
Introduction

ThedeteriorationofthewaterqualityinMa-

nilaBayhasresultedinbloomsofredtideoc-

cur in thebay.VELASQUEZ et al.（1997）

reportedtheaveragenutrientconcentrations

inManilaBay,andJACINTOetal.（1998）calcu-

latedthenitrogenandphosphorusbudgetsof

thebayusingtheLandOceanInteractionsin

the CoastalZone（LOICZ） biogeochemical

budgetingprocedure.However,thesestudies

onlyestimatedaverageannualvaluesforthe

wholeofManilaBay,andseasonalvariations

innutrientcyclinghavenotyetbeendescribed.

VILLANORYetal.（2006）characterizedthehori-

zontaldistributionofPyrodiniumusingahy-

drodynamicsmodel,anddiscussedtherelation

betweenPyrodinium bloomsandthephysical

dynamicsofthebay,however,theinfluenceof

nutrientswasnotincluded.HAYASHIetal.

（2006）andHAYASHIetal.（2008）estimatedthe

seasonalvariationsofnitrogencyclinginthe

surfacelayerofManilaBaybyusinganumeri-

calecosystemmodel.Anditclarifiedtheeffect

ofdissolvedinorganicnitrogen（DIN）concen-

trationsinthelowerlayerandnitrogenload-

ingfromriverstothereductionofchlorophyll

a（Chl.a）andDINconcentrationsintheupper

layer.Nitrogenisconsideredthelimitingnu-

trientforprimaryproductioninManilaBay,

andtheverticaltransportofnitrogentothe

surfacelayerplaysanimportantroleinthe

primaryproduction.However,asourceofDIN

underthesurfacelayerhasnotbeenexplored.

Itisimportanttodeterminethecharacteristics

oftheDINbudgetnotonlythesurfacelayer

butalsothemiddleandlowerlayersinManila

Bay.InthisstudywedescribetheDINbudget
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forthreeverticallydistinctlayersinthePasig

RiverestuaryofManilaBayduringdryand

rainyseasons.Andwediscussaboutprimary

productionthatisboundupwithDINbudget.

Materialandmethods

Studyarea

Figure1showsthestudyareaofManila

Bay.Thebayhastwomajorinflowingrivers,

thePasigRiverandPampangaRiver,withthe

PasigRiverflowingthroughmetropolitanMa-

nila.ConcentrationsofDIN,Chl.aandDis-

solvedOxygen（DO）,watertemperatureand

salinityweredeterminedatdepthsof1m,the

mid-depthandnearthebottom ineightsta-

tions（Fig.1）duringeverymonthfromMarch

1996toDecember1998.Watersampleswerecol-

lectedusinga5�LNiskinsampler（General

Oceanics,Inc.）.SamplesfortheinorganicN

species（nitrate,nitrite,andammonia）and

Chl.awerefilteredthroughGF/Cfilters,fro-

zen,andanalyzedlaterfollowingthemethods

ofPARSONSetal.（1984）.SamplesforDOwere

fixedonsiteandsubsequentlyanalyzedusing

theWinklertitrationmethod（PARSONSetal.,

1984）.Salinity and temperature were m

easuredusingtheConductivity-temperature-

depth（CTD）profiler（A MLOceanographic

Ltd.）.Watertransparencywasmeasuredbya

Secchidisc.HAYASHIetal.（2008）demonstrated

theuseofthedepth-timediagramsofdensity,

DINandChl.aconcentrationsinManilaBay.

Underconditionsofincreaseddischargefrom

thePasigRiverduringtherainyseason,strati-

ficationisdevelopedandhighChl.aconcentra-

tionsareobservedintheupperlayerofthe

estuary.Therefore,theinnerpartofManila

BayinsidethesolidlineinFig.1wasanalyzed

inthisstudy.Thisareaisdividedintothree

verticallydistinctlayerswhichcorrespondto

fixeddepthintervals,asshowninFig.2.The

surfaceregionofthestudyareaisabout500

km2,thelengthoftheouterboundaryisabout

38 km,and the average water depth is

approximately10m.Thesurfacelayerdepth

wasfixedat3m whichisthedepthofthe

haloclineintherainyseason.Themiddlelayer

wassetfrom3mto8mdepthwhilethelower

layerisbelow8m.
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Fig.1.StudyareaofManilaBay.Thesolidlineindi-
catestheboundaryofthestudyarea.Thedotted
lineindicatestheboundaryofthearea,whereav-
erageddatawereobtained.Thenumbersindicate
samplesights.

Fig.2.SchemeofwaterandDIN budgetsineach
layerofthePasigRiverestuary.



Data

Figure2alsoshowstheschemesofwaterand

DINbudgetappliedtothemodelinthisstudy.

WaterandDINaretransportedbyestuarine

circulation,i.e.,advection.AndDINisalsoex-

changedbydiffusionacrosstheboundaryline

betweenthestudyareaandtheouterareaand

betweenthelayerandlayer.Theadvectionand

diffusionfluxofDINcanbecalculatedbyequa-

tion1andequation2,respectively.

（AdvectionfluxofDIN）＝UiFiDINh （1）

（DiffusionfluxofDIN）＝kiFi（DINh－DINl）/li
（2）

where,Uiisanadvectionvelocity,Fiisthe

areaoftheboundarysection,DINhandDINl
refertotheaverageDINconcentrationineach

layer,kiisdiffusivityandliisthedistancebe-

tweenthecenterofthelayerandthecenterof

thenextlayer.Themeaningofthesubscripts

handlreferstohigherDINconcentration（h）

andlowerDINconcentration（l）,respectively.

DIN expandsfrom thehigherconcentration

areatothelowerconcentrationarea.Toesti-

mateadvectionanddiffusionfluxes,Uiandki
ofeachboundarysection,DINhandDINlarere-

quired.Thedataforouranalysiswereonlyob-

tainedinthedryandrainyseasons.Thethree-

dimensional distributions of the average

residualcurrentsforManilaBayinApril（dry

season）andNovember（rainyseason）calcu-

latedbyFUJIIEetal.（2002）areusedforboth

advectionvelocitiesanddiffusivitiesinthis

study.Horizontaldiffusivitywasconstantat

10 m s-1 for the entire grid.V ertical

diffusivitiesonthehorizontalboundaryat3

and8mwereobtainedbyaveragingthecalcu-

latedvaluesatthesetwodepths.Thehorizontal

advectionvelocitiesfortheupperandm iddle

layersareaveragevaluesfrom0to3mand3

to8m,respectively,alongtheboundaryline.

Horizontaladvectionvelocitiesofthelower

layerandtheverticaladvectionvelocitiesatthe

3and8mboundarysectionswereestimatedby

theapplicationofawaterbudgetforeach

layer.Thewaterbalanceofthesurfacelayeris

Hu ＝Q＋P-E＋V3,whereHu istheflow rate

from theinsidetotheoutsideoftheupper

layer,andisobtainedbym ultiplyingthe

horizontaladvectionvelocityandtheareaof

theverticalsectionoftheupperlayer.Qisthe

riverdischarge.Pistheprecipitation.Eisthe

evaporationmeasuredbythePhilippineAt-

mospheric, Geophysical and Astronomical

ServicesAdministration.V3 istheflow rate

fromthemiddlelayertotheupperlayerinthe

box.Theverticaladvectivevelocityontheup-

perboundarysectionat3misobtainedbydi-

vidingV3bytheareaofthehorizontalsection

at3m.Thewaterbalanceofthemiddlelayer

canberepresentedasV3＋Hm ＝V8whereHmis

theflowratefrominsidetooutsideofthemid-

dlelayer,andissolvedbymultiplyingofthe

horizontaladvectivevelocitybytheareaofthe

verticalsectionofthemiddlelayer,andV8is

theflowratefromthelowerlayertothemiddle

layerinthebox.Theverticaladvectivevelocity

attheboundarysectionat8misobtainedby

dividingV8bytheareaofthehorizontalsec-

tionat8m.Thewaterbalanceofthelower

layercanbeexpressedastoV8＝HlwhereHlis

theflowratefromtheoutsidetotheinsideof

thelowerlayer.Thehorizontaladvectiveveloc-

ityofthelowerlayercanthenbeobtainedby

dividingHlbytheareaoftheverticalsectionof

thelowerlayer.Theaverageadvectionveloci-

tiesanddiffusivitiesobtainedusingthisproce-

dureareshowninTable1.

TheDINconcentrationsineachlayerinthe

boxinAprilandNovemberofeachyearwere

obtainedbythehorizontalaverageofDINcon-

centrationsofStation1,2and3.Thenthese

concentrationswereaveragedoverthreeyears.

TheaverageDINconcentrationsforoutside

themodeldomainwerecalculatedusingdata
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Table1.Averagedadvectionvelocitiesanddiffu-
sivities.Minusmeanstheflowfromthein-
sidetooutside.

Item Layer April November

Horizontal
advection
velocity（m/s）

Upper －1.54×10－2－4.97×10－2

Middle －0.49×10－2 0.07×10－2

Lower 0.82×10－2 1.57×10－2

Vertical
advection
velocity（m/s）

3m 3.82×10－6 11.7×10－6

8m 9.45×10－6 18.2×10－6

Vertical
diffusivities
（m2s－1）

3m 1.95×10－4 0.98×10－4

8m 2.07×10－4 0.54×10－4



collectedfromStations4to7.Theaveragewa-

tertemperature,salinityandChl.aconcentra-

tionsforeachlayerwerecalculatedbythe

sameprotocoldescribedabove.

RunoffdataforthePasig,Pampangaand

otherriverswasobtainedfromthe・RiverRe-

habilitation Program for the Manila Bay

Region・.Then,themonthlyaveragerunoffin

AprilandNovemberwerecalculated.Average

DINloadingbyriversintoManilaBayisap-

proximately900×106molyr－1（JACINTOetal.

1998）.TheestimatedvaluesfortotalDINload-

ingfromallriversinAprilandNovemberwere

calculatedbydividingtheannualDINloading

bytheratioofmonthlyrunoff.Wethenesti-

matedDIN loadsfrom thePasig,Pampanga

andotherriversbydividingtotalDINloading

byratioofmonthlyrunoffofthoserivers.DIN

mayalsobederiveddirectlyfromsourcesalong

thecoast,suchassewagewater,industrialrun-

off,agricultureandaquacultureponds.Aver-

agedirectDIN loadingintoManilaBayis

approximately600×106molyr－1（JACINTOetal.

1998）.Weassumedthat50％ofthisDINloadis

suppliedtothestudyarea.

AlthoughDINmayalsobereleasedfromthe

seabottom,DINfluxfromporewaterbydiffu-

sionwasnotobservedduringtheperiod1996to

1998.Wethereforeuseddatafromtheareacol-

lectedinMarch（dryseason）andNovemberof

1999.Thesamplingmethodsandthemethod

forestimatingDINreleasewerethesameas

AZANZA etal.（2004）.Waterexchangeatthe

watersurfacewastakentobethedifferencebe-

tweenprecipitationandevaporation,P-E.

Residencetime

TheresidencetimeoffreshwaterinManila

Bayisestimatedbythefollowingequation:

（Residencetime）＝V
So・Sm

So

・・Q・P・E・（3）

whereVisthevolumeinthewatercolumn,

Soisthemaximumsalinityintheouterpartof

thebay,andSm istheaveragesalinityinthe

watercolumn.

Results

Waterbudget

Figure3showsourderivedwaterbudget,as

wellasthewatertemperatureandsalinity

measurementsforeachlayerinthedry（a）and

rainy（b）seasons.Theresultsaretypicalfor

anestuarinecirculationpattern,withflows

intothelowerlayerandflowsoutintheupper

layer.Becausetheriverdischargeintherainy

seasonisgreaterthaninthedryseason,the

differenceinsalinityoftheupperandlower

layersisenhancedduringtherainyseason

whenestuarinecirculationandstratification
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Fig.3.Waterbudget（m3s－1）,watertemperature（℃）andsalinityineachlayer.Widthofvectorsrepre-
sentsthemagnitudeofflux.



aremoreapparent,withtheinflowofbaywa-

teroccurringeveninthemiddlelayer.The

estuarinecirculation isweaker,and water

flowsoutfromthemiddlelayerduringthedry

season.Estimatedresidencetimesare33days

inApril（dryseason）andasshortas16daysin

November（rainyseason）.

DINbudgets

Figure4showsourcalculatedDINbudget,

DIN concentrationsandChl.aconcentrations

foreachlayerinthedry（a）andrainy（b）sea-

sons.Fig.5simplifiesthesediagramsbynor-

malizingtheDINfluxduringeachseasonwhen

Nloadingfromriversandthecoastinthedry

seasonissetto1.0.IftheinflowfluxofDIN
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Fig.4.DINbudget（μ mols－1）,DINconcentration（μM）andChl.aconcentration（μgl－1）ineachlayer.
Widthofvectorsrepresentsmagnitudeofflux.



inanycompartmentislargerthantheoutflow

flux,thenthereisfixationofDINtoorganic

matter,andthisisshownas・F・inthedia-

gram.Conversely,iftheoutflowfluxexceeds

theinflowfluxofDINthendecompositionof

organicmattermustoccurandthisisshownas

・D・.

Duringthedryseason,thetotalinflowflux

is10（＝1＋5＋4）andtheoutflow fluxis4

（＝2＋2）inthewatercolumn,implyingthat

fixationexceedsdecomposition.However,this

conditionisobservedtodifferineachlayer,

withfixationbeingdom inantintheupper

layerandbeingbalancedinthemiddlelayer.

Ontheotherhand,decompositionisdominant

inthelowerlayer,astheDINregeneratedby

decompositioninthelowerlayer（12＝21－9）

exceedstheDINsuppliedfromtheoutsideand

thebottom（9＝5＋4）.TheDINconcentration

ishighestinthedeeperlayer.Chl.aconcentra-

tionishighinthedeeperlayeraswellasinthe

upperlayer.Intherainyseason,theinflow

fluxandoutflowfluxinthewatercolumnare

15（＝3＋3＋9）and19,respectively,indicating

thatdecompositionexceedsnitrogenfixation,

whichistheoppositeofthesituationinthedry

season.Thesefindingareconsistentwiththe

observationthattheDINconcentrationinthe

watercolumnintherainyseasonishigher

thanthatinthedryseason.Atthistime,fixa-

tionintheupperlayerdominates,asitdoesin

thedry season,buttheoutflow flux by

advectionisgreatercomparedtothatofthe

dryseason.TheDINthatisnotconsumedby

primaryproductionisexportedfromthesys-

teminlargevolumesduetoestuarinecircula-

tion in the rainy season.At this time,

decompositioninthemiddlelayerexceedsfixa-

tion,whiletheywerethesameinthedrysea-

son.Asinthedryseason,decompositionisdom

inantinthelowerlayer.Inadditiontoreg

eneratedDINderivedviadecompositioninthe

lowerlayer,releasefrom bottom sediments

duringtherainyseasonisgreaterthaninthe

dryseasonbyafactoroftwo.

ThemainsourceofDINinthemiddleand

lowerlayersisregeneratedDINwhicharises

from thedecompositionoforganicmatterin

them iddleandlowerlayersandfrom sedi-

ments,andthattheDINsupplyfrom outside

thesystemisrelativelysmall.

Discussions

HAYASHIetal.（2008）alsodiscussedthefac-

torslimitingforprimaryproductionintheup-

perlayerinManilaBayusinganumerical
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Fig.5.DINfluxnormalizedbyDINfluxfromriversandthecoast,andcomparisonbetweenDINfixation
andorganicmatterdecomposition.Widthofvectorsrepresentsmagnitudeofflux.Findicatesnitrogen
fixation.Dindicatesdecompositionoforganicmatter.



ecosystemmodel.Thesameobservationaldata

asthisstudywereusedinthemodelanalysis.

Thelimitingfactorsweredefinedasbeinga

functionofthemaximumrateofspecificnitro-

genuptake,DINconcentration,watertempera-

tureandlightintensityinthewater.

Thatresultssuggestedthatlightconditions

wereconsideredtobethemosteffectivelimit-

ingfactorintheupperlayerinApril,and

photo-inhibitionoccursintheupperlayerdur-

ingthedryseasonduetostronglightinten-

sity.Averagetransparencieswere2.8m in

April（dryseason）and2.4m inNovember

（rainyseason）,andtheaveragedissolvedoxy-

genconcentrationsinthelowerlayerwere

4.96mgl－1inApriland3.47mgl－1inNovem-

ber.Weassumedthatthelightintensityimme-

diatelyundertheseasurfaceis50％ ofsolar

radiationandanextinctioncoefficientisesti-

matedby1.7/（transparency）（PARSONSetal.,

1984）.Usinsthisapproach,thecompensation

depthsof1％wasestimatedtobe7.6minApril

and6.5m inNovember.Thuslightshould

reachthedeeperlayersomewhatmoreeasilyin

thedryseasoncomparedtotherainyseason.

Then,theprimaryproductionshouldbepossi-

bleinthemiddleandlowerlayersinthedry

season,andfixationexceedsdecompositionin

thewatercolumn.RegeneratedDIN inthe

lowerlayercouldsupportprimaryproduction

throughoutthewatercolumnduringthedry

season.

Ontheotherhand,watertemperaturewas

consideredmoreimportantintheupperlayer

inNovember（HAYASHIetal.,2008）.Sincelight

intensityisweakerintherainyseason,Chl.a

concentration washigherin theshallower

layer.AndChl.aconcentrationinthelower

layerwaslowerthanthatofthedryseason.It

islikelythatthelightintensityinthelower

layerwastoolowfortheprimaryproduction

duetotheself-shadingeffectbyphytoplank-

ton.Therefore,decomposition was greater

thanfixationnotonlyinthelowerlayerbut

alsointhemiddlelayerintherainyseason.

Conclusions

WeconstructedDIN budgetsofhorizontal

threelayersinthePasigRiverestuaryinMa-

nilaBayduringboththedryandrainyseasons

usingobservationaldataandtheresultsofnu-

mericalhydrodynamicmodeling.DINfixation

byphotosynthesisexceedsthedecompositionof

organicmatterintheupperlayerduringboth

dryandrainyseasons.Ontheotherhand,the

decompositionoforganicmatterexceedsDIN

fixationinthelowerlayeratalltimes.Inthem

iddlelayer,therateoffixationissimilarto

thatofdecompositioninthedryseason,but

therateofdecompositionexceedsthatoffixa-

tionintherainyseason.Fixationexceedsde-

compositioninthewatercolumninthedry

seasonandDINbudgetintherainyseasonis

theoppositeofthesituationinthedryseason.

ThemainsourceofDINisregeneratedDIN

derivedfromthedecompositionoforganicmat-

terinthewatercolumnandfrombottomsedi-

ments.Thus,onewouldhavetocontrolthe

decompositionactivityortheamountofpar-

ticulatemattertoreduceredtidesinthePasig

RiverestuaryofManilaBay.However,these

approachesareimpossibletorealizeitimmedi-

ately.Amorereasonablepresentapproachisto

reducetheDIN load from theland area.

HAYASHIetal.（2008）showedthatiftotalni-

trogenloadedfromriversisdecreasedtohalf,

Chl.aandDIN concentrationsintheupper

layerarealsoreducedto94％ and73％ parone

year,respectively.LoweringDIN loadingby

halfisextreme,butthiskindofattemptisnec-

essarytohaveasignificanteffect.Inaddition,

toclarifythebehavioroforganicmatter,we

shouldassesstheeffectofreducednitrogen

loadingfrom thelandareatoManilaBayby

usinganumericalecosystemmodel.
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