
1.Introduction

Ahighprimaryproductivity,phytoplankton

activity,andphytoplanktongrowthincoastal

watershavebeendiscussed（CLOERN etal.,

1995;CLOERN,1999）.C/chlorophylla（Chl.a）

ratioisanimportantindextopredictprimary

productivityofphytoplankton（CLOERNetal.,

1995;WANGetal.,2013）.C/Chl.aratiowasre-

portedforculturedphytoplankton（FALKOWSKI

etal.,1985;GEIDER,1987;CLOERNetal.,1995）

and field observations（Van LEEUWE and

DeBAAR,2000;LeBOUTEILLER etal.,2003;

MARANON,2005;SATHYENDRANATH et al.,

2009）.Although there are many data of

C/Chl.aratios,littleisknownaboutthespatial

andtemporalvariationsinC/Chl.a（WANGet

al.,2013）.MostoftheC/Chl.adatainthefield

observationsweremainlystudiedinopenocean

butnotmanyincoastalwaters.Inaddition,

therearetemporalvariationsinprimarypro-

ductivity,phytoplanktonactivitiesandcompo-

nentsofphytoplanktondependingonambient

environmentalconditions（e.g.,CLOERN,1999;

GEIDER andLaROCHE,2002;ARRIGO,2005）.

Here,weinvestigatedseasonalvariationsofthe

C/Chl.aratioinHarima-Nada,theSetoInland

Sea,anddiscussthephytoplanktonactivityin

thecoastalwater.

Wealsomeasuredparticulatephosphorus

（PP）dividingintoorganic（POP）andinor-

ganic（PIP）fractions.PPismainlycomposed
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ofphytoplanktonandfreshmarineorganic

matterintheopenocean（YOSHIMURA etal.,

2007）.However,highconcentrationsofPIPare

oftenobservedincoastalandestuarinewaters

duetoterrigenousinputandresuspensionof

sedimentparticles,andthedistributionofPP

showsaslightdifferencecomparedwiththatof

Chl.aincoastalareasandestuaries（SUZUMURA

etal.,2004;LOASSACHANetal.,2008）.Although

ithasbeenreportedthatphosphoruswaspref-

erentiallyremineralizedrelativetocarbonand

nitrogen in marine ecosystems（LOH and

BAUER,2000）,BENITEZ-NELSON etal.（2004）

suggestedfrom measurementofPP divided

intoPOPandPIPthatPOPisnotpreferen-

tiallyremineralizedrelativetoparticulateor-

ganiccarbon（POC）and nitrogen（PON）.

Informationobtainedinthiswayofdividing

PPintoPOPandPIPisimportantforidentify-

ingparticulatephosphorusbehavior.Thus,in

thepresentpaper,wesuggestedthatPPand

PIParealsousefulindexestopredictphyto-

planktonactivitiesandcomponentsofparticu-

latemattersincoastalwaters.Weinvestigated

Chl.a,particulateorganiccarbon（POC）,par-

ticulateinorganicnitrogen（PON）,PPandPIP

inthecoastalwatertorevealseasonalvaria-

tionsinphytoplanktonactivitiesandcompo-

nentsofparticulatematters.

2. MaterialandMethod

2.1 Studysite

Harima-Nadaislocatedintheeasternpartof

theSetoInlandSea.Itsaveragewaterdepthis

about30m.Thisisasemi-enclosedseaconnect-

ingtoBisan-Setointhewest,toOsakaBayin

theeast,andtoKiiChannelinthesouth,being

connectedtothePacificOcean.Thenorthern

partofHarima-Nadahasastrongfreshwater

dischargefromseverallargerivers（Fig.1）.In

Harima-Nada,theprimaryproductionrateis

higherintheSetoInlandSeanexttothehighly

eutrophicatedOsakaBayandnorthernHi-

roshimaBay（HASHIMOTOandTAKEOKA,1998;
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Fig.1.SamplingstationsinHarima-Nada,theSetoInlandSea,Japan.



TADAetal.,1998）.

2.2 Sampling

Watersampleswerecollectedat33stations

fromalloverHarima-Nada（Fig.1）.Observa-

tionswereconducted4times（May,August

andNovember2011andFebruary2012）to

seetheseasonalvariations.InStn.H27,we

couldnotcollectsurfacewaterduetoNori

（Pyropia）cultivationinNovemberandFebru-

ary.

Ateverysamplingstation,salinityandwa-

tertemperatureweremeasuredfromsurfaceto

bottombyaCTD（AAQ1183,JFEAdvantech）,

andsurfacewaterwascollectedwithaplastic

buckettomeasureconcentrationsofChl.a,PP,

PIP,POCandPON.Filtersampleswerestored

inacoolerwithice,andkeptfrozen（－30�C）

untilanalysisafterbringingtothelaboratory.

2.3 Chl.adetermination

ConcentrationsofChl.awereanalyzedbythe

fluorescencemethod（HOLM-HANSEN etal.,

1965）describedinPARSONSetal.（1984）.Ali-

quotsofwatersampleswerefilteredthrougha

Whatman GF/F filter.Filtersampleswere

soakedin90％ acetoneindarkat5�Cfor24h.

Aftersoaking,fluorescenceofextractionswas

determinedbyAU10（TurnerDesign）tomeas-

ureconcentrationsofChl.a.

2.4 PPandPIPdetermination

ConcentrationsofPPandPIPinsurfacewa-

terwereanalyzedbycombustionandcolor-

imetricmethod（ASPILA etal.,1976;LOH and

BAUER,2000;SUZUMURAetal.,2004）.Aliquots

ofwatersampleswerefiltered through a

precombusted（500�Cfor4h）WhatmanGF/F

filter.Filtersampleswerefreeze-driedandthen

combustedat550�Cfor2h.Combustedfilter

sampleswerethensoakedin1NHClatroom

temperature（ca.20�C）for12h.Aftersoaking,

extractionswereneutralizedby1NNaOHand

their adsorption was measured through

spectrophotometrybyV530（JASCO）,using

themethodofMURPHYandRILEY（1962）.The

concentrationsofPPwerecalculatedbythe

absorbanceoftheextractions.Concentrations

ofPIPwereestimatedbyamethodsimilarto

PPmeasurementbutwithoutthecombustion

process.

2.5 POCandPONdetermination

ConcentrationsofPOCandPONinsurface

water were analyzed by dry combustion

method.Aliquotsofwatersampleswerefil-

teredthroughaprecombusted（500�Cfor4h）

WhatmanGF/Ffilter;then,filterswererinsed

with1N HCltoremoveinorganiccarbon

（HEDGES andSTERN,1984）andwererinsed

withdistilledwater.Afterfreeze-drying,filters

weremeasuredforPOCandPONusingaCHN

elementalanalyzer（JM10,J-SCIENCELAB）.

2.6 Δσt

Δσtwascalculatedbythedifferencebetween

σtofthesurfaceandbottom,andusedasthe

indicatorofthestratificationalstrength.

3.Resultsanddiscussion

3.1 Seasonalvariationsoftheconcentra-

tionsofChl.a,POCandphytoplankton

C/Chl.aratio

MeanwatertemperatureandΔσtineach

observationwasshowedinFig.2.IntheSeto

InlandSea,watermassstructure,namely,

stratificationandverticalmixtureofseawater

areimportantfornutrientdynamics,distribu-

tionofparticulatematterandprimaryproduc-

tion（HASHIMOTOetal.,1997;KOBAYASHIetal.,

2007）.InHarima-Nada,surfacewatertempera-

turerangesapproximatelyfrom8�CinFebru-

aryandto26－28�CbetweenAugustandearly

September.Inaddition,itiswell-knownthat

thermalstratificationdevelopsfrom Aprilto

Augustandthewatercolumnisvertically

mixedfrom SeptembertoMarch（NISHIKAWA

etal.,2007）.Inourstudy,themeanwatertem-

peratureinAugustwere26.4�C,whichmarked

thehighestvalueinobservations.Watertem-

peraturealsoshowedthelowestvalueinFebru-

ary（7.8�C）.ThevaluesofΔσtinMayand

Augustwerealsohigherandwerequitelower

inNovemberandFebruary.Judgingfromwa-

tertemperaturesandthevaluesofΔσt,water

columnwasmixedinNovemberandFebruary

andwasstratifiedinMayandAugust.Thus,

weregardedthedatainMay,August,Novem-

berandFebruaryasrepresentingmonthsin

spring, summer, autumn and winter,

PIP/PPRatioinHarima-Nada 3



respectively.

Chl.avariedfrom0.377to11.6μg/Linspring,

0.720to21.5μg/Linsummer,0.529to3.82μg

/Linautumn,and0.390to5.50μg/Linwinter,

respectively.TheconcentrationofPOC also

variedfrom170to1120μg/Linspring,184to

1470μg/L insummer,125to385μg/L in

autumn,and163to549μg/Linwinter,respec-

tively.Inthehorizontaldistributions,high

Chl.aandPOCconcentrationswerefoundin

thenortherncoastalareainHarima-Nadain

allseasons（thedetailsofthisphenomenonwill

beshowninASAHIetal.,2014）.Theseasonal

variationsofPOCshowedasimilartrendwith

thatofChl.a（Fig.3）.Inspringandsummer,

highermeanChl.a（2.84±2.54,4.21±4.59μg/L,

respectively）andPOC（407±187,390±237μg

/L,respectively）concentrationswereobserved,

and higher phytoplankton activity can be

predictedinspringandsummer.

Inallseasons,therewerepositivecorrela-

tionsbetweenChl.aandPOCinHarima-Nada

（Fig.4）.However,POCmaynotrepresentonly

phytoplanktoncarbonbutdetritus,bacteria

andotherPOC.Sinceitisdifficulttodivide

particulatecomponentsintoindividualphyto-

planktoncarbonanddetrituscarbon,wecan-

notdirectly estimatetheconcentrationsof

phytoplanktoncarbon.Consequently,phyto-

planktonPOC/Chl.aratios（g/g）wereesti-

matedfromtheslopeoftheregressionlineof

Chl.aandPOC（TADAetal.,2006）.

C/Chl.ahadameanvalueof60.3in4sea-

sons.TheC/Chl.aof44.1insummer,when

Chl.awashigher,wasclearlylowerthanthose

intheotherseasons（Figs.3and5）.Measure-

mentswithphytoplanktongrowninculture

showedthatC/Chl.arangedfrom 10to330

Lamer52,20144

Fig.2.Seasonalvariationsinwatertemperature（a）andΔσt（b）.VerticalbarsrepresentSD.

Fig.3.SeasonalvariationsinChl.a（a）andPOC（b）.



（FALKOWSKIetal.,1985;GEIDER,1987;CLOERN

etal.,1995）.Infieldobservations,thelarge

variationinC/Chl.awasalsoreportedtorange

from 15to200（VanLEEUWE andDeBAAR,

2000;LeBOUTEILLER etal.,2003;MARANON,

2005;SATHYENDRANATHetal.,2009）.Although

itiswell-knownthatsuchC/Chl.avariations

areduetothevariationsofconcentrationsand

molarratiosofnutrients（STRICKLAND,1960;

ANTIAetal.,1963;CLOERNetal.,1995）,light

conditions（CLOERNetal.,1995）andsizeofa

phytoplankton cell（LeBOUTEILLER etal.,

2003）,littleisknownaboutthespatialand

temporalvariationsinC/Chl.a（WANGetal.,

2013）.LowC/Chl.aratioinsummer（44.1）in

ourstudy suggestedthatin Harima-Nada,

phytoplanktonhadahighprimaryproduction

rateandgrewrapidlyinsummer（STRICKLAND,

1960;ANTIA etal.,1963）.AlthoughC/Chl.a

ratiosintheotherseasonsinHarima-Nada

（64.8to67.1）werehigherthanthatinsummer

（44.1）（Fig.5）,theywerestilllowerthanthat

intheopenoceanreportedas105inthePacific

PIP/PPRatioinHarima-Nada 5

Fig.4.ScatterplotofPOCversusChl.ainspring（a）,summer（b）,autumn（c）andwinter（d）.

Fig.5.SeasonalvariationsinC/Chl.aratio.



and74intheAtlantic（WANGetal.,2013）.This

resultindicatedthat,incostalwaterssuchas

Harima-Nada,phytoplanktonactivityishigh

throughouttheyearandparticularlyhigherin

summer.

3.2 ParticulateC/Nratio

The C/N ratio in Harima-Nada clearly

showedaseasonalvariationsuchasthehigher

valuesinspring（11±1.4）andsummer（8.3±

0.90）,andthelowervaluesinautumn（7.1±

0.97）andwinter（6.8±0.37）（Fig.6）.Itiswell-

knownthattheC/Nratioisoneofthegoodin-

dicatorsofsourcesoforganicmatter（PRAHLet

al.,1980;THORNTONandMcMANUS,1994）.The

C/Nratioofparticlesmainlyderivedfromma-

rineorganicmatterwasreportedas6.2－8.8

mol/mol（TANetal.,1991）,beingclosetothe

phytoplanktonC/Nratio（6.6）representedby

theRedfieldratio（REDFIELD etal.,1963）.

Meanwhile,theC/Nratioofterrestrialorde-

composedorganicmatterismorethan10（TAN

etal.,1991;THORNTON andMcMANUS,1994;

MEKSUMPUNetal.,2005）.

Lamer52,20146

Fig.6.SeasonalvariationsinC/Nratiosinsuspended
particulatematter.VerticalbarsrepresentSD.

Fig.7.ScatterplotofPONversusChl.ainspring（a）,summer（b）,autumn（c）andwinter（d）.



Inourstudy,itwasinconsistentthat,in

summer,Chl.awashighbuttheC/Nratiowas

notsimilartothatofphytoplankton.Also,in

autumnandwinter,Chl.awaslower（Fig.3a）

buttheC/N ratiosweresimilartothatof

phytoplankton.Then we estimated phyto-

planktoncarbonandnitrogenfromtheslopeof

thecorrelationbetweenChl.aandPOC（Fig.4）,

andbetweenChl.aandPON（Fig.7）,respec-

tivelyandregardedthattheinterceptofthere-

gressionlinewasdetrituscarbonandnitrogen.

ThephytoplanktonC/Nratiocalculatedfrom

theslopeoftheseequations（Figs.4and7）

rangedfrom6.1to8.0andwasclosetophyto-

planktonC/N（6.6）（Fig.8）.Ontheother

hand,detritusC/Nratiosrangedfrom6.2to14

（Fig.8）.Hence,phytoplankton C/N ratios

wereapproximately6.6throughtheyearbut

detritusC/NratiosvariedbeyondtheRedfield

ratio.Moreover,thedetritusmattercontrib-

utedgreatlytotheC/Nratioofsuspendedpar-

ticlesinthesurfacecoastalwaterevenwhen

phytoplanktonbiomasswashigherinsummer.

Thismeanstherewasaproblemindetermining

theoriginofsuspendedmatterincoastalwa-

tersfromtheC/Nratioalone.

3.3 Particulatephosphorus

PPandPIPvariedfrom1.44to19.5and0.621

to5.33μg/Linspring,10.5to54.9and2.17to

9.92μg/Linsummer,5.68to15.5and1.15and

5.63μg/Linautumn,and5.29to23.4and1.80

to7.61μg/Linwinter,respectively.Inthehori-

zontaldistributions,highPPandPIPwere

foundinthenortherncoastalareainHarima-

NadainallseasonsandalsohighPIPwere

foundinthechannelarea.Moredetailedre-

sultswillbeshowninourotherpaper.Wealso

estimatedphytoplanktonPIP（g/g）from the

slopeoftheregressionlinebetweenChl.aand

PIPinthesamemannerastheC/Chl.aratio.

Inaddition,weregardedtheinterceptofthere-

gressionlinebetweenChl.aandPIPtobedetri-

tusPIP（μg/L）.FromFig.9,wecanseephyto-

planktonPIP/Chl.aratiorangedfrom0.284to

0.791g/ganddetritusPIP0.800to3.18μg/L.

PIP iscomposedmostly ofaparticulate

boundformofphosphatewhichadsorbsminer-

alsandheavymetalssuchasFe,MgorCa

（LEBO,1991;RUTTENBERG,1992）.Ourmethod

foranalyzing PIP,however,measuresthe

PO4-Padsorbedonthephytoplanktoncellsur-

face,whichisacidlabilefraction（SANUDO-

WILHELMYetal.,2004;FUetal.,2005）.There-

fore,ourPIP valueswereincludedsurface-

adsorbedphosphorusonphytoplankton.Inthe

northPacific,wherethereissmallterrigenous

discharge,PIPshowed10－20％ PP,andevi-

dencedasignificantpositivecorrelationwith

Chl.a（YOSHIMURAetal.,2007）.Sincethosere-

searchersmeasuredPIPinthesamewayasin

thisstudy,0.1－0.2ofthePIP/PPratiocould

beconsideredsimilarwiththephytoplankton

PIP/PPratio,andtheslopeoftheregression

correlation between concentrationsofChl.a

andPIP（14.49nmolPIP/μgChl.aor0.449g

PIP/gChl.a,YOSHIMURAetal.,2007）couldbe

consideredthephytoplanktonPIP/Chl.aratio.

In Harima-Nada,thephytoplankton PIP

（PIP/Chl.aratio,g/g）inspringandsummer

waslowerthanthatintheopenocean（0.449）

andinautumnandwinter（Fig.9）.SANUDO-

WILHELMYetal.（2004）suggestedthatactively

growingphytoplanktoncellsholdacidlabile

phosphorusontheirsurfaceanditaccounted

forupto30％ oftotalphosphorus,although

cellsinsenescenthold90％ oftotalphosphorus

ontheirsurface.Thus,itisthoughtthatour

lowPIP/Chl.aratiosinspringandsummerin-

dicatedhighphytoplanktonactivitiessincethe

concentrationsofChl.ainspringandsummer

PIP/PPRatioinHarima-Nada 7

Fig.8.Seasonal variations in C/N ratios in
phytoplanktonanddetritus.Carbonandnitrogen
ofthephytoplanktonanddetrituswerecalculated
fromtheslopeandinterceptoftheequationsbe-
tweenChl.aandPOC（Fig.4）,and Chl.a and
PON（Fig.7）.
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Fig.9.ScatterplotofPIPversusChl.ainspring（a）,summer（b）,autumn（c）andwinter（d）.Eachplotarea
includestheequationoflinearregression.

Fig.10.ScatterplotofPIP/PPratioversusChl.a.PhytoplanktonPIP/PPratioinopenoceanisreferencedby
Yoshimuraetal.,2007.



werehighandtheC/Chl.aratioinsummer

waslow（Fig.3）.

Althoughtheinterceptofthecorrelationbe-

tweenChl.aandPIPinopenoceanwaslittle

（1.76nmol/L＝0.0546μg/L,YOSHIMURAetal.,

2007）, those in Harima-Nada were high

（Fig.9）.Thisresultindicatedthattherewasa

considerabledetrituscontributiontoparticu-

latematterincoastalwaters;forexample,high

PIP/PPparticlessuchasterrestrialmatterdis-

chargedfromtheriver（SUZUMURAetal.,2004;

LOASSACHANetal.,2008）.

PIP/PP ratiosinHarima-Nadashoweda

largevariationwiththechangingChl.aand

PIP/PPratiosofparticulatematerwerede-

creasing and close to the phytoplankton

PIP/PPratio（0.1to0.2）withincreasingChl.a

（Fig.10）.Thisresultalsoindicatedthatpar-

ticulatemattersincoastalwatercontaineda

highPIPoriginatingfromnon-phytoplankton

particles,andusuallyshowedahigherPIP/PP

thanintheopenocean.However,whenthereis

highphytoplanktonactivityandhighChl.a

concentration,thePIP/PPratioincoastalwa-

terisclosetothatofphytoplankton.

4. Conclusions

C/Chl.a ratio in Harima-Nada indicated

higher phytoplankton activity in surface

coastalwater,particularlyinsummer.The

PIP/Chl.a ratio also indicated higher

phytoplanktonactivityinspringandsummer

whenthesurfacecoastalwatershowedhigh

Chl.a.However,theretheamountsofPIPde-

rivedfrom non-phytoplanktonparticlessuch

asdetritusinthesurfacecoastalwaterwasso

largethattheconcentrationofPIPincoastal

waterwashigherthanthatintheopenocean.

Particulatecomponentsinsurfacecoastal

waterdifferedfrom bothphytoplanktonand

thoseoftheopenocean.Detritus,withahigh

C/NratioandhighPIP/PPratio,maycontrib-

utetosurfaceparticlesincoastalwaterinsuch

alargeamountthatsurfaceparticulatematter

showahighC/Nratioinspringandsummer,

andhighPIP/PPratioinautumnandwinter.

C/Nratiosinourstudywerehighinspring

andsummer,butlowinautumnandwinter,

suggestingthatitisdifficulttopredictthe

componentofcoastalparticulatematterfrom

onlytheC/Nratiobecauseofthelargeamount

ofdetritusin coastalwaterasmentioned

above.C/Nratiosaresometimesdifferentfrom

othersourceindicatorssuchasstableisotopic

ratio（e.g.,THORNTON andMcMANUS,1994;

MEKSUMPUN etal.,2005;LAMB etal.,2006）

sinceparticulatematterincludingdecomposed

phytoplanktonhasahighC/Nratiobutlow

isotopecarbon（MEKSUMPUN etal.,2005）.

Thus,weconsiderthatPIPandPIP/PPratio

aregoodindicatorsforidentifyingparticle

componentsandphytoplanktonactivityaswell

asC/Chl.aratioandC/Nratio.
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