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Abstmct:

Dissolvedorganiccarbon(DOC)suchashumicsubstancesarekeytounderstandingthe

aquaticenvironmentincatchments,becausethey,containingalargenumberofphenolic

andcarboxylicacidgroups,adsorbmanykindsofinorganicmaterialsandalsoaffbct

nutritionandcarbontransportincatchments.TounderstandthedetailedDOCdynamics,

weconductedhydrologicalobservationsatmountainousheadwatercatchments
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dominatedbydif艶rentvegetationtypes(plantedevergreenconifbrousfbrestofl.29ha

andnaturaldeciduousbroadleaffbrestof1.28ha).TherelationshipbetweenDOC

concentrationsandnuorescenceintensityoffhlvicacid-likematerials(F-FAM)were

positivelycorrelatedinbothcatchmentsbutdiffbrentbetweensoilextracts,baseflow,

andnearsurface且owrepresentedbybiomat且ow.TheratiosofchangeinF-FAMto

thatinDOCconcentration(F-FAM/DOC)werehigherinthebasenow(about6inboth

catchments)andlowerinthesoilextracts(about4.5inbothcatchments,respectively).

However,therelationshipinstormflowwasdistributedbetweenthetrendsofbaseflow

andsoilextracts.ThehigherF-FAM/DOCinbase且owmaythusindicatethatDOC(and

FAM)ingroundwaterdischargemainlycontributedtothestreamnow,andthe

sto㎜ 且owmainlyrenectsubsur魚ce且owthroughsoilduringmostrainsto㎜s.In

contrast,ahighF-FAM/DOCratio(>6)appearedinthesto㎜ 且owofbothcatchments

especiallyduringlargesto㎜sofsho面urationandhighintensity鉤llowingadry

antecedentperiod.TheF-FAM/DOCinbiomatflowdevelopingdistinctlyinthe

conifbrouscatchmentwashigh(about6.5).Thus,rapidshallowsubsurfacefbwthrough

thebiomatornear-surfaceofslopesmightexplaintheuniquetransportdynamicsof

DOCandFAMinstormflowswiththehighF-FAM/DOCratio.Theseresultsimplythat

theDOCandFAMrelationshiprespondsvariablydependingonboththedistributionof

soilorganicmatterandrainwaterf[owpathsinsteepslopesaswellasonstormsizeand

characteristics.
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1.Introduction

Variationofdissolvedorganiccarbon(DOC)instreamwaterhasbeeninvestigatedin

catchmentsofdiffbringsizeandlanduse,butparticularlyinfbrestedcatchments,which

areanimportantsourceofDOC(e.g.,Beynenetal.,2000;Hagedometal.,2000;

PerakisandHedin,2002;Piateketal.,2009)andthusofnutritionandcarbonmaterials.

ThesestudieshaverevealedthatmostDOCwasnushedintostreamsbysto㎜now.The

relationshipbetweenpattemsofstreamnowdischargeandDOCconcentrationoften

reflectstheprocessbywhichDOCentersastream.Typically,thepeakDOC

concentrationcoincideswith,oroccursslightlybefbre,thepeaksto㎜nowdischarge

(e.g.,InamdarandMitchell,2006)orthepeaksnowmeltdischarge(e.g.,Boyeretal.,

1997;Sakamotoetal.,1999;Creedetal.,2008).Inaddition,DOCconcentrationsin

sto㎜ 且owwerehigherduringrainsto㎜sinthedryseasonthanduringrainstormsinthe

rainyseason(lnamdaretal.,2008).

DOCtransportintostreamsdependsonrainfallmagnitude,thedistributionofDOC

insoil,thesoilwatercontent(Cooperetal.,2007),andthewaterflowpathin

catchments(e.g.,MulhollandandHill,1997;Hagedometal,2000;Katsuyamaand

Ohte,2002;McGlynnandMcDonnel2003;PerakisandHedin,2007).Thus,the

physicalandchemicalcharacteristicsofDOCvaryamongcatchments(e.g.,Hopeetal.,

1997a,1997b;Nagaoetal.,2003;CumberlandandBaker,2007,Fellmanetal.,2009),

implyingthatthedynamicsofDOCinhydrologicalsystemsffomslopestostreams

needstobeunderstoodonthebasisofbothenvironmentalconditionsinacatchment

(topography,geology,vegetation,andclimate)andthevariationofDOCinthesource

area.

3
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Fulvicacid(FA),whicharesolubleinwaterunderallpHconditions(Aiken,1985),

accounts飴r60%to80%ofDOCinstreamwater(Thu㎜an,1985;Malcolm,1990).

Thus,comparedtotheothercomponentsofDOC(e.g.,humicacidswhichareinsoluble

inaqueoussolutionatpHlowerthan2(Aiken,1985),proteins,carbohydrates,lipids,

oxalate,fb㎜icacid,andothersuchmaterials),FAorfUlvicacid-likematerials(FAM),

playarelativelyimportantroleinadsorbingandtransportingions,heavymetals,and

radionuclidesbycomplexation(e.g.,Kim,1985;Weber,1988)innaturalfヒeshwater

environments,andarealsoimportantfbrpollutantremediation,nutrientsupply,and

consequentlyincontrollingthechemicalpropertiesofaquaticenvironments.

Headwatercatchments,havingonlyafirstorderstream,arethebasictopographic

unitincatchmenthydrology,andthecatchmentsdominatedbydiffbrentvegetation

typesmaydif飴rwithregardtostreamfbwgeneration,owingtodiffbrencesinthe

amountofthroughfallandevapo-transpiration,waterstoragemechanismsinsoil,and

flowpathwaysonslopes(e.g.,SwankandCrossley,1988).Inparticular,headwater

catchmentsareoneoftheprimarysourcesofDOC,andtheDOCdynamicscanbe

stronglycontrolledbydiffbrencesinslopehydrologyinheadwatercatchments,aswell

asthedominantvegetationinthesecatchments.Forexample,basedonthediscussionof

hydrologicalprocessesineachmicro-topographicunitofheadwatercatchments,

KatsuyamaandOhte(2002)andMcGlynnandMcDonnel(2003)reportedtheDOC

exportdynamicsinsmallheadwatercatchments(afbwhainarea)andindicatedthe

hydrologicalimportanceofriparianzonesaffbctingtotheDOCexportpathsduringrain

sto㎜s.However,studiesinheadwatercatchments,飴cusingspeci盒callyonthe

relationshipbetweenDOCandFAMtransport,havebeenvery飴w,andlittleis㎞own

4
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abouttheeffbctofslopehydrologyonthedetailedDOCdynamicsinheadwater

catchments.Therefbre,discussionrelatedtotherelationshipbetweenDOCandFAM

transportunderhightemporalresolution,whichisappropriatefbrinvestigatingthe

processofDOCandFAMtranspo丘duringrainsto㎜sinrelationtorain飴llintensity,

sto㎜discharge,andslopehydrology,isindispensabletounderstandthedetailedDOC

dynamicsinheadwatercatchments.Additionally,fUndamentalin鉤 ㎜ationonDOCand

FAMtransportinrelationtovegetationdiffbrencesinheadwatercatchmentsmay

provideimportantknowledgetoexplorethevariationofDOCcomponent,

bioavailability,andeventuallytheirtransportprocessinlargecatchments(e.g.,

MulhollandandHill,1997;Hagedometal.,2000;vanVerseveldetal.,2009),which

areassemblagesofheadwatercatchments.

Then,tounderstandtheinfluenceofvegetationtypesandconsequentslope

hydrologyondetailedDOCdynamicsinheadwatercatchments,wecollectedsamples

ofsto㎜now(i.e.,streamnowduringrainsto㎜s)atl-hintervalsduringsixrainsto㎜s

intwoa(』acentheadwatercatchmentswithsimilartopography,geology,andclimate,

butdiffヒ)rentvegetationtypes(evergreenconifbroustreesandnaturaldeciduous

broadleaftrees).Additionally,fbrspeci且cunderstandingofDOCandFAMtransport

duringrainsto㎜s,wecollectedsoilandbasenowsamplesinbothcatchmentsatdays

withoutprecipitationandbiomatf[owsamplesffomtheslopeofaconifbrousfbrestat

irregularintervalsduringsummerrainsto㎜s.WesubsequentlymeasuredtheDOC

concentrationandfluorescenceintensityofFAMinthesamplesofsoilextracts,

baseflow,stormfbw,andbiomatfbwandthendiscussedtheDOCdynamicsinthe

mountainousheadwatercatchmentswithsteepslopes.

5
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2.Sitedescription

2.1.Gθ0108那'ρ ρog70p乃 男 α〃4c1伽 α∫θ

OurstudywasconductedintheNarikicatchment.ThetopographyoftheNariki

catchmentandthelocationoftwoheadwatercatchmentsthatwestudiedareshownin

Figurel.TheNarikicatchment(35°50'N,139°10'E;Figurela)isabout40㎞westof

centralTokyo,atthesoutheastemedgeoftheKantomountains,whichhavemaximum

heightsofabout2500m.Slopegradientsinthecatchmentrangebetween35°and45°,

andMt.Kuro-yama,at842m,isthehighestpoint.Thecatchmentisunderlainby

sandstoneandmudstonebedrockofJurassicagethatalsocontainssomechert.Therock

unitsdip60°to90°northeastandstrikeNW-SE(Inosatoetal.,1980;TokyoPrefbctural

PublicWorkInstitute,2002).

DatacollectedattheAutomatedMeteorologicalDataAcquisitionSystem(AMeDAS)

stationoftheJapanMeteorologicalAgencyatOhmeCity(35°47'N,139°18'E;10㎞

southeastoftheNarikicatchmentandlOOminelevation)showthattheaverageannual

precipitationf卜oml976to2009wasl487mm,andtheminimum(lateJanuary),

maximum(mid-August),andaveragea㎜ualairtemperatureswere-6.7℃,36.9℃,

andl4.2℃,respectively.Rainsto㎜susuallyoccurintherainyseaso面ommid-June

tolateJuly,andinthetyphoonseasonf士ommid-Augusttomid-OctobeLAbout80%of

theannualprecipitationissuppliedduringtheseperiods.Dryconditionsprevailin

winter,ffomearlyDecembertoearlyMarch,althoughsnowusuallyaccumulatesinthe

NarikicatchmenttoamaximumdepthoflOto20cminFebnlary.

2.2.即 εr1〃zε〃'α1cα'c乃 〃zεη孟3
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AheadwatercatchmentonthenorthsideoftheNarikiRiverwasdenselyplanted

withevergreenconifbroustreesinl961(ConifbrouscatchmentinFigureslaandlb).It

isl.29ha(0.Ol29km2)inarea,100minrelie£andincludesonlyafirst-orderstream.

ThisunmanagedfbrestiscomposedofJapanesecedar(Cα ρ'o耀 磁 ノ¢ρo加cα)and

Hinokicypress(C勿 脚 鰐 ρα7∫50伽8α),andin2007therewere2000to2500treesha-1,

allwithtrunkdiametersoflessthanO.2m.Thecanopyofthefbrestismostlyclosed,

andlittleunderstoryvegetationispresentowingtotheweakpenetrationofsunlightto

thefbrestfloor.Agravelrichmineralsoil(B-horizon)isdirectlyexposedonpartsofthe

fbrestfloor.

AsecondheadwatercatchmentonthesouthsideoftheNarikiRiveriscoveredbya

naturaldeciduousbroadleaffbrest(DeciduouscatchmentinFigureslaandlc).The

catchmentareaisl.28ha(0.Ol28㎞2),100minrelie£andhasonlya且rst-order

stream.Thedominanttreespeciesinthiscatchmentareoak(g〃 θκ 〃83θrrα'αandg.

溺o〃go1∫cα),beech(勲g〃5ノ ¢ρo加cの,chestnut(Cα3'α 〃θαc泥 〃α伽5),andJapanesemaple

し4cεrpα 伽 α伽 吻.Understoryvegetationisrelativelydense,andthereisathicklitter

layer(about5cminthic㎞ess)onthefbrestnoor(Figure2b).

2.3.P乃 ア8∫cα1、ρ君ρρθ7'∫θ5(るヂ5011

Theboundarybetweensoilandbedrock,obtainedbyNlovalues(thenumberof

blowsfbrlOcmpenetrationintosoilbyconepenetrationtestusingaweightof5kg)

showedthatthesoildepth(Nlo≦50)waslessthan3minbothcatchmentsandthesoil

profilestocrossandlongitudinalsectionofthecatchmentshavesimilarshapesinboth

catchments.BothcrosssectiontopographiesofthecatchmentsareV-shaped,and

7
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consequentlytheriparianzone(theflatbottomlandalongthestreams),affbctingstream

nowgeneration,isverysmallandnarrow(Figureslbandlc).

Mid-slopesoilprofilesineachcatchmentareshowninFigure2.Accordingtothe

classificationbytheFoodandAgricultureOrganizationoftheUnitedNations,thesoils

inbothcatchmentswereclassifiedasCambisols.Thestronglyorganicsoilhorizons,the

AotoABhorizons,wereuptoO.25mthickinbothcatchments,andagravelrich

mineralsoil(Bhorizon)wasbelowO.15toO.25mdepth.Thesoilparentmaterial

presumablyderivedffomup-slopeviasoilcreeporrockslides,becausemuchdiscrete

angulargravelwasobservedinthesoilprofiles.

WecollectedundisturbedlOOmLsoilcores(about5cmlongand5cmindiameter)

atsoilsurfaceandat30cmintervalsffom20tol40cmdepthattheup-,mid-,and

down-slopesinthecatchments.SoilpHwithinl40cmdepthrangedmostlybetween4

and5.

Theaveragesatu.rationhydraulicconductivity(Ks)ofthesoilinbothcatchments

rangedmostlybetweenlO-2andlO-3cms-1:itdecreasedtolO-4cms-lat30cmdepthof

theup-andmid-slopesintheconifbrouscatchment,indicatingrelativelylow

pe㎜eability,whereasitwasconstant(aroundlO-2cms'1)inthedeciduouscatchment

regardlessofsoildepth.

Averagesoilporosityoftheconifbrouscatchment(inthiscase,itwasobtainedffom

theweightdiffbrenceinthesoilcoresbetweenwatersaturatedanddriedconditionsむ
heatedfbr24hatllO℃)rangedbetween78%atthesoilsurface(includingabiomat

describedinthesection2.4)and45%at70cmdepth,whereasthatofthedeciduous

catchmentwasbetween73%aroundthesoilsurface(alsoincludingthebiomat)and

8
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53%at70cmdepth.

Averagesoilhardnessintheconifbrouscatchment(measuredatfiverandompoints

onthesoilprofilesat5cmintervalsandupto50cmdepth)rangedffomlOkPaatthe

soilsurface(correspondingtothebiomat)to250kPaat50cmdepthwithshowingthe

maximumhardnessof600,300,and400kPaat30cmdepthoftheup-,mid-,and

down-slopes,respectively,whereasthatinthedeciduouscatchmentincreaseduni鉛 ㎜ly

丘om40kPaatthesoilsurfacetoamaximumof200kPaat50cmdepth.

Thegravitationalwaterdrainagecapacityofthesoilwasl8%onaverageinthe

conifbrouscatchmentexceptbetweenOand5cmdepth,whereitwas28%onaverage

(includingthebiomat).Inthedeciduouscatchment,itwasconstantat25%onaverage

throughoutthesoilprofile.

2.4.β'o〃zα'プ セα'z"θ3

Auniquelayer,theso-calledbiomat(BM:Ks>10-2cms'1;porosityabove70%),

consistingofadensenetworkofHnerootswithinthelooselitterandroot-pe㎜eated

zone(Sidleetal.,2007),wascommonattheslopesurfaceintheconifbrouscatchment,

whereitsthic㎞essvaried丘oma飴wcentimetersto20cm(Figure3a).

Intheconifbrouscatchment,theaveragerootdensityinthebiomat(weightofroot

perunitweightofbiomat)was6.37gkg-land9.15gkg'lfbreach5sampleinthetwo

biomatplotsshowninFigurelb,whichhadthebiomatofabout3andlOcmthick,

respectively.Incontrast,therootdensityinthesoil,justbelowthebiomat(upPerA

horizon:5to10cmdepthandlOtol5cmdepthfbrtheplotswiththebiomatof3and

lOcmthick,respectively),wasO.19gkg'landO.30gkg-1,respectively;about3%ofthe

9
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correspondingvaluesinthebiomat.

Althoughthebiomatwasindistinguishableinthedeciduouscatchment,beingno

morethanafbwcentimetersthick,theaveragerootdensitywas6.94gkglinthe

biomatwhereitwas3cmthick,similartothatofthebiomatintheconifbrous

catchment.Therootdensityinthesoil(upPerAhorizon),justbelowthebiomatof3cm

thick,wasl.78gkg'1,about26%ofthedensityinthebiomat;indicatingthat,compared

totheconifbrouscatchment,relativelyindistinctboundarybetweenthebiomatandthe

upperAhorizonwasprovidedinsoilprofilesofthedeciduouscatchment.

Hiranoetal.(2008)firstreportedthatwaterfbwoccurredinbiomatsduring

rainstorms,accountingfbr5%to40%oftherainfall,reaching30cms'linmaximum

flowvelocity,andoccurringdominantlyfbllowingdryantecedentperiods;theycalled

suchflow"biomatfbw".Itisastrongprefbrentialfbwpathfbrrapidrainwater

transportonslopes,especiallyintheunmanagedconifbrous(Hinokicypress)fbrestsof

Japanandusuallyinthedeciduous鉛restsduetotherelativelyconstantrootpe㎜eated

zonearoundtheshallowportionofsoil,showingthenear-surfaceflowpath(e.g.,

Tamuraetal.,2002;Sidleetal.,2007).

3.1nstrumentationanddatacollection

3.1.Rα ∫ψ11

ThelocationsoftheobservationdevicesareshowninFigurel.Theraingauge(0.2

mmcount'1:Figurela),whichrecordedtheprecipitationat5-minintervals,was

installedinanopenspacenearthecatchments(710melevation)whererainfallwasnot

interceptedbythetreecanopiesbecauseofnocanopiesbeyond45degreeinelevation.

10
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Averageannualrainfallinterceptionbythetreecanopiesintheconifbrousand

deciduouscatchments(f士omApril2005toMarch2006)wasl8.7%andl5.7%ofthe

totalrainfallmeasuredbytheraingauge,respectively.

ObservedsixrainstormeventsarelistedinTablel.Therainsto㎜swereclassi丘edas

small(Sto㎜1,Sto㎜2),medium(Sto㎜3,Sto㎜4),orlarge(Storm5,Sto㎜6)

accordingtowhetherthetotalprecipitationduringthestormwasaround20,40,0rmore

than70mm.TheAMeDASdataffomOhmeCityshowthatrainfallamountsofmore

thanlmmday-loccurredonlO9.ldaysyr-lonaverageffoml976to2009,andthe

averageffequenciesofrainydaysf卜om1976to2009withthetotalprecipitation

amountsofStormltoStorm6were28.5,28.5,8.2,28.5,1.2,and2.9daysyr-1,

respectively.Antecedentprecipitationfbr7andl4dayspriortothecorresponding

rainsto㎜s(API-7andAPI-14)showedthat,withinthesamerainsto㎜scale,the

antecedentperiodswererelativelydrybe鉤reStorml,Sto㎜4,andSto㎜5and

relativelywetbefbreStorm2,Sto㎜3,andSto㎜6.

3.2.5か εα〃z/10wでZ)α3ψow6粥43∫oア 吻70η ノ

Streamflowinthecatchmentswasmeasuredbyparshallflumes(6inch[15cm]size)

installedinthestreamsatthemouthsofeachcatchment(Figureslbandlc).Water

levelsinthef[umeswererecordedat5-minintervalsbyautomaticsensors(Tru.track,

WT-HR64K,USA).Therelationshipbetweenthewaterlevelsandthestreamnow

dischargemanuallymeasuredattheflumes,theH-Qrelation,wasusedtocalculatethe

streamflow(Ls-1)throughouttheobservationperiod.Thebasefbwbefbrethe

rainstormsinthedeciduouscatchmentrangedbetweenlandl.94timesthatinthe

ll
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conifbrouscatchment(Tablel).

Sto㎜ 且owsamples丘omthecatchmentswereautomaticallycollectedattheupstream

sideofthenumesinpolyethylenebottlesbyautomaticwatersamplers(American

SIGMA;Model900,USA)atl-hintervalsduringthesixrainsto㎜s.Glassbottleswere

alsousedfbrinte㎜ittentmanualsamplingofthestormnowandbasenow,andthe

fluorescenceintensityofthosesampleswascomparedwiththatofthesamplescollected

inthepolyethylenebottles;thedif驚renceinmeasuredno㎜alized且uorescence

intensityofFAM(Fm-FAMdescribedinthesection3.5)werebelowo.lQsu,implying

thatnoinfluencetothefluorescenceintensitywasbroughtbythediffbrencein

COIIeCtiOnmaterialS.

3.3.Blo〃zα'ノ10w

Thebiomatandobservationdevicesfbrmeasuringbiomatnowinaconifbrousfbrest

areshowninFigures3aand3b.Itwasdifficulttoinstalltheobservationdevicesinthe

conifbrouscatchmentonaccountofsteepslopesandtheexposureofbasementrocks

alongthestream.Thus,wechosetwoobservationsitesoutsidebutclosetothe

conifbrouscatchment(Figureslaandlb),thatlocatedatthefbotofatopographically

planarslopeabout30to40meastoftheparshallflumeintheconifbrouscatchment,2

maboveandabout3mdistanceffomtheNarikiRiver,wherevegetation(Hinoki

cypressfbrest)andsoilpropertiesweresameasthoseintheconifbrouscatchment.

ThethicknessofthebiomatattheobservationsiteswasffomlOtol5cm(Figure3a).

Bioma田owwascollectedatirregulartimeintervalsduringsummerrainsto㎜sin2009

byfixingpolyvinylchloride(PVC)troughsof70andl20cminlengthalongthe

l2
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boundarybetweenthebiomatandupperAhorizon(Figure3b).Toavoidoverlandflow

contamination,theoverlandfbwwasseparatelycollectedbyfixingothertroughsonthe

slopesurfaces.Nooverlandflow,however,wasgeneratednotonlyaroundthe

observationsitesbutalsoonthewholeslopesoftheconifbrousanddeciduous

catchmentsduringtheobservationperiod.Thecollectedbiomatflowwasdirectedinto

tippingbucketsthroughPVCtubesandmeasuredat5-minintervals.Afterthef[ow

measurement,thewaterwasdrainedintoglassbottlesthroughthePVCtubesandused

fbrthemeasurementsofDOCconcentration,excitation-emissionmatrixfluorescence

spectrum(EEMspectrum),andultraviolet-visiblespectrum(UVspectrum).

3.4.DOCα η4E4ルf

Thecollectedsoilsampleswereair-dried(seethesection2.3fbrthecollection

method)andsubsequently3gofthesampleswasshakenfbr24hin60mLofultrapure

waterobtainedffomawaterpurificationsystem(RFU585DA,Advantech,Japan;pH

5.6,18.2MΩcm,andDOC<0.01μgL-1).Then,thesoilextractsandbaseflowwas

filteredfbrthemeasurementsofpH,DOC,EEMspectrum,andUVspectrum.The

absolutevaluesoftheDOCconcentrationandEEMspectruminsoilextractsare

variableonaccountofthemeasurementmethodbasedontheproportionofair-driedsoil

weightrelevanttoultrapurewatervolume.Thus,thevaluesofDOCconcentrationand

EEMspectruminsoilextractsareimpossibletocomparedirectlywiththoseinstream

flowandbiomatf[ow,whereasitispossibletocomparethecorrelationsinsoilextracts

withthoseinstreamfbwandbiomatflow,becausethemeasurementmethoddoesnot

affbcttothecorrelationsbetweentheDOCconcentrationandEEMspectrumofsoil

l3
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extracts.

Incontrast,inourstudy,watersamplescollectedinpolyethylenebottleswere

transfbrredtoglassbottlesassoonaspossibleandallcollectedwatersampleswere

storedat4°Cwithinonedayofcollection.Thesamplesweresubsequentlyfiltered

throughO.45一 μmmixedcelluloseasterfilter(DISMIC-25AS,Advantech,Japan)within

5daysa且ercollection,andtheDOCconcentrationsandEEMandUVspectrainthe

filtrateweremeasured.TheDOCconcentrationofthewatersampleswasmeasured

withanorganiccarbonanalyzer(TOC-VShimadzu,Japan).TheEEMspectraof

undilutedwatersamplesweremeasuredwithanEEMspectrometer(xenonexcitation

source;FP-6600,JASCO,Japan),underexcitationwavelengthsof220-550nm,

emissionwavelengthsof250-600nm,andascanningspeedof2000nmmin-1.

Transparentquartzglasscells(insidewidthislcm)werearrangedfbrthewater

samplesintotheEEMspectrometeLThepeaknuorescenceintensityofthewater

sampleswassimilarlyno㎜alizedinourstudyrelativetothenuorescenceintensityof

FAMdete㎜inedonthebasisofthe且uorescenceintensityoflOμgL-lquininesul魚te

solution(loQSu)atEx345nm,Em440nm,ofwhichthesolvent(sulfuricacid,o.l

molL'1;WakoPureChemicalIndustries,Japan)exhibitednonuorescencespectrum.

Malcolm(1985)showedthatthepeaksinfluorescenceintensityofriverhumic

substancesoccurredatexcitationwavelengthsof320-350nmandemission

wavelengthsof420-440nm(Ex320-350nm,Em420-440nm).Inaddition,

fluorescencepeakswithintheaboverangeshavebeenidentifiedasFAMpeaks(Coble

etal.,1993;Suzukietal.,1998;Mostofaetal.,2005).Inourmeasurements,asingle

peakinf[uorescenceintensityappearedatEx330-345nm,Em428-446nmineach

l4
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streamflowsampleffomtheconifbrouscatchment,andatEx300-345nm,Em

432-446nmineachsampleffomthedeciduouscatchment.Thesepeakscorrespondto

"PeakC"indicatedbyCobleetal
.(1990),Coble(1996),andFellmannetal.(2010),

andcouldreflectterrestriallyorganicmatter(Coryetal.,2010)derivedffomvascular

plantsorsoilorganicmatterwhichishigh-molecular-weightf士actionandhighestin

wetlandsandfbrestedenvironment(Coboletal.,1998).Somewatersamplesinthe

conifbrouscatchmentandsoilextractsinbothcatchmentsexhibitedanotherpeakat

aroundEx270nm,Em320nmcorrespondingto``PeaksBorT"indicatedbyFellmann

etal.(2010),possiblycorrespondingtheaminoacid-likepeaksintyrosineortryptophan,

respectively(e.g.,Cobleetal.,1993,Parlantietal.,2000).Nopeaksinhumiclike-and

un㎞own-materialsapPearedinstreamnowsamplesatall.

3.5.Co舵 α10η(ヅ 伽o君 θ8cθηcθ 枷 θ〃吻

Theidenticalinstrumentwasusedfbrourmeasurement,andthef[uorescence

intensityofthequininesulfatesolutionwasverifiedevery140min(fbreverybatchof

sevenwatersamples).Todete㎜inetheinstrumentalerrorswhichmayhavebeen

causedbyf[uctuationsinillumination,thefluorescenceintensityofthewatersamples

wassubsequentlyno㎜alizedonthebasisoftheaverageQsuvaluesoftheloμgL-l

quininesulf乞tesolutionobtainedbefbreandafterthemeasurementofsevenwater

samples(themaximumdiffbrencewaso.64QSu).Inourstudy,thecorrelationlineof

themeasuredno㎜alizednuorescenceintensityofFAM(Fm-FAM:withouttheinner

filtercorrection)relativetoDOCconcentrationbecameconvexatDOC>22mgL-land

Fm-FAM>120Qsu,indicatingthatattenuationoftheFAMspectraofthewater
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samples,duetohighFAMconcentration,probablybeganatvaluesgreaterthanl20

Qsu.Thus,thesampleswhichexceededl20Qsuwereomittedfヒomouranalysis.

Incontrast,YangandZhang(1995)indicatedthattheinnerfilteringeffbctinwater

wasminimizedundertheDOCconcentrationbelowl5mgL'1.Inaddition,Hudsonet

al.(2007)alsoindicatedthattheinnerfilteringwasfbundtobenegatedinffeshwater

samples.Inourmeasurement,theFm-FAMwassimultaneouslycorrectedfbrtheinner

filteringeffbctaccordingtothefbllowingequation(Lakowicz,1999):

Fc=Fm・10(A・x+A・m)/2

whereFcisthecorrectedno㎜alizednuorescenceintensityofFAM(Fc-FAM),Fmisthe

measured(uncorrected)normalizedfluorescenceintensityofFAM(Fm-FAM),Aexisthe

absorbanceatexcitationwavelength,andAemistheabsorbanceatemissionwavelength.

ThemeasurementerrorofthefluorescenceintensityoflOμgL-lquininesulfate

solutioninours加dyrangedbetweeno.16Qsuando.64QSu飴rtheobservedsto㎜s.

InCOntraSt,theCOrreCtiOnCOeffiCientS(10(Aex+Aem)/2)arOundEX340nm,Em440nmOf

thebasenowandsto㎜nowwerecalculatedaslessthan1.03below20Qsu,producing

ao.6QsuinmaximumriseofFm-FAMat20Qsu.Thisthingimpliesthat,inourstud》 ～

therisesofFm-FAMresulted丘omtheinnerfiltercorrectionarewithinthemeasurement

errorofthefluorescenceintensityoflOμgL-lquininesulfatesolution.Consequently,

fbrthebasenowandsto㎜nowatFm-FAM<20Qsu,theinner且ltercorrectionis

fbundnottocausethesignificantinconsistencybetweenFc-FAMandFm-FAMandto

benegligible.Accordingly,inourstudy,theinnerfiltercorrectionwasconductedboth

fbrwatersamplesofFm-FAMexceeding20Qsuandfbrallsoilextractsofwhichthe

highabsorbanceataround420nmproducedthecorrectioncoef臼cientsexceedingl.06
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evenatFm-FAM<20Qsu;wecorrectedboththeFm-FAMofbiomatnow(20Qsu<

Fm-FAM<120Qsu)andallsoilextracts(Fm-FAM<120Qsu),anddidnotcorrectthe

Fm-FAMofbasenowandsto㎜nowofwhichthemostFm-FAMwasbelow20Qsu.

Additionally,wemeasuredtheabsorbancefbrthewavelengthsof200nmto600nm

withanultraviolet-visiblespectrophotometer(V570,JASCO,Japan)atlnminterval.

Then,tominimizethemeasurementerroroftheEEMspectra,watersamplesofwhich

theabsorbanceat254nm(Abs-254)wasbelowO.3(Coryetal.,2010)wereusedinour

analysisanddiscussion.Therange(Abs-254<0.3)isequivalenttotheFm-FAMbelow

50Qsuinourstudy.

4.Results

4.1.DOCγ8.E4M泥1磁o刀 曲 ψ5加30∫1α'7αc∫,ゐ α8ψowα 〃4玩o醒 α'プ70w

TherelationshipsbetweenDOCconcentrationsandfluorescenceintensityofFAM

(F-FAM:includingboththeFm-FAMofbasenowandstormflowandFc-FAMofsoil

extractsandbiomatflow)inbiomatflowoftheconifbrouscatchment,aswellasthose

inthesoilextractsandbasefbwinthetwocatchments,areshowninFigure4.

soilextractsatF-FAM<20QsuinFigure4weremostlyobtainedffomthesoil

collectedbelow50cmdepth(relativelydeepsoillayer).Therelationshipbetweenthe

DOCconcentrationandF-FAM(DOCvs.FAMrelationships)withrespecttosoil

extractswerepositivelycorrelatedandthetrend(correlation)lineswereexpressedby

dashedlinesasア=4.91κ 一22.68(n=27,r=0.84,p<0.0001)andア=4.14κ 一20.02(n=16,

r=0.89,p<0.0001)intheconifbrousanddeciduouscatchments,respectively.Significant

diffbrenceintheDOCvs.FAMrelationshipswithrespecttosoilextractsbetweenthe
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conifbrousanddeciduouscatchmentsappearedinboththeDOCconcentration

(p<0.0001)andF-FAM(p<0.0001).

TheDOCconcentrationandF-FAMinbaseflowrangedmostlyffomO.5to3mgL-l

and2tol4Qsuinbothcatchments,respectively.TheDocvs.FAMrelationshipswith

respecttobaseflowwerepositivelycorrelatedandthetrendlineswereexpressedby

solidlinesasア=6.09x-0.90(n=48,r=0.90,P<0.0001)andア=5.60x-2.37(n=50,r=0.84,

p<0.0001)intheconifbrousanddeciduouscatchments,respectively.Significant

diffbrenceintheDOCvs.FAMrelationshipswithrespecttobaseflowbetweenthe

conifbrousanddeciduouscatchmentsappearednotintheDOCconcentration

(p=0.8026)butintheF-FAM(p=0.Ol97).

Inaddition,theDOCvs.FAMrelationshipswithrespecttobiomatflowwasplotted

attheupperendofthebasefbwtrendlinesandthebiomatfbwtrendlinewas

expressedbyasolidlineasア=6.50冗 一4.88(n=21,r=0.73,p<0.0001).Thus,theslopeof

biomatflowtrendlineswasveryhigh,evenhigherthanthatinthebaseflow(6.09and

5.60intheconifbrousanddeciduouscatchments,respectively)butwereclearly

diffbrentffomthoseofsoilextracts(4.91and4.14intheconifbrousanddeciduous

catchments,respectively).

4.2.7診 砲ρorα1c肋 〃gε8加DOCα 加1E4-M加8'oπ 解ow

Temporalchangesinspeci丘cstreamnow(sto㎜now),DOCconcentration,and

F-FAMduringtherepresentativerainstorms(Storml,Storm3,andStorm5)areshown

inFigure5(re艶rtoFigure6fbrSto㎜2,Sto㎜4,andSto㎜6).

InStorml,low-intensityrainlessthanlmm5min'lfbllfbllowingrelativelydry
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antecedentperiods(Tablel).Ontheotherhand,Storm20ccurredfbllowingrelatively

wetantecedentperiodsbecauseit鉛llowed且vesuccessiverainsto㎜s丘omSeptember

lltol5,2006thathadatotalprecipitationofl24mm(Tablel).Prominentsto㎜now

peakscoincidingwellthetimingoftherain魚llpeakswerenotobservedduringSto㎜l

andSto㎜2.InSto㎜1(Figure5a),thechangesinDOCconcentrationsofboth

catchmentsweresimilartobackgroundofbaseflow(0.5to3mgL'1)despiteof

relativelylargeincreaseinF-FAMwhichwasslightlyhigherinthedeciduous

catchment(12QsuinmaximumF-FAM)thanintheconifbrouscatchment(gQsuin

maximumF-FAM).Ihcontrast,inSto㎜2(re飴rtoFigures6aand6d),theDOC

concentrationconsistentlyexceeded3mgL-1,higherthanthatinStorml,andthe

F-FAMrangedbetween2Qsuto5Qsuinbothcatchments,similarorlowerthanthat

inSto㎜1.Thus,eventhoughthetwosto㎜eventsweresimilarintherainsto㎜scale

(Tablel),DOCconcentrationswerehigherinStorm2fbllowingtherelativelywet

antecedentperiodsthaninStormlfbllowingtherelativelydryantecedentperiods.

InSto㎜3,飴llowingrelativelywetantecedentperiods(Table1),therain飴ll

continuedfbrabout24h,anditsintensitywaslto2mm5min-1.1ncontrast,Storm4

fbllowingrelativelydryantecedentperiodslastedabout40h(Tablel),anditsintensity

waslessthanlmm5min-1.ThechangesinDOCconcentrationsandF-FAMinSto㎜3

tendedtocoincidewiththechangesinstormflow(Figure5b).FlashrisesofDOC

concentrationandF-FAMat7:30HonSeptember27inSto㎜3coincidedwiththe

flashpeaksinstreamflow(aboutlLs'lha-1)atthesametimeinbothcatchment.The

changesinDOCandF-FAMinStorm4weresimilartothoseinSto㎜3exceptthetwo

casesindicatedbyarrowsintheconifbrouscatchment(refbrtoFigures6b).
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DuringSto㎜5,high-intensityrainexceeding2mm5min-1,飴ll鉛rgh鉛llowing

relativelydryantecedentperiods(Tablel).ThehydrographrecessioninSto㎜5

(Figure5c)wasrapidandhighstormflowdischargedidnotcontinueverylongafterthe

rain魚llended(鉛rl5hand4hatmosta丘erthenowpeaksuntilthesto㎜nowreceded

belowlLs-lha-lintheconifbrousanddeciduouscatchments,respectively).Two

remarkablenashrisesofF-FAMwithhighrain魚llintensityandnashrisesofsto㎜now

wereobservedinbothcatchmentsattheearlystageofthesto㎜(at2:55Lrand6:45

LTonAugust9).Incontrast,Storm6hadalong-durationrainfall(about48h)

R)llowingrelativelywetantecedentperiodswithamoderateintensityoflto2mm5

min-1(Tablel),highstreamf[owdischargefbralongtimeinbothcatchment(more

than5daysa丘erthesto㎜ 且owpeaksuntilthesto㎜nowrecededbelowlLs'lha'1),

andrarenash且owpeaks.ExceptthecasesinthenashrisesofF-FAMinStorm5(>13

QSu),theF-FAMinsto㎜6(ltol2Qsu)wassimilartothatinsto㎜5(re色rto

Figures6cand6f).However,theDOCconcentrationsinStorm6washigher(2to8mg

L-1)thanthoseinSto㎜5(0.5to3mgL-1).

4.3.DOCγ5.E4ル 〃 ε1α加 η訥 ψ3w励 君卵 ρεcπ03∫oπ 朔ow

TheDOCvs.FAMrelationshipswithrespecttosto㎜nowduringthesixrainsto㎜s

areshowninFigure6,inwhichthesolidanddashedlinesshowthetrendlinesofthe

baseflowandsoilextractsshowninFigure4,respectively.

TheDOCvs.FAMrelationshipsinSto㎜1(Figures6aand6d),underthe

small-scalerainsto㎜fbllowingrelativelydryantecedentperiods,wereclosetothe

basenowtrendlinesinbothcatchments.InStorm2,underthesmall-scalerainsto㎜
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fbllowingrelativelywetantecedentperiods,thedatainbothcatchmentswasplotted

nearthebottomofthesoilextracttrendlines.

InSto㎜3andSto㎜4(Figures6band6e),theDOCvs.FAMrelationshipsranged

betweenthebasef[owandsoilextracttrendlinesinbothcatchments.However,in

comparisonwiththeotherdatainStorm4,fbllowingrelativelydryantecedentperiods,

somerelationshipsintheconifbrouscatchmentinStorm4(indicatedbyarrowsin

Figure6b)werecharacterizedbythehighF-FAMwithrespecttoDOCconcentration,

coincidedwiththenashpeaksintheF-FAMandsto㎜now.

InSto㎜5(Figures6cand6D,fbllowingrelativelydryantecedentperiods,theDOC

vs.FAMrelationshipswereclosetothebasenowtrendlines,andtheF-FAMrose

considerablyabovethetrendlineatl3Qsu<F-FAM<18Qsu(circledinFigure6c

and6f).Despitethehighrainfallamountandthegenerationofhighstormfbwbythis

rainstorm,DOCandFAMinthesto㎜nowseemedtoresultentirely倉ombasenow.hl

contrast,inSto㎜6,theDOCvs.FAMrelationshipswereclosetothesoilextracttrend

lineintheconifbrouscatchmentandbetweenthebasefbwandsoilextracttrendlinesin

thedeciduouscatchment,similartotherelationshipsinSto㎜3andSto㎜4exceptthe

highF-FAMexceededloQsu.

5.Discussion

ThedistinctdiffbrencesintheDOCvs.FAMrelationshipsamongsoilextracts,

base且ow,andbiomat且ow,aswellastheirvariouscorrelationsduringtherainsto㎜s,

exhibitthatthecomplicatedprocessesinDOCtransportoccurredeveniftheheadwater

catchmentswasrelativelysmallasincludingonlythefirstorderstreams.Thus,asgiven
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below,tounderstandthevariousrelationshipsbetweenDOCandFAMtransport,we

examinetheDOCdynamicsanddiscussthedif琵rentviewsbetweenourfindingsand

otherstudies,regardingDOCandFAMexportresultedffomrainfallinput(Parketal.,

2007)andantecedenthydrologicalconditions(Inamderetal.,2008).Inaddition,we

considerhowtheprefbrentialflowaf飴ctsDOCtransportintheheadwatercatchments

withsteepslopes,andconsequentlyproposethehydrologicalregimeaffbctingtheDOC

vs.FAMrelationshipsinmountainousheadwatercatchments.

5.1.ρ γηα厩c3qプDOCα 刀4E4ノ 脇7α 〃Ψoπ

TheF-FAM/DOCinthesoilextractsoftheconifbrouscatchment,showninFigure4,

tendedtobehigher(F-FAM/DOC=4.91)thanthatinthedeciduouscatchment

(F-FAM/DOC=4.14),andthesignificantdif驚renceswereshownbothintheDOC

concentration(p<0.0001)andF-FAM(p<0.0001).Becauseoftheira(噸acentlocations,

thetwocatchmentsaresimilarwithrespecttocatchmentarea,elevation,slopegradient

(butnotdirection),andgeology.Thus,thediffbrenceintheF-FAM/DOCinthesoil

extractsmayhavebeenduetothedegradationdegreeoforganicmaterialsintoDOC,

飴sterormoreinthedeciduouscatchmentthanintheconifbrouscatchment(e.g.,Olson,

1963;Kawahara,1985).

Additionally,thediffbrenceintheF-FAM/DOCbetweenthebaseflow(6.09and5.60

intheconifbrousanddeciduouscatchments,respectively)andsoilextracts(4.91and

4.14,respectively)suggestthatFAMwasthemoredominantDOCmaterialinthe

baseflowthaninthesoilextracts(Figure4).FAMistheref卜actorysoilorganicmatter

andconsequentlycanberemainedunifbrmlyasdecomposedresiduesinthedeeppartof
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soil(BoyerandGrof狛man,1996)andconsequentlyinthebaseflow.Thesoilextracts

hadthehighabsorbanceat420nm,andadditionallyinourotheranalysis(unpublished),

muchoftheorganicnitrogenwascontainedinthesoilextractswhileitwaslittleinthe

baseflow.Thus,theincreaseintheF-FAM/DOCinthebasenowisprobablyduetothe

stabilizationordecompositionofhumicacidlikematerials(HAM)withinthesoillayer,

thoughHAMwasnotdetectedintheEEMspectrumofsoilextracts.

TheshiftintheDOCvs.FAMrelationshipswithrespecttostormnowtowardthe

lowerendofthesoilextracttrendlines(Figure6)meansthat,comparedtotheDOC

concentrationinbaseflow(0.5to3mgL-1,Figure4),theDOCconcentrationin

sto㎜nowwaspredominantlyincreasedinSto㎜2,Storm3,Storm4,andSto㎜6(2

mgL'lto7mgL'1),whereasthechangesinF-FAM,exceptthatinSto㎜5,ranged食om

lQsutol3Qsu(Figure6),whichwaswithinthesimilarrangeofbasefbw(2Qsuto

l4QSu,Figure4).Thatis,onlytheDocconcentrationincreasedinthesto㎜now

undertherelativelyconstantF-FAM.Thesef乞ctscanbeduetotheDOCandFAM

transportduringtherainstormsfヒomthedeeppartofsoilbelow50cmdepthwhich

showsrelativelyhigherDOCconcentrationthanthatofbaseflow.Thismaydependon

HAMdischargecontaininginthesoilwhichshowedtheabsorbanceat420nm,and

seemstobecontrarytothefindingofParketal.(2007)thattheFAconcentrationwas

higherinsto㎜nowthaninbasenowin鉛restedheadwatercatchments.InParketal.

(2007),thedetailedDOCdynamicshasnotbeenexplainedonthebasisofhydrological

processesinthemicro-topographicunitsoftheirheadwatercatchment.Thus,thesimple

comparisonofourHndingswiththoseofParketal.(2007)isimpossible.Weguessthat

thereasonofthediffbringviewmayresultffomthediffbrenceinhydrologicalsystems
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betweentheirandourheadwatercatchments,dependingpossiblyonthetopographic

diffbrencerepresentedbythedistributionofriparianzoneaffbctingtheDOCexport

paths(verynarrowinourcatchments),slopegradient(verysteepinourcatchmentsas

between35°and45°),orthesizeoftheheadwatercatchment(afbwhainour

catchments).

ThehighDOCconcentrationappearedinSto㎜2鉛llowingrelativelywetantecedent

periods.ThesefindingsarecontrarytotheobservationbyInamdaretal.(2008)that

DOCconcentrationsinrivernowwerehigherinsto㎜nows鉛llowingdryantecedent

periodsthanwetantecedentperiods.Theyindicatedthatthesizeoftheavailablepoolof

DOCrelevanttothevolumeofrainfallinputmayhavebeenanimportantfactorto

controltheDOCconcentrationinsto㎜nows,asrepresentedbythemobilityofDOC

f士action(i.e.,thereleaseofagreaterproportionofcarbonrichhydrophobicdissolved

organicmatters).Althoughthereasonofdiffbringviewsbetweentheobservationsby

Inamdaretal.(2008)andourfindingsisunclearyet,itmaydependonthevariable

DOCdynamicsinheadwatercatchments,resultedpossiblyf卜omtherainfallcondition

(smallscaleinSto㎜2accompaniedwithverysmallriseofstormnoweven鉤llowing

relativelywetantecedentperiods)andthediffbrenceinheadwatertopography

controllingtheDOCsourceandpath,because,intheheadwatercatchmentsinhlamdar

etal.(2008),thereliefissmaller(about50m)andtheslopeismoregentle(15degree)

thanthoseinourcatchments(aboutlOOmand35to45degree,respectively).

52.」 晒c'qプ 腕o吻 α'α加 勉 θαr-3〃吻cε50∫10ηDOCα 加1E4-M'rα 燗 ρ07'

TheF-FAM/DOCinbiomatflow(Figure4)alsoindicatesthatFAMwasthemore
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dominantDOCmaterialinbiomatnowthaninthesoilextracts.Whenweconsidered

theDOCvs.FAMrelationshipwithrespecttosoilextracts,obtainedonlyffomthesoil

surfacescontainingthebiomatintheconifbrouscatchment,thetrendlineisexpressed

asア=5.34κ(n=5,FO.81,ρ<0.Ol49).This魚ctshowsthattheF-FAM/DOCinthesoil

extractswhenonlysoilsurfacescontainingthebiomataretakenintoaccount

(F-FAM/DOC=5.34)isclosertotheF-FAM/DOCinthebiomatflow

(F-FAM/DOC=6.50),asopposedtoallsoilextracts(F-FAM/DOC=4.91and4.14inthe

conifbrousanddeciduouscatchments,respectively),thoughthemechanismf[ushing

DOCandFAMoutofthebiomatornear-surfacesoilsrequiresfUrtherconsideration.

Thenashpeaksinsto㎜ 且owandF-FAMselectivelyrenectedperiodsofhighrain魚ll

intensityduringSto㎜5whichwashigh-intensityrainfbllowingrelativelydry

antecedentperiods(Figure5c).Theratioofdirectrunofftototalsto㎜nowatthetime

ofthesecondflashflowonthehydrograph(at6:45LTonAugustginFigure5c)was

94%and32.8%intheconifbrousanddeciduouscatchments,respectively(basedonthe

hydrographseparationbyuseoftheelectricconductivityofstreamflowbyHiranoetal.,

2008).Thismayindicatethattheprefbrentialflowthroughthebiomatlayeror

near-surfacesoil,especiallyintheconifbrouscatchment,occurredunderhighrainfall

intensity,eventhoughlitteraccumulationwassmall,understoryvegetationwassparse,

andoverlandf[owwasnotgeneratedduringtheobservationperiod.Therefbre,muchof

FAMatthistimewouldhavebeenreleasedandtransportedintothestreamsby

hydrologicalprocessesatornearthesoilsurfaceinbothcatchments.Inaddition,the

DOCvs.FAMrelationshipsinSto㎜5wasdistributedabovethebase且owlines

(Figures6cand6f)andbetweenthebaseflowandbiomatfbwtrends(13Qsu<
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F-FAM<18Qsu).consequently,theDocvs.FAMrelationshipsatl3Qsu<F-FAM

<18Qsuinstrom5couldbestronglyinfluencedbythedirectrunoffasbiomatfbw

orothernear-surfaceprefbrentialflow,inadditiontogroundwaterdischarge.Thiswas

similartothetwocasesintheconifbrouscatchmentinStorm4(arrowinFigure4b),

R)llowingrelativelydryantecedentperiods,whichwerecharacterizedbythehigh

F-FAMwithrespecttotheDOCconcentration.

Asdescribedinthesection2.4,therootdensityintheupperAhorizoninthe

conifbrousanddeciduouscatchmentswasrespectively3%and26%oftherootdensity

inthebiomat.Thesediffbrencesimplythattheboundarybetweenthebiomatandupper

Ahorizonwasmoredistinctintheconifbrousthaninthedeciduouscatchment,aswell

asthedistinctdiffbrencesinthephysicalpropertiesofsoilbetweenthesoilsurfaceand

upperAhorizoninbothcatchments(i.e.,saturationhydraulicconductivity,soilporosity,

soilhardness,andgravitationalwaterdrainagecapacitydescribedinthesection2.3).In

addition,thediffbrencesinrootdensitysuggestthatsubsurfacelateralflowinthe

shallowsoilofthedeciduouscatchment,comprisingnotonlythethinbiomatbutalso

theupperAhorizonwiththerootdensityofl.78gkg-1,correspondingtoabout26%of

thedensityinthebiomat,mightplayanimportantroleintherapidtransportof

rainwateralongslopesurfaces,(e.g.,Brownetal.,1999;Tamuraetal.,2002;Kimetal.,

2005).Thisprefbrentialflowmaybeprovidedespeciallyinsteepslopesthatseemtobe

morereasonfbrpromotingnotverticalrainwaterinfiltrationbutlateralshallow

subsurfacef[owalongtherootsystems.Thus,aswellasthehydrologicalimportanceof

theriparianzoneaf飴ctingtheDOCexportpaths(KatsuyamaandOhte,2002;McGlynn

andMcDonnel,2003),biomatnow,particularlyintheconifbrouscatchment,and
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near-surfaceflowinthedeciduouscatchment,mayaccountfbrmosttransportofFAM

intotheheadwaterstreamswithsteepslopesduringrainsto㎜sofsho貢durationand

highintensity鉛llowingdryantecedentperiodsasSto㎜4andStorm5.

5.3.1か4ハoc舵 η2∫cα1泥g伽 ε50ηDOCα η4E4Mめ ノ〃α1η1c5

0urresultssuggestthattheDOCvs.FAMrelationshipscanalsobeusefhlto

understandtheDOCdynamicsffomslopestostreamsinhumidandtemperate

mountainousheadwatercatchmentsincludingonlythefirstorderstream.Then,the

hydrochemicalregimeswhichwereobtainedinourstudyf士omtheDOCvs.FAM

relationshipswithrespecttostreamfbwintheheadwatercatchments,togetherwith

slopehydrology,arediagrammedinFigure7.ThemainflowscontributingDOCand

FAMtothestreams,thatis,thenowpathwaysalongtheslope,canbedistinguishedby

examiningtheDOCvs.FAMrelationshipsinFigures4and6.

Hiranoetal.(2009)showedthat,byuseofhydrographseparationmethodbasedon

thechangeinthesiliconconcentrationinstreamflowandrainfall,subsurfaceflowf士om

thedeepsoilandgroundwaterdischargewerethemaincomponentsofbasenowinboth

catchments.Thus,DOCandFAMclosetothebaseflowtrendsinbothcatchments

(Figure7a)weremainlycontributedbygroundwaterdischarge(GWinFigure7).

Simultaneously,theDOCvs.FAMrelationshipsdistributedabovethebaseflowtrend

lines(Figure7a)mayreflectthefactthattheDOCandFAMresultedbothffombiomat

flowwhichwasprominentintheconifbrouscatchmentandffomnear-surfaceflowin

thedeciduouscatchment(n-SurinFigure7).

Incontrast,theDOCvs.FAMrelationshipsdistributedalongthesoilextracttrend
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lines(Figure7a)stronglyreflectthatDOCandFAMweretransportedmainlyby

subsurfaceflowthroughsoils(SubinFigure7),wheretheDOCconcentrationbutnot

theF-FAMwasrelativelyhigh.InSto㎜2,whichwasthesmall-scalerainsto㎜

fbllowingrelativelywetantecedentperiods,theDOCvs.FAMrelationshipsshi且edto

thebottomofthesoilextracttrendlineswithhigherDOCconcentrationthanthat

飴llowingrelativelydryantecedentperiodsofSto㎜1(Figures6aand6d).This飴ct

showsthatrelativelydeepsubsurfaceflow(Sub-dinFigure7)mayhavemainly

producedthehighDOCconcentrationinstreamflowduringthesmallrainstorms

R)llowingwetantecedentperiods.

TheDOCvs.FAMrelationshipsbetweenthetrendlinesofbaseflowandsoilextracts

(Figure7a)presumablyrenectDOCandFAMtransportresultedffomthecontribution

ofsubsur飴ceandgroundwaternow(Sub+GWinFigure7),andsometimesrenectthe

contributionofnear-surfaceorbiomatfbws(n-Sur)bytheirshifttowardthehigh

F-FAMrelevanttoDOCconcentration.

6.Conclusions

TounderstandthedynamicsofDOCandFAMtransportintostreamsinmountainous

headwatercatchments,weconductedhydrologicalobservationsandanalysesina

conifbrousanddeciduouscatchment.ThefbllowingcharacteristicsofDOCandFAM

transportinthemountainousheadwatercatchmentswereinfbrred:

1)DOCandFAMtransport,includinginsoilextracts,baseflow,andbiomatflowinthe

mountainousheadwatercatchmentswasclearlycharacterizedbythediffbrenceinthe

ratioofchangeinF-FAMtothatinDOCconcentration(F-FAM/DOC).
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2)TheF-FAM/DOCratiointhesoilextractswashighintheconifbrouscatchment

(4.91),butlowinthedeciduouscatchment(4.14).Itwashigherinthebaseflowand

biomatf[ow(about6inbothcatchments)thaninthesoilextracts.

3)HighF-FAM/DOCratiosinthebaseflowwereinfbrredtooriginateffom

groundwaterdischargewithouthumicacidlikematerialsandbiomatflowduring

rainsto㎜s,whereaslowF-FAM/DOCratiosinsto㎜nowwerein飴rredtoresult倉om

DOCandFAMbysubsurfaceflowthroughshallowsoil.

4)ShallowsoilusuallyandstronglycontributedtheDOCtransportintotheheadwater

streamsinbothcatchmentsduringtherainsto㎜s.However,duringtherainsto㎜s,

FAMwassometimespredominantlytransportedbybiomatflowinsteepslopes.Thus,

biomatflowornear-surfaceflowmayexplainthepredominantFAMtransportinthe

headwaterstreams,especiallyduringhighintensityrainsto㎜sfbllowingrelativelydry

antecedentperiods.

Thesefindingsshowthatthesoilorganicmattercomponentdependingondiffbring

vegetationand㎞owledgeofpre色rentialnowpathsofrapidrunoff丘omslopesto

streams(i.e.,inmicro-topographicunit)areessentialfbrunderstandingtheprimary

hydrochemicalprocessesrelatedtoDOC(andalsoFAM)dynamicsinmountainous

headwatercatchmentswithsteepslopes.
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Figure 1.  Location and topographic maps of the Nariki catchment and headwater catchments.  

    (a) Nariki catchment, (b) Coniferous catchment, (c) Deciduous catchment 

       Contour intervals of the Nariki catchment (a) and  headwater catchments (b and c) are 10  

    and 5 m, respectively.   
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Figure 2. Shallow soil profiles at the mid-slopes of the headwater catchments    

     (photographed by Dr. K.Tamura of Tsukuba University). 

        Soil horizon was classified according to the definition by the Food and Agriculture  

    Organization of the United Nations. BM: Biomat that is permeated by the dense root  

    networks and detritus; The maximum thickness of the biomat was about 3 cm in the  

    coniferous catchment, whereas the biomat was indistinguishable in the deciduous  

    catchment. 
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Figure 3.   A photograph of the biomat developing in the coniferous forest (a) and a schematic  

    illustration showing the observation devices for biomat flow sampling (b). The length of the  

    knife in the photograph is about 10 cm. BM : Biomat 



Figure 4.  Relationship between the dissolved organic carbon (DOC) concentration and 

     normalized fluorescence intensity of fulvic acid like materials (F-FAM) in baseflow (low  

     stream flow during no rainfall), biomat flow, and soil extracts (modified after Endo et al.,  

     2006). C: Coniferous catchment, D: Deciduous catchment 

           The data on soil extracts and baseflow were measured in 2005 and some supplementary    

     data on the soil extracts were measured in 2009. The data on biomat flow were measured  

     during summer rainstorms in 2009. The data on soil extracts and biomat flow were corrected  

     for the inner filtering effect. Linear correlation coefficients in the coniferous and deciduous 

     catchments are 0.84 (p<0.0001) and 0.89 (p<0.0001) in soil extracts and 0.90 (p<0.0001)  

     and 0.84 (p<0.0001) in baseflow, respectively, and it is 0.73 (p<0.0002) in biomat flow. As 

     the correlation coefficients were calculated, the data at DOC > 22 mgL-1 and F-FAM > 120  

     QSU were removed because of attenuation of the FAM spectra of the water samples due to  

     high FAM concentration. 
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Figure 5. Temporal changes in rainstorm precipitation, specific stream flow, dissolved 

    organic carbon (DOC) concentration, and normalized fluorescence intensity of fulvic 

    acid like materials (F-FAM) during the representative rainstorms in 2006. 

       Total precipitation was 16.2, 40.4, and 77.2 and the antecedent conditions were  

    relatively dry, wet, and dry in Storm 1, 3, and 5, respectively. 
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Figure 6.  Relationships between the dissolved organic carbon (DOC) concentration and 

    normalized fluorescence intensity of fulvic acid like materials (F-FAM) during the six  
    rainstorms. 

       Solid and dashed lines respectively show the correlation lines of baseflow and soil  

    extracts shown in Figure 4. The arrows and circles show the high F-FAM relative to the 

    DOC concentration. 



Figure 7.  Schematic diagrams related to the hydrochemical regimes for the relationships between  

    dissolved organic carbon (DOC) concentration and normalized fluorescence intensity of fulvic    

    acid like materials (F-FAM) in headwater streams during rainstorms (a), together with slope   

    hydrology showing the types of main flow contr ibut ion  and f low path (b). 

       SF: Stream flow, GW: Groundwater flow, Sub: Subsurface flow, (s): relatively shallow  

    subsurface flow, (d): relatively deep subsurface flow, n-Sur: Near-surface flow including biomat  

    flow, Rs: Rain splash. 
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Table 1  Hydrological conditions of the observed rainstorms. 

          Rainfall frequency shows the potential number of rainy days during a year relevant to the same  

     storm magnitude in total precipitation, which were calculated from the Automated   

     Meteorological Data Acquisition System (AMEDAS) data at Ohme City from 1976 to 2009. API- 

     7: Antecedent precipitation index (total amount of rainfall) for past 7 days, API-14: Antecedent  

      precipitation index for past 14 days 

        

  

         Storm event 

  

Total  

precipitation 

(mm) 

Rainfall 

duration 

(hour) 

Rainfall 

frequency 

(days yr-1) 

 

API-7 

(mm) 

 

API-14 

(mm) 

Baseflow  

prior to storms  

(L s-1ha-1) 

Conif. Decid. 

Small-scale rainstorms     

    Storm 1 (Sep.6-7, 2006) 16.2 9 28.5 0.8 27.6 0.15 0.23 

    Storm 2 (Sep.17-18, 2006) 22.8 12 28.5 124.0 145.0 0.96 1.42 

Medium-scale rainstorms     

    Storm 3 (Sep.26-28, 2006) 40.4 24 8.2 2.4 95.6 0.46 0.46 

    Storm 4 (Oct.23-25, 2006) 48 40 28.5 8.6 11.6 0.24 0.38 

Large-scale rainstorms       

    Storm 5 (Aug.8-10, 2006) 77.2 9 1.2 0 0.6 0.18 0.35 

    Storm 6 (Jul.14-16, 2007) 117.4 48 2.9 16.0 37.0 0.12 0.12 
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