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A B S T R A C T
Submersed macrophytes are key elements of  shallow coastal ecosystems but glob
ally declined due to anthropogenic disturbances and climate change. Foliar ele
men tal and isotopic compositions of  macrophytes are being increasingly used to 
iden tify nutritional status and environmental conditions including potential stress 
factors, thereto insight is required in its interspecificvariation.In thispaper,we
presentinterspecificvariationsinfoliarnutrients(C,N,P)andstableisotopes(δ13C
andδ15N)of fourmacrophytespecies(Najas indica, Halophila beccarii, Halodule uni
nervis, Halophila ovalis)inCauHailagoon(Vietnam)inrelationtokeyenvironmental
variables.ThefoliarC,N,δ13Candδ15Nvaluesvariedamongspeciesandrelated
tosalinity,waterdepthand/orDINconcentrations.FoliarNandC:Nvalueswere
correlatedtoDINconcentrationinthewater(N. indica and H. beccarii,respectively),
whereasfoliarC:PwascorrelatedtoPconcentrations insediment(N. indica)or
waterdepth(H. uninervis).Foliarδ13Cof H. beccarii and H. uninervis increased with 
salinityandδ15Nof N. indicawithbothsalinityandDINconcentrationinthewa
ter.Theseaquaticplantslikelyvariedeitherinresourceacquisitionstrategies(e.g.
uptakeof CO2orHCO3

–,NandPfromdifferentsources)orintheirusage(e.g.
Cinvestmentinstructuraltissue)andintheirresponsetochangesinsalinity,water
depthandDINconcentrationinthewater.Thestudiedmacrophyteslikelyexperi
encedrelativelyhighNandPavailabilityandanotherfactorthanPorNprobably
inhibitedC-fixationand/orcarbonstorageof theseplants.
K e y w o r d s :  Najas, Halophila, Halodule,salinity,depth,DIN,phosphorus

Р Е З Ю М Е
Данг Ти Нху И, Нгуен Тиен Хоанг, Фам Хак Лию, Харада Х., Коба К., 
Брион Н., Ван Хью Д., Ван Хоп Н., Сиренз Т., Вентеринк Г.О. Межви
до вая изменчивость листовых питательных веществ и изотопов по
гру женных видов макрофитов в типичной солоноватой лагуне. По-
груженные макрофиты являются ключевыми компонентами мелководных
прибрежныхэкосистем.Вглобальноммасштабеихсообществасущественно
сократилисьиз-заантропогенныхнарушенийиизмененияклимата.Элемент-
ныеиизотопныесоставылистьевмакрофитоввсечащеиспользуютсядля
определенияихпищевогостатусаиусловийокружающейсреды,включаяпо-
тенциальныестрессовыефакторы,длячегонеобходимопониманиеихмеж-
видовойизменчивости.Внастоящейработемыпредставляемрезультатыис-
следованиямежвидовыхвариацийвнекорневыхпитательныхвеществ(C,N,
P)истабильныхизотопов(δ13Cиδ15N)четырехвидовмакрофитов:Najas in
di ca, Halophila beccarii, Halodule uninervis, Halophila ovalisвлагунеКау-Хай(Вьетнам)
взависимостиотключевыхпеременныхокружающейсреды.СодержанияC,
N,значенияδ13Cиδ15Nварьироваливзависимостиотвидаибылисвязаныс
соленостью,глубинойводыи/иликонцентрациейDIN.СодержаниеNизна-
ченияC:NкоррелировалисконцентрациейDINвводеуN. indicaиH. beccarii, 
тогдакакзначенияC:PкоррелировалисконцентрациейPвдетрите(N. indica)
иливтолщеводы(H. uninervis).δ13CуH. beccariiиH. uninervisувеличиваласьс
повышениемсолености,аδ15NуN. indica–каксповышениемсолености,так
исконцентрациейDINвводе.Макрофитыразличалисьвстратегияхпотреб-
ленияресурсов(например,поглощениеCO2илиHCO3

–,NиPизразличных
источников), в их использовании (например, инвестицииC в структурные
ткани),атакжепоихреакциинаизменениясолености,глубиныводыикон-
центрацииDINв воде.Изученныемакрофитынаходились в условиях до
ступностиNиP,афиксацияСингибироваласьдругимифакторами.
Ключевые слова: Najas, Halophila, Halodule,соленость,глубина,DIN,фосфор
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Interspecific variation in foliar 
nutrients and isotopes of submerged 
macrophytes in the Cau Hai Lagoon, 
the typical brackish lagoon in Vietnam

Submersed macrophytes constitute key elements of  shallow coastal eco sys
tems,buttheyarecurrentlydecliningatanalarmingrate(globally7%peryear
accordingtoWaycottetal.2009).Thisdeclineispartlyduetonutrientenrichment
inaquaticecosystemsworldwide(Paerl2009,VanKatwijketal.2011).Elemental
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and isotopic compositions of  macrophyte leaves provide in
sight into the en vi ronmental conditions and availability of  
essential resources (N,P and light) for growthof  aquatic
plantsand/ortodetectstressors(shading,highsalinityand
hightemperature)thatpredictanupcomingmacrophytede-
cline(Fourqureanetal.2007,Waltonetal.2016).Therefore,
it is important to have insight in the variation in foliar con
centrationsof thekeyelementssuchascarbon(C),nitrogen
(N),phosphorus(P)andtheirratios–amongspecies,aswell
as in relation to important environmental factors. 

Nutrient (NandP) concentrations inwater and sedi-
ment as well as water depth, salinity, temperature and light 
con di tions are considered to be key factors in controlling 
submergedmacrophytedistribution, growth and foliarC,
NandPconcentrations(Hoyeretal.2004,Ferdie&Four-
qurean2004,Campbell&Fourqurean2009).Foliarconcen-
trationsof C,N,Pandtheirratiosdependontherelative
availabilityof NandPinwaterandsedimentandonthe
macrophytegrowth,whichalsodependonCassimilation
du ring photosynthesis and hence on light and other growth 
limiting resources (Fourqurean et al. 2007). The benthic
macrophyteRedfieldRatioC:N:Pof 550:30:1(molarbase)
hasbeenusedasanindicatorforlight,NorPlimitationof 
macrophyte growth (Atkinson&Smith1983, Johnson et
al.2006),althoughsomeauthorshavedebatedtheuseof 
thisratio(Ferdie&Fourqurean2004,Waltonetal.2016).
Plantsgrowinginnutrientpoorwatersdisplaysignificantly
higherC:Nand/orC:Pratiosthanthosefromnutrientrich
conditions,providedtheyreceivesufficientlight(Atkinson
&Smith1983).

Stableisotopesignaturesof CandNinmacrophytetis-
sues have been used to elucidate the sources and relative 
availabilityof CandN(Anderson&Fourqurean2003,Le-
pointetal.2004,Campbell&Fourqurean2009)aswellas
lightconditionintheirhabitats(Gormanetal.2017).Gene-
rally, the 13Cvaluesinseagrassesrangefrom-23‰to-3‰
(Anderson&Fourqurean2003).Thislargevariationcanbe
ascribedtointerspecificdifferencesindiscriminationagainst
the heavier 13C isotopeduringphotosyntheticfixationof 
CO2 (Lepoint et al. 2004,West et al. 2006) or variations
inδ13Cof theavailablecarbonsources(CO2andHCO3

–)
(Falkowskietal.1989).Hence,thevariationinfoliarδ13C
also depends on light conditions and ambient temperature 
whichinfluencethephotosyntheticrate(Campbell&Four-
qurean2013,Fourqureanetal.2015),orfactorswhichaffect
HCO3

– availability, suchas salinity (Fry2002).Plants that
assimilateHCO3

– for photosynthesis are more enriched in 
δ13CcomparedtothosethatassimilateCO2,becauseHCO3

– 
hasalessnegativeδ13CthanCO2(0‰vs.-9‰)(Raven
etal.2002,Chappuisetal.2017).Thus,submergedplants
haveenrichedvaluesof δ13C(-16.7‰to-10.5‰)incom-
parison to aquatic plants with leaves in contact with the at
mosphere(-34.8‰to-14.6‰)(Chappuisetal.2017).The
δ15Nvaluesinmacrophytesrangefrom-5.2‰to20.1‰
(Chappuisetal.2017),withtropicalmacrophytegenerain-
clu ding Halodule spp., Halophila spp. and Syringodium spp. 
being among themost depleted (Fourqurean et al. 2015,
Walton et al. 2016). Foliar δ15N is affected byN sources
andplantacquisitionmechanisms(Sunetal.2011,Peipoch

etal.2014,Waltonetal.2016).Theuseof δ15Ninaquatic
plants to distinguish between natural and sewage derived 
Niswelldocumented(Risketal.2009).Ahighfoliarδ15N
(above5‰)inmacrophytesindicatesthattheacquiredN
associatedtohumanandanimalwaste inputs(Yamamuro
etal.2003,Connollyetal.2013,Fourqureanetal.2015).
Instead,lowfoliarδ15Nvalues(~0‰)inmacrophytesdo-
cumentsthatNwasderivedfromnitrate(fertilizer),from
re-mineralisedNfromlocallyproducedorganicmatter,or
fromNderivedfromatmosphericN2fixation(Peipochet
al.2013,Fourqureanetal.2015,Waltonetal.2016).Nega-
tiveδ15Nvalues inplantscan indicatethatNwasderived
fromnitrification(Yuetal.2015)or tomycorrhizalasso-
ciations(Hobbieetal.2005).Hence,proportionof Cand
N isotopes inmacrophytes can reflect the availability of 
essential resources and provide insight in their growth con
ditions (Campbell & Fourqurean 2009).However, know-
ledge about interspecific differences and the effects of 
en vi ronmental factors on isotope ratios is still limited for 
many seagrasses and macrophytes.

Although there are many studies that have evaluated
variation in foliar nutrients of  submerged macrophyte 
species such as Halodule uninervis, Halophila ovalis(Yamamuro
et al. 2003, Campbell & Fourqurean 2009,Walton et al.
2016),thereisstilllimitedinformationaboutelementaland
isotopic com positions of  Najas indica and Halophila beccarii 
sofar.Additionally,theeffectsof environmentalfactorsin
tropicallagoonsonsuchdifferencesarestilllimited.Inthis
study,weexaminedinterspecificvariationinfoliarnutrients
(C,N,andP)andstableisotopes(δ13Candδ15N)of four
macrophytespeciesinCauHailagoon(Vietnam)inrelation
tokeyenvironmentalvariables(suchassalinity,waterdepth
ornutrientconcentrationsinwaterandsediment).Thisis
the first attempt to characterize the sources of  variation
in ele men tal and isotope ratios of  these submerged 
macrophyte species and discuss role of  ecological and/
or physiological characteristics in a tropical monsoon 
lagoon. We focused on the four macrophyte species Najas 
indica (Willd.) Cham.,Halophila beccarii Aschers.,Halodule 
uninervis(Forssk.)Boiss.andHalophila ovalis(R.Br.)Hook.f.
whicharecommoninCauHailagoon,butinternationally
consideredasthreatenedspecies(Shortetal.2011,Odelu
et al. 2014).AlthoughN. indica is generally classifiedas a
freshwatermacrophyte,itisquiteabundantintheCauHai
lagoonandusuallyformsmixedbedswithH. beccarii. 

M A T E R I A L  A N D  M E T H O D S
Study s i te 

TheCauHai lagoon(16°19'22"N107°50'59"E) is the
southern part of  the large Tam Giang-Cau Hai lagoon
system, located on the central coast of  Vietnam (Fig.
1). It has an area of  approximately 11 200 ha. Besides
precipitation,therearethreemainsourcesof waterflows
joining into the lagoon: freshwater fromDai Giang and
Truoi Rivers in the west of  the lagoon, brackish water
from the connected Thuy Tu lagoon in the north and saline 
waterfromtheseathroughtheTuHien inlet in theeast.
The shallo west areas close to the lagoon edge are used 
for aquaculture practices (Disperati & Virdis 2015). The
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area close to the river mouths and the 
adjacent lagoon are almost completely
co vered by shrimp farms, whereas the 
area close to the inlet contains some 
fishcages (small scale). Ingeneral, the
stron gest aquaculture activity is in the 
northwestern region of  the lagoon. 
Therefore, this region is considered to 
be a main source of  nutrient enrichment 
fortheCauHailagoon(Nguyen&Yabe
2014,Disperati&Virdis2015).

The benthic macrophyte commu
nities in theCauHai lagoonare largely
do mi na ted by both freshwater mac ro 
phytes (Najas indica, Vallisneria spi ra lisL.
and Myriophyllum spi ca tumL.)andseagrass
species(Zostera japonicaAsch.&Graebn.,
Ha lo phila beccarii, Ha lo phi la ova lis, Ha lo dule 
pinifolia (Miki)Hartog,Ha lo du le uni ner vis 
and Ruppia bre vi pe dun cu lata ShuoYu &
Hartog)(Phanetal.2018).N. indica and 
H. beccarii are the most dominant spe
cies (Phanetal.2018).Duringthepast
de cades, the area co ve red with mac ro
phyteshasdeclinedbymorethan50%
compared to that in 1990–2000 (Cao
et al. 2012). Changes in environmental
variables such as salinity, water depth and 
nutrient availability re la ted to na tu ral and 
anthropogenic dis tur ban ces, may have 
caused ne ga tive ef fects on mac ro phyte 
growthwithin the lagoon (Thanhet al.
2004,Le2012,Phanetal.2018).

Sampl ing and measurements
Samples of  water, sediment and plants were collected si

multaneouslyat25sites(locatedwithGarminGPSMAP®
78)inCauHailagooninMarch,May,JulyandSeptember
2015(Fig.1).Waterandsedimentweresampledduringall
fourevents(n=100forwaterandsedimentsamples;n=50
forchlorophylla (Chl-a)whichwasonlymeasured in the
July and September), andmacrophytes of  the four focus
species were collected when present (n=23 forN. in di
ca;n=28forH. beccarii;n=18forH. univervis;n=8forH. 
ovalis).Samplesof water,sedimentandmacrophyteswere
taken together in four events and formed a gradient of  
environmental and fo liar variables to interpreter correlation 
among foliar nutrients and environmental variables. All
glasswareandcontainerswerecleanedwitha5%H2SO4 
solutionanddistilledwaterpriortouse.Allsampleswere
placediniceboxesaftercollectionandtransportedtothe
laboratory. The details of  sampling and measurements are 
described as follows.

Water. During each sampling event, insitu measure
mentsweredoneabout30cmbelowthewatersurfacefor
watertemperature,pH,dissolvedoxygen,turbidityandsa-
linity, using a water qualitymonitoring unit with specific
sensors (HORIBAU–5000, Horiba, Japan).Water depth
wasmeasuredwithadepthsounder(HondexPS–7,Honda

Electronics, Japan). Surfacewater sampleswere collected
withaVanDornsamplerat50cmbelowthesurface.The
water samples were transferred into glass bottles and trans
portedtothelabinanicebox.SamplesforChl-aanalysis
wereobtainedbyfiltrationonglassfibrefilters(Whatman
GF/F)andwerestoredinthedarkat-20°Cuntilanalyses.
Unfiltered water samples were stored in glass bottles
and frozen until theywere submitted to a digestion pro-
cedurefortotalN(TN)andtotalP(TP)analyses.Filtered
sampleswerestored inglassbottlesandfrozenuntil they
wereanalyzedfornitrate+nitrite(NOX)andammonium
(NH4

+)spectrophotometrically.Allnutrientmeasurements
followedstandardprotocols(APHA1998).Thedissolved
inorganicnitrogen(DIN)wascalculatedbysummationof 
NOX–N andNH4–N. Trophic state indices (TSI) of  the
waterwerecalculatedusingequationsdescribedbyCarlson
(1977),Kratzer&Brezonik(1981)forChl-a,TNandTP,
respectively. 

Sediment.Ateachsitethreereplicatesedimentcores
were taken to a depth of  10 cm, using a sediment core
sampler(4.5cmdiameter).Thefreshsedimentsweresto-
red in aluminium foil and transported refrigerated to the 
laboratory.ExtractableN(NOX

–andNH4
+)anddissolved

inorganicphosphorus(DIP)weredeterminedbyextracting
freshsedimentwith2MKClor0.5MNaHCO3, respectively 
(Estefanetal.2014).Concentrationsof NOX

–,NH4
+ and 

Figure 1Locationof  samplingpoints forwater, sediment andmacrophytes in2015
in theCauHai lagoon,centralVietnam.Theblackdots indicatecoordinatorsof  the
25 permanent sampling sites; the colour dots indicate the occurrence of  the four
macrophyte species in sampling events
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DIPweremeasuredspectrophotometrically.Freshsediment
samplesweredriedat50°Cfor48h,groundandanalysedfor
TNusinganelementalanalysercoupledtoanisotoperatio
massspectrometer(EA–IRMS)asdescribedbelow.TPwas
analysedusingamodificationof thecombustion(500°Cfor
2hours)andhot1MHClextractionprocedureof Andersen
(1976)accordingtoJohengen(1997).Subsequently,phos-
phate was measured spectrophotometrically using a molyb
date/ascorbicacidprocedure(Murphy&Riley1962)with
anautomaticsegmentedflownutrientanalyser(QuAAtro,
SealAnalytical).

Macrophytes. Four focus species (Najas indica, Halo
phi la beccarii, Halodule uninervis and Halophila ovalis) were
collected at each site when present. The four macrophytes 
showed a distinctive spatial distribution in the Cau Hai
lagoon(Fig.1).Greenleaveswerescrapedtoremoveepi-
phytes and then rinsed again using distilled water. Once
dried(50°Cfor48hintheoven),leaf sampleswereground
andanalysedforC,N,δ13Candδ15Nvaluesusinganele-
mentalanalyser(Flash1120seriesEA,Thermo)coupledto
anisotoperatiomassspectrometer(DeltaV,Thermo).Ana-
lyses were calibrated against reference materials: IAEA–
CH6 (C12H22O11) and IAEA–N2 (NH4)2SO4) for C and
N respectively. Samples’ isotopic ratios (R) are reported
inthestandarddeltanotation(δ)of theheavytothelight
isotope (13C/12Cor 15N/14Nineithersampleorstandard)
asfollows:δ(‰)=[(RSample/RStandard)–1]×1000(Westetal.
2006).TPwasdeterminedasdescribedaboveforsediment
samples. C:N:P elemental ratios of  studied macrophytes
werecomparedwiththebenthicmacrophyteRedfieldRatio
(SRR) of  550:30:1 (Atkinson & Smith 1983) to evaluate
potential growth limiting factors. 

Data analys is
One-wayANOVAandTukey’sposthoctestwereused

toexaminewhichspeciesweredifferentfromeachother.
Linearregressionswereused–perspecies–todetermine
the(correlative)influenceof waterandsedimentparameters
on fo liar nutrients concentrations or isotopic ratios. The ef
fectsof environmentalvariables(explanatoryvariables)on
foliar nutrients of macrophytes (response variables)were
visualisedwithredundancyanalysis(RDA)usingthevegan
packageinR(Oksanenetal.2013).Multicollinearvariables
werediscardedusingtheVarianceInflationFactor(VIF<4),
if notalreadyexcludedbystep-wiseselection(Oksanenet
al. 2013).For threeof  the studiedplant species, datasets
werelargeenoughtocalculateaRDAwithfoliarnutrients
and isotopesaswell as environmentalvariables;however,
for H. ovalis the dataset was too limited. This had to be done 
per species because of  interspecific differences in foliar
nutrient and isotopes. To meet test assumptions of  pa ra
metricstatistics,datawere log-transformed if needed.All
analyseswerecarriedoutwithRversion3.4.0onR-Studio
(Logan2010,RCoreTeam2017).

The geostatistical kriging technique was used to inter
po late the spatial distribution of  key water variables in the 
lagoonthathavesignificantspatialvariation(saliity,depth
andDINinthewater).Krigingassumesthatthedistanceor
directionbetweensamplepoints reflectsaspatialcorrela-

tion that can be used to predict unknown values for any geo
graphicpointdata(Goovaerts1997,Daya&Bejari2015).
The method with smaller prediction errors will be selec
ted for the spatial interpolation. The model type, nugget, 
sillandrangeweremodifiedtofiteachof  thevariogram
modelsbyusingISATISSoftware(Geovariances2016).

R E S U L T S
Distr ibut ion of  key environmental 
factors  and macrophytes

Water and sediment variables showed strong variation 
inspaceortime(Table1).Therewasaclearwest-eastgra-
dientinsalinity(Fig.2A;Fig.3A),aswellasanorth-south
gradient inwaterdepth (Fig.2B).Therewerealso spatial
gradients inDINconcentrations in thewaterwithhigher
valuesinthewesternpartof thelagoon(Fig.2C;Fig.3C),
whereas,thePconcentrationsdidnotshowspatialvariation
(Table1;Fig.3D).Additionally,salinity,concentrationsof 
NandPinthewaterandsedimentvariedintime(Table1).

The four macrophytes showed a distinctive spatial dis
tribution in theCauHai lagoon (Fig. 1, 3).N. indica and 
H. beccarii occurred in the western and central parts of  the 
lagoonwithlowersalinityandhigherDINconcentrations
(Fig.3A,C).Whereas,H. uninervis occurred in the central 
and eastern part and H. ovalis occurred only at two sites in 
theeasternpartwithhighersalinityandlowerDINconcen-
trations)(Fig.3A,C).Furthermore,H. uninervis and H. ovalis 
dis tri buted in the narrow range of  salinity, water depth, 
DINandDIPconcentrations(Fig.3).

Interspeci f ic  var iat ion in  macrophyte 
fol iar  C,  N,  P,  δ 13C and δ 15N

There were significant differences in foliar C, N and
C:N among the four studied species (averaged over time
andspace),butnotinfoliarP,C:PorN:P(Fig.4).H. beccarii 
hadarelativelyhighfoliarN(3.1±0.1%)andalowfoliar
C(32.0±0.8%)concentrationandthereforealowerfoliar
C:N (12.7±0.5) than the three other species (Fig. 4D),
whe reas H. ovalis had the lowest foliar N concentration
(2.3±0.1%)(Fig.4B).

Themacrophytespeciesclearlydiffered in foliarδ13C,
with most negative values for N. indica(-18.4±0.3‰)and
H. beccarii (-17.3±0.5‰) and least negative forH. ovalis 
(-10.7±0.5 ‰) (Fig. 4G). Foliar δ15N of  H. uninervis 
(1.3±0.5‰)wassignificantlylowerthanthatof thethree
otherspecies(Fig.4H).

Correlat ions  among macrophyte fol iar 
nutr ients  and environmental  var iables

ThefoliarNof N. indicaandfoliarC:Nof H. beccarii 
were significant correlated toDIN concentrations in the
water(Fig.5A,B;6A,C).Correlationsof foliarPandC:P
andDIPconcentrationsinthesedimentwereobservedin
N. indica (Fig. 5A, 6B). ForH. uninervis, foliar P andC:P
werecorrelatedtowaterdepth(Fig.5C,6D).

Foliarδ13Cvaluesof H. beccarii and H. uninervis were po
sitivelycorrelatedtosalinity(Fig.5B,C;6E).Noteworthy,the
difference infoliarδ13Camongstudiedspeciesdidnotde-
pendonsalinity;i.e.,theinteractionbetweenspeciesandsali-
nitywasnotsignificant(F=1.0andp=0.39).Asignificant
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correlationbetweenfoliarδ15Nandenvironmentalvariables
was only found for N. indica, foliar δ15N was negatively
correlated to salinity and positively correlated to DIN in
water(Fig.5A,6H).

D I S C U S S I O N
Variation in foliar C, N and P and their ratios

FoliarCandNconcentrationsdifferedamongspecies,
whereasPdidnot.FoliarCandC:Nwererelativelylowin
H. beccarii. This species might have less structural carbon 
(as indicated by depleted C:N and C:P ratios) than the
other three spe cies, as was also found for Cymodocea nodosa 
(Ucria)Asch.near theBalearic Islands (Fourqurean et al.
2007).FoliarNwaslowinH. ovalis, but this difference was 
likely a consequence of  the limited spatial occurrence in the 
fareasternpartof the lagoonwhereNconcentrations in
the water and sediment were relatively low, rather than an 
inherentdifferencebetweenspecies.Attwoothersites in
AustraliaandFijiwhereH. ovalis cooccurred with one of  

theotherspecies(H. uninervis),H. ovalishadahigherNcon-
centration(Yamamuroetal.2003),whichsupportsthatthe
lowerNconcentrationof H. ovalis intheCauHailagoon
waslikelynotduetoinherentinterspecificdifferencesand/
or insignificant fluctuation of  DIN concentration in its
distributedareas(Fig.3C).Noteworthy,numbersof repli-
cation was too low for statistical comparisons among spe
cies that occurred at the same sites.

VariationinfoliarNandC:Nwasassociatedwithvaria-
tion in DIN concentration in the water, although only
ob ser ved for N. indica and H. beccarii. This suggests that 
DINconcentrationinthewatercolumnwasanimportant
sourceof N for thesemacrophyte species,particularly in
thenorthwesternpartof thelagoon.Inthisregion,are-
lativelyhighDINconcentrationinthewatercomparedto
plantdemandmighthaveledtoexcessuptakeof DINor
‘luxury consumption’by themacrophytes, asobserved in
otherstudies(cf.Gordonetal.1981,Stapel&Hemminga
1997, Ferdie& Fourqurean 2004,Apostolaki et al. 2011,
Vizzini et al. 2004,Walton et al. 2016). Similarly,Zostera 

Figure 2Spatialvariationinmeansalinity,depth,DINconcentrationinthewatercollectedbetweenMarchandSeptember2015intheCau
Hailagoon.Blackdotsindicatelocationsof the25permanentsamplingsitesusedforspatialinterpolations.Thedarknessof theshading
increases with the value of  variables

Table 1. Summary statistics forwater and sediment parameters (means± S.E) and one-wayANOVA results for effects
of samplingtimeandsamplingsite.Thenumberof observationsforeachquantity=100;forChl-a:n=50.Thesignificant
statisticsareshowninbold.Levelsof significanceareasfollows:*p<0.05; **p<0.01; ***p<0.001.

Parameter Min Max Mean ± S.E
ANOVA (F ratio)

Time Site

Water quality parameters
Temperature(°C ) 26.2 35.2 31.38±0.20 170.99*** 0.25
pH 5.4 11.6 8.52±0.10 9.35*** 0.96
DO(mg/L) 3.8 11.2 7.22±0.15 18.46*** 0.46
Salinity(‰) 0.2 29.9 13.65±0.61 15.96*** 4.64***  
Turbidity(NTU) 0.0 50.8 4.93±0.68 41.38 0.89
Waterdepth(m) 0.5 2.4 1.51±0.42 0.50 26.46***  
NOx–N(µg/L) 7.1 54.9 18.97±0.81 2.82* 1.18
NH4–N(µg/L) 17.4 241.2 58.48±3.81 3.06* 0.82
DIN(µg/L) 31.4 269.7 77.45±4.20 1.52 3.83*
TN(µg/L) 114.2 770.6 403.77±12.91 0.36 9.67**
TP(µg/L 7.0 132.8 29.07±2.03 7.89** 0.95
TN:TP(Molarbase) 8.6 79.5 39.51±1.79 2.65 1.18
Chl-a(µg/L) 0.4 105.9 6.3±2.1 1.90 3.39*
TSI 31.3 79.0 44.1±0.6 1.04 4.96**

Sediment quality parameters
NOx–N(mg/Kg) 0.3 19.2 1.96±0.22 14.57*** 1.22
NH4–N(mg/Kg) 4.3 30.7 15.46±0.53 1.51 3.85*
DIN(mg/Kg) 4.7 32.5 17.03±0.53 0.56 3.39*
PO4–P(mg/Kg) 1.1 17.0 4.07±0.26 2.40* 0.87
DIN:DIP(Molarbase) 1.2 33.2 12.69±0.75 1.78* 1.74
TN(%dw) 0.5 2.9 1.53±0.05 1.87* 0.99
TP(g/Kg) 0.05 0.5 0.20±0.01 6.16* 0.88
TN:TP(Molarbase) 7.4 63.1 23.02±1.13 1.21 0.65
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marina L. in Atlantic Canada showed an increasing foliar
NconcentrationwithNenrichmentalthough itsbiomass
declinedduetoshading(Schmidtetal.2018).Variationin
foliarPandC:PcouldnotbeascribedtodifferencesinPin
the water, but for N. indicafoliarPwaspositivelycorrelated
tovariationinDIPinthesediment.Thisindicatesthatfor
this speciesP-acquisitionby the roots from the sediment
may be an important factor as observed for Najas marina 
in Myall Lake, Australia (Shilla et al. 2006). Foliar P of 
H. uninerviswasnotcorrelatedtoP inwaterorsediment,
but it increased with increasing water depth. There is no 
goodexplanationforthesecorrelations,atthispoint.

The average concentrations of C,N and P and their
ratios inthemacrophytesof theCauHai lagoonindicate
thattheseplantslikelyexperiencedrelativelyhighNandP
availability.TheaverageC:N(15)andC:Pratios(464)of all
specieswere clearly below theRedfieldRatio forbenthic
macrophytes(C:N≈18,C:P≈550)(Atkinson&Smith1983,
Duarte1990,Johnsonetal.2006).FoliarNandPconcen-
trationsinthisstudy(2.3–3.1%forN,0.19–0.21%forP)
were in the range of  the data reported in other coastal areas 
(1.6–3.1%forNand0.14–0.44%forP;Yamamuroetal.
2003,Waltonetal.2016).Plantsgrowinginexcessnutrient
conditionsreflectthisinhighNandPconcentrationscom-
paredtoC(Atkinson&Smith1983,Duarte1990,Johnson
etal.2006).Amoderatetohighnutrientavailabilityasin-
di cated by the foliar nutrients in the plants agreed with 
trophicstateindicesinCauHailagoon.Hence,itappears
thatanotherfactorthanPorNinhibitedC-fixationand/
orcarbonstorageof macrophytes(Burkholderetal.2007).

Variat ion in  fol iar  δ 13C and δ 15N
Onaverage,foliarδ13Cvaluesdifferedstronglyamongthe

fourmacrophytespeciesof thisstudyreflectinginterspecific

variationinbicarbonateacquisitionmechanisms(Inverset
al.1999,Schwarzetal.2000,Ukuetal.2005,Borumetal.
2016).Thedifferencewasalsopartlyduetovariationinthe
spatialdistributionandsalinityof themacrophytespecies’
habitats, although the difference among studied spe cies 
didnotdependonsalinity (the species×salinity interac-
tionwasnotsignificant).Theobservedinterspecifictrend
inδ13C(H. ovalis > H. uninervis > H. beccarii > N. indica)was
consistent with the limited available information about 
δ13Cvaluesof macrophytesfrompreviousstudies(Wetzel
1969 inKeeley&Sandquist 1992).Averagedper species,
we observed the most negative values for N. indica(-18‰)
which were in the range of  previously observed fresh
watermacrophytes (-11 to -50‰;Wetzel1969 inKeeley
&Sandquist1992,Chappuisetal.2017).Moreover,Wet-
zel(1969)observedthatthefoliarδ13Cvalueof theclosely
related species Najas flexilis(Willd.)Rostk.&Schmidtwas
quitelow(-22‰)becauseitdidnottakeupHCO3

–(Wetzel
1969inKeeley&Sandquist1992).Thismayalsocountfor
N. indica in theCauHai lagoon given its low foliar δ13C
value.Also,therelativelylowδ13Cvalueof H. beccarii(17‰)
in comparison to the other Halophila species is consistent 
withpreviousstudies(McMillanetal.1980inHemminga&
Mateo1996).Highestδ13Cvalues(-10.7‰)wereobserved
in H. ovaliswhichoccurredattheshallowestdepth(Fig.3B)
and highest salinity suggesting that photosynthesis of  this 
speciesmay dependmore onHCO3

– as a carbon source 
(Borum et al. 2016) than the three other species. Foliar
δ13Cof H. beccarii and H. uninervis in theCauHai lagoon
increased with salinity, as was previously observed in other 
coastalwaters(Fry2002,Hitchcocketal.2017).Generally,
δ13Cinseagrassesrangesfrom-24‰to-3‰(Hemminga
&Mateo1996,Anderson&Fourqurean2003),wherethe
least negative values in marine primary producers indicate 

Figure 3Distributionof keyenvironmentalvariablesandfourmacrophytespeciesat25samplingsitesinCauHailagoon.Barschartsindicate
environmentalvariables:salinity(A),depth(B),DINconcentrationinthewater(C)andDIPconcentrationinthesediment(D).Errorbarsare
thestandarderrorof themeansof environmentalvariables.Dotsinsidethebarchartsindicatethepresenceof macrophytespecies:Najas indica 
(Willd.)Cham.(n=23);Halophila beccarii Aschers.(n=28),Halodule uninervis (Forssk.)Boiss.(n=18)andHalophila ovalis (R.Br.)Hook.f.(n=8)
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a relatively high assimilation of  HCO3
– instead of  CO2 

(Hemminga&Mateo1996) toadapt tomarine life (Beer
etal.2002).Thesefoliarδ13Cvaluesweremuchlowerthan
thoseobservedinthesalinehabitatssuchasSharkBay,Aus-
tralia(δ13C=-13.2‰inHalodule uninervis,salinity>42‰,
Fraseretal.2012)andBermuda(δ13C=-9.6‰inHalodule 
sp.,salinity>36‰,Fourqureanetal.2015).Thepositive
correlationbetweenfoliarδ13Candsalinitymayalsoreflect
thattheisotopicsignatureof dissolvedinorganicCvaries
withsalinity,fromcloseto0‰inoceanwatersto-10‰
to -15‰ in freshwaters (Mook2000). Indeed, according

toHenry’slaw,dissolutionof CO2 in water is a function of  
temperatureandsalinity.UnderthehighpHconditionsin
thebrackishwaterof theCauHai lagoon(8.5±0.1),DIC
maybecomprisedformorethan80%of HCO3

−(Michener
&Lajtha2007,Schmidtetal.2012).Macrophytesspecies
vary in their ability to use HCO3

−. In Cau Hai lagoon,
H. beccarii and H. uninervis appeared to acquire relatively high 
amountsof Cfrombicarbonate.

H. uninervis had a consistently lower foliar δ15Nvalue
comparedtotheotherthreespeciesintheCauHailagoon,
which supported previous observations for this species 

Figure 4Meanfoliarcarbon,C(A),nitrogen,N(B),phosphorus,P(C)concentrations,ratiosof C:N(D),C:P(E)andN:P(F)aswellasstable
isotopesδ13C(G)andδ15N(H)of fourmacrophytespeciescollectedin2015intheCauHailagoon.Errorbarsarethestandarderrorof the
means.Significantdifferencesareindicatedbydifferentlettersatp<0.05(Tukey’stestafterAnovaTypeII,takingintoaccounttherepetitive
measurements).Freshwaterspecies:Najas indica(Willd.)Cham.(●,purple,n=23);Seagrassspecies:Halophila beccarii Aschers.(*,green,n=28),
Halodule uninervis (Forssk.)Boiss.(▲,red,n=18)andHalophila ovalis (R.Br.)Hook.f.(■,blue,n=8)
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inotherregions(Yamamuroetal.2003,Fraseetal.2012,
Waltonetal.2016).This indicates that this specieseither
differed from the other species in the proportions of N
thatitacquiresfromthevariousNsources(e.g.nitrateand

ammoniuminwaterorsediment),orthattherelationship
betweentheNdemandandNavailabilitywasdifferentfor
this species (Peipoch et al. 2014, Fourqurean et al. 2015,
Waltonetal.2016).Althoughfoliarδ15Nof H. uninervis was 
correlated differently to the measured environmental va
riables than that of  N. indica(cf.temperature,pH;Table2),
wecouldnot identifyadifferentsourceof NforH. uni
nervis. With a lower demand for nitrogen, plants dis cri mi
nate more against the heavier isotope, as was described 
for Halodule uninervisinAlKhorbay(Qatar)(Waltonetal.
2016)andMoretonBayorinanexperimentinGreenIsland
(Australia)withanexcesssupplyof nitrogen(Udy&Den

nison1997).Generally,foliarδ15Nvaluesof macrophytes
gro wing in anthropogenically disturbed water are higher 
than those of  macrophytes from undisturbed habitats 
(Fourqureanetal.1997,Yamamuroetal.2003,Lepointet
al.2008,Herbecketal.2014,Hitchcocketal.2017).Inour
study,foliarδ15Nvalueswerehighestinthenorth-western
partof thelagoonasobservedinfoliarδ15Nof N. indica 
(3.9±0.8‰),where aquaculture activity ismost intensive
and where also DIN concentrations are at the highest.
Foliarδ15Nof macrophytes intheCauHai lagoonwhere
high compared to values from undisturbed waters, such as 
Dravuni(Fiji)andGreenIsland(Australia)(Yamamuroet
al. 2003). This indicates that the CauHai lagoon suffers
fromNenrichment, at least in thenorth-westernpart as
illustratedbythespatialpatternsof DINconcentrationsin
thewater(Fig.2C).Thelagoononaveragewouldbeclas-
sified as mesotrophic (ranging 40–50) according trophic
stateindices(TSI)of Carlson(1977),KratzerandBrezonik
(1981),butlocallyitcouldvaryfromoligotrophic(TSI<40)
toeutrophic(TSI=50–70)(Table1).

C O N C L U S I O N
Therewasaconsiderable interspecificvariation in fo-

liar nutrient concentrations and isotopic composition in the 
studiedmacrophytesintheCauHailagoon.Thisvariation
was associated to intrinsic interspecificdifferences (diffe-
rentNsourceof H. uninervis),naturalvariation inhabitat
conditions among species (salinity, depth), and anthro-
pogenic influences (N enrichment). Variations in foliar
NandPcouldbeexplainedbythemeasuredvariation in
environmentalconditionsonlytoalimitedextent.Variations
infoliarδ13Candδ15Namongspeciesweredistinctandwere
likelyrelatedtovariationinCandNacquisitionandinDIN
availability. The high nutrient concentrations in the studied 
macrophytesinCauHailagoonindicatesthatpossiblyano-
therfactorwaslimitinggrowthof theseplantssuchasex-
cess nutrients affecting their nutrient uptake and growth 
rate(toxicityorinhibitedC-fixation)orshadingfromalgae
(phytoplankton, macroalgae and epiphyte) (Whalen et al.
2013).
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Figure 6CorrelationsbetweenfoliarnutrientsandenvironmentalparametersinCauHailagoon.Onlysignificantregressionlinesaredrawn.
Levelsof significanceareasfollows:*p<0.05;**p<0.01.Freshwaterspecies:Najas indica(Willd.)Cham.(●,purple,n=23);Seagrassspecies:
Halophila beccarii Aschers.(*,green,n=28),Halodule uninervis (Forssk.)Boiss.(▲,red,n=18)andHalophila ovalis (R.Br.)Hook.f.(■,blue,n=8)



70 Botanica Pacifica. A journal of plant science and conservation. 2020. 9(2): 61–72

Nhu Y et al.

made maps of  sampling sites and spatial distribution of  key 
environmentalvariables.K.K.contributedtotheevaluation
of thevariationinδ13Candδ15Nof macrophytes.D.T.N.Y.
andH.O.V.wrotethemanuscriptwithcontributionsfrom
all coauthors.

A C K N O W L E D G E M E N T S
Thestudywasfundedbygrantsof theBelgianGovern-

ment (VLIR–UOS) and the Graduate School of  Global
Environmental Studies (GSGESSeeds,KyotoUniversity,
Japan).Iamgratefultovariousstudentsof theFacultyof 
Environmental Sciences of  Hue University of  Sciences
(Vietnam)fortheirassistancewiththefieldandlabactivi-
ties. Stable isotope facilities were supported by grants from 
FWOHercules (HERC46) and VUB SRP2: Tracing and
modelling of  present and ancient global changes.

L I T E R A T U R E  C I T E D
Andersen,J.M.1976.Anignitionmethodfordeterminationof 

to tal phosphorus in lake sediments. Water Research 10:329–331.
Anderson,W.T.&J.W.Fourqurean2003.Intra-andinter-

an nual variability in seagrass carbon and nitrogen stable 
iso topes from south Florida, a preliminary study. Organic 
Geochemistry34:185–194.

APHA:AmericanPublicHealthAssociation1999.Standard 
Me thods for the Examination of  Water and Wastewater, 20th 
edition. American Public Health Association, American
Water Works Association, Water Environment Federa-
tion,WashingtonDC.

Apostolaki, E.T., M. Holmer, N. Marbà & I. Karakassis
2011.ReducedcarbonsequestrationinaMediterranean
seagrass (Posidonia oceanica) ecosystem impacted by fish
far ming. Aquaculture Environment Interactions2:49–59.

Atkinson,M.&S.Smith1983.C:N:Pratiosof benthicma-
rine plants. Limnology and Oceanography28:568–574.

Beer,S.,M.Bjork,F.Hellblom&L.Axelsson2002.Inorga-
niccarbonutilizationinmarineangiosperms(seagrasses).
Functional Plant Biology29:349–354.

Borum,J.,O.Pedersen,L.Kotula,M.W.Fraser,J.Statton,T.D.
Colmer&G.A.Kendrick2016.Photosyntheticresponseto
globallyincreasingCO2 of  cooccurring tem pe rate seagrass 
species. Plant, Cell and Environment39:1240–1250.

Burkholder, J.M.,D.A.Tomasko&B.W.Touchette 2007.
Sea grasses and eutrophication. Experimental Marine Biology 
and Ecology350:46–72.

Campbell,J.E.&J.W.Fourqurean2009.Interspecificvariation
in the elemental and stable isotope content of  sea grasses in 
South Florida. Marine Ecology Progress Series387:109–123.

Table 2.Pearsoncorrelationcoefficients(r)of plant,waterandsedimentqualityparameters.Levelsof significanceareas
follows:*p<0.05; **p<0.01. N. indica: n=23,H. beccarii:n=28,H. uninervis:n=18,H. ovalis:n=8

Plant parameters
Water parameters Sediment parameters

Temp pH Salinity Depth DIN TN TP TN:TP  DIN DIP TN TP TN:TP
Najas indica

Foliar C
.02 .43* -.38 .25 .31 -.08 -.08 .07 .13 .12 -.05 .24 .25

Halophila beccarii .17 -.09 -.05 -.18 -.18 .17 .32 .21 .14 .13 .03 .26 .22
Halodule uninervis .33 -.20 .25 .12 .37 -.29 .25 .18 -.03 -.07 .11 -.04 .14
Halophila ovalis .11 .26 .21 .37 .63 -.19 .07 .13 .17 -.01 .81* .64 .47

Najas indica
Foliar N

.00 .11 .22 .12 .49* .33 .48* .40 -.02 .09 .05 .36 .30
Halophila beccarii -.09 -.07 .31 .34 .24 .15 .21 -.04 .15 .05 .02 .07 -.03
Halodule uninervis .34 -.04 .47 .35 .12 -.20 .24 .17 .11 .20 .40 .15 -.04
Halophila ovalis .63 -.02 .15 -.50 .40 -.38 .14 -.02 .47 .20 .78* .71* .58

Najas indica

Foliar P

.28 .12 -.18 .21 .23 .19 .16 .26 .15 .53** .14 -.10 -.06
Halophila beccarii .14 -.10 .22 .04 -.06 .24 .13 .06 .03 .09 .42* .04 .36
Halodule uninervis .03 .39 .24 .61** .27 -.05 -.19 .20 -.03 .02 .47* .25 -.10
Halophila ovalis .18 -.08 .33 .07 -.06 .05 .09 -.08 .31 -.04 .14 .27 .54

Najas indica

Foliar C:N

-.06 .01 .07 -.01 -.38 .25 .43* -.38 .06 -.07 -.10 .43* -.39
Halophila beccarii .22 -.04 .40* .25 .44* -.06 -.01 .13 .10 .16 .00 .13 .12
Halodule uninervis .25 -.01 .41 -.38 .24 .12 .16 -.10 -.18 .23 .37 .16 .07
Halophila ovalis .77* .17 .16 .45 .25 .47 .22 .01 -.50 -.30 .66 .64 .54

Najas indica
Foliar C:P

-.28 .08 .01 .12 .12 .25 .15 .26 .20 .49* .12 .18 -.03
Halophila beccarii .13 .06 .22 -.06 .01 -.19 -.03 .13 .13 .12 .38 .01 .30
Halodule uninervis -.18 .46 .17 .60** .32 -.04 .09 .12 .01 -.06 .36 .25 .15
Halophila ovalis .32 .10 -.38 -.20 .20 .14 .12 .08 .23 .09 .11 .47 .69

Najas indica
Foliar N:P

.13 .04 -.05 .08 .23 .36 .25 .14 .08 .26 .15 .22 .29
Halophila beccarii .25 .07 .43* -.20 .25 .15 -.03 -.05 .17 -.03 .36 -.06 .35
Halodule uninervis -.39 .48* .16 .32 .15 .14 .03 -.05 .15 .13 -.08 .14 .11
Halophila ovalis -.58 .01 -.38 .34 .26 .31 -.19 .06 .01 .20 .36 .65 .79**

Najas indica
Foliar δ13C

.15 .34 .37 .32 .01 .20 .06 .00 .06 .06 -.04 .05 .11
Halophila beccarii -.20 .03 .50** .07 .33 -.01 .16 .13 .11 .27 .15 -.09 .05
Halodule uninervis .53* .67** .57* .34 -.06 -.29 .25 .14 -.38 .29 .17 -.18 .13
Halophila ovalis -.03 .08 .62 .05 .14 .35 .61 .91** -.10 .21 .55 .48 -.49

Najas indica
Foliar δ15N

.10 .16 .58* .54** .48* .42* .50* .38 .16 .25 -.09 -.30 .21
Halophila beccarii -.08 .11 .02 .42* .08 .03 -.09 .14 .03 .04 -.08 .25 .22
Halodule uninervis .55* .51* .23 .42 .20 .27 .14 .03 .24 .35 -.40 -.08 -.07
Halophila ovalis .33 .19 .31 -.70 .38 -.01 .16 .13 .28 -.09 .41 .78* .88



71Botanica Pacifica. A journal of plant science and conservation. 2020. 9(2): 61–72

Interspecific variation in foliar nutrients and isotopes of submerged macrophytes in Vietnam 

Campbell, J.E. & J.W. Fourqurean 2013. Mechanisms of 
bicarbonate use influence the photosynthetic carbon
dioxide sensitivity of  tropical seagrasses.Limnology and 
Oceanography58:839–848.

Cao,V.L.,V.T.Nguyen,T.Komatsu,D.V.Nguyen&D.T.
Dam2012.Status and threats on seagrass beds using GIS in 
Vietnam.SPIE–RemoteSensingof theMarineEnviron

ment II.http://dx.doi.org/10.1117/12.977277. p. 8525
12.Lastaccessed20.09.2019.

Carlson,R.E.1977.Atrophicstateindexforlakes.Limnology 
and Oceanography22:361–369.

Chappuis,E.,V.Seriñá,E.Martí,E.Ballesteros&E.Gacia
2017.Decryptingstableisotope(δ13Candδ15N)variabi-
lity in aquatic plants. Freshwater Biology62(11):1–12.

Connolly, R.M., D. Gorman, J.S. Hindell, T.N. Kildea &
T.A.Schlacher2013.Highcongruenceof isotopesewage
signalsinmultiplemarinetaxa.Marine Pollution Bulletin71:
152–158.

DayaA.A.&H.Bejari2015.Acomparativestudybetween
simple kriging and ordinary kriging for estimating and 
modeling theCu concentration inChehlkureh deposit,
SEIran.Arabian Journal of  Geosciences8:6003–6020.

Disperati,L.&S.G.P.Virdis2015.Assessmentof land-use
andland-coverchangesfrom1965to2014inTamGiang-
CauHaiLagoon,centralVietnam.Applied Geography58:
48–64.

Duarte,C.M.1990.Seagrassnutrientcontent.Marine Ecology 
Progress Series67:201–201.

Estefan,G.,R.Sommer&J.Ryan2014.Analytical Methods 
for Soil, Plant and Water in the Dry Areas: A manual of  Rele
vance to the West Asia and North Africa Region, Third Edition. 
InternationalCenterforAgricultureresearchintheDry
Areas,Aleppo,255pp.

Falkowski,G.D.Farquhar,J.R.Ehleringer&K.T.Hubick1989.
Carbon isotopediscrimination andphotosynthesis.Annual 
Review of  Plant Physiology and Plant Molecular Biology40:503–537.

Ferdie,M.&J.W.Fourqurean2004.Responsesof seagrass
communitiestofertilizationalongagradientof relative
availability of  nitrogen and phosphorus in a carbonate 
environment. Limnology and Oceanography49:2082–2094.

Fourqurean,J.W.,S.A.Manuel,K.A.Coates,W.J.Kenwor-
thy&J.N.Boyer2015.Waterquality,isoscapesandstoi-
chioscapesof seagrassesindicategeneralPlimitationand
uniqueNcyclinginshallowwaterbenthosof Bermuda.
Biogeosciences12:6235–6249.

Fourqurean,J.W.,N.Marba,C.M.Duarte,E.Diaz-Almela
&S.Ruiz-Halpern2007.Spatialand temporalvariation
in the elemental and stable isotopic content of  the 
seagrasses Posidonia oceanica and Cymodocea nodosa from the 
IllesBalears,Spain.Marine Biology151:219–232.

Fourqurean,J.F.,T.O.Moore,B.Fry&J.T.Hollibaugh1997.
SpatialandtemporalvariationinC:N:Pratios,δ15N,and
δ13Cof eelgrassZostera marina as indicators of  ecosystem 
processes,TomalesBay,California,USA.Marine Ecology 
Progress Series157:147–157.

Fraser,M.W.,G.A.Kendrick,P.F.Grierson,J.W.Fourqurean,
M.A.Vanderklift&D.I.Walker2012.Nutrientstatusof 
sea grasses cannot be inferred from systemscale dist ri
butionof phosphorus inSharkBay,WesternAustralia.
Marine and Freshwater Research63:1015–1026.

Fry,B.2002.Conservativemixingof stableisotopesacross
estuarinesalinitygradients:aconceptual frameworkfor

monitoringwatershed influences on downstreamfishe-
ries production. Estuaries and Coasts25:264–271.

Geovariances 2016. ISATIS Software: Technical References 
Release 2016.1.Geovariances&EcoledesMinesdeParis,
Paris,France.

Goovaerts P (1997) Geostatistics for Natural Resources
Evaluation.OxfordUniversityPress,NewYork.

Gordon,D.M.,P.B.Birch&A.J.McComb1981.Effectsof 
inorganic phosphorus and nitrogen on the growth of  an 
estuarine Cladophora in culture. Botanica Marina24:93–106.

Gorman, D., A. Turra, R.M. Connolly, A.D. Olds &
T.A. Schlacher 2017. Monitoring nitrogen pollution in
seasonally-pulsedcoastalwatersrequiresjudiciouschoice
of  indicator species. Marine Pollution Bulletin122:149–155.

Hemminga,M.A.&M.A.Mateo1996.Stablecarboniso-
topesinseagrass:variabilityinratiosanduseinecological
studies. Marine Ecology140:285–298.

Herbeck, L.S., M. Sollich, D. Unger, M. Holmer & T.C.
Jennerjahn2014. Impactof pondaquacultureeffluents
onseagrassperformanceinNEHainan,tropicalChina.
Marine Pollution Bulletin85:190–203.

Hitchcock,J.K.,S.C.Courtenay,M.R.S.Coffin,C.C.Pater&
M.R.vanDenHeuvel2017.Eelgrassbedstructure,leaf 
nutrient, and leaf  isotope responses to natural and an th
ro pogenic gradients in estuaries of  the Southern Gulf  of  
St.Lawrence,Canada.Estuaries and Coasts40:1653–1665.

Hobbie,E.,A. Jumpponen& J. Trappe 2005. Foliar and
fun gal 15N:14Nratiosreflectdevelopmentof mycorrhizae
and nitrogen supply during primary succession: testing
ana lytical models. Oecologia146:258–268.

Hoyer,M.V.,T.KFrazer.,S.K.Notestein&D.E.Canfield
2004.Vegetativecharacteristicsof threelow-lyingFlorida
coastalriversinrelationtoflow,light,salinityandnutri-
ents. Hydrobiologia528:31–43.

Invers,O.,M. Perez& J. Romero 1999. Bicarbonate uti-
lization in seagrass photosynthesis: role of  carbonic
anhydrase in Posidonia oceanica (L) Delile andCymodocea 
nodosa (Ucria) Ascherson. Journal of  Experimental Marine 
Biology and Ecology235:125–133.

Johengen,T. 1997. Standardoperatingprocedures forde-
ter mining total phosphorus, available phosphorus, and 
biogenic silica concentrations of  Lake Michigan sedi-
mentsandsedimenttrapmaterial,inLakeMichiganmass
balancestudy(LMMB)methodscompendium.In:Me tals, 
conventionals, radiochemistry and biomonitoring sample ana ly sis 
techniques, vol. 3,(L.Blume,ed.),pp.305–312,UnitedStates
EnvironmentalProtectionAgency(EPA905R97012c).

Johnson,M.W.,K.LHeck&J.W.Fourqurean2006.Nutrient
content of  seagrasses and epiphytes in the northern 
Gulf of Mexico:Evidenceof phosphorusandnitrogen
limitation. Aquatic Botany85:103–111.

Keeley, J.E. & D.R. Sandquist 1992. Carbon: freshwater
plants. Plant, Cell and Environment15:1021–1035.

Kratzer,C.R.&P.L.Brezonik1981.Acarlson-typetrophic
state index for nitrogen in florida lakes.Water Resources 
Bulletin17:713–715.

Le,X.T.2012.Preliminaryassessmentof sealevelriseim-
pacts to coastal ecosystems inThuaThien-Hue.VNU 
Journal of  Science, Earth Sciences28:140–151.

Lepoint,G.,P.Dauby&S.Gobert2004.Applicationsof Cand
Nstableisotopestoecologicalandenvironmentalstudiesin
seagrass ecosystems. Marine Pollution Bulletin 49:887–891.



72 Botanica Pacifica. A journal of plant science and conservation. 2020. 9(2): 61–72

Nhu Y et al.

Lepoint,G.,B.Frederich,S.Gobert&E.Parmentier2008.
Isotopic ratios and elemental contents as indicators of 
seagrassCprocessingandsewageinfluenceinatropical
macrotidal ecosystem(Madagascar,MozambiqueChan-
nel).Scientia Marina72:109–117.

Logan,M. 2010.Biostatistical design and analysis using R: A 
prac tical guide.Wiley&Blackwell,England,557pp.

Michener, R.H.&K. Lajtha 2007.Stable isotopes in ecology 
and environmental science.BlackwellScientificPublications,
Oxford,592pp.

Mook,W.G.2000.Environmental isotopes in the hyd ro lo gical cycle: 
principles and applications, vol. 1: Introduction; theory, methods, 
review.IHP–VTechnicaldocumentsinhydrology.No39,
Vol.I.UNESCO,Paris.

Murphy, J. & J.P. Riley 1962. A modified single solution
method for the determination of  phosphate in natural 
waters. Analytica Chimica Acta27:31–36.

Nguyen,Q.C.T.&M.Yabe2014.Shrimppoly-culturede-
velopmentand local livelihoods inTamGiang-CauHai
Lagoon,Vietnam.Agricultural Science6:1–14.

Odelu, G., N.M. Kumar, N. Siddulu & K. Raghu 2014.
Enumerationof macrophytesof eutrophicatedandnon-
eutrophicatedlakesof twotahasilsof KarimNagarDist-
rict. Biolife2:1170–1180.

Oksanen,J.,G.F.Blanchet,R.Kindt,P.Legendre,P.R.Min-
chin, R.B. O’Hara, G.L. Simpson, P. Solymos,M.H.H.
Stevens&H.Wagner2013.vegan: Community Ecology Pa
ckage. R package version 2.09.Available at :http://cran.r-
project.org/package=vegan.

Paerl,H2009.Controllingeutrophicationalongthefresh-
water–marinecontinuum:dualnutrient(NandP)reduc-
tions are essential. Estuaries and Coasts32:593–601.

Peipoch,M.,E.Gacia,A.Blesa,M.Ribot, J.L.Riera&E.
Martí2014.Contrastsamongmacrophyteriparianspecies
intheiruseof streamwaternitrateandammonium:insights
from 15Nnaturalabundance.Aquatic Sciences76:203–215.

Phan, T.T.H. 2018. Submerged aquatic vegetation in a tro pical 
lagoon environment: Dynamics and resilience strategy.PhDthesis,
VrijeUniversiteitBrussels,Belgium.193pp.

RCoreTeam2017.R: A language and environment for statistical 
computing. R Foundation for Statistical Computing,
Vienna,Austria.

Raven,J.A.,A.MJohnston,J.EKübler,R.Korb,S.G.McIn-
roy,L.L.Handley,C.M.Scrimgeour,D.I.Walker,J.Beardall,
M.Vanderklift,S.Fredriksen&K.H.Dunton2002.Me-
cha nistic interpretation on carbon isotope by ma rine mac
ro algae and seagrasses. Functional Plant Biology29:355–378.

Risk,M.J.,B.E.Lapointe,O.A. Sherwood&B.J.Bedford
2009.Theuseof δ15Ninassessingsewagestressoncoral
reefs. Marine Pollution Bulletin58:793–802.

Schmidt, A.L., J.K.C.Wysmyk, S.E. Craig &H.K. Lotze
2012.Regional-scaleeffectsof eutrophicationonecosys-
tem structure and services of  seagrass beds. Limnology and 
Oceanography57:1389–1402.

Schwarz,A.M.,M.Björk,T.Buluda,H.Mtolera&S.Beer
2000.Photosyntheticutilisationof  carbon and lightby
two tropical seagrass species as measured in situ. Marine 
Biology137:755–761.

Shilla,D.A.,T.Asaeda,S.Kian,R.Lalith&J.Manatunge
2006.Phosphorusconcentrationinsediment,waterand
tissuesof threesubmergedmacrophytesof MyallLake,
Australia.Wetlands Ecology and Management14:549–558.

Short,F.T.,B.Polidoro,S.R.Livingstone,K.E.Carpenter,S.
Bandeira,J.S.Bujang,H.P.Calumpong,T.J.B.Carruthers,
R.G. Coles, W.C. Dennison, P.L.A Erftemeijer, M.D.
Fortes,A.S.Freeman,T.G.Jagtap,A.H.M.Kamal,G.A.
Kendrick,W. Judson Kenworthy , Y.A. La Nafie, I.M.
Nasution,R.J.Orth,A.Prathep,J.C.Sanciangco,B.van
Tussenbroek, S.G. Vergara,M.Waycott& J.C. Zieman
2011.Extinctionriskassessmentof theworld’sseagrass
species. Biological Conservation144:1961–1971.

Schmidt,M.,H.S.Windisch,K.U.Ludwichowski,S.L.L.See-
gert,H.O.Portner,D.Storch&C.Bock2018.Seawater
carbonatechemistryandneurochemicalprofilesof two
gadid species. PANGAEA. https://doi.org/10.1594/
PANGAEA.892312.

Stapel, J. & M.A. Hemminga 1997. Nutrient resorption
from seagrass leaves. Marine Biology128:197–206.

Sun,Z.,X.Mou,X.Li,L.Wang,H.Song&H.Jiang2011.
Application of  stable isotope techniques in studies of 
car bon and nitrogen biogeochemical cycles of  ecosystem. 
Chinese Geographical Science 21:129–148.

Thanh,T.D.,Y.Saito,V.D.Huy,V.L.Nguyen,T.K.O.Ta&
M.Tateishi2004.Regimesof humanandclimatechanges
inVietnam.Regional Environmental Change4:49–62.

Udy,U.W&W.C.Dennison1997.Growthandphysiological
responses of  three seagrass species to elevated sediment 
nutrients inMoretonBay,Australia.Experimental Marine 
Biology and Ecology217:253–277.

Uku,J.,S.Beer&M.Bjork2005.Buffersensitivityof pho-
to synthetic carbon utilisation in eight tropical seagrasses. 
Marine Biology147:1085–1090.

VanKatwijk,M.M.,M.E.W.VanderWelle,E.C.H.E.T.Lu-
cassen, J.A.Vonk,M.J.A.Christianen,K.W.HakimI,A.
Arifin,T.J.Bouma,J.G.M.Roelofs&L.P.M.Lamers2011.
Earlywarningindicatorsforrivernutrientandsediment
loadsintropicalseagrassbeds:abenchmarkfromanear-
pristinearchipelagoinIndonesia.Marine Pollution Bulletin 
62:1512–1520.

Vizzini,S.&A.Mazzola2004.Stableisotopeevidencefor
theenvironmentalimpactof aland-basedfishfarminthe
western Mediterranean. Marine Pollution Bulletin49:61–70.

Walton,M.E.M.,I.Al-Maslamani,N.Haddaway,H.Kenne-
dy&A.Castillo2016.Extreme15Ndepletioninseagras-
ses. Estuaries and Coasts39:1709–1723.

Waycott,M.,C.M.Duarte,T.J.B.Carruthers,R.J.Orth,W.C.
Dennison, S. Olyarnik, A. Calladine, J.W. Fourqurean,
K.L.Heck Jr.,A.RandallHughes,G.A.Kendrick,W.J.
Kenworthy,F.T.Short&S.L.Williams2006.Accelerating
loss of  seagrasses across the Globe threatens coastal 
ecosystems. PNAS106(30):12377–12381.

West,J.B.,G.J.Bowen,T.E.Cerling&J.R.Ehleringer2006.
Stable isotopes as one of  nature’s ecological recorders.
Trends in Ecology and Evolution21:408–414.

Whalen, M.A., J.E. Duffy & J.B. Grace 2013. Temporal
shifts in topdown vs. bottomup control of  epiphytic 
algae in a seagrass ecosystem. Ecology94:510–520.

Yamamuro,M.,H.Kayanne&H.Yamano2003.δ15Nof 
sea grass leaves for monitoring anthropogenic nutrient in
creases in coral reef  ecosystems. Marine Pollution Bulletin 
46:452–458.

Yu,H.,Z.Yu,X.Song,X.Cao,Y.Yuan&G.Lu2015.Sea-
so nal variations in the nitrogen isotopic composition of  
dissolvednitrateintheChangjiangRiverestuary,China.
Estuarine, Coastal and Shelf  Science155:148–155.


