
1.Introduction

Themicrophytobenthosplayagreatrolein

estuariesandshallowwaterecosystems,where

theavailableirradianceextendstotheseafloor,

andmuchattentionhasrecentlybeenpaidto

theirpotentiallyimportantproduction.The

microphytobenthosarewelldocumented,fre-

quentlyreferredtoasthemajorprimarycar-

bonsourcefortheshallowecosystemfoodweb,

andalsoserveasanimportantcomponentin

nutrientcyclesintidalestuaries（MACINTYRE

etal.,1996andreferencestherein）.According

tothepreviousstudies,themicrophytobenthos

maycontributeupto50％ oftheentirepri-

maryproduction,dependingonenvironmental

factors（FIELDING etal.,1988;deJONGE and

COLIJN,1994;BLACKFORD,2002）.Furthermore,

themicrophytobenthoscanregulateoxygen

concentration,which can mediate nutrient

transformationsandfluxesbetweenthesedi-

mentandoverlyingwaterviatheirphoto-
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synthesisandalsoplayanimportantrolein

sedimentstability（SUNDB�CK etal.,1991;

CAHOON andCOOKE,1992;BARRANGUET,1997;

WELKERetal.,2002）.

Theproductionandbiomassofmicrophyto-

benthosarelargelyinfluencedbyseveralenvi-

ronmental factors including nutrients,

substratetypes,tidalrhythm andirradiance,

andbiologicalfactorssuchasherbivoregraz-

ing（BARRANGUET etal.,1998;LIGHT and

BEARDALL,1998;SMITHandUNDERWOOD,2000;

BLACKFORD,2002;RIAUX�GOBINandBOURGOIN,

2002;PERKINSetal.,2004;CARTAXANA etal.,

2006;SKINNER etal.,2006;KOH etal.,2007;

YAMAGUCHIetal.,2007;DUetal.,2009;JESUS

etal.,2009;LOASSACHAN etal.,2009）.There

have been some reports thatmicrophyto-

benthosandtheirprimaryproductioninflu-

encedsedimentstabilityandnutrientfluxesin

anestuarinearea（GERBERSDORFetal.,2004;

WILSONandBRENNAN,2004;CIBICetal.,2007）.

BARRANGUET（1997）foundtheproductionand

biomassofmicrophytobenthosplayagreat

roleinregulatingoxygenconcentrationatthe

sediment�waterinterfaceinamusselcultured

area.Moreover,theoxygenationoftheorgani-

callyenrichedsedimentsbymicrophytobenthos

mayinfluencetheabundanceofthemacro-

benthicfaunainthewesternSetoInlandSea

（YAMAGUCHIetal.,2007）.Anegativecorrela-

tionamongChlacontentsinsurfacesediments

andmeasuredsilicicacidfluxesusingcorein-

cubation technique was documented in a

coastalshallowecosystem（ShidoBay,theSeto

InlandSea）,suggestingthatthemicrophyto-

benthosgreatlyreducedtheupwardsilicicacid

fluxofsediment�waterinterfaceduringtheir

nutrientuptakerequirement（SRITHONGOUTHAI

etal.,2003）.LOASSACHAN etal.（2009）also

foundthatthemicrophytobenthoshaveagreat

effectonthenutrientavailability,especially

silicicacidatthesediment�waterinterfacedur-

ingthelargesupplyofirradiance（winterperi-

ods）fortheirphotosyntheticgrowth in a

coastalshallowwater,theSetoInlandSea,Ja-

pan.

Thepresentstudyaimstoexaminethetem-

poraldynamicsofmicrophytobenthicbiomass

attheestuarineintertidalflatanditsrelation

totheenvironmentalfactorsatthesediment�

waterinterface.Thisstudyprovidesconsider-

ableinformationonmicrophytobenthos,apri-

mary producer,in the Mae Klong River

estuarinesystem,whichisahighlyproductive

areaandimportantfishinggroundintheup-

perGulfofThailand.

2.MaterialsandMethods

2.1Studysite

TheMaeKlongisoneofthemostimportant

largerivers,whichdischargefreshwaterinto

theupperGulfofThailand,andisalsoconsid-

eredasanimportantsourceofnutrientsand

materialsloadedintothewesternpartofthe

headoftheGulfofThailand.Thisriveris

stronglyinfluencedbythewetsouthwestmon-

soonfromMaytoOctober,andthedrynorth-

eastmonsoonfromNovembertoApril.

TheMaeKlongRiverestuaryisoneofthe

mostimportantfishinggroundsintheupper

GulfofThailandwithitshighproductionof

commercialaquaticspecies,suchasrazorclams

（Solenspp.）,bloodclams（Anadaragranosa）,

andgreenmussels（Pernaviridis）,andisthe

largesthabitatoftherazorclaminThailand.

Furthermore,thetidalflatoftheMaeKlong

Riverestuary（DonHoiLot）hasbeenlistedin

theRamsarConventionasaninternationalim-

portantnaturalwetland（www.ramsar.org）.

Theestuarineareaconsistsofalargetidalflat

andcoastalwetland.Thetidalflatsaregener-

allycharacterizedasmuddyfinesand（＞50％

ofgrainsizefractionsare125�250μm）andac-

cumulatedfromtheMaeKlongRiver,covering

anareaof875km2（87,500ha）.

2.2Samplingstrategies

ObservationswerecarriedoutinSeptember

andNovember2006at25stations,coveringthe

entireareaofthetidalflat（Fig.1）. Allthe

observationandsamplingwereperformeddur-

ingexposure.Duplicateundisturbedcoreswere

collectedcarefullyateachstationusingan

acrylicpipeof4cm indiameter.Thesurficial

sediment（0�0.5cm）fromonecoresamplewas

carefullyslicedoffintoaglassvialforanalysis

ofchlorophylla（Chla）,andthesurficialsedi-

mentfromanothercorewasalsocut�offintoa

plasticbagforanalysisofwatercontent,loss

onignition（LOI）andextractionofporewater.

Allsampleswerestoredinacoolerboxfor
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severalhoursuntilfurtheranalysisinalabora-

tory.

Watercontent,LOIandChlaconcentrations

wereimmediatelydeterminedonthefreshsedi-

mentsamples.Theresidualsedimentsfromwa-

tercontentanalysiswerehomogenizedand

dividedintotwosub�samplesforLOIdetermi-

nationandporewaterextraction.Aliquotsof

thesedimentsampleswerecentrifugedtoex-

tracttheporewater（3,000rpm,15minat4℃）,

andthesupernatantwasthenfilteredthrough

aWhatmanGF/Ffilterforinorganicnutrient

analysis.Thefilteredporewatersampleswere

keptat－20℃ untilthenutrientswereana-

lyzed.

2.3Analysis

Thewatercontentofthesedimentwasdeter-

minedfrom theweightlossafterdryingthe

wetsedimentat105℃ untilaconstantweight

wasobtained（approximately24h）.ForLOI

determination,sedimentsamplesweredriedto

constantweightat60℃ for3days,ignitedina

mufflefurnaceat550℃ for3h,andthenLOI

wascalculatedfrom thelossofweightafter

combustingthedriedsedimentsamples.For

Chladetermination,thesedimentsamples

wereextractedin90％ acetoneandkeptatca.

4℃ inthedarkfor24h.TheChlaconcentra-

tionswereanalyzed following thespectro-

photometric method of LORENZEN （1967）

describedinPARSONSetal.（1984）usingaspec-

trophotometer（Cecil,1000series）.LOIandChl

acontentswereexpressedasmgm－2 DW,

whichwascalculatedfrom thesedimentcore

area.Theconcentrationsofinorganicnutrient

inporewater,ammonium（NH4＋�N）,nitrite

and nitrate（NO2－ ＋NO3－
�N）,phosphate

（PO43－�P）andsilicicacid（Si（OH）4�Si）were

analyzed using a nutrient auto analyzer

（SKALAR,TheSANPlusSegmentedFlowAna-

lyzer）,andthenutrientconcentrationswere

expressedasμmoll－1.Microphytobenthosspe-

cieswerealsoroughlyobservedbyamicro-

scope.Moreover,theentireexposureperiodsin

thepresentstudywerecalculatedfromthetide

table.
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Fig.1.Samplingstationsinthetidalflat（grayzones）ofMaeKlongRiverestuary.



2.4Statisticalmethods

Differencesinmicrophytobenthicbiomass,

LOI,Chla/LOIratioandnutrientconcentra-

tionsinporewaterduringtwo�monthobserva-

tionsweretestedthroughnon�parametrictests

followed by Mann�Whitney U Test.The

correlations between microphytobenthic

biomassandotherparameterswereexamined

by Spearman・srank correlation coefficient.

TheseanalyseswereperformedusingSPSS

16.0forMicrosoftWindows.

3.Results

3.1Chlorophyllaconcentrationandlossonig-

nitioninthesurficialsediments

ThevariabilityofbenthicChlaconcentra-

tionwithinthesurficialsediments（0�0.5cm）

isshowninFig.2a.InSeptember,thebenthic

Chlarangedbetween3.09mgm－2（atStn.5）

and15.2mgm－2（atStn.25）,averaging8.49

mgm－2.WhilethebenthicChlaofNovember

variedfrom2.04mgm－2（atStn.11）to10.2mg

m－2（atStn.20）withanaverageof5.21mg

m－2;thiswasstatisticallylowerthanthoseof

Chla contentscollected in September（P

Lamer50,20124

Fig.2.Variabilityof（a）benthicChlacontentand（b）LOIinsurficialsedimentlayer（0�0.5cm）.
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＜0.0001,n＝50）.ThevariabilityofLOIin

surficialsedimentsisillustratedinFig.2b.The

LOIofSeptemberrangedbetween181,000mg

m－2（atStn.3）and472,000mgm－2（atStn.

25）,averaging333,000mgm－2.InNovember,

theLOIrangedfrom 247,000mgm－2（atStn.

10）to664,000mgm－2at（Stn.18）withanaver-

ageof372,000mgm－2.However,therewasno

significantdifferenceinthesedimentaryLOI

inthesurficiallayerintheestuarinetidalflat

betweenSeptemberandNovemberobservation.

3.2Variabilityofinorganicnutrientsinpore

water

Concentrationsoftheinorganicnutrientin

porewaterarepresentedinFig.3.InSeptem-

ber,NH4＋�Nconcentrationvariedfrom11.3μ

mol�Nl
－1（atStn.24）to579μmol�Nl

－1（at

Stn.21）,averaging145μmol�Nl
－1.Concentra-

tionofNO2－＋NO3－�Nrangedfrom128μmol�
Nl－1（atStn.19）to258μmol�Nl

－1（atStn.10）,

withanaverageof160μmol�N l
－1.PO43－�P

concentrationwasbetween0.806μmol�Pl
－1（at

Stn.17）and9.75μmol�Pl
－1（atStn.5）,with

anaverageof4.22μmol�Pl
－1.Si（OH）4�Sicon-

centrationvariedbetween33.4μmol�Sil
－1（at

Stn.14）and265μmol�Sil
－1（atStn.8）,averag-

ing113μmol�Sil
－1.InNovember,NH4＋�Ncon-

centrationvariedfrom68.9μmol�Nl
－1（atStn.

16）to566μmol�Nl
－1（atStn.25）,withanav-

erageof216μmol�Nl
－1.ConcentrationofNO2－

＋NO3－�Nrangedfrom36.1μmol�Nl
－1（atStn.

1）to100μmol�N l
－1（atStn.20）,averaging

63.9μmol�Nl
－1.PO43－�Pconcentrationwasbe-

tween0.162μmol�Pl
－1（atStn.13）and19.6μ

mol�Pl
－1（atStn.10）,withanaverageof2.72

μmol�Pl
－1.Si（OH）4�Siconcentrationvaried

between57.1μmol�Sil
－1（atStn.13）and319

μmol�Sil
－1（atStn.25）,averaging135μmol�

Sil－1.However,therewasnosignificantdiffer-

enceinthenutrientconcentrationsinthepore

waterintheestuarinetidalflatbetweenSep-

temberandNovember,excepttheconcentra-

tionofNO2－＋NO3－�N.ThehigherNO2
－＋

NO3－�Nconcentrationwasobservedthrough-

outSeptemberobservations（Fig.3b）.

4.Discussion

4.1Temporalvariationofmicrophytobenthic

biomass（Chla）inthesurficialsediments

BenthicChlacontentiswidelyusedtodeter-

minethemicrophytobenthicbiomassinsedi-

ments.Thisbiomassintheintertidalmudflat

estuaryhasbeenregulatedbyvariousenviron-

mentalfactors.Althoughwehavenoquantita-

tivedataontheabundanceofmicrophyto-

benthosin thecurrentstudy,weusually

microscopically observed variousspeciesof

pennate diatoms,e.g.Navicula spp.and

Nitzschiaspp.containedinsurficialsediment

samples.

Inthepresentstudy,theaveragemicro-

phytobenthicbiomassofSeptemberwas63％

higherthanthatofNovember.Thedifference

inmicrophytobenthicbiomassbetweentwoob-

servationsmightbeexplainedbyconsidering

theavailableirradianceduringexposure.Un-

fortunately,wehavenoirradiancedataatsur-

facesediment,whereastheexposureperiods

obtainedfromthetidetablewereusedfordis-

cussioninthepresentstudy.Table1showsthe

entireaerialexposureperiodsandtheaerialex-

posureperiodsindaytime（from6a.m.）atthe

tidalflat of the Maklong River estuary

（HydrographicDepartment,RoyalThaiNavy,

2006）.InAugustandSeptember,thetidalflat

wasentirelyexposedfor113and87h,witha

dailyaverageof3.65and2.90hday－1,respec-

tively,andtheaerialexposureperiodsinday-

Lamer50,20126

Table1.Entireaerialexposureperiods（toair）anddaytimeaerialexposureperiods（tosunlightfrom6a.m.）
atthetidalflatofMaklongRiverestuary.

Entireaerialexposureperiods（toair） Daytimeaerialexposureperiods（tosunlight）

Total（h） DailyAverage（hd－1） Total（h） DailyAverage（hd－1）

August
September
October
November

113
87
48
29

3.6
2.9
1.5
1.0

93
54
14
0

3.0
1.8
0.5
0.0

*DatawereobtainedfromTidetablesofThaiwaters（HydrographicDepartment,RoyalThaiNavy,2006）.



timeaccountedfor82.3％ and62.1％ oftheen-

tireexposureperiods,respectively.Otherwise,

theaerialexposureperiodsdecreasedcontinu-

allyto1hday－1,andwithoutaerialexposurein

daytimeinNovember.Thelongerdaytimeaer-

ialexposureperiodsinSeptembermaywell

providesufficientphotosyntheticallyactivera-

diation（PAR）,whichpromotestheincreaseof

themicrophybenthosbiomassinthetidalflat.

Ontheotherhand,thetidalflatwasexposeda

few hours during the night,and flooded

throughoutdaytimeinNovember;thus,the

availablePARonthetidalflatwouldbeless

thanthatofSeptember.

Irradianceisoneofthemostimportantfac-

torsthatcanregulatethevariabilityofthe

microphytobenthos（MACINTYRE etal.,1996;

BARRANGUET etal.,1998;YAMAGUCHIetal.,

2007;LOASSACHANetal.,2009）.SUNDB�CKand

GRAN�LI（1988）foundthatmicrophytobenthic

biomass（measuredasChlacontent）decreased

slightlyandremainedataconstantlevelfor

severalweeksduringexposuretono�lightcon-

ditions,andincreasedmarkedlywhenexposed

tolight.KOH etal.（2007）alsorecentlyre-

portedthattheincreaseofsurficialbenthicChl

a（at0�0.5cm）reached164％,accountingfor

52mgm－2h－1duringdaytimeaerialexposure

intheintertidalmudflatAriakeSea,Japan.

Furthermore,ADMIRAAL（1977）previouslyre-

ported that the minimal daily quantum

irradiance for light�saturated growth of

estuarinebenthicdiatominvestigatedinacul-

tureexperimentrangedfrom 29to58μmol

photonm－2s－1.ThegrowthofNitzschiasp.iso-

latedfromsurfacesedimentofKaitaBayinHi-

roshima,Japanshowedapeakat50μmol

photonm－2s－1,anditsgrowthwasinhibited

underhigherirradiancethat（YAMAMOTO et

al.,2004）.Incontrast,COLIJINandVANBUURT

（1975）reported thephotosyntheticrateof

microphytobenthoscollectedfrom theeastern

partoftheDutchWaddenseawassaturatedby

alightintensityofapproximately185μmol

photonm－2s－1（～10,000lux）,andnophoto�in-

hibitionwasfoundathigherirradiance.Inad-

dition,MONTANIetal.（2003）alsodemon-

strated that the photosynthetic rate of

Naviculasp.isolatedfrom anestuarinesand

flatoftheSetoInlandSeawassaturatedata

lightintensityof165μmolphotonm－2s－1at

21℃,andnophoto�inhibitionwasfoundat

higherirradianceupto400μmolphotonm－2

s－1.Moreover,PINCKNEYandZINGMARK（1993）

alsoreportedthatthedailyproductionofthe

microphytobenthoswashighlyvariable,pri-

marily due to the daily fluctuations in

irradiance.

4.2 Relationship between microphytobenthos

andsedimentaryparameter

Inthepresentstudy,however,therewasno

significantdifferenceinthesedimentaryLOI

MicrophytobenthosinMaeKlongRiverEstuary 7

Fig.4.VariabilityofbenthicChlacontenttoLOIratioinsurficialsediments.



inthesurficiallayerintheestuarinetidalflat

between Septemberand November.On the

otherhand,theChlatoLOIratio（Fig.4）was

statisticallydifferentbetweenSeptemberand

November（P＜0.0001,n＝50）.TheratioofChl

atoLOIinSeptemberwassignificantlyhigher

thanthatofNovember.ChlatoLOIratiopro-

videsanindexofsedimentphoto�autotrophy

（LIGHTandBEARDALL,1998）,wherehighval-

uescorrespondtohighphoto�autotrophicca-

pacityrelativetosedimentaryorganicmatter.

Theresultclearlysuggestedthatthepresence

ofhighermicrophytobenthicbiomassobserved

inSeptembercontributedgreatlytothesedi-

mentaryorganicmatterratherthanthatof

November.Thisresultcorrespondedwellwith

theresultofmicrophytobenthicbiomass（dis-

cussedabove）.Chlacontentsseem tobea

smallfractionofLOIinthesediments,because

LOIcontentsdidnotchangefollowingthein-

creasingChlacontentsinsediments.However,

theincreaseinChlacontentsinSeptember

mightresultinthechangeofsedimentaryor-

ganicmatterinthetidalflat.

Theinorganicnutrientsatthesediment�wa-

terinterfaceareoneofthemostimportantfac-

torsthatcontrolthevariabilityofmicrophyto-

benthic production. On the other hand,

microphytobenthosmayalsoinfluencethenu-

trientconcentrationsatthesediment�waterin-

terface,actingasafilter（SUNDB�CK etal.,

1991;WELKERetal.,2002）.Unfortunately,the

correlationsbetweenbenthicChlaandNH4＋�
N,PO43－�PandSi（OH）4�Sicontentsinpore

water,andalsothedifferenceofNH4＋
�N,

PO43－�PandSi（OH）4�Siconcentrationsin

porewateramongtwoobservationswerenot

observedsignificantlyinthepresentstudy.

However,thesignificantcorrelationfoundbe-

tweenbenthicChlaandNO2－＋NO3－�Nconcen-

trationinporewater（r＝0.569,P＜0.01,n＝50）

coincided well with a previous study.

TANTANASARIT and MEKSUMPUN（2007） re-

portedagoodrelationshipbetweenChlacon-

centrationandNO2－＋NO3－�Nconcentrationin

thewatercolumnattheMaeKlongRiver

estuary.TheyconcludedthatNO2－＋NO3－�N

shouldbeoneofthemostimportantfactors

regulatingthegrowthofphytoplanktoninthe

Mae Klong River estuary.Theses results

suggestedthatNO2－＋NO3－�Nmayalsobethe

oneoftheimportantfactorscontrollingphoto-

syntheticgrowthofphytoplanktonandmicro-

phytobenthosintheestuary.

Inthepresentstudy,moreover,thehigher

NO2－＋NO3－�N concentrationwasobserved

throughoutSeptemberobservations（Fig.3b）,

andalsostatisticallydifferentfrom thoseob-

servedinNovember（P＜0.001,n＝50）.Other-

wise,nosignificantdifferenceinNH4＋�Nand

DIN（NO2－＋NO3－�N＋NH4
＋
�N）wasobserved

betweenthetwosamplingmonths（Fig.3band

Fig.5）.Inaddition,theaverageNO2－＋NO3－�N

concentrationsof160μmol�Nl
－1werefoundin

Septemberobservation,contributing tothe

52.5％ toDINconcentrationinporewater,and

thecontributionofNO2－＋NO3－�NtoDINre-

ducedto22.8％（63.9μmol�Nl
－1）inNovember

（Fig.5）.Theseresultsmightbeexplainedby

consideringthattheoxygenationatthesedi-

ment�waterinterfacewasinfluenced by a

longeraerialexposureperiodinSeptember

（discussedabove）,which mightallow sedi-

mentsatthesediment�airinterfacetoreach

aerobicconditions（THORNTON etal.,1999）.

Also,thephotosynthesisofmicrophytobenthos

duringdaytimeexposuremightcontributepar-

tiallytotheoxygenationinthetidalflat,

resultinginahigherNO2－＋NO3－�N concen-

trationinporewatervianitrificationprocesses

inthetidalflatoftheMaeKlongRiverestu-

ary.

Unfortunately,weplanedfirstlytoinvesti-

gatethespatialdistributionofmicrophyto-

benthosin thetidalflat,whereastheall

Lamer50,20128

Fig.5.AverageconcentrationsofDIN（NO2－＋NO3－�
N＋NH4＋�N）inporewater.



sedimentaryparameterdatabetweenaneach

zone（3zones）werenotsignificantlydifferent.

Hence,wecouldnotdiscussclearlyaboutspa-

tialdistributionofallparametersinthepre-

sentstudy.

5.Conclusion

Thisstudydescribesandquantifiestheshort

�termvariationofmicrophytobenthicbiomass

andassociatedcontrollingfactors,aswellas

theinfluenceofthemicrophytobenthicproduc-

tiononsedimentqualityinthetidalmudflatof

theMaeKlongRiverestuary.Ourresultsdem-

onstratedthat:（1）thedifferenceofmicro-

phytobenthicbiomassamongtwoobservations

wasduetoirradianceavailableduringaerial

exposure in daytime,and（2） the higher

microphytobenthicbiomassmightchangethe

sedimentary composition in surficialsedi-

ments.Finally,（3）theoxygenationatsedi-

ment�water interface influenced by longer

aerialexposureperiodsmightallowsediments

atthesediment�waterinterfaceto become

aerobicconditions,resulting in increaseof

NO2－＋NO3－�Nconcentrationinporewatervia

nitrificationprocessesinthetidalflatofthe

MaeKlongRiverestuary.
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