, Dennisonand Alberte 1986, Major and

Dunton Unpubl.; Table 3). We suggest that the high degree of variability associatedwith

measurementsof photosystemdensityandsizeresultedfrom plant-plantvariationandthevariation

ofteninherentin suchbiochemicalassays.
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Table3. Comparisonof estimatesfor photosyntheticunit sizesin aquaticmacrophytes.

Species PSUO2

Chl-a 02

PSU~7~

Chl-a P700’

Source

Thalassialestudinuin 4000-7000 400-700 Major & DuntonUnpubi.

Zosteramarina 1500 ND Mishkind& Mauzerall1980

Zosteramarina 1900-2300 ND Dennison& Alberte 1982

Zosteramarina 1800-5300 ND Dennison& Alberte 1985

Zosteramarina 2700-3900 ND Dennison& Alberte1986

Zosteramarina 2150 525 Mazzellaet al. 1981



Little seasonalvariation was observedin light-harvestingcharacteristics(a, ‘C and Ik)’ whether

derivedfrom eitherfield or laboratoryincubations,in Syringodiumfi!~formefrom 1996 to 1997.

Similar to otherstudiesinvolving seagrasssystems(e.g., Duntonand Tomasko1994, Herzkaand

Dunton 1997), this lack of variability is likely attributableto the small rangeof environmental

fluctuation typical of coastal South Texas. Although adult S JI.4forme exhibited changesin

photosyntheticperformancethroughoutthe year, the patternof changewas not consistentwith

physiologicalcompensation(reviewedby BenyandBjorkman 1980,Davison1991,Falkowskiand

LaRoche 1991). Overall, rates of respiration and photosynthesiswere high during -late-

spring/summerseasonsand low during winter (datanot shown),suggestingthis speciesdoesnot

havethe ability to overcomethe effectsof environmentalchange. S. Jiliforme, like manyother

seagrasses,exhibits a drasticdeclinein metabolicactivity during winter, achievingrapid ratesof

growthandproductionwhenhighirradiancelevelsarecoincidentwith thehottesttemperaturesof

the year. Presumably,this patternof performanceis the resultanteffect of temperatureon the

enzymaticreactionsofrespiratoryandphotosyntheticpathways(reviewedby Bulthuis 1987).

Photosynthesis-irradianceparameterspresentedherefor Syringodiumfil~formeare within therange

of thosereportedfor otherseagrassgenera(Dawesand Tomasko1988, Perezand Romero1992,

DuntonandTomasko1994,HerzkaandDunton1997)andaquaticmacrophytes(Nielsenand Sand-

Jensen1989). For Ha!odule wrightii, Duntonand Tomasko(1994)report field-collectedratesof

light-saturatedphotosynthesisof 533 and331 ~tmol02 g1dwleafh1 for May 1989and July 1990,

respectively. Correspondingto similar seasons(i.e., late-springand late-summer),Herzkaand

Dunton(1997) reportP,~valuesof 122 and 195 jimol 02 g’dw leafh’ for Thalassiatestudinum.

In addition,estimatesfor pigment content,ratesof dark respiration,relativequantumyield and

otherP1 parametersareconsistentwith resultsfor avarietyofotherseagrassstudies(Dennisonand

Alberte1985,DawesandTomasko1988, Aba! eta!. 1994, DuntonandTomasko1994,Herzkaand

Dunton1997,Dawes1998,LeeandDunton1999).
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In Situ vs.LaboratoryPhotosyntheticPhysiology

WhenP1 parameterscalculatedfrom laboratoryand in situ experimentswerecompared,valuesfor

a were grossly overestimatedusing laboratory-incubatedplants. In contrast,valuesfor ‘k and ‘C

were underestimatedby asmuch as40%. Similar results were notedfor Tha!assia testudinum

(Fourqureanand Zieman 1991, Herzka and Dunton 1997) and Ha!odu!e wrightii (Dunton and

Tomasko 1994). As notedby Herzka and Dunton (1997),unidirectional light sourcestypically

usedfor laboratoryphotosynthesis-irradianceexperimentsarenot reflectiveofambientunderwater

irradianceregimes.In nature,light availability maybe affected,andhence,reducedby thepresence

of a denseplant canopy,epiphyteabundanceand/orself-shading(PerezandRomero 1992,Massini

ci a!. 1995). Reductionsin light availability are often effectedthroughshifts in spectralquality

(Tomasko1992),which in turn, maydeterminephotosyntheticperformancein thefield. Wepresent

furtherevidencefor themerit of designingfield experiments,to coincidewith laboratory studies,

particularly whenaddressingquestionsconcerningthenaturalenvironmentand its effect on light-

usecharacteristicsin seagrasses.

Similar to trends reported for Ha!odu!e wrightii (Dunton and Tomasko 1994) and Thalassia

testudinum (Herzka and Dunton 1997), values of gross ~Inax for whole-plant incubationsof

Syringodiumfi!~formewerenot significantlydifferent from thosederivedfrom incubatedbladesin

late-summeror -spring. Whole-plantrespiratoryrateswere 1.5-5timeshigherthanthoseexhibited

by laboratory-incubatedblades. This was expectedbecauseestimatesof whole-plantrespiratory

demandsincludetheconsumptionrequirementsof non-photosynthetictissues.Consequently,ratios

ofP)C~:Rdwerenearly3 timeshigherin laboratory-incubatedbladesthanthosecalculatedfor in situ-

incubatedwholeplants(ca.8 cf. 3, respectively).This is consistentwith datareportedfor Halodule

wrightii in upperLagunaMadre (ULM), Texas(Duntonand Tomasko 1994); P~C~:Rdratios were

muchhigherfor laboratory-incubatedplants.
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Conclusion

Photophysiologicalparametersmay be difficult to useas indicators of environmentalstressin

SyringodiumJI!ifornie, asthis speciesdoesnot display a greatcapacityfor phenotypicplasticity.

Not only wasthereno discernableseasonalvariationin pigmentcontentand/orstoichiometry,but

photosynthesis-irradianceparameters(‘C’ ‘k’ Gross ~flax and Rd) were all highestduring months

characterizedby high temperatureandirradiance.Unlike temperatespecies,whichexhibit a unique

strategyfor overcominglargeenvironmentalfluctuations throughacclimation,tropical and sub-

tropical plantshaveno clear mechanismfor compensation.As expected,photonflux densities

necessaryto achievenet and light-saturatedphotosynthesis(IC and ‘k’ respectively)increasewith

increasingtemperature,while ratesof light-limited photosynthesisnecessarilydecrease. These

relationshipsappearto be ageneralphenomenonin higherplantsand somemacroalgae(Marshet

a!. 1986, Davison ci’ a!. 1991), suggestingthat light-limited plantsmight achievelower ratesof

photosynthesis. In part, this mayexplaintherecentwidespreaddisappearanceofseagrasshabitat

coincidentwith underwaterlight reduction.

Similar to recentstudiesaddressingin situ photosynthesisin seagrasssystems(e.g., Dunton and

Tomasko1994,HerzkaandDunton 1997),we suggestthat P1 parametersderivedfrom whole-plant

incubations are more representativeof seasonalphotosyntheticperformancethan those derived

from laboratory blade incubations. While blade incubations provide useful physiological

informationregardingseasonaltrendsin photosynthesis,theymaysignificantly underestimatelight

requirements(i.e., ‘k and ‘C). In contrast,althoughcostlyandtime-consuming,in situmeasurements

provide invaluable information with reference to the natural environmentand increaseour

predictivecapabilitieswhenusedto assesscoastalecosystemhealthandproductivity.
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