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VOORWOORD
Toen ik vijf jaar geleden bij het Laboratorium voor Toegepast Marien Onderzoek in

Den Helder kwam solliciteren, wist ik niet eens dat je pH met een kleine p en een grote

H schrijft. Op een of andere manier kon ik aan Kees Kramer en Martin Scholten toch

overbrengen dat ik me gedreven voelde om vanuit het werk als reisleider of van editorial

office manager het wetenschappelijk onderzoek in te gaan. Rob Dortland, die toen de

directeur van de afdeling was in Delft vond dat 'ik wel aardig in dat losgeslagen zootje

daar in Den Helder' zou passen. Was dat nu een compliment? Ik weet het nog steeds

niet. Het feit dat ik niet voor TNO werkte maar voor de RuG, zorgde ervoor dat ik een

buitenbeentje bleef op beide instituten. Toch ben ik me in Den Helder erg thuis gaan

voelen, de collega's daar zijn niet alleen collega's. Je zult weten dat je in de groep hoort,

zelfs al vind je dat soms zelf niet zo makkelijk. Ik ben me er enorm thuis gaan voelen

en ik hoop dat ik in de traditie van veel andere (ex)medewerkers hier nog vaak terug

zal komen.

Op de afdeling Analytische Chemie in Delft kwam ik als iemand die nog geen

verdunningsreeks kon maken, laat staan met een gaschromatograaf omgaan. Ik heb het

geleerd, en het is dankzij Finn Lindqvist ('even relaxen, Billy') en Henk Verhagen dat

ik het niet heb opgegeven. Nu wordt ik door verschillende labs in Europa benadert, of

ze alsjeblieft de kunst mogen afkijken. Dat heb ik aan voornoemde personen te danken.

Nu ik dan toch van voorwoord in dankwoord beland, wil ik natuurlijk Kees Kramer

bedanken voor alles wat hij voor me heeft gedaan als directe begeleider. Kees, zonder

jouw eeuwige gekras in mijn manuscripten en de lange discussies over hoe ik iets moest

gaan opschrijven was dit een heel ander en onbegrepen proefschrift geworden. Laten

we er nog maar eens lekker over (na)tafelen. 

Dan zou ik graag Pim de Cock, die ook paranimf is, willen bedanken dat hij me als een

vaderfiguur heeft bijgestaan in moeilijke tijden.

Ik wil ook graag Martin Scholten bedanken voor de gastvrijheid in het lab in Den Helder.

Ook al heb je het druk Martin, toch had je af en toe speciaal aandacht voor mij en mijn

werk, perfect.

Gerrit (Siem) Hoornsman, wil ik bedanken voor zijn rol als onvermoeibare helper met

het helpen opbouwen van mesocosm na mesocosm (en ook weer opruimen natuurlijk).

De rolladesteek die ik van hem heb geleerd heeft ook in het dagelijks leven ruime

toepassingsmogelijkheden. Zijn kennis van algensoorten is onbetaalbaar.

Marijke vd Meer bedank ik voor het tellen van al die zooplankton monsters. 

Liesbeth vd Vlies, die op haar stekelige wijze de orde op zaken hield wil ik bedanken,

als je haar een beetje leert kennen is ze een schatje. Ze heeft me voorgesteld aan haar

schoonvader, Meneer Manshanden, die het ambacht van instrumentmaker opnieuw

vorm heeft gegeven.
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Henk vh Groenewoud, Henk, wat zou het lab in Den Helder zijn zonder jou, met je

luidruchtige manier van doen, bedankt dat je zonder te hoeven nadenken voor me wilde

inspringen als ik weer eens vertraging had met de trein. Verder heb ik van jou geleerd

hoe ik grammen in molgewicht moest omrekenen.

Robbert Jak, collega vader, bedankt voor de discussies over mijn aanpak en gewoon

omdat je een goede vriend bent geworden. Doe je het een beetje rustig aan Robbert?

Edwin Foekema, omdat ik af en toe even een lekker duikklusje mocht doen zonder dat

dat iets met mijn echte werk te maken had. Piet Roele, die me de R.V. 'Nauplius II' (het

grootste onderzoeksvaartuig van 's lands grootste onderzoeks organisatie) heeft leren

besturen, bedankt.

Chris Karman, dank je dat ik altijd even kon binnenlopen met weer een idee over mijn

modellen, die me dan altijd aan de goede statistiek kon helpen, Chris, ik snap nog steeds

niet echt veel van statistiek, maar met jou kom ik er wel uit.

Verder zijn er dan nog de mensen op het lab die me niet met echt specifieke dingen

hebben geholpen, maar die ik nog graag wil bedanken: Dennis van der Veen, Henno

van Dokkum. En bij het verf (oeps, Corrosie & Coatings) Koos Overbeeke, Anton

Suurmond, Peter Willemsen, Joop Roelofs.

Ik wil ook graag de mensen van de afdeling Analytische Chemie en Milieuchemie

bedanken voor hun gastvrijheid en geduld.

Van de Rijksuniversiteit Groningen wil ik graag de volgende mensen bedanken: Peter

Quist, Jacqueline Stefels, Winfried Gieskes, Irma van der Veen. En natuurlijk Lubbert

Dijkhuizen, Lubbert, zonder jou geduw, gepush en gepraat aan het eind van mijn werk

had ik het niet afgekregen, dat je zo tussen twee buitenlandse reizen even twee uur aan

de telefoon kon hangen heeft me weer doen geloven dat dit boekje toch wel eens de

moeite waard kon zijn. 

Hoewel Prof.Dr. W. Harder het onderzoek van enige afstand met interesse gevolgd heeft,

wil ik hem bedanken voor het snelle en op nauwkeurige wijze corrigeren van dit

manuscript.

Marion Reinhardt en Rien van de Giessen hebben mij op de meest flexibele wijze van

vloeibare stikstof voorzien, bedankt.

Van mijn buitenlandse collega's wil ik graag Sue Turner en Gill Malin bedanken voor

de discussies aan de bar, de gezelligheid in het werk en de warme belangstelling voor

mijn werk, ook zij zijn meer dan collega's en voor hun wil ik dan ook dit voorwoord

in het Engels vertalen.

Xabier Irigoien wil ik graag bedanken omdat hij me leerde hoe je copepoden op de

juiste manier kunt behandelen en bemonsteren.

Sauveur Belviso, bedankt dat je niet eens kwaad werd toen door mijn toedoen je GC

behoorlijk werd ontregeld.
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Sacco Kwint en Pim Kwint, mijn lieve zus en broertje wil ik bedanken omdat ze de

beste vervanging voor mijn ouders zijn die ik me maar kan wensen. Pim, ik mocht

zomaar maandenlang bij jou thuis op de computer aan de slag, je weet niet half hoeveel

dat heeft bijgedragen aan dit boekje, je bent mijn andere paranimf zodat je straks lekker

op de eerst rang zit.

Niels Konijn, die de opmaak heeft verzorgd, en Baldi Konijn die de omslagtekening

heeft gemaakt.

Jan en Ans van Lunen, die zo moedig het financiële tekort voor de hele promotie hebben

voorgeschoten.

En dan is er natuurlijk Marlien, mijn lieve vriendin, Mem, een bedankje is niet genoeg

om alles een beetje goed te maken wat ik de laatste tijd heb uitgehaald, het enige dat

ik je kan beloven, is dat ik nooit meer een proefschrift zal schrijven. 

Nu ik dit bovenstaande heb opgeschreven en bedenk dat het schrijven van een

proefschrift moet bewijzen dat je zelfstandig onderzoek kan doen: Zelfstandig, maar

niet alleen.
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PREFACE
It is now five years ago that I came to apply for the job at the Laboratory for Applied

Marine Research in Den Helder and I didn't even know that pH is written with capital

H (as long as I know how to write PhD). One way or the other I was able to convince

Kees Kramer and Martin Scholten that I felt an urge to come back to research from my

work as a tourleader or editorial office manager. Rob Dortland, who was the head of

the TNO department in Delft thought I would nicely fit in with 'those guys' in Den

Helder. I never found out whether he meant that as a compliment or not. The fact that

I worked for the University of Groningen at the lab in Den Helder made me a bit of an

outsider in both institutes. But I do feel at home in Den Helder, the colleagues are more

than just that. They will make you fit in, whether you want it or not. I hope I can come

back here very often, as tradition wants.

I started at the department of Analytical Chemistry as someone who had hardly ever

seen a GC, but I learned and then suddenly everyone in Europe wants to have a look

at it. It is thanks to Finn Lindqvist ('relax Billy') and Henk Verhagen that I never gave

up when I actually wanted and I would like to express my gratitude in this way.

Coming to the thank-you section, I would like to thank Kees Kramer most of all. Kees,

without your everlasting comments on all my manuscripts and all the discussions about

how to put it on paper, this book would have been completely different and misunder-

stood.

Pim de Cock, my first paranimph, I would like to thank you for being the father figure

at a time I really needed one. Martin Scholten, head of the department, thank you for

the hospitality in the lab. Despite the lack of time you did manage to show the special

attention to me and my work anyone needs.

Siem Hoornsman, thank you for your role as tireless helper, building mesocosm after

mesocosm (and taking them down again). Your skill as a butcher is as legendary as

your knowledge of phytoplankton.

Marijke vd Meer, thank you for counting all those zooplankton samples.

Liesbeth vd Vlies, thank's for your grumpy way of keeping order in the lab. As soon as

I got to know you I found out you are really a doll. Your father-in-law, mr Manshanden

is the born toolmaker.

Henk vh Groenewoud, you are the noisiest person alive, but every time my train was

late you always jumped in to do the sampling. Furthermore, you taught me the

importance of not mixing molar weight and grams.

Robbert Jak, we became dads together, thank you for the discussions about my approach

and for just being a good friend, Robbert, be good, and if not, take care.

Edwin Foekema, because you enabled me to get out of the routine every now and then

to do some work as a diver. Piet Roele, for teaching me to sail the largest research vessel

of Hollands largest research institute, the R.V. 'Nauplius II'.
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Chris Karman, I could always bother you with new ideas about my modelling and you

always had suggestions about statistics, Chris, I still don't understand biometry, but

thanks anyway.

Furthermore I would like to thank Dennis van der Veen, Henno van Dokkum, Koos

Overbeeke, Anton Suurmond, Peter Willemsen and Joop Roelofs.

The people of the Department of Analytical Chemistry and Environmental Chemistry

for their hospitality and patience.

From the University of Groningen I would like to thank: Peter Quist, Jaqcueline Stefels,

Winfried Gieskes, Irma vd Veen. And of course Lubbert Dijkhuizen. Lubbert, if it was

not for your pushing and talking at the end of my work, I would have stopped a year

ago. Just picking up the phone and call me for an hour or two in between two trips

abroad made me believe again there might be something of value in this book anyway.

Although Prof. Dr. W. Harder followed my work with interest of some distance, I would

like to thank him for the quick and precise way of correcting this manuscript.

Marion Reinhardt and Rien van de Giessen who supplied me on a most flexible way

with liquid nitrogen, thanks.

Of my colleagues abroad I would like to thank Sue Turner and Gill Malin first of all for

the discussions about work at the bar, their more than professional interest in my work.

This English translation is for them.

Xabier Irigoien, I would like to thank you for teaching me to handle all these copepods.

Sauveur Belviso for not even getting angry with me when I almost wrecked his GC.

Sacco Kwint and Pim Kwint, my dearest sister and little brother, I would like to thank

them for being the best substitute for my parents. Pim you arranged a computer for me

and you let me do all that work at your home. You are the other paranimph so you can

sit in the first row at the defence.

Niels Konijn, who did the layout and Baldi Konijn, who made the cover drawing.

Jan and Ans van Lunen, who courageousley lent me the money for all the costs  for this

PhD.

And Marlien of course, my sweet girlfriend. Mem, a simple thank you will never be

enough to make up for everything I caused the last year or so. The only thing I can

promise you I will never write a PhD thesis again.
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Aan mijn ouders

Voor Marlien en Reinier
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SAMENVATTING
Dimethylsulfide (DMS) is een algemeen voorkomend sporegas, dat wordt gevormd uit

b-dimethylsulfoniopropionaat (DMSP), een stof die door veel mariene algen wordt

geproduceerd. DMSP wordt hierbij gesplitst in DMS en acrylzuur. Hoewel men het nog

niet eens is over de functie van DMSP in de algen, bestaan er verschillende theorieën

over. DMSP zou kunnen dienen om de osmotische waarde (celspanning) van algen in

zeewater op peil te houden, zonder dat ze grote hoeveelheden zout hoeven op te slaan

(wat nadelig werkt op eiwitten in de cel). Verder zou DMSP met een stabiliserende

werking op eiwitten en enzymen, een soort antivries kunnen zijn voor algen die in zee-

ijs voorkomen. Tenslotte zou DMSP kunnen dienen als een bron van acrylzuur, wat

enige antibacteriële werking heeft. Niet alle soorten algen maken evenveel DMSP.

Enkele belangrijke soorten zijn: Phaeocystis en Emiliania huxleyi die plaatselijk in zeer

grote aantallen kunnen voorkomen. Kiezelwieren (diatomeeën) worden als minder

belangrijke producenten beschouwd.

DMS is een van de belangrijkste natuurlijke zwavelverbindingen die uitgestoten wordt

in de atmosfeer. Totaal gaat er zo’n 15 tot 40 Terragram (miljoen ton) zwavel per jaar

in de vorm van DMS vanuit zee de lucht in. Dit is overigens ongeveer een kwart van de

totale hoeveelheid zwavel (natuurlijke en industriële) die in de atmosfeer wordt

uitgestoten. In de atmosfeer wordt DMS uiteindelijk omgezet naar sulfaat. De

sulfaatdeeltjes vormen kleine clusters die zonlicht weerkaatsen en waar zich waterdamp

op afzet. We noemen die clustertjes Cloud Condensation Nuclei (CCN). Door een

toename hiervan worden meer en wittere wolken gevormd die minder zonlicht

doorlaten naar het aardoppervlak. De aarde warmt dus minder op door deze processen

en DMS is dus in feite een antibroeikasgas. Wanneer het gevormde sulfaat uitregent,

ontstaat zure neerslag. In afgelegen gebieden die niet onder invloed staan van

luchtverontreiniging, zoals de Zuidpool, wordt de zuurgraad van de neerslag zelfs

voornamelijk door DMS bepaald.

In 1987 formuleerden Charlson et al. de volgende theorie: Door het broeikaseffect,

veroorzaakt door (verhoogde) CO2-uitstoot, zouden algen beter groeien en de DMS-

produktie toenemen. Door verhoging van de hoeveelheid DMS zou de aarde minder

snel, of helemaal niet opwarmen (een geruststellende gedachte!). 

Hoe en waarom algen DMS produceren was toen ik aan dit werk begon niet bekend,

maar door de mogelijke anti-broeikaswerking en doordat algen in voedselrijk kustwater

soms stinkende massa’s op stranden vormen is de aandacht voor DMS wereldwijd

gewekt. DMS heeft een zeer karakteristieke geur: In lage concentraties een frisse

zeelucht, maar in hoge concentraties een onverdraaglijke stank.
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De theorieën over het vrijkomen van DMS in zeewater lopen nogal uiteen, maar

omvatten onder andere: Produktie van DMS ten gevolge van metabole activiteit 

(als bijprodukt van het normaal functioneren), het afsterven van algen, begrazing van

algen door dierlijk plankton, en sedimentatie van algen of uitwerpselen van

zoöplankton. 

In de eerste hoofdstukken van dit proefschrift wordt een aantal experimenten

beschreven waarin de DMSP- en DMS-concentraties gevolgd worden in de tijd in

mesocosms (plastic zakken) van ongeveer 1.5 m3 inhoud. De mesocosms werden gevuld

met zeewater uit het Marsdiep (het water tussen Texel en Den Helder), met daarin de

min of meer complete planktongemeenschap van algen, bacteriën, eencellige diertjes

en copepoden (roeipootkreeftjes). Meerdere mesocosms konden in één experiment

worden bestudeerd onder verschillende condities (zoals nutriëntenbelasting, of aantal

copepoden).

De uitkomsten van deze mesocosm-experimenten laten zien dat de uitstoot van DMS

door de algen in de waterkolom niet direct gerelateerd kan worden aan de hoeveelheid

algen of chlorofyl (bladgroen). De DMS-concentratie bleek sterk te fluctueren, soms

met grote verschillen onder schijnbaar gelijke omstandigheden tussen de mesocosms. 

In één dag kon de DMS-concentratie vertienvoudigen of meer dan tien maal zo klein

worden. In het water van het Marsdiep bleek dat eens per twee weken monsteren niet

genoeg was om de dynamiek van de DMS-vorming en afbraak te kunnen volgen. Bij

experimenten in open zee moet men er dus rekening mee houden dat de DMS-vorming

zich soms zeer plaatselijk en incidenteel afspeelt. Het is dan niet eenvoudig een schatting

te maken van de gemiddelde hoeveelheid DMS in het oppervlaktewater. 

De mesocosms bleken goed geschikt om het model voor gasuitwisseling van Liss &

Merlivat (1986) te valideren. Eén van de mesocosms werd hiervoor tijdelijk luchtdicht

afgesloten en de lucht boven de waterkolom werd met synthetische lucht gespoeld. Zo

kon de concentratie DMS in de uitstroomopening worden bepaald en daarmee de

uitstoot van DMS van water naar lucht in relatie tot de windsnelheid (middels een

ventilator). De uitkomst van dit experiment was een eerste aanwijzing voor het feit dat

niet de meeste DMS naar de atmosfeer wordt uitgestoten, maar op een andere manier

uit de waterkolom verdwijnt.

In het laatste mesocosm experiment werd beschreven dat bacteriële consumptie van

DMSP en DMS de voornaamste oorzaak is voor verdwijning van deze stoffen. De meeste

DMSP wordt door de bacteriën niet eens omgezet naar DMS en acrylzuur, maar wordt

op een andere manier afgebroken.

Hieruit bleek dat de simpele theorie van een directe klimaat terugkoppelings-mecha-

nisme geen stand hield. De concentratie van DMS in zeewater is het resultaat van
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produktie en consumptie van DMS(P). Aangezien het grootste gedeelte van het

gevormde DMSP niet eens wordt omgezet naar DMS, is het onzeker of een verhoogde

concentratie CO2 in de atmosfeer de netto DMS-produktie zal stimuleren. Een zeer

kleine verandering in de bacteriële populatie zou een enorm effect kunnen hebben op

de hoeveelheid DMS die vrijkomt.

Tijdens het volgen van de jaarcyclus in het Marsdiep bleek er slechts een korte periode

te zijn waarbij DMS boven de normale achtergrondwaarde uitkwam; 30 tot 50% van de

jaarlijkse uitstoot vond plaats in een tijdvak van ongeveer 6 weken. Hierdoor zou het

effect van DMS op het klimaat en zure regen wel eens meer van lokaal dan van globaal

belang kunnen zijn.

In slechts één van de drie mesocosm-experimenten kon de uitstoot van DMS geweten

worden aan het afsterven van algen en de daaropvolgende sedimentatie op de bodem

van de mesocosm. Het neerregenen van algen werd veroorzaakt doordat dit experiment

gestart was met een al behoorlijk gevorderde algenbloei. De tweede piek in dit

experiment viel samen met de groeifase van een bloei van de alg Phaeocystis. Uit de

veldexperimenten in het Marsdiep bleek ook dat de DMS-piek plaatsvond in de beginfase

van een Phaeocystis bloei. 

De mesocosms hadden één groot nadeel: Door het insluiten van een plankton-

gemeenschap in een relatief klein volume werd de duur van de algenbloei verkort. Het

is mogelijk dat de interactie tussen algen en grazers verstoord werd doordat de

copepoden dit niet konden volgen. In de eerste twee experimenten kwamen de

copepoden pas goed op nadat de algenbloei voorbij was. Hierdoor werd het moeilijk

een relatie te leggen tussen begrazing en de vorming van DMS. In het derde experiment

ontwikkelden de copepoden zich wel voordat de  algenbloei op zijn maximum was,

maar werden ze in hun verdere ontwikkeling gehinderd door de Phaeocystis-bloei

(Phaeocystis heeft de eigenschap te groeien in slijmerige kolonies van algen, waardoor

copepoden zich moeilijker door het water kunnen bewegen).

Doordat we in de mesocosms geen relatie tussen begrazing en DMS-produktie konden

aantonen, hebben we dit met kleinschalige laboratorium-experimenten verder

onderzocht. De door ons gebruikte copepoden (Eurytemora affinis) bleken DMSP met

de algen in hun darm op te nemen en de hoeveelheid DMSP in een copepode van 0.3

mm was eenvoudig te meten. Bijna alle DMSP dat uit de waterkolom verdween kwam

weer tevoorschijn in de uitwerpselen van de copepoden. Soms ontstond er een beetje

opgelost DMSP in het water, maar DMS hebben we niet kunnen aantonen. Dit strookt

niet met de resultaten van Dacey en Wakeham (1986), die juist een enorme toename

in DMS-formatie vonden onder invloed van de graasactiviteit van (een andere soort)

copepoden. Blijkbaar zijn de eetgewoonten en de samenstelling van bacteriën in de
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darm van copepode-soorten niet allemaal gelijk. In de uitwerpselen van de copepoden

nam de hoeveelheid DMSP met 50% af binnen een paar dagen. De uitwerpselen kunnen

een zinksnelheid hebben van meer dan 30 m d-1, hetgeen betekent dat er ook een

belangrijk deel van de DMSP naar dieper water kan zinken. 

Uiteindelijk hebben alle experimenten samen geleid tot een beter begrijpen van het

ecosysteem. We zijn er in geslaagd om de pijlen die belangrijke routes van DMS

produktie en consumptie aangeven (figuur 5, hoofdstuk 1 en figuur 7, hoofdstuk 7) in

te vullen, zij het met grote ranges. 

Omdat het werken met grote ranges voor het voorspellen van de klimaat werking nogal

moeilijk is, wordt in het laatste deel van dit proefschrift een model beschreven waarmee

de DMS-concentratie in zee kan worden berekend uit chlorofyl gegevens. Ondanks dat

de resultaten verkregen zijn met hoog produktief kustwater, waarin de dominante alg

de nogal a-typische soort Phaeocystis is, kunnen de achterliggende mechanismen een

universele toepassing hebben. Het door ons voorgestelde model voorspelt dat de DMS-

concentratie in laag produktief open water zich lineair verhoudt tot de concentratie

chlorofyl (2 ✕ zoveel chlorofyl, 2 ✕ zoveel DMS). Voor gebieden met meer produktief

water neemt het verlies aan DMSP en DMS door bacteriën, copepoden, etcetera, toe in

de loop van het seizoen. Uit de resultaten in hoofdstuk 8 blijkt ook dat verschillende

gevestigde methodes van berekening van de uitstoot van DMS vanuit water naar

atmosfeer een behoorlijk verschillende uitkomst geven.

CONCLUSIE
Een van de belangrijkste vragen die werden gesteld voor ik aan dit werk begon was:

Hoeveel DMS is er beschikbaar in zee om naar de atmosfeer te worden uitgestoten?

Kunnen we dit ook voorspellen in ruimte en tijd? Het model dat besproken wordt in

hoofdstuk 8 geeft antwoord op die vraag. We hebben een model kunnen construeren

dat de concentratie DMS op eenvoudige wijze kan berekenen. De uitkomsten van ons

model komen goed overeen met DMS-gegevens uit de literatuur. Hiermee kunnen we

de vraag van atmosferisch chemici bevredigen (geef me een getal, maakt niet uit hoe

groot, wij berekenen de invloed op het klimaat wel!; A. Ravishankara pers. comm.).

Het werk dat in dit proefschrift wordt beschreven heeft niet alleen geleid tot het bouwen

van een black-box model, maar ook tot een beter inzicht in het functioneren van het

mariene ecosysteem met betrekking tot DMS(P). Veel van de pijlen in figuur 5

(hoofdstuk 1) zijn nu ingevuld. Bacteriën spelen een belangrijke (zo niet de

belangrijkste) rol in de afbraak van DMS en DMSP in het water. Soms blijft er van alle

geproduceerde DMSP veel minder dan 1% over als DMS.
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De begrazing van algen door zoöplankton kan worden gezien als een extra verliespost

van DMSP door de bezinking van de uitwerpselen en de afbraak van DMS(P) in die

uitwerpselen. In tegenspraak met de literatuur kwam er tijdens onze experimenten geen

aantoonbare hoeveelheid DMS vrij door de graasactiviteit van de copepoden. Blijkbaar

gedragen copepoden zich niet allemaal op dezelfde manier.

Duidelijk is dat de DMSP geproduceerd wordt door de algen, maar dat er een grote

natuurlijke variabiliteit is in de manier waarop dit al dan niet wordt omgezet naar DMS.

Zo ontstaan er weer grote verschillen in de uiteindelijke DMS-concentratie in de

waterkolom.

Met behulp van laboratorium-, mesocosm- en veld-experimenten zijn we er in geslaagd

zoveel data te verzamelen over DMS(P) in relatie tot algensoorten, chlorofyl,

zoöplankton en seizoenen, dat modellen daarmee getoetst kunnen worden. 

De vraag of DMS-produktie door algen het broeikas-effect tegengaat of juist niet, blijft

vooralsnog onbeantwoord. Tot nu toe kan niemand voorspellen wat een complete

planktongemeenschap zal doen wanneer het klimaat verandert. Ook al zouden de algen

beter groeien en meer DMSP produceren, dan kan een efficiëntere bacteriepopulatie

dat effect (meer dan) ongedaan maken. Voorlopig blijft ten aanzien van deze vraag nog

veel speculatie mogelijk.

Aanbevelingen voor verder onderzoek

Vervolgonderzoek naar de produktie van DMS zou zich moeten richten op hele

planktongemeenschappen, maar met speciale aandacht naar de bacteriepopulatie die

zich in die planktongemeenschap ophoudt. Verder is het belangrijk om te kijken naar

de specifieke invloed van verschillende begrazers, en de bacteriën die geassocieerd zijn

met deze grazers.

De invloed van copepode-keutels op de afname van DMSP uit het oppervlaktewater is

ook een nog redelijk braakliggend terrein. Tenslotte zou ik het vanuit het oogpunt van

de alg willen bekijken. Wat gebeurt er met de DMS(P)-produktie op het moment dat

een alg wordt opgegeten?

Het model dat in dit proefschrift wordt beschreven zou gevalideerd moeten worden

voor andere wateren dan alleen de Noordzee. Op die manier zou de vorm van de curve

(hoofdstuk 8, figuur 3) voor meer gebieden bepaald kunnen worden en kan de vaag of

we dit model kunnen toepassen of moeten aanpassen beantwoord worden.
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1. DMS
DMS (di-methyl-sulphide, dimethyl sulphide, dimethylsulphide, dimethyl sulfide

dimethylsulfide) is a ubiquitous trace gas, derived from the precursor b-dimethyl-

sulphoniopropionate (DMSP), which is produced by many marine algae. The function

of DMSP in the algae is still under discussion. DMSP is structurally similar to glycine

betaine, a well known osmolyte in phytoplankton, but unlike this latter compound, it

does not contain nitrogen. It has been suggested, that DMSP may act as a compatible

solute in algae under nitrogen limited circumstances (Kirst 1989). Structural formulas

of glycine betaine, DMSP and DMS are shown in Figure 1 .

Another theory is, that due to its enzyme stabilizing properties and high cellular

concentrations, DMSP may act as a

cryoprotectant and osmolyte for

algae living in polar ice (Kirst et al.

1991, Nishiguchi & Somero 1992).

A further point of interest is that

DMSP acts as a source of acrylic acid,

a compound that in high

concentrations (170 µM to 170 mM)

shows antibacterial activity in the

guts of seabirds feeding on krill (Sieburth, 1961). Finally, there are some more exotic

hypotheses, why algae produce DMSP and DMS, also written as DMS(P). Firstly,

according to Caldeira (1989) an altruistic evolutionary pressure may stimulate

phytoplankton to produce DMS in order to decrease the enhanced greenhouse effect.

Secondly, according to Nevitt et al. (1995) the algae would produce DMS in order to

attract seabirds feeding on herbivorous zooplankton.

When DMSP is released by the algae into the water column, it can be cleaved into DMS

and acrylic acid. Today it is widely accepted, that this oceanic DMS is one of the major

sources of sulphur to the atmosphere.

1.1. The global sulphur cycle
The element sulphur occurs abundantly throughout the earth's crust. It is an essential

nutrient for all known life forms (proteins), but some sulphur compounds are toxic,

either directly, or because their conversion results in the production of sulphuric acid. 

Biogeochemical processes occurring in soils, sediments and water play a role in the

natural cycle of sulphur between the oceans and land masses, via the atmosphere and

rivers. Table I summarizes the atmospheric sulphur sources and sinks according to

Brown (1982) (1 Tg = 109 kg).
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Table I. Sources and sinks for sulphur (Tg S yr-1)

sources amount sinks amount

Geochemical Land

Vulcanism 3 wet deposition 43

Sea spray 44 dry deposition 28

Biological Sea

On land 5 wet deposition 63

Marine 27 dry deposition 10

Anthropogenic 65

Total 144 Total 144

Different species of sulphur can be distinguished, e.g. anthropogenic emissions consist

mostly of SO2, while sea salt sulphur consists mostly of sulphate (Brimblecombe et

al. 1989). Figure 2 summarizes the total global sulphur cycle according to Brimblecombe

et al. (1989), with different estimations of the total emission and deposition numbers

than in Table I (total emission and deposition: 342 Tg S yr-1). 

It is clear from Figure 2 (with different numbers than in table 1) that the total amount of

biogenic sulphur estimated to be emitted by natural marine sources (43 Tg S yr-1) is about

50% of the total amount of sulphur emitted by anthropogenic activity (93 Tg S yr-1).

The anthropogenic influence is most important in the northern hemisphere, while

natural sulphur emissions are more important in the southern hemisphere (Berresheim

et al. 1989, Liss et al. 1993b).

Natural wind-driven (aeolian) emissions (strictly a physical process) from land 

(22 Tg S yr-1) and sea (144 Tg S yr-1) are quantitatively by far the most important.

1.1.1. The influence of sulphur on climate
Sulphur, and especially sulphate in the atmosphere is known to have a climate effect,

either directly through the backscattering of solar radiation on sulphate aerosols, or

indirectly, by the formation of cloud condensation nuclei (CCN) which increase cloud

albedo (more and whiter clouds) (Charlson et al. 1987, Anderson & Charlson 1991,
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Legrand et al. 1991, Holligan 1992, Lelieveld & Heintzenberg 1992, Mitchell et al.

1995). The backscattering effect of sulphate aerosols and the increased cloud albedo

allow less solar radiation to reach the earths surface. This means that sulphate in the

atmosphere causes the earths surface temperature to increase at a lesser rate. 

1.1.2. The importance of DMS in the global sulphur cycle
Lovelock et al. (1972) concluded that the surface waters of the north Atlantic Ocean

was saturated with DMS and DMS instead of H2S thus became recognized as the main

vehicle for sulphur transport from oceans to land. As the amount of DMS measured in

the atmosphere appeared to be much too low to explain the sulphur transport to the

continents, some doubt about this theory was expressed by Brown (1982), who claimed

H2S as the most important vector. DMS in the atmosphere, however, is rapidly oxidized

to methanesulphonic acid and sulphate with a half time value of only a few hours (Bates

et al. 1987a, Nguyen et al. 1991) which may explain the observed discrepancy.
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Recent estimations of the annual DMS flux to the atmosphere vary between 15 to 40

Tg S yr-1 (0.5 to 1.25 ✕ 1012 mol DMS yr-1) which is about half of the global natural

sulphur flux to the atmosphere, not counting the aeolian emissions (Andreae &

Reamdonck 1983, Nguyen et al. 1983, Bates & Cline 1985, Toon et al. 1987, Andreae

1990, Erickson et al. 1991, Malin et al. 1992, Bates et al. 1994). According to these

estimations 40 to 100% of the biogenic sulphur from marine sources is emitted in the

form of DMS.

1.1.3. The influence of DMS on climate

In his book "Gaia, a new look on life", Lovelock

(1979) postulated that life on earth itself generates

a stabilizing system to keep the global climate

favourable for life itself. In 1987, Lovelock was co-

author of the paper that coupled the production of

DMS by phytoplankton to climate forcing

(Charlson et al. 1987). The authors described how

an increase in global phytoplankton production

can be expected due to higher CO2 levels and the

increase of the oceans surface temperature caused

by the enhanced greenhouse effect. The increase in

phytoplankton production would then lead to a

higher DMS production. DMS in the atmosphere is

oxidized to methanesulphonic acid, SO2, and

finally, sulphate, which can lead to the CCN

formation and backscattering effect mentioned

before (Ayers & Gras 1991, Ayers et al. 1991), thus

decreasing the enhanced greenhouse effect.

Charlson et al. (1987) were uncertain, however,

whether the proposed feedback mechanism had a

positive or a negative sign (Figure 3, production of

DMS by marine phytoplankton +/-?). It remained

even possible that the increase in acid precipitation

(as SO4
2-) on calcareous rocks leads to a further

increase of CO2 in the atmosphere (Wolfe 1992). 

The paper by Charlson et al. (1987) was quoted very eagerly, as this would be the first

(still existing) evidence for the existence of the "Gaia" effect postulated by Lovelock.

The uncertainties whether the feedback was positive or negative were discussed in a

general context, however, as the mechanisms behind the climate feedback mechanism

on the level of phytoplankton ecology were never discussed at that time. 
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2. Predicting the DMS temporal and spatial distribution

2.1. Atmospheric vs. aquatic approaches.
Since the postulation of the climate feedback hypothesis, the possible role of DMS herein

was studied by scientists from roughly two disciplines, with emphasis either on the

atmospheric or the aquatic environment. Their viewpoints are illustrated in Figure 4.

The top graph (4a) shows the atmospheric

scientists point of view, with a complex

web of pathways for sulphur conversions

in the atmosphere and a very simple

scheme showing the complex interactions

leading to the production of DMS in the

water column (DMSw) defined as "marine

ecology". 

The bottom graph (4b), on the other hand,

shows the aquatic scientists point of view

with emphasis on the complicated routes

for the formation and loss of DMSw. The

influences of DMS on atmospheric

processes are here simply summarized in

the box "climate".

As the direction of the climate feedback in

the hypothesis of Charlson et al. (1987)

in Figure 3 is uncertain, it is very

important to gain detailed knowledge of

the biological background of the emission

of DMS. The sole fact that DMS originates

from a biological source implies a strong

temporal and spatial variation in the

formation of DMS. With a residence time

in the atmosphere of only a few hours

(Bates et al. 1987a), the average effect of

DMS on climate may therefore be much

more local than the global effect of

increased CO2 levels.
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This brings us to two main questions for the aquatic compartment:

A. Which processes are involved in the formation of DMS in the water column

(primary production, bacterial conversion, zooplankton grazing, sedimenta-

tion, etc.). What is their relative importance? Which interactions do occur?

B. Is it possible to elucidate the biological processes in such detail, that we are

able to predict DMS emissions, and possibly to determine the direction of the

feedback? 

A detailed understanding of what is happening at the biological level and how this

affects temporal and spatial variations is required before we will be able to predict DMS

emissions, both and quantitatively. After all, it is with the emission of DMS that the

atmospheric processes start and hence their possible climate feedback effects. Until

now, two approaches to predict DMS emissions have been applied: Firstly, there is the

possible correlation between chlorophyll a (chl a) and DMS(P). Secondly, ecosystem

modelling, requiring a detailed understanding of the entire marine ecosystem. In the

next paragraphs the current status of the research on the biological mechanisms

involved in DMS production and utilization will be reviewed.

2.2. DMS versus chl a
Various attempts have been made to link chl a , the substance mainly associated with

primary production in phytoplankton, to DMS. Chl a can be relatively easily monitored

by remote sensing or (in situ) measurement, as it has very characteristic light absorbing

properties. Furthermore, a plethora of historic data for chl a is available, spanning

decades of measurement covering the annual cycle. Once a chl a↔DMS link were

established, it would be very easy to predict DMS values in the water. Fluxes of DMS

could then be calculated with the Liss/Slater/Merlivat model for sea/air gas exchange

(Liss & Slater 1974, Liss & Merlivat 1986). This seemed to be the best approach towards

understanding the climate feedback due to DMS formation. However, disappointingly

poor linear correlations between DMS and chl a were observed in most cases. R2 values

range from negative to a maximum of about 0.6 for various regions. In some studies

there was a reasonable linear correlation between the DMSw concentration and the

presence of some phytoplankton species. But a clear linear correlation between chl a

and DMS concentration appeared not to exist in these surface waters (Barnard et al.

1982, Cline & Bates 1983, Turner et al. 1988, Andreae 1990, Leck et al. 1990, Malin

et al. 1993, Crocker et al. 1995, Watanabe et al. 1995). A better understanding of the

ecosystem functioning appears therefore to be required.
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3. Understanding sources and fate of DMS(P) in the
water column

In this paragraph the pools and routes of DMSP and DMS (Figure 5) will be described

in more detail, in order to arrive at a DMS(P) oriented understanding of the (marine)

ecosystem functioning.

3.1. Particulate pools of DMSP in the water column.
Particulate DMSP (DMSPp) is defined as the fraction of DMSP that does not pass through

a filter that is used to determine the concentration of chl a in the water column (1.2

µm, in case of Whatman GF/C glassfibre filters). It can thus consist of phytoplankton

cells, zooplankton, faecal pellets and even some bacteria species. Inorganic matter is

considered not to contain DMSPp.

3.1.1. Phytoplankton (DMSPp)

There is a wide variation in the potential of algae to produce DMSP. DMSP appears to

be associated with certain algal

classes including dinoflagel-

lates and prymnesiophytes,

whereas diatoms are less

important producers (Keller et

al. 1989, Wakeham & Dacey

1989, Belviso et al. 1990,

Gibson et al. 1990, Kirst et al.

1991). Table II summarizes

measured sulphur/chl a ratio's

for different algal species. The

review by Keller et al. (1989),

the basis for these data,

provides an overview of DMSP

content for many species of

algae on a per cell, or cellular

volume, basis.

The production of DMSP has

been reported to show some

variation within one species of

phytoplankton, depending on

light intensity, temperature,

salinity, nutrient levels and

growth stage. This is reflected in the relatively high standard deviations (Andreae et al.
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1983, Kirst et al. 1991, Stefels & Van Boekel 1993, Baumann et al. 1994, Crocker et al.

1995, Matrai et al. 1995, Stefels & Dijkhuizen 1996, Osinga et al. 1996a). Emiliania

huxleyi and Phaeocystis sp. are considered to be important producers of DMS(P) due

to their wide global distribution and their high DMS(P)/chl-a ratio.

Table II. DMS and total DMSP (particular and dissolved DMSP) to chl a  ratios for

selected species of phytoplankton in European coastal and shelf waters with standard

deviations (after Liss et al. 1994) 

Species S/chl a ratio (nmol/µg)

DMS DMSPt (DMSPp+DMSPd)

Gyrodinium auroleum 1.6 (± 1.8) 16.2 (± 14.6)

Ceratium lineatum 11.5 (± 7.3) --

Coccolithophores (incl. 17 (± 7.6) 129 (± 54)

Emiliania huxleyi, 

Coccolithus pelagicus)

Phaeocystis sp. 2.4 (± 1.7) - 17.2 (± 9.2) 47.6 (± 34.5) - 38.1 (± 19.8)

Diatoms 0.4 (± 0.2) 6.4 (± 2.6)

From this phytoplankton source DMSP can be transported to other compartments

following various routes. These can be summarized as:

• Metabolic excretion associated with phytoplankton growth; DMS may be a

normal excretion product for algae, and its production may thus be related to

the total phytoplankton biomass (Vairavamurthy et al. 1985, Belviso et al.

1990, Gibson et al. 1990)

• Phytoplankton senescence; when algae die and the cells disintegrate, cellular

DMSP may be released and converted to DMS (Nguyen et al. 1988, Matrai &

Keller 1993, Stefels & Van Boekel 1993)

• Zooplankton grazing; this may initiate a release of cellular DMSP into the water

column by damaging of phytoplankton cells during capture and (sloppy)

feeding, or DMSP may be ingested by zooplankton and excreted as DMS and/or

DMSP (Dacey & Wakeham 1986, Wakeham & Dacey 1989, Leck et al. 1990,

Belviso et al. 1990, 1993).

• Sedimentation of phytoplankton and/or faecal pellets containing DMSP, can

lead to a sink of DMSP from the water column. In the sediment it can be

degraded, potentially all the way to H2S and/or CO2/CH4. DMSP and/or DMS

may dissolve again into the water column (Osinga et al. 1996b).
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3.1.2. Zooplankton (DMSPz)

When zooplankton ingests DMSP-containing material it can be further metabolized,

leading to a variety of sulphur compounds among which is DMS (Dacey & Wakeham

1986, Wolfe 1992, Wolfe et al. 1994, Daly & DiTullio 1996, Christaki et al. 1996). In

order to distinguish the DMSP in the zooplankton gut we will refer to this fraction as

DMSPz. DMSPz can also be excreted again, either in dissolved (DMSPd) or particular

form (faecal pellets, DMSPf) (Wolfe et al. 1994, Kwint & Kramer 1996a, Kwint et al.

1996, chapters 6 and 7 of this thesis). The release of DMS and DMSP from pellets has

not been described yet, but after the study of Dacey & Wakeham (1986), sloppy feeding

by copepods was considered to be a very important mechanism in the release of DMSP

and DMS into the water column.

3.1.3. Faecal pellets (DMSPf)

Faecal pellets can be subject to sedimentation (20-200 m d-1), but can also be re-ingested

by zooplankton. The DMSPf can undergo microbial conversion within the pellet itself

to DMS or other S-compounds, or it can diffuse into the water column as DMSPd. 

3.1.4. Sediment (DMSPsed)

After sedimentation of phytoplankton cells or of faecal pellets to the seafloor, the

DMSPsed is subject to processes like burial (export from the system), release to the water

column and bacterial degradation (Visscher 1992, Osinga et al. 1996a, 1996b).

3.2. Dissolved pools
All material passing the filter in the filtration process (see section 3.1) is by definition

the dissolved fraction: DMSPd and DMS.

3.2.1. DMSPd and its degradation

According to Dacey & Blough (1987), the half life of DMSPd in seawater subject to only

chemical processes is in the order of 8 years. However, very often an extremely fast

breakdown of dissolved DMSP occurs, and an apparent direct formation of DMS from

DMSPp is observed (Kwint et al. 1997, chapter 4 of this thesis). 

DMSPd can be cleaved into DMS and acrylic acid after release from the phytoplankton

cells. This cleavage can be performed by enzymatic reaction, e.g. by bacterial or algal

lyase enzymes (De Souza & Yoch 1995, Stefels et al. 1995, Stefels & Dijkhuizen 1996,

Steinke et al. 1996). DMSPd can also be degraded via demethylation to methyl-

mercaptopropionate (Taylor & Gilchrist 1991), a reaction that circumvents the

formation of DMS. Further details of the demethylation reactions will be given in chapter

4 of this thesis.
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3.2.2. DMSw production and degradation

So far no evidence for particulate DMS has been found. Hence all DMS in the

watercolumn (DMSw) is here considered to be dissolved (DMSa is defined as the fraction

of DMS in air). DMSw can be formed by several pathways, namely directly from the

phytoplankton (lyase), via DMSPd, or from DMSPz. The DMS in the water column can

be degraded by bacteria or photochemically. 

Kiene & Bates (1990) have shown that bacterial consumption of DMS is responsible

for the disappearance of the major part of DMS from the water column rather than its

escape to the atmosphere. They stated that the biological removal of DMSw may be 3

to 430 times higher than the atmospheric flux. Biological transformation of DMS(P)

will be discussed in more detail in chapter 4 of this thesis.

DMS may also be converted photochemically to DMSO (Brimblecombe & Shooter

1986), which may in turn be converted back to DMS by a (bacterial) DMSO reductase

(Hatton et al. 1994 Jonkers et al. 1996). DMS may also be microbially oxidized all the

way to sulphate and CO2 (Hansen et al. 1993). 

Another sink, from our point of view (from the water column up), is the escape of DMS

to the atmosphere, where it can undergo all the chemical reactions leading to an

increased CCN formation. In this work I will not discuss in further detail the processes

affecting DMSa, which are of more interest to physico-chemical climate modelling. A

considerable amount of research on this topic was published in the book Dimethyl-

sulphide Oceans, Atmosphere and Climate (Restelli & Angeletti 1993).

All these processes and pathways affect the DMS concentrations in the water column

and further complicate the climate feedback. The above represents the state of know-

ledge in this field at the time when the work described in this thesis started in 1991.

4. Aim of the present work

4.1 Scope of this thesis
The work presented here, was part of two larger projects. Firstly, in 1991 the Dutch

Ministry of Housing, Physical planning and the Environment started a National

Research Plan on global pollution and climate change. Part of this program was a project

that aimed to assess processes and rates of biological production, accumulation and

degradation of DMS and DMSP. Furthermore, to gain insight in the influence of changes

in environmental factors on these processes. The last objective was to estimate fluxes

of DMS from the water column to the atmosphere. Research groups of the Departments

of Marine Biology and Microbiology of the University of Groningen, The Netherlands

Institute of Sea Research at Texel, the TNO Institute of Environmental Sciences in Delft

and the TNO Institute of Applied Marine Sciences in Den Helder (now the TNO

Department for Ecological Risk Studies) were the participants in the project.
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Secondly, in 1994 the European Commission initiated an Environmental Research

Program with the title; Role and Significance of Biological Processes in DMS Release

from Ocean to Atmosphere: a Close Examination of the Black Box. Participants from

Texel (The Netherlands), France, Greece, Germany, the United Kingdom, and

Groningen (The Netherlands) collaborated in this project. Some of this collaborative

work is illustrated in paragraph 6.2 of this introduction.

A the start of the first project the question whether the feedback mechanism in Charlsons

et al. (1987) hypothesis is positive or negative was still unanswered. Kiene & Bates

(1990) had proposed about the important role of bacteria in degrading DMS. This led

to the conclusion that a small (climatic) effect on these bacteria responsible for this

consumption, may result in a tremendous effect on the production of DMS and the

magnitude of its escape to the atmosphere. However, this subject was considered outside

the scope of this thesis.

The main goal of this study was to gain a better insight in the sizes of several of the

pools of DMSP and DMS and the routes and magnitudes of fluxes connecting these

pools. In the following paragraphs of this chapter these questions are addressed.

4.2. Phytoplankton
Phytoplankton, the source of DMSP, was monitored in a semi natural environment, the

mesocosms systems, as well as in the field, the Marsdiep tidal inlet. The effect of

phytoplankton growth on the production of DMS was studied experimentally using

several mesocosm experiments employing different systems. An important variable was

the addition of nutrients in different concentrations. In this way the effects of nutrient

depletion as well as the influences of the growth stage and succession of different algal

species on DMS formation could be monitored. As chl a measurements were also

performed the (cor)relation between DMS and chl a could be studied.

4.3. Zooplankton grazing 
Zooplankton grazing presumably has a large effect on the release of DMSP or DMS from

the phytoplankton, but until now, not much attention to this aspect has been given in

the literature. 

The only direct evidence that grazing activity induces DMS release was presented by

Dacey & Wakeham (1986). These authors performed small scale laboratory

experiments using phytoplankton cultures that were grazed by copepods. Similar

experiments using the unicellular grazer Oxyrrhis marina were done by Wolfe et al.

(1994). They concluded that only 30% of the DMSP ingested by the grazers was released

as DMS, the rest was metabolized to other sulphur compounds. Belviso et al. (1990,

1993) found some evidence for the release of DMS due to zooplankton grazing activity

when analyzing field data, but they used size fractionation and sediment traps and did
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not investigate directly the zooplankton or the grazing process itself. A positive

correlation between peaks in DMS formation and zooplankton numbers were found by

Leck et al. (1990) in the Baltic Sea, although quantification of the grazing effect was

not possible. 

In the mesocosm experiments described in this thesis the influence of zooplankton

numbers could be investigated by addition of CdCl2 in order to inhibit potential grazers

or following filtration over a 55µm mesh to remove the present zooplankton organisms.

Possible effects on the DMS production were monitored for a period of about 35 days

in every mesocosm experiment (chapters 2, 3 and 4). 

The influence of zooplankton on the release of DMSP (in this case copepods of the

species Eurytemora affinis) was investigated in more detail in small laboratory systems

(100 ml), allowing analysis of the uptake of DMSPp by the copepods, its flow through

the copepod gut, excretion in dissolved form (urinating DMSPd or DMS by copepods)

and the defecation of DMSP in the form of faecal pellets (chapters 6 and 7).

The direct effect of sloppy feeding was also investigated by making budget calculations

of DMS and DMSPd,p,f,z (dissolved, particulate, faecal and zooplankton respectively).

Coulter counter grazing experiments, measuring the disappearance of phytoplankton

cells directly, were compared with the results collected in grazing experiments with

DMSP as a tracer for grazing activity.

In these laboratory experiments some attention also was paid to the faecal pellets

themselves. They are reasonably simple to sample (25µm mesh sieve), which made it

possible to assess the amount of DMSP or DMS that leaves the animal per pellet and

how long the DMSP will remain stable in the pellets themselves. Another question

concerned the possible release of DMSPd or DMS from the pellets and quantification

of this process in time. These were important questions because, when the process of

release from pellets is slow, a significant amount of DMSP could be lost from the surface

waters, considering the sinking speed of the pellets (20-200 m d-1) (Small et al. 1979).

The zooplankton experiments are described in the chapters 6 and 7.

4.4. DMS in the water column
In the mesocosm experiments the production of DMS in relation to the succession of

diatoms to Phaeocystis (Reid et al. 1990, Fernández et al. 1992) has been monitored. A

two year field monitoring programme in the Marsdiep (see Figure 8) resulted in a long

time series of DMS(P) field data.

The formation of DMS over time and over the season was investigated. Mesocosm

experiments were performed in spring and autumn, while in the Marsdiep also spring

and autumn phytoplankton blooms were monitored (chapters 3 and 4).

The bacterial consumption may be a very important sink for DMS and/or DMSP in the

water column (Hansen et al. 1993, Jonkers et al. 1996, Kiene 1992, Kiene & Bates 1990,
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Kiene & Service 1991, Visscher et al. 1992, Zeyer et al. 1987). In collaboration with

Peter Quist (University of Groningen, The Netherlands) the proportion of DMS(P) that

is degraded aerobically by bacteria to other S-compounds than DMS was quantified

(chapter 4).

4.5. Flux of DMS to the atmosphere. 
In order to have an influence on cloud formation and acidity, DMSw will have to be

ventilated to the atmosphere to become DMSair. The mechanism involved in this sea-

air exchange of gases has been thoroughly described by Liss & Slater (1974) and later

Liss & Merlivat (1986). According to these studies, the flux from water to atmosphere

can be described by the following equation:

F = Kw ✕ ∆C (1)

where Kw is the so-called transfer velocity from sea to air and ∆C is the concentration

gradient between water and air. As DMS is produced in seawater in relatively high

concentrations and the concentration in air is negligible due to the rapid breakdown

of DMS, the formula can be reduced to:

F = Kw ✕ Cw (2)

where Cw is the DMS concentration in the water.

This very simple formula becomes more complicated when we have a closer look at the

Kw (see Figure 6):

Kw = 0.17 (Sct/Sc20)-2/3 u (3a)

for windspeed u 3.6 m s-1, or at calm water conditions

Kw = 0.17 (Sct/Sc20)-2/3 u + 2.68 (Sct/Sc20)-1/2 (u - 3.6) (3b)

for windspeed 3.6 < u 13 m s-1, or at wave conditions

Kw = 0.17 (Sct/Sc20)-2/3 u + 2.68 (Sct/Sc20)-1/2 (u - 3.6) + 3.05 (Sct/Sc20)-1/2 (u - 13) (3c)

for windspeed u > 13 m s-1, or at breaking waves conditions

where u = windspeed (Liss et al. 1993a)

Sct = the Schmidt number of DMS at temperature t (Saltzman et al. 1993)

Sc20 = the Schmidt number of CO2 at 20°C.
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The Schmidt number of DMS can be calculated according to:

Sct = Nk / DDMS (4)

where Nk = kinematic viscosity of seawater (static viscosity/density) at temperature t

and DDMS = diffusivity of DMS

From the above formulas it is clear, that the transfer velocity of DMS is not only directly

dependent on windspeed, but also that there can be an abrupt increase in the transfer

when the wind speed becomes higher than 3.6 m s-1 or 13 m s-1 respectively.

Furthermore, the transfer velocity is dependent on temperature via the Schmidt

number.The Kw values for DMS at a temperature of 20°C are shown in Figure 6.

A validation of the gas exchange model for low wind speeds is described in chapter 3.

In this experiment the headspace of the mesocosm could temporarily be sealed and

flushed with artificial air (containing no DMS). When sampling from the outlet of this

flushed headspace, the flux from DMS in the water column to air could be measured

with an adjusted windspeed from a ventilator mounted in the mesocosm headspace.

This validation of the Liss Slater/Merlivat model is important for budget calculations

of the cycling of DMS. 

4.6. Extrapolation to the field: Model predictions
The ultimate question remaining was to be able to predict the sea-air exchange of DMS

in time and location for the North Sea and the open ocean. This should lead to realistic

input data (in a black box) for atmospheric scientists to use in their climate models

There are 2 approaches in building a model:

The first is to aim at a complete understanding of the functioning of the ecosystem that

produces DMS(P) and to try to quantify the production and loss of DMS(P) in a time-

space framework (see also chapter 7, Figure 7). An example of the ecosystem approach

is described by Gabric et al. (1993), who used an eight compartment network flow

model that includes phytoplankton, bacteria, zooflagelates, protozoa and zooplankton.

The model is nitrogen controlled and a conversion factor is used to calculate the

production of DMS(P). Gabric's model predicts a maximum production of DMS just

after the peak of the phytoplankton bloom with a slow decrease due to the excretion

of DMS by zooplankton. Van den Berg et al. (1996a, 1996b) use a complicated

phytoplankton model which describes phytoplankton blooms in the southern North

Sea and is controlled by actual wind data. The DMS model is a separate module,

dependent on the output of the FYFY model. The FYFY-DMS model shows a good

comparison with spring and summer DMS values found in the southern North Sea, but
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autumn values appear to be higher than found in the field. 

A disadvantage of ecosystem models is, that it proves to be no easy task to map a complete

ecosystem and furthermore, there is a large variability between different systems making

the models applicable on a local scale only. The second approach is to try to correlate

the production of DMS(P) to a suitable variable (Chl a, species ...). This approach is

explained in chapter 8. Due to the availability of laboratory, mesocosm and field data

described in this thesis validation of the model became possible. The model calculation

was applied to the Southern North Sea, where it was validated with results from the

literature (Joint & Pomroy 1993, Liss et al. 1993a), with chl a and DMS concentrations

measured from a single vessel. Extrapolations to the northern Atlantic were made and

validated with literature data. The DMS available for the flux to the atmosphere and

the possible minimum and maximum fluxes were estimated, allowing estimation of a

yearly flux m-2 of DMS to the atmosphere in the North Atlantic.

5. Approaches in DMS(P) research

5.1. Laboratory studies

In order to describe the ecosystem that leads to the emission of DMS to the atmosphere

several approaches are possible. Some colleagues choose not to study the complete

ecosystem, but concentrate on a small part, which they keep in the laboratory. The

advantage is clear. It is no longer necessary to go out in the field to try to unravel what

happens out there and it is relatively easy to retrieve many results in a relatively short

time period. In this way, it has become clear that the production of DMS(P) may be

influenced by light, temperature, salinity, grazing, phytoplankton species and even the

growth phase of the phytoplankton bloom (Dacey & Wakeham 1986, Keller et al. 1989,

Kirst 1989, Kirst et al. 1991, Stefels & Van Boekel 1993, Baumann et al. 1994).

Furthermore, we have learned that bacteria are very important in producing DMS from

DMSP, but also in the consumption of both DMSP and DMS (Kiene & Bates, 1990, De

Souza & Yoch 1995). In this thesis laboratory experiments are used to learn to

understand the direct influence of the presence of copepods on two species of

phytoplankton (chapters 6 and 7). 
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5.2. The use of mesocosm systems
Laboratory experiments make it possible to study small parts of an ecosystem, but the

results are not easily translated to the field. Experiments with several trophical levels

are difficult to realise in the laboratory and are often executed on a scale that is too

small to reveal trophic interactions on longer time scales. 

The difficulties encountered in the laboratory may be overcome by using mesocosms,

or plankton enclosures. Nguyen et al. (1988) simulated a complete diatom bloom and

concluded that most DMS was formed in the senescence phase of the

phytoplankton. Belviso et al. (1990) used small plankton enclosures

that were incubated in the field to get an indication where DMS(P)

was produced in complicated foodwebs.

The mesocosms used in this study consist of a plastic bag

(polythene/polyamide double-layered foil) with a depth of

approximately 3 m and a diameter of 0.75 m, thus giving a volume

of roughly 1.3 m3 (Figure 7). Ambient temperature and light remain

close to the natural situation. The studies by Kuiper (1977, 1982)

showed that in these mesocosms replicable plankton successions can

be found in systems subjected to similar treatments. It should

therefore be possible to relate differences between individual

mesocosms to the different conditions under which the plankton is

incubated. In this way the plankton dynamics can be studied under

semi-field conditions. An important advantage is that the same

plankton community can be followed under various experimental

conditions and that repetitive samples can be collected from the same

water body without inflicting major disturbances during the

experiments. New developments in methodology allowed the

measurement of actual fluxes of DMS from the water column to the

atmosphere in these systems. Also the influence of sedimentation on

DMS(P) dynamics could be tested in the mesocosms (Osinga et al.

1996a). The latter authors reported that a significant amount of phytoplankton cells

sinks to the bottom of the mesocosms; in subsequent laboratory experiments it was

shown that some DMS can be formed from deposited DMSPp in a bottom ecosystem

(chapters 2 to 4 of this thesis).

5.3. Field monitoring
A disadvantage of mesocosms could be that the cycle of growth, senescence and

mineralization of a phytoplankton bloom is compressed in time depending on the size

of the mesocosm, compared to the natural system. In our case, a natural spring bloom

of about 3 months could be observed in 35 days. When the phytoplankton bloom

INTRODUCTION 35

Figure 7. Diagram of the pelagic

mesocosms used in this study



undergoes an accelerated wax and wane, the copepod zooplankton will not be able to

keep up with the algae. The reason for this, is that copepods have a lifecycle with several

nauplii, copepodite and adult stages which is dependent on temperature rather than

food supply.

In order to be able to extrapolate the mesocosm results to the field, monitoring of this

field is still a necessity. We monitored The Marsdiep tidal inlet over a period of 21

months (November 1991 to July 1993) during which two phytoplankton spring blooms

were observed. The main goal was to assess whether predictions are possible on a larger

(natural) scale for the release of DMS through this extrapolation, taking into account

the seasonal cycle of DMS and DMSP. Due to the length of the monitoring period it was

possible to compare the spring blooms of two sequential years, which showed

remarkable similarity in chl a and DMSw concentration. Furthermore it was shown that

the sampling frequency in natural blooms and mesocosms was of influence for the

interpretation of the results. A complete description of the field monitoring is given in

chapter 5 of this thesis.

5.4. Modelling the production of DMS
In order to extrapolate from observations in laboratory, mesocosm and local field to a

more global understanding of DMS formation in the ocean's surface waters a model can

be a useful tool. Care must be taken, however, that results coming from a model are

not necessarily an exact representation of the field. Validation of any model with

experiments and monitoring is always a most important step in building the model.

Chapter 8 of this thesis describes the validation of field measurements with the

mesocosm and laboratory experiments. In the validation budget calculations of DMSP

and DMS were used, which led to a (simple) model that is able to predict the amount

of DMS formed from a known phytoplankton bloom.

6. Analysis of DMSP and DMS
One of the first problems encountered in this project concerned the question of simply

how to measure low DMSP and DMS concentrations. The concentrations that were to

be expected in the area of study (Marsdiep tidal inlet, southern North Sea, The

Netherlands, Figure 8), were in the order of 0.1 nM to 25 nM (Turner et al. 1996).
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6.1. Description of the analysis
DMS is a very volatile gas that can be sparged (purged) from the (sea) water sample

with an inert gas (He, N2) such that the volatile (sulphur) compounds diffuse from the

water into this inert gas. After drying, the compound can be preconcentrated on an

adsorbent (gold wool, Tenax, Norit) or by freezing it in a tube submerged in liquid

nitrogen (cryogenic trap, or cold trap). Obviously, the gas must be dried thoroughly

when using this last method, otherwise the cold trap will be blocked with frozen water

that was also purged from the sample. 

In our case, the cold trap consisted of a straight glass tube,

filled with about 250 mg Tenax-ta. Tenax-ta is an inert

powder produced by Chrompack, which is used to

increase the sampling surface of the cold trap. 

After trapping, DMS can be stripped from the Tenax by

heating and subsequently be analyzed on a gas

chromatograph (GC) equipped with a sulphur specific

detector (Andreae & Barnard 1983, Turner & Liss 1985,

Leck & Bågander 1988, Lindqvist 1989, Turner et al.

1990, Hofmann et al. 1992). DMSP can be measured

similarly, but only after alkaline conversion to DMS at a

pH of about 13 (Dacey & Blough 1987). Calibration of

the samples could be performed using DMS permeation

tubes in a dynamic dilution system, present at the

Laboratory for Analytical Chemistry-TNO in Delft (The

Netherlands), where very precise amounts of DMS could

be sampled on cold traps. Secondary calibration was

performed using DMSP standards, which were

hydrolysed to DMS before analysis. More details of the

method are given in the chapters 2 to 7 of this thesis. 

As the method is very sensitive and innovative, it appears important to evaluate its

accuracy. Methods used for repetitive sampling, storage of samples and filtration will

be described and evaluated in the following paragraph.

6.2. Quality assurance of storage and analysis
At the Department for Analytical Chemistry-TNO (Delft, The Netherlands), Lindqvist

(1989) already designed a method for the detection of DMS in air. The next task was

to include the purge and trap system for analysis of water samples.
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Table III. Storage test of DMS samples in liquid nitrogen, with GC recovery percentage

and standard deviation shown

t (days) % recovery SD (n = 5)

0 100 4.2

13 96.0 4.6

27 89.4 1.8

56 103.2 3.7

As the sampling site was in Den Helder, and the analysis site in Delft, at two hour

travelling time distance, it was necessary to store purged samples in their cold traps. A

study was performed to verify on storage conditions. At day zero, 20 samples of DMS

were taken from the dynamic dilution system and 5 random samples were analyzed by

GC. The recovery found was set at 100%. After 13, 27 and 56 days, 5 random samples

were analyzed, after calibration of the GC with two fresh samples of the dynamic dilution

system. The recovery found was set relative to the recovery of day zero. Table III gives

the results for a storage test performed from October to December 1991.

It is clear that not only the variation between samples of one day is rather small, also

the recovery after 56 days is still very much comparable to the value observed without

storing the sample in liquid nitrogen. 

Coefficient of variation for DMSw analyses were in the order of 5% for samples with a

concentration above 100nM and up to 17 % for samples with a concentration below

this value. It appeared that the Nafion dryers used in calibrating all showed a different

loss of DMS. It is therefore recommended that one and the same nafion dryer is used

for sampling calibration gas and for the samples.

When DMSP standards were calibrated with DMS from the dynamic dilution system,

an average recovery of 102 ± 7 % was found for 10 samples. It turned out that DMSP

standards, preserved with NaOH at pH 13 and sealed with Teflon lined silicon caps

could be stored at 4°C for at least 8.5 months with an average recovery of 103 ± 6 %

for 5 samples. We concluded that DMS samples could best be purged and trapped as

soon as possible and subsequently stored in liquid nitrogen. DMSP samples on the other

hand could best be stored in the refrigerator in glass vials, preserved with NaOH. This

also made it possible to send samples to other laboratories for intercalibration.

6.3. Intercalibration of analysis and filtration techniques
In the EU project participants of France, Germany, Greece, the United Kingdom and

the Netherlands worked together on the processes involved in the turnover of DMSP

and DMS. Intercalibration of methods of DMS analysis is important, for comparing the
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results of the different participants using different analysis and filtration methods. Only

few intercalibration exercises have been reported, however (Turner et al. 1990).

The latter authors already showed, that the filtration method used can influence the

DMS concentration in seawater samples with a high phytoplankton content.

In the first step of the intercalibration, natural seawater samples dosed with dissolved

DMSP were analyzed by the participants in order to compare the analysis method (gas

chromatography) of each laboratory. The second intercalibration involved the filtration

methods used by the different participants and the influence of phytoplankton density

on the release of DMSP or DMS under filtration.

Table IV shows a list of the participants in the intercalibration.

Table IV. Participating laboratories in the intercalibration (codes between brackets refer

to codes in figure 9)

Laboratory contact person country

Centre des Faibles Radioactivités Gif sur Yvette S. Belviso France (Fr + Fr2)

Department for Marine Botany, Univ. of Bremen M. Steinke Germany (Germ)

School of Environmental Sciences Univ. of East Anglia G. Malin United kingdom (UK)

Department for Marine Biology, Univ. of Groningen J. Stefels The Netherlands (Gron)

National Research Centre for Physicl Sciences "Demokritos" A.Moriki Greece (Gre)

TNO Department for Ecological risk studies, Den Helder R. Kwint The Netherlands (DH)

6.3.1. Analysis

Samples were prepared on 16-06-94 in filtered natural seawater dosed with DMSP.HCl

salt obtained from the Dept. of Microbiology of the University of Groningen. NaOH

with a final concentration of 1 M was added to the sample to hydrolyse DMSP into DMS

and to preserve the samples. Immediately after addition of the hydroxide, the vials were

closed with a teflon lined septum and sent to the participants listed in Table IV, except

Greece as the GC in Greece was still under construction at that time.

On 22-06-94 all participants analyzed their samples by gas chromatography. The

laboratories in Groningen and Bremen used headspace samples, while the other

participants used a purge and trap system. Due to the unexpected high concentrations

of the samples most participants had to take subsamples in order to analyze them. 

The results of the intercalibration of instrumental analyses are listed in Table V, the

complete table was published in the final EU report (Gieskes (ed.) 1996).
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Table V. Results of the intercalibration of DMSP analysis methods used by the

participating laboratories.

Sample TNO UK Groningen Germany

av. 1761 nM 1606 (± 8%) 2034 (± 3%) 1642 (± 8%)

% of average 91% 116% 93%

av. 3250 nM 3276 (± 3%) 2806 (± 8%) 4186 (± 4%) 2732 (± 11%)

% of average 101% 86% 129% 84%

av. 30695 nM 26522 (± 3%) 34868 (± 5%)

% of average 86% 114%

It is clear, that the analysis methods are in fair agreement, especially when we take into

account that most participants had to take subsamples in order to be able to analyze

them. After an ANOVA analysis (results not shown) it became clear that only the mean

results of the samples with the high concentration were significantly different from each

other (p < 0.05). Due to the unexpected high concentration, we received the result of

only one sample of the low concentration from the laboratory in Gif sur Yvette (2450

nM), which was not included in the ANOVA analysis. 

6.3.2. Filtration techniques

On 03-11-94 all participants came together at the NIOZ laboratory (Texel, The

Netherlands) to perform the next intercalibration step. Two mono-cultures of

Phaeocystis sp. (of approximately 10 ✕ 106 cells l-1) and of Emiliania huxleyi (of

approximately the same density) were supplied by the Department of Marine Biology

(RuG). 

Of each culture a 10-fold dilution was made by adding 1 litre of stock culture to nine

litres of seawater of similar salinity as the original cultures. After homogenisation by

gently turning over the 10 litre bottle this resulted in the samples Phaeocystis 1 and

Emiliania 1 (DMSPp content for both diluted cultures was approximately 1 µmol l-1.

The thus obtained DMSP concentration can be considered in the range of about the

peak concentrations of a plankton bloom. 

A second 10-fold dilution step was made from Phaeocystis 1 and Emiliania 1 in a similar

way, resulting in the samples Phaeocystis 2 and Emiliania 2 respectively. These

concentrations can be considered as samples reflecting a rather low content of cells,

outside the bloom period. 
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For each case, directly after preparation of the dilution, each participant collected a

sample of about one litre of the Phaeocystis 1

and Emiliania 1 in pre-cleaned dark glass

bottles. In between sampling homogeneity

was maintained by gentle movement of the

bottle. 

After sampling the filtration step was

performed. Each participant used their own

typical instrumentation and filters for the

inter comparison. They were asked to perform

all handling according to their normal

procedures. Details are given in the EU report

(Gieskes  1996).

Each participant filtered three replicate

samples. In order to avoid differences due to

a possible time effect, the start of each

filtration step was centrally timed. After about

8 min all participants had completed their

filtration step and were ready for the next

filtration. Five ml of the filtrate was collected

in 25 ml vials, to which 0.5 ml 10 M NaOH

was added to preserve the sample. The vials

were closed directly with a teflon lined cap,

and stored in the refrigerator at 4°C. 

Additional sub-samples from each participant

were collected for total DMSP + DMS contents

at the end of the exercise. Some extra

DMSPd+DMS samples were purged for 15

min. with high grade helium (40 ml min-1) in

order to investigate the ratio DMSPd:DMS for

both cultures. Phytoplankton samples (100

ml) of all diluted cultures were taken and preserved with lugol iodine.

The results of the intercalibration of filtration methods are given in Figure 9. 

At the left column of the figure the results of the DMSPd + DMS are given (filtrates).

The phytoplankton cultures with high cell density are: Phaeocystis 1 & Emiliania 1, the

cultures with low cell density are: Phaeocystis 2 & Emiliania 2. It is clear, that there are

no major differences between the filter methods used. None of the participants has

always the highest or lowest recovery or standard deviation. It seems that the samples
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taken in the different purge vessels used by Belviso (Fr & Fr2) yield slightly different

recoveries, but additional errors were introduced here, as the vials marked "Fr2" had

to be opened and a subsample had to be taken from the vial.

From the results of an ANOVA statistic test (not shown), it becomes clear, that the

results are not significantly dependent on time for each filtration step (p > 0.05), and

that the results of the dissolved fractions for all the participants are not statistically

different from each other (p > 0.05).

Some of the filtrates with high phytoplankton cell density (Phaeocystis 1 & Emiliania

1) were purged with helium in order to remove the DMS fraction from the sample, after

measurement of the left DMSPd the DMS concentration could be calculated. It appeared

that in the Phaeocystis samples there was about 84% DMS, while in the Emiliania samples

there was about 18% DMS. As Phaeocystis is known to be able to produce DMS from

DMSPd the higher DMS fraction in those samples is as expected (Stefels & Van Boekel

1994).

In the right column of Figure 9, the calculated amount of DMSPp by subtracting the

results of the gentle filtration methods from the results of the DMSPtotal samples are

plotted. As the calculated results of the DMSPp concentrations from all participants

were in close range, they are plotted all together in the column ("others"). There is a

large discrepancy between the samples of DMSPp prepared on a filter with a vacuum

filtration unit ("Germ") and the calculated amount of DMSPp by the gentle filtration

methods ("others"). As this group normally works with macro-algae, the filtration

system used was not designed for filtering phytoplankton. 

As the DMSPp concentrations are 20 to 50 times higher than the DMSPd + DMS

concentrations, it is clear that filtering methods applied for the determination of the

dissolved fraction should be as gentle as possible. A loss of DMSPp of only a few percent

may lead to significant changes in the concentration of DMSPd. When the algae

Phaeocystis, or other algae that contain a DMSP-lyase enzyme, are present in the sample

this may also lead to DMS formation from dissolved and particulate DMSP. As DMS is

very volatile, it can easily be emitted into the air with underestimations of the DMSP

concentrations as the result, while the DMS concentration may be overestimated.

In order to increase the repeatability of the analysis it is best to take all samples in the

same way and also to follow all steps (filtration, purging, purge gas flow, Nafion dryer)

using exactly the same protocols. 
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DMS PRODUCTION BY PLANKTON COMMUNITIES

Rik L.J. Kwint and Kees J.M. Kramer

Published in Marine Ecology Progress Series 121:227-237 (1995)



The trends of dimethylsulphide (DMS) production by plankton communities in

mesocosm systems were studied under various conditions. The results show that the

DMS concentration in the water column can be highly variable over time, even within

days, and under apparently identical conditions. DMS release in the water column

appears to be highly correlated with phytoplankton senescence rather than growth. The

development of the DMS peak could not be attributed to the zooplankton activity. It is

argued that bacterial consumption may be an important sink for DMS. 

INTRODUCTION
The production of dimethylsulphide (DMS) in the marine environment and its release

to the air is one of the most important biogenic sources of sulphur in the atmosphere

(Charlson et al. 1987, Bürgermeister & Georgii 1991, Leck & Rohde 1991). DMS is

derived from the precursor DMSP (b-dimethylsulphoniopropionate), which is believed

to be an osmoregulator in marine algae (Andreae 1990, Kiene & Service 1991). 

A direct correlation between chlorophyll-a (chl a) and DMS concentration does not

appear to exist in oceanic surface waters (Cooper & Matrai 1989, Turner et al. 1988,

Turner et al. 1989). DMSP is associated with algal classes including dinoflagellates and

prymnesiophytes although there is a wide variation in the potential of algae to produce

DMSP (Keller et al. 1989, Wakeham & Dacey 1989). Belviso et al. (1990) found that

DMSP was predominantly associated with small dinoflagellates. Gibson et al. (1990)

and Kirst et al. (1992) reported significant correlations between DMS concentration

and the biomass of the algae Phaeocystis sp. According to Liss et al. (1992), Emiliania

huxleyi is potentially the most important DMSP producer, together with Phaeocystis

sp., while diatoms are less important producers. Suggestions for mechanisms controlling

the release of DMS into the water column and, subsequently, into the atmosphere are

shown in Figure 1. 

They include:

(1) Metabolic excretion associated with phytoplankton growth. DMS may be a

normal excretion product for algae and its production related to the total

phytoplankton biomass (Vairavamurthy et al. 1985, Belviso et al. 1990, Gibson

et al. 1990).

(2) Phytoplankton senescence. When algae die and the cells disintegrate, cellular

DMSP is released and converted to DMS (Nguyen et al. 1988, Matrai & Keller

1993, Stefels & van Boekel 1993).

(3) Zooplankton grazing. This may initiate a release of cellular DMSP into the

water column by damaging phytoplankton cells during capture and (sloppy)

feeding, or DMSP may be ingested by zooplankton and excreted as DMS and/or

DMSP (Dacey & Wakeham 1986, Wakeham & Dacey 1989, Leck et al. 1990,

Belviso et al. 1990, 1993).
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It is not easy to distinguish between these processes in the natural environment. As the

timescales of phytoplankton cycles are of the order of weeks, it is practically impossible

to sample from the same water mass and plankton assemblage in a time series and to

study interactions between several trophic levels consistently over longer periods. It is

also difficult to extrapolate small-scale laboratory experiments to the field situation.

Experiments in large scale experi-

mental systems (mesocosms) may

reveal some of the interactions.

The advantages of this approach

are that the same water mass and

plankton (phytoplankton and

zooplankton) community can be

followed under semi-field condi-

tions in these large “test tubes”.

Duplicate systems develop similar-

ly over a time scale of weeks to

months, while the size is small

enough to allow for experimenta-

tion. Repetitive sampling can be

performed without major distur-

bance during the experiment.

Previous studies already show that

it is possible to relate differences

between the individual systems to

the different conditions under

which the plankton develops. As

the plankton community is

enclosed, the development of the phytoplankton bloom is compressed in time due to

boundary conditions so that, for example, a normal spring diatom/Phaeocystis

succession of ± 2-3 months in the North Sea (Reid et al. 1990) is compressed into ± 1

month (Kuiper 1982).

This paper describes the results of 2 separate mesocosm experiments, one carried out

in September-October 1991 and one in March-April 1992, at the beginning of the spring

bloom. Full cycles of the formation and decay of the phytoplankton blooms and DMS

production were monitored as the function of 2 variables. The effect of the presence or

absence of zooplankton was studied in order to estimate the importance of grazing,

while variation in the addition of nutrients allowed us to investigate the dependence

of DMS production on nutrient availability. In the first experiment the main objective

was to investigate whether most of the DMS would be released during growth or during
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Figure 1. Schematical representa-

tion of mechanisms controlling the

release of dimethylsulphide (DMS)

and b-dimethylsulphoniopropionate

(DMSP) into the water column



senescence of the phytoplankton bloom and to study the influence of nutrient limitation

and zooplankton grazing on this release. In the second experiment, the attention was

focused on the effect of zooplankton grazing only. Actual fluxes of DMS into the

atmosphere were also determined in one of the mesocosms used in this experiment, as

reported by Kwint et al. (1992), chapter 3 of this thesis.

MATERIALS AND METHODS
Each mesocosm system consisted of a plastic bag (polythene/polyamide double-layered

foil) with a depth of approximately 3 m and a diameter of 0.75 m, thus giving a volume

of roughly 1.3 m3. The bags were suspended in the water from an aluminium frame

and covered with clear Perspex shields. Ambient temperature and light remained close

to the natural situation (see Kuiper 1982). In each experiment the enclosures were filled

simultaneously via a branched pipe, after which they were dosed with different

concentrations of nutrients. During filling, the water was filtered over a 2 mm mesh in

order to remove the larger predators.

In experiment I, carried out from 29 August to 4 October 1991, 7 mesocosms were

installed in Den Helder harbour, and were filled with water taken from the Oosterschelde

basin which is a tidal inlet in the southwest of the Netherlands. The reason for not using

local water from the Marsdiep tidal inlet was entirely logistical. Water was collected 4

days before the experiment started, filling of the systems 3 days beforehand, while

nutrient dosing took place on day 0. Different concentrations of phosphate and nitrate

were added to all systems (see Table 1). Beacause in autumn there were very low levels

of nutrients occurring naturally, the control mesocosms were also dosed to ensure that

a phytoplankton bloom would develop. The experiment ended on day 32. To investigate

whether copepod grazing has an influence on DMS release, 0.45 µM CdCl2 was added

to two of the bags on day 0 in order to inhibit copepod development. 

Table 1. Overview of the experimental treatments for the 7 mesocosm systems in

experiment I

treatment NO3 PO4 CdCl2
system (µM) (µM) (µM)

1 90 7 0.45

2 90 7 0.45

3 20 2 -

4 20 2 -

5 90 7 -

6 90 7 -

7 20 2 -
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In experiment II, carried out from 23 March to 28 April 1992, seawater was collected

in the Marsdiep channel (coastal North Sea) at high tide by means of a floating water

tank 2 days before the experiment started. The tank was left alongside the raft until the

next day to allow most of the suspended particulate matter to be deposited. Filling of

the mesocosms took place 1 day before the start of the experiment. During filling, water

from the mesocosms 1 and 2 was additionally filtered over a 55 µm mesh in order to

remove copepods. As DMSP may be a substitute for glycine-betaine during nitrogen

limitation (Turner et al. 1988, Leck et al. 1990, Gröne & Kirst 1992), the mesocosms

5 and 6 were dosed with 10 µm phosphate on day 0 in order to create a nitrogen limited

phytoplankton bloom.

Water samples were collected in a 3 l glass bottle using a peristaltic pump with teflon

tubing in a depth-transect through the bags. Subsamples for chl a, phytoplankton,

nutrient and DMS determinations were immediately taken from this large sample. The

remainder was returned to the mesocosm. Chl a subsamples were stored in 1 l

polyethylene bottles in the dark, nutrient subsamples were deep frozen until analysis,

while samples for the determination of the phytoplankton species composition were

conserved and stored with Lugol. DMS sub-samples were taken in dark glass-stoppered

bottles (100 ml) and stored on ice until further treatment on the day of sampling.

Zooplankton samples were taken twice weekly with a 3 m pvc pipe, equipped with a

ball valve at the end, according to Kuiper (1981), filtered over a 55 µm mesh and

immediately fixed with neutral buffered formalin or glutaraldehyde. The filtered water

(35 l) was returned to the mesocosm. 

Chl a samples were filtered on glass fibre filters (Whatmann GF/C), extracted with 90%

acetone and analyzed on a spectrophotometer within 2 h of sampling according to

standard procedures (Parsons et al. 1984). Nutrient samples were analyzed for ortho-

phosphate, ammonia, nitrate, nitrite and reactive silicate using a ‘Technicon’ auto-

analyzer (Parsons et al. 1984). 

Phytoplankton, preserved with Lugol, were counted and identified in a 5 ml inverted

microscope chamber. At least 25 fields were counted per sample (magnification 400✕).

Zooplankton were counted and identified microscopically in a 1 ml chamber and

subdivided into adult copepods, copepodites and nauplii.

A preliminary quantification of the DMS oxidizing bacteria population was made in

experiment II, using a most probable number (MPN) method (de Man 1975). The

triplicate tenfold dilution series (10-3-10-9) in a mineral medium was incubated in an

atmosphere of DMS in the dark at 25°C for four weeks. DMS was the only carbon source.

Positive tubes were scored on both acidification and increased turbidity. 

The DMS water samples were treated immediately after returning to the laboratory. A

subsample of 10 to 50 ml was gently poured over a Whatmann GF-C filter into a glass
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tube. No pressure or suction was applied so as to minimize interference by damaged

cells. The filtered water was purged with high grade helium at 45 ml/min. The purge

gas, containing the volatile compounds, was dried using a Nafion permeation drier

(Dupont, model MD-125 P/F). Nitrogen was used as the drying gas. The dried helium

was led through a cold trap, consisting of a straight glass tube containing 200 mg of

Tenax-ta 60/80 (Chrompack). This cold trap was placed horizontally over a Dewar flask

filled with liquid nitrogen. Cooling was achieved with aluminum strips, placed over

the glass tube, into the nitrogen in order to achieve a temperature of -120°C. The

temperature was checked periodically. After 15 to 25 min of purging, the collection

tube was closed at both ends with Swagelock caps (stainless steel, fitted with teflon

ferrules) and stored in liquid nitrogen until analysis (adapted from Lindqvist 1989).

Storage tests with calibration gas showed

that samples can be stored in this way for

at least 8 weeks without change(chapter 1).

DMS samples were analyzed according to

Lindqvist (1989) on a ‘Varian 3500’ gas

chromatograph equipped with a capillary

linear plot column and a photo-ionization

detector (PID) of 10.2 eV and with

hydrogen as the carrier gas. The detection

limit for DMS was 1.5 pmol; Calibration

was performed using carbonylsulphide

(COS), DMS and dimethyldisulphide

(DMDS) permeation tubes in a dynamic

dilution system. The coefficients of

variation (CVs) for the DMS analyses for

independent analyses were no larger than

5% for samples with a concentration over

100 nM to 17% for samples with a

concentration below this value.

RESULTS
Experiment I: September-October 1991.

Figure 2a shows the chl a results for the

7 mesocosms. In all systems the first

peak was mainly caused by diatoms,

especially Asterionella (7 ✕ 106.l-1), 
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Figure 2. Change in (a) chlorophyll

a, (b) phosphate and (c) nitrate

concentrations for the 7 mesocosms

in experiment I (Sep-Oct 1991).

See Table 1 for an explanation of

nutrient and Cd levels added



Chaetoceros (2 ✕ 106.l-1) and Nitszchia (0.5 ✕ 106.l-1) species at the maximum chl a

concentrations. Flagellates in the size range of <3 and 3-5 µm were also present (6 ✕

106.l-1).

After day 5 the diatom bloom collapsed,

probably due to the lack of silicate (which

was below detection limits during the entire

experiment) and after day 7 a second

phytoplankton bloom began, with a second

maximum on day 11. This chl a maximum

was mainly caused by flagellates in the range

of 3-5 µm in diameter and Phaeocystis sp.

with a cell number of 11 ✕ 106.l-1 in the

controls to 27 ✕ 106.l-1 in the nutrient dosed

systems (at maximum chl a concentration).

The measured concentrations of nutrients

in the 7 mesocosms are given in Figures

2b and 2c, the difference in the nutrient

regime between the systems is evident.

Nitrate was depleted to below the

detection limits in the controls on day 14,

while in the nutrient dosed systems and

the mesocosms with nutrient and CdCl2
addition, nitrate was depleted on day 17.

The stabilization and increase of the

phosphate concentration shows that

remineralization had already taken place

in the bags from day 9 onwards. Controls

and mesocosms with extra PO4
3- addition

used about the same amount of

phosphate. Silicate remained below detec-

tion limits during the entire experiment.

In Figure 3, the results of the DMS measure-

ments are shown together with the chl a

concentrations. In all mesocosms the development followed a more or less similar

pattern. Initially, the concentration of DMS in water ([DMS]water) was relatively low,

3 to 6 nM DMS and there was virtually no [DMS]water increase during the exponential

phase of the phytoplankton bloom. Just after the maximum concentration of the first

chl a peak the [DMS]water increased rapidly within 4 days to a maximum value of about

90 nM. In 2 cases, mesocosms 2 and 4, the DMS maximum reached was much less
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Figure 3. Development of DMS con-

centrations in water for the 7 meso-

cosms in experiment I (1991),

plotted together with the chl a

concentrations. Treatments describ-

ed in Table 1



pronounced. Two days after the maximum, the [DMS]water had already declined to less

than one-third of this peak value. Near the end of the experiment, between days 16 and

21, the DMS concentrations increased again. The exact maximum of [DMS]water in the

senescent stage of the second bloom (flagellates &

Phaeocystis sp.) was not determined as the experiment was

terminated before this point was reached. The [DMS]water

outside the mesocosms was measured at weekly intervals

and appeared to be about 15 nM. DMDS and COS were

present during the entire experiment at low background

concentrations (1.5 nM and 0.5 nM respectively).

Zooplankton development is shown in Figure 4. In the

mesocosms with the highest initial nutrient concentrations

and no cadmium addition, the zooplankton abundance

increase was highest up to day 14. The species composition

was: Acartia clausi (45%), Temora longicornis (25%)

Centropages hamatus (25%) and Pseudocalanus elongatus

(5%). The control mesocosms with low nutrient addition

had an intermediate zooplankton development, with a

species composition of: A. clausi (40%), T. longicornis

(30%) 

C. hamatus (20%), Podon sp. (5%) and P. elongatus (5%).

In the cadmium spiked mesocosms the zooplankton

development was retarded and the maximum number of

nauplii and copepodites was reached at a later date (day

17). The species composition was: A. clausi (30%), T.

longicornis (30%) C. hamatus (5%), Podon sp. (30%) and 

P. elongatus (5%). The cadmium concentration appeared

to decrease from about 0.45 µM to about 0.10 µM at the

end of the experiment, which may have been the reason

for the observed minor effect of cadmium upon the

zooplankton. 

Experiment II: March-April 1992.
The results of nutrient additions in experiment II were quite similar to those for

experiment I. The nitrate concentration (initially 80 µM) became limited

(approximately 5 µM) after day 10 in all the mesocosms and stayed low during the rest

of the experiment. Phosphate concentrations, initially 3 µM for the systems without

nutrient dosing and 13 µM for the systems that were nutrient dosed did not become

limiting in any of the mesocosms (1 µM & 10 µM respectively).
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Figure 4. Zooplankton development

for the 7 mesocosms in experiment I.

Note difference in scale of y-axes



Figure 5 shows the results of the chl a concentrations, together with the [DMS]water

measurements. There was a distinct cycle of two phytoplankton blooms like that seen

in experiment I. It is clear that the de-

velopment of phytoplankton in all systems

(expressed as chl a) was very similar,

notwithstanding treatment. 

The first chl a peak, around day 8, was

mainly caused by the diatoms Skeletonema

costatum (36 ✕ 106.l-1) and Thalasiosira

nordenskioldii (11 ✕ 106.l-1). The second

peak, which was less pronounced (day 20-

30), consisted mainly of Phaeocystis

pouchetii (32 ✕ 106.l-1). 

[DMS]water initially increased slowly during

the first phytoplankton bloom, but a few

days after the collapse of the diatom peak

the [DMS]water increased dramatically in

most systems. The collapse of the DMS peak

also occurred very quickly, e.g. in

mesocosms 2 and 3 the concentration

decreased from about 480 nM to about 50

nM in only one day. In the other systems

this decrease was not as clear, but a decrease

of about 300 nM to detection limit values in

3 days (mesocosms 1 and 6) and a decrease

from about 100 nM to detection limit in 2

days (mesocosms 4 and 5) are also impres-

sive. Here also not all systems showed the

same high DMS concentrations. Mesocosms

4 and 5, and to a lesser extent mesocosm 6,

resulted in lower [DMS]water peaks. Duplicates systems did not always provide similar

results for [DMS]water, despite the reasonably good agreement in chl a concentrations,

especially during the first blooms. To investigate diurnal variation, on day 13, the

[DMS]water of system 3 was followed every two h over a 24h period. It was found that

there may have been a slight diurnal effect as the [DMS]water decreased from 80 nM

during daytime to about 65 nM at night. [DMS]water outside the mesocosms was about

20 nM. In a separate laboratory experiment, the importance of DMS diffusion through

the mesocosm material was tested. In three weeks only a few percent of the DMS dosed

in a model plastic bag of mesocosm material appeared in the surrounding water.
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Figure 5. Development of DMS

concentrations in water for the 6

mesocosms in experiment II (Mar-

Apr 1992), plotted together with the

chl a concentrations. Mesocosms 1

and 2: water filtered; mesocosms 3

and 4: controls; mesocosms 5 and 6:

10 mM phosphate added



The zooplankton development in all 6 mesocosms is shown in Figure 6 (total number

of nauplii, copepodites and adults). There was a large difference between the 55 µm

filtered and the untreated systems, but not between duplicate systems. Both control

mesocosms and the mesocosms with phosphate addition showed an increase in

zooplankton numbers towards the

end of the experiment. In all non-

filtered systems, zooplankton

consisted mainly of the species

Temora longicornis (70%). Other

species were: Acartia clausii (11%),

Centropages hamatus (11%) and

Pseudocalanus elongatus (2%).

The MPN counts of DMS oxidizing

bacteria revealed a number of 4.0 ✕

106 at day 15 and 3.6 ✕ 107 cells.l-1

at the end of experiment II (P. Quist,

pers. comm.).

DISCUSSION
The results presented above are typical for this kind of experiment (Kuiper 1982). There

is a succession of two phytoplankton blooms, a diatom bloom followed by a bloom

dominated by Phaeocystis sp. It appears that the diatoms in experiment I had already

started growing before any nutrients were added. Since the algae were enclosed in a

less turbulent system than the Oosterschelde basin and the algae were exposed to a

different light situation in the mesocosms to that in the field, these boundary conditions

may have stimulated the phytoplankton bloom. This is commonly observed in

enclosures (Gieskes & Kraay 1982).

It is clear from our experiments that a direct correlation does not exist between the

concentration of chl a and [DMS]water. In both experiments, the DMS release into the

water did not occur during the first (diatom) phytoplankton bloom, but started

immediately after the onset of its decline. [DMS]water also started to increase after the

second bloom (Phaeocystissp.) in experiment I, while no second DMS-peak was observed

during experiment II. The sequence of the production of DMS following a phytoplankton

bloom strongly suggests that the release of DMS into the water column is caused by

senescence rather than by metabolic excretion. This is in accordance with the results

of Nguyen et al. (1988) and Stefels & Van Boekel (1993), who showed that maximum

production of DMS occurred after the phytoplankton bloom started to collapse. Leck

et al. (1990) also observed this phenomenon after the first chl a peak of a spring bloom

in the Baltic Sea, while Matrai & Keller (1993) reported a maximum release of DMS

during the senescence phase of a large Emiliania huxleyi bloom in the Gulf of Maine. In
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Figure 6. Zooplankton (copepods)

development for the 6 mesocosms in

experiment II. Mesocosms 1 and 2:

water filtered; mesocosms 3 and 4:

controls; mesocosms 5 and 6: 10

mM phosphate added



both our experiments, the increase and decrease of [DMS]water occurred in only 1 or 2

days, which is in accordance with the findings of Leck et al. (1990) in the Baltic Sea

who calculated that the turnover time for DMS in the water column was in the order of

2 days. During experiment I, the ratio between maximum [DMS]water detected and the

maximum chl a concentration was about 1.8 nmol.µg-1, while in experiment II this ratio

was about 4.4 nmol.µg-1. According to Keller et al. (1989) Asterionella and Chaetoceros,

which were the main diatoms in experiment I, contain less DMSP than Skeletonema,

which was dominant during the first bloom in experiment II. 

In experiment I the addition of nutrients (see Table 1, Figures 2b and 2c) resulted in

a larger second phytoplankton bloom. The nitrate becomes limiting after day 9

(phosphate is levelling out), which coincides with the maximum of the DMS release.

The start of the DMS production is definitely earlier. The idea that DMSP replaces

glycine-betaine as osmoprotectant under nitrogen limited conditions and will thus be

enhanced under these circumstances (Gröne & Kirst 1992) is not supported by these

findings. In experiment II the first phytoplankton (diatom) bloom probably collapses

due to a silicate limitation. Although the nitrogen limitation takes place well before the

development of the DMS peaks and at the very end of the first bloom, it does not seem

realistic to assume that the N-limiting conditions at this late stage of plankton

development have induced DMSP (thus DMS) production. There may be a decreased

production of DMS in the mesocosms with phosphate addition. However, as there is a

large variation between the two control systems we prefer not to draw any hasty

conclusions on this subject.

In experiment II, 55 µm filtering effectively removed copepods at the beginning and a

large difference in zooplankton numbers between 55 mm filtered systems vs. non-

filtered systems was observed. The presence of copepods appeared to have little effect

on the phytoplankton development.  Removal of zooplankton by 55 µm filtration did

not result in an increased chl a content. Obviously the effect of zooplankton grazing is

compensated by stimulated phytoplankton growth. Although there seems to be a

coincidence of DMS production and increase in zooplankton numbers, a detailed study

of the results learns that the zooplankton increases almost at or even after the decrease

of the DMS peak. The influence of added CdCl2 in experiment I was not as large as

expected (Kuiper 1981), but cadmium concentrations decreased to a probably non-

toxic concentration early in the experiment. There was a shift in zooplankton species

from Pseudocalanus hamatus (copepods) in the mesocosms that were unspiked to Podon

sp. (cladocera) in the systems with CdCl2 addition, but total numbers did not change

noticeably. We did not sample the microzooplankton fraction as it is very difficult to

do quantitatively. In both experiments, the major increase in zooplankton started after

the major chl a peak and the maximum release of DMS. This is in contrast to other

observations (Belviso et al. 1990, 1993, Leck et al. 1990). However, we have to take
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into account that the phytoplankton bloom is compressed in time from 3 months to 1

month in our mesocosms and it may be possible that this resulted in a non-matching

of life stages between algae and copepods, thus obscuring a possible grazing effect.

According to Hansen & Van Boekel (1991), the copepod Temora longicornis switches

from phytoplankton to ciliates as a food source during a Phaeocystis sp. bloom in the

Marsdiep tidal inlet in 1990. This is an indication that the effect of zooplankton grazing

on the release of DMS into the water column may be correlated with certain algal species,

e.g. diatoms vs. flagellates. Belviso et al. (1990) showed that micro-zooplankton may

be of great importance in releasing DMS in the watercolumn. Wolfe et al. (1994) showed

that the hetereotrophic dinoflagellate Oxyrrhis marina may be an important sink for

DMSP in marine waters.

There was a considerable difference in [DMS]water between duplicate systems in both

experiments. Theoretically there may be several reasons for this discrepancy, such as:

sampling and/or analytical errors, differences in phytoplankton species distribution

(despite reasonable chl a similarity), differences in zooplankton grazing pressure,

photochemical conversion of DMS, diffusion of DMS through the mesocosm wall,

output to the atmosphere and/or a difference in bacterial consumption of DMS.

In experiment I the sampling frequency may have been the reason for the observed

non-comparability of the different systems. Due to the interval between two sampling

events (3-4 days) the highest DMS concentrations may have been missed. For this reason

the sampling intervals in experiment II were decreased to 1-2 days. Considering the

width of the peaks, we may assume that no peak was missed in these observations

although the maximum [DMS] may have been higher than we observed. Nevertheless,

relatively large differences were observed here as well.

Analytical errors could have caused these discrepancies. Duplicate analyses revealed

that the reproducibility was good, however. The coefficients of variation (CV) of about

5-17% depending on the DMS concentration were much smaller than the differences

in [DMS] in these experiments. 

Differences in phytoplankton species distribution could not have caused the

discrepancies between duplicates as no major taxonomic differences were found.

As to differences in zooplankton grazing pressure: during experiment I, only a shift in

zooplankton species composition, but no differences in total zooplankton numbers,

was observed. Furthermore, maximum numbers were reached well after the

phytoplankton bloom and the maximum release of DMS. During experiment II, a large

difference between 55 µm mesh filtered systems and untreated systems was observed,

but not between duplicate mesocosms, which makes it unlikely that the copepod

zooplankton was responsible for the discrepancy in [DMS]water between similarly

treated systems. Microzooplankton may have had an influence here, but as previously

stated, this still remains unclear in this experiment.
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Photochemical conversion seems unimportant as the chemical half-life of DMS in water

is in the order of months (A. Baart, pers. comm.). Diffusion through the plastic enclosure

material could have played a role as the [DMS]water outside the bags was very low and,

thus, a gradient existed. However, the importance of this diffusion was measured in a

separate laboratory experiment and proved to be very low.

Fluxes to the atmosphere could also play a role in the removal of DMS from the water

column. However, only a part of the DMS disappearing from the water column can be

explained by a flux to the atmosphere, as was reported previously (Kwint et al. 1992,

chapter 3 of this thesis). All of these last three factors are physico-chemical processes,

which in these experiments may have played a role in the removal of DMS. It must be

emphasized, however, that differences were expected to be low and should at least have

been within the same order of magnitude for all mesocosm systems in each experiment.

This makes it highly unlikely that these physico-chemical factors were the basis for the

differences found.

The variables and processes measured and discussed above do not give an adequate

explanation for the large discrepancy between the control systems of the experiments.

Changes in [DMS] occur rapidly and another (dominant) factor could be responsible

for that process. Bacterial consumption, may explain this phenomenon. If DMS is rapidly

consumed by bacteria, no increase of DMS in the water will be detected. Kiene & Bates

(1990) and Kiene (1990, 1992) suggested that bacterial production of DMS from

dissolved DMSP and consumption of DMS and DMSP could be the most important

production and consumption factors for DMS in seawater, this was not supported by

experimental proof however. In our experiment II, DMS utilizing bacteria were counted

by a selective MPN method. As the bacterial analyses were carried out only at a limited

number of samples, only a preliminary estimation of the potential DMS consumption by

these bacteria could be performed. It shows that bacterial consumption of DMS in the

mesocosms (1300 l) may be as high as 415 nM DMS.d-1. This is about the same amount

as the entire standing stock of DMS at the maximum values (P. Quist pers. comm.).

Since all other possible interferences failed to provide a reason for the discrepancy

between similar mesocosms, bacterial consumption could indeed be the most important

factor in removing DMS from the water. Since bacteria have a high reproduction rate,

small initial differences in numbers and/or substrate may rapidly lead to significant

differences in the resulting effects. Also small shifts in time for these microbial processes

between mesocosms, may explain the large differences in [DMS]water between

duplicates. When DMS is as rapidly consumed as it is produced, then obviously no

increase in the water will be detected. Proof still needs to be provided, however.
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CONCLUSIONS
The results of these experiments show that the release of DMS appears to be highly

correlated with phytoplankton senescence. The [DMS]water can be highly variable in

time, while large differences were observed under apparently identical conditions.

Maximum release of DMS into the water column is a matter of days rather than weeks.

In 1 day the [DMS]water can change by an order of magnitude. Mesocosms are useful

in understanding the mechanisms controlling the release of DMS into the water column.

They form an essential intermediate stage between laboratory experiments and the field.

However, care must be taken to extrapolate these results directly to the natural situation.

The high variability of the [DMS]water in the mesocosms suggests that under natural

conditions also, the period of maximum emission of DMS could be relatively short.

This will have implications for surveys of natural waters, e.g. along a transect not only

different plankton species may be present, but also different phases of a bloom

development, which may result in highly variable DMS measurements, which are not

easy to interpret. Large variations of [DMS]water, even between days, means that

relatively short sampling intervals or synoptic sampling are a prerequisite before proper

isolines can be drawn.
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Dimethylsulfide (DMS) is one of the most important precursors of biogenic non-sea-

salt-sulfate which is a major source of cloud condensation nuclei. Despite this important

role, factors controlling the release of DMS from algae into the water and from the

marine environment into the atmosphere are not yet clearly understood. Since

laboratory experiments are not easily extrapolated to the field and difficulties will arise

when trophic interactions are studied over longer timescales, experimentation at an

intermediate level between laboratory and field seems desirable. For the present paper

pelagic mesocosms were available to study plankton communities under semi-natural

conditions. The results show clearly that in all systems the maximum production of

DMS was linked to algal senescence. As changes in DMS concentrations in water were

relatively fast, care must be taken when extrapolating results of simple field surveys to

global DMS budgets.

INTRODUCTION
Although dimethylsulfide (DMS) is considered to be the largest source of biogenic

volatile sulfur compounds in the atmosphere and may have a considerable effect on

climate due to the formation of cloud condensating nuclei (Charlson et al. 1987),

mechanisms controlling its release into water are still poorly understood.

No simple correlation between chlorophyll a and DMS concentration exists in oceanic

surface waters (Cooper & Matrai 1989, Turner et al. 1989, Turner et al. 1988). However,

Belviso et al. (1990) found that dimethylsulfoniopropionate (DMSP), a precursor for

DMS, was predominantly associated with small dinoflagellates. These authors suggest

that the release of DMS in ocean surface waters is initiated by microzooplankton grazing.

Other suggestions are among others: metabolic excretion accompanying phytoplankton

growth (Belviso et al. 1990, Wakeham & Dacey 1989); phytoplankton grazing by

zooplankton (Dacey & Wakeham 1987, Vairavamurthy et al. 1985) and the senescence

of microalgae (Nguyen et al. 1988). Gibson et al. (1990) found a significant correlation

between DMS concentration and biomass of the algae Phaeocystis pouchetii.

It is difficult to relate laboratory experiments to the field, as experiments with several

trophical levels are not easily realised in the laboratory and are often executed on a

scale that is too small to reveal trophic interactions on longer timescales.

This problem may be overcome by using pelagic mesocosms, or plankton enclosures

(plastic bags) with about 1500 litres content. In this way the plankton dynamics can

be studied under semi-field conditions. An important advantage is that the same

plankton community can be followed under various experimental conditions and that

repetitive samples can be collected from the same waterbody without major disturbance

during the experiment. A disadvantage could be that the cycle of growth, senescence

and mineralization of a phytoplankton bloom is compressed in time depending on the

size of the system, when compared with the natural system. In our case, a natural
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sequence from March to September can be observed in 35 days. However, former

studies by Kuiper (1982) showed that in these types of mesocosms replicable

plankton successions were found in systems with similar treatments. It should

therefore be possible to relate differences between the individual bags to the

different circumstances under which the plankton is incubated. New

developments allow the measurement of actual fluxes of DMS from the water

column to the atmosphere in these systems (figure 1).

The main objective of our experiment was to investigate whether phytoplankton

will release DMS in the water during growth and/or senescence, and the role of

grazing by copepod zooplankton in this process. In this paper we describe a full

cycle of the formation and decay of a phytoplankton bloom and its DMS

production, whether in the presence or in the absence of zooplankton. Both the

DMS concentrations in the water column and the measured fluxes will be

discussed. To compare the mesocosm findings to a field situation of North Sea

coastal water, a full year cycle of the aquatic [DMS] and the chlorophyll a

concentration was monitored. 

MATERIALS AND METHODS

Experimental set-up
In the Den Helder harbour, four mesocom systems were installed alongside a raft.

Each system consisted of a plastic bag (polythene/polyamide two-layered foil) with a

depth of approximately 3 metres and 0.75 m diameter. The bags were suspended in the

water, and covered with clear perspex shields. Mixing of the watercolumn resulted from

the wave action, while ambient temperature and light remained close to the natural

situation (see Kuiper (1982); figure 1). One of the enclosures could temporarily be

closed with an airtight lid, creating a mesocom with a water and an air compartment.

Thus we were able to measure actual fluxes of DMS to the atmosphere under controlled

meteorological conditions. To homogenize the air compartment, a small propellor

provided a moderate windspeed of about 1.3 m s-1. The actual measurement was

performed after equilibration of the system for a minimum of 45 min. The system was

only closed during measurements, to allow for optimal comparability.

Seawater was collected in the Marsdiep channel (coastal North Sea) at high tide on 23

March 1992 by means of a floating watertank. The tank was left alongside the raft until

the next day to allow most of the suspended particulate matter to be deposited. All

enclosures were filled simultaneously via a branched pipe (Kuiper 1982). The water

was filtered over a 2 mm mesh to remove the larger predators. To create a difference

in grazing pressure the water of two of the bags was additionally filtered over a 55 µm

mesh in order to remove copepods. 
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Figure 1. Schematical

representation of the pelagic

mesocosm, or model plankton

system



The depth of all the bags was measured to calculate the volume. The water in the systems

was left to rest for another day until 25 March 1992, to allow fine suspended material

to settle.

Sampling from the systems
Water samples were collected through teflon tubing from a sampling depth of about

1.5 m, using a peristaltic pump. Samples for chlorophyll a were collected in one litre

polythene bottles and stored in the dark. Nutrient samples were deepfrozen until

analysis. Phytoplankton samples were fixed with lugol. Water for the determination of

[DMS]water was collected in glass stoppered dark bottles (100 ml) and stored in an

isolated box at a temperature of about 10°C until further treatment.

Zooplankton samples were collected using a 3 m pvc pipe, equipped with a ball valve

at the end, according to Kuiper (1981). The pipe was lowered 5 times on different spots

in each enclosure. A total of 35 litres was filtered through a 55 µm net and the

zooplankton was immediately fixed with glutaraldehyde. 

The samples for the Marsdiep monitoring were collected several hundred meters from

the coast. Most measurements were carried out at least in duplicate. We aimed to sample

always at high tide and at about 10.00 AM in order to rule out tidal and/or diurnal

effects. This automatically implied sampling intervals of about two weeks. 

Samples that were obtained during the Marsdiep monitoring were treated in the same

way as during the mesocosm experiment.

Analytical methods
The water samples for the determination of DMS were placed in a refrigerator at 4 °C

within two 2 hours. According to Kiene & Service (1991), DMS solutions in seawater

will remain stable for at least 16 hours at this temperature. A volume of 25 ml water

was carefully filtered (a paper filter was used) in a glass purge vessel, equipped with a

glass frit. Through this frit, high grade helium at 45 ml/min was purged through the

sample via a teflon tube at room temperature. The purge gas, containing the volatile

compounds, was dried through a ‘Nafion’ permeation drier (Dupont, model MD-125

P/F). Nitrogen was used as drying-gas. The dried helium was passed through a cold

trap, consisting of a straight glass tube containing 200 mg of Tenax-ta 60/80

(Chrompack). This cold trap was placed horizontally over a ‘Dewar-flask’, containing

liquid nitrogen. Cooling was established with aluminium strips, placed over the glass

tube into the nitrogen. Thus the temperature at the tube could be maintained at about

-120 °C. After 20 minutes purging, the collection tube was closed on both ends with

‘Swagelock’ caps (stainless steel, fitted with teflon ferrules) and stored in liquid nitrogen

until analysis (adapted from Lindqvist 1987, Lindqvist pers. comm.). Tests on the

storage procedure with calibration gas revealed that DMS samples can thus be stored

60 CHAPTER 3



for at least 8 weeks without obvious change. The DMS flux was measured based on the

difference between the inflow and outflow of synthetic air (at a rate of 10 l min-1). Air

samples, based on 15 min collection of synthetic air (3 l) for the flux measurements,

were trapped cryogenically on ‘Tenax’ tubes as well, and analyzed on the day of

collection. 

The DMS was analyzed on a ‘Varian 3500’ gaschromatograph equipped with a linear

plot column and a photo-ionization detector (10.2 eV), according to Lindqvist (1989).

At the end of the capillary column, sulfur compounds are catalytically converted to H2S

in a platinum containing pyrolyser at 1100°C. Only sulfur species are thus detected.

The analyses were compared with a dynamic dilution of the weight loss of

permeation/diffusion tubes containing COS (carbonylsulfide), DMS, DMDS

(dimethyldisulfide) and water. This calibration gas was sampled via a similar Nafion

permeation drier and trapped on Tenax cryogenic traps. The detection limit for DMS

was 1.5 pmol.

Chlorophyll a samples were immediately filtered on glass fibre filters (Whatmann

GF/C), extracted with 90% acetone and analyzed on a spectrophotometer according to

standard procedures (Parsons et al. 1984). Nutrient samples were analyzed for

orthophosphate, ammonia, nitrate, nitrite and reactive silicate using a ‘Technicon’ auto-

analyzer (Parsons et al. 1984). Phytoplankton samples, preserved with Lugol, were

counted in a 5 ml inverted microscope chamber. At least 25 fields were counted

(magnification 400x). Diatoms were

identified to species level while

flagellates were divided into size

classes. Zooplankton organisms,

preserved with 2.5% glutaraldehyde,

were counted microscopically and

identified in a 1 ml chamber. Species

were identified and a division was

made in adult copepods, copepodites

and nauplii.

RESULTS AND DISCUSSION
Figure 2 shows the development of the chlorophyll a concentrations in the mesocosms.

The results are typical for this kind of experiment. A complete spring and summer

plankton bloom is compressed into 35 days. The first peak, around day 8, is mainly

caused by the diatoms Skeletonema costatum and Thalasiosira nordenskioldii. The second

peak, which is less pronounced (day 20-30), consists mainly of flagellates like

Phaeocystis pouchetii. It will be clear that the development of phytoplankton in all

systems (expressed as chl a) is very similar not withstanding treatment by filtering. The
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Figure 2. Chlorophyll a concentra-

tions during the mesocosm experi-

ment of March/April 1992. Shown

are results of 55 µm filtered (1,2)

and non filtered (3,4) duplicates



presence of copepods (55 µm filtered v.s. no filtered) seemed to have little effect on the

phytoplankton development.

In figure 3 the concentrations of soluble silicate, nitrate and phosphate are given. The

silicate is depleted from the water in one week by the diatoms and reappears only in

very low concentrations after day 20, indicating that re-mineralization had started. 

The nitrate concentration becomes limiting after day 10 and stays low during the rest

of the experiment. During

this time the second phyto-

plankton bloom utilises the

mineralized nitrate in this

period. The phosphate con-

centration does become very

low, but is never limiting

during the experiment. No

major differences in the nu-

trient behaviour were obser-

ved in the four mesocosm

systems.

In figure 4, the results of the

DMS measurements in the

water phase are shown, to-

gether with the chlorophyll a

concentrations. The

[DMS]water initially increa-

ses slowly, but only a few days

after the collapse of the dia-

tom peak the [DMS]water

increases dramatically in

most systems. One observa-

tion of separate peaks for

chlorophyll and DMS evolu-

tions has been reported for a field situation by Leck et al. (1990). This strongly suggests

that not algal growth but senescence is a most important mechanism of DMS release

in seawater. This agrees well with the findings of Nguyen et al. (1988). Also the collapse

of the DMS peak is fast. In only one day the concentration decreases from about 480nM

to about 50nM. This suggests that under natural conditions also, the period of maximum

emission of DMS will be relatively short, and that changes in DMS concentration in the

water column may be quite rapid. This will have implications for surveys of natural

waters. During a transect for instance not only different plankton species may be present,
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but different phases of a bloom development may also be present and that could result

in highly variable DMS measurements.

Large variations of [DMS]water exist,

even between days, and short sampling

intervals or synoptic sampling seems a

prerequisite before proper isolines can

be drawn in natural situations.

Unfortunately there is a difference in

DMS behaviour between the duplicate

control mesocosms, despite the good

agreement in chl a and nutrient

behaviour (figures 2 and 3). There may

be several causes for this discrepancy:

* a difference in phytoplankton

species distribution despite chl a

similarity (Gibson et al. 1990);

* a difference in zooplankton grazing

pressure (Leck et al. 1990);

* a difference in bacterial consumption

of DMS (Kiene & Bates 1990);

* sampling and/or analytical errors.

Figure 5 shows the phytoplankton composition during the experiment in the control

mesocosms. The diatom species Skeletonema costatum and Thalasiosira nordenskioldii

dominate the first bloom while the second bloom is dominated by flagellates. There is

no obvious difference in algal composition between duplicate systems.

In figure 6 the zooplankton development in all four systems is shown. A large difference

between the filtered systems (enclosures 1 and 2) and untreated systems (3 and 4)

exists, but not between duplicate systems. At least until day 25 no major activity of

zooplankton can be observed in the 55 µm filtered systems. In the other non-treated

systems, zooplankton consisted of about 70% of the species Temora longicornis. Other

species were: Acartia clausii (11%), Centropages hamatus (11%) and Pseudocalanus

elongatus (2%). From figure 6 it is not expected that the grazing pressure by copepods

in the (control) systems has a major influence on DMS release during the first 20 days

of the experiment. This seems to be in contrast to other observations (Dacey &

Wakeham 1987, Leck et al. 1990, Wakeham & Dacey 1989). Different time scales may

affect the rate of the zooplankton development in relation to phytoplankton, however,

resulting in the non-matching of life stages.
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Analytical errors could be attributed to either infrequent sampling, thus missing peak

concentrations, or to poor instrumental analysis. With a maximum sampling interval

of two days during the DMS peak and the

size of the peak, we assume that no peak was

missed in our observations. The repro-

ducibility of the DMS analyses is quite high.

The coefficient of variation (CV) for inde-

pendent analyses ranges between 5 and 17

%. In figure 8 results for duplicate analyses

are displayed.

The above results do not give an explanation

for the large discrepancy between the two

control systems in [DMS]water but as changes

in DMS concentration may happen very fast,

a small timeshift in an essential process, like

bacterial consumption, may explain this

phenomenon (Kiene & Bates 1990, Kiene &

Service 1991). If bacteria are able to recycle

DMS very rapidly no increase in the water will be detected. Insufficient analyses of the

number of bacteria able to grow on DMS were performed to support this idea 

(P. Quist, pers. comm). 

In figure 7 the measured DMS flux from enclosure 3 (control) is plotted together with

the corresponding [DMS]water. Despite the high frequency of sampling (every 1 - 3

days), both a dramatic increase and decrease of DMS concentrations is observed in the

water column, and in the pattern of the measured fluxes. 

This implies a direct coupling of the fluxes

to the gradient in DMS, no delay seems to be

present. The measured fluxes are consistent

with the ‘Liss-Slater’ model for the adjusted

windspeed of about 1.3 m s-1 (Liss & Slater

1974). When we calculate the total flux per

day, assuming similar conditions as during

the measurements, and compare this with

the decrease of the total amount of DMS in

the water column (table 1) it is observed that

the amount of DMS lost from the aquatic

system can only partly be explained by the flux to the atmosphere. We have to realize,

however, that the normalized conditions in the air compartment (about 1.3 m s-1) are

at the lower side of the natural wind speed spectrum, and that the airtight closure of
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during the mesocosm experiment of

March/April 1992

Figure 6. Zooplankton development

in the control and the 55 µm filtered

mesocosm systems



the mesocosm only lasted during actual flux measurements (about 1 hour per day).

Therefore, actual fluxes may be higer,

possibly a factor 10. Furthermore, the

kinetics of [DMS] increase and decrease

observed are very rapid, and the present

calculations are based only on relatively

few measurements. Results of experiments

on the coupling of the mesocosm studies

regarding fluxes under variable experi-

mental (wind) conditions will be reported

elsewhere (Baart & Verhagen unpubl.)

Assuming that we underestimate the flux

(perhaps by a factor of 5 - 10), we still are

not able to explain the rapid disappearance

of DMS at maximum rate. This could imply

that an additional sink for the DMS in the

water column exists. Possible sinks are:

* photochemical conversion;

* diffusion through the mesocosm material;

* bacterial/algal consumption of DMS.

Table 1: Calculated total DMS and decrease of DMS in the water column per day

compared to the calculated total DMS flux to the atmosphere per day, extrapolated from

the measurements and assuming constant conditions

day ∑DMSwater ∆DMSwater DMS flux   µg d-1

nr. µg µg d-1 (windspeed 1.3 m s-1)

20 41,438

21 39,650 -1,788 1,036

22 3,955 -35,695 765

23

24 311 -1,820 253

Photochemical conversion seems unimportant as the chemical half-life of DMS in water

is in the order of months. Additionally, the water was rich in humic material, limiting

penetration of UV light. Diffusion through the plastic enclosure material could have

played a role as the concentration outside the bags was measured as being lower. 

The importance of this factor will have to be estimated in future experiments. Bacterial
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atmosphere under standardized

meteorological conditions in the

control system 3



consumption is likely to have been important in removing DMS from the water (Kiene

& Bates 1990, Kiene & Service 1991) but as already mentioned we were not able to

collect sufficient data to estimate bacterial DMS consumption. 

Figure 8 shows the results of the

monitoring of the one year cycle at the

Marsdiep tidal inlet.  The results show

a relatively low background level in

winter time of about 5 to 50 ng l-1. In

spring [DMS]water starts to rise and a

maximum of about 1000 ng l-1 was

measured on 10 April 1992. At first

sight, development of [DMS]water is

parallel with the development of

chlorophyll-a in the water column,

whereas in the enclosure experiments

the [DMS] peaked distinctly after the

chlorophyll maximum. Because of the

different timescale and large sampling

intervals in the natural series these results do not necessarily have to be inconsistent

with each other. In the natural situation the phyto- and zooplankton blooms develop

more slowly than in a mesocosm experiment. Chlorophyll peaks tend to be broader

indicating that senescence could take place during the chlorophyll maximum. Due to

the relatively large sampling intervals and the rapid kinetics of DMS described above,

the actual position of both chlorophyll a and of [DMS]water peaks may have been missed

in the time series. In addition, although samples were collected at the same station,

sampling was never from the same watermass.

CONCLUSIONS
The results from the mesocosm (enclosure) experiment show that [DMS]water can be

highly variable in time and under apparently identical circumstances. Increase and

decrease of DMS in the water can be very rapid. In a matter of days [DMS]water can

change by one order of magnitude. DMS release in the watercolumn seems to be highly

correlated with phytoplankton activity, but the relation is due to senescence rather than

to growth. 

Mesocosms are very useful in research on the mechanisms controlling the release of

DMS into the water. They form an intermediate between laboratory experiments and

the field, although care must be taken to extrapolate results directly to the natural

situation. 
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the water and chlorophyll a
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The production of dimethylsulphoniopropionate (DMSP) by marine phytoplankton

and the fate of the produced DMSP and dimethylsulphide (DMS) were studied in four

pelagic mesocosms during an algal bloom over a period of one month. Bacterial numbers,

the concentrations of particulate and dissolved DMSP, DMS and chlorophyll a were

monitored, as well as the turnover rates of DMS and DMSP. The flux of DMS to the

atmosphere was calculated on the basis of the model by Liss & Merlivat (1986). From

the total amount of DMSP produced, only a fraction could be detected as DMS in the

water column. DMS production in the water column did not necessarily correlate with

algal senescence, but also occurred during the maximum of the algal bloom. The flux

of DMS to the atmosphere played a minor role as a sink for DMS. Evidence is presented

that bacterial consumption is a major sink for DMS, both under conditions of high and

low DMS water concentrations. DMSP was degraded either via cleavage or via

demethylation; the results indicate a predominant role for the latter route.

INTRODUCTION
On the basis of its concentration and turnover, dimethylsulphide (DMS) is one of the

most important biogenic sulphur compounds in the marine environment. It accounts

for over 50 % of the total biogenic sulphur (1011 kg S) entering the atmosphere annually,

and about 90 % of the DMS originates from marine sources (Andreae 1990). In the

marine environment, DMS is mainly formed by the cleavage of b-dimethylsulphonio-

propionate (DMSP), an osmoregulator in marine algae (Vairavamurthy et al. 1985,

Dickson & Kirst 1987a, 1987b).

The efflux of DMS to the atmosphere and the factors controling this deserve special

attention because of their (threefold) effects.  Firstly, since the work of Lovelock et al.

(1972), it has been accepted that DMS is the main vehicle by which the global sulphur

cycle is balanced. Secondly, photochemical oxidation of atmospheric DMS into

methanesulphonic acid and sulphate leads to acid precipitation. Thirdly, the efflux of

DMS to the atmosphere results in an increase in the so called “Cloud-Condensation-

Nuclei”, or CCN, which have a backscattering effect on solar radiation and influence

cloud formation. A regulatory effect of CCN on global warming has been postulated by

several authors (Bates et al. 1987a, Ayers & Gras 1991, Charlson et al. 1987, Charlson

et al. 1991).

Factors controlling the concentration of DMS in the water column (the parameter

driving the release to the atmosphere) are not yet clearly understood, but include

zooplankton grazing, algal senescence, algal and bacterial DMSP-lyase enzyme activity,

and chemical breakdown of DMS (Dacey & Wakeham 1986, Nguyen et al. 1988, Belviso

et al. 1990, Belviso et al. 1993, Stefels & Van Boekel 1993, Stefels et al. 1995, De Souza

& Yoch 1995).
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The most important loss factors for DMS from surface waters are bacterial oxidation,

(photo)oxidation, and efflux to the atmosphere (Kiene 1992, Brimblecombe & Shooter

1986). Bacterial DMSP de-

methylation may also occur,

providing an alternative route

for DMSP metabolism that

circumvents the formation of

DMS (Figure 1; Taylor &

Gilchrist 1991). Products thus

formed include methyl-

mercaptopropionate (MMPA),

and mercaptopropionate (MPA).

Stefels & Van Boekel (1993)

showed that bacteria free

cultures of the algae Phaeocystis

sp. are able to convert extra-

cellular DMSP into DMS using a DMSP lyase enzyme; the algal contribution under field

conditions is still unknown, however.

The particulate DMSP concentration in seawater shows seasonal fluctuations which

correlate well with algal densities of certain species (Nguyen et al. 1988, Keller et al.

1989, Leck et al. 1990, Matrai & Keller 1994). During algal blooms, high concentrations

of DMSP and DMS are reached (Leck et al. 1990, Malin et al. 1993), especially when

algae such as Phaeocystis sp. or Emiliania huxleyi are the dominant species (Liss et al.

1994, Matrai & Keller 1993). For this reason, algal blooms may have pronounced effects

on the annual global sea-air exchange of DMS. It is therefore of great importance to

know what mechanisms control the DMS concentration in the watercolumn (DMSwater

concentration) under various conditions.

Kwint & Kramer (1995) could not balance the production and consumption of DMS

in an earlier mesocosm study in Den Helder, The Netherlands, unless bacterial

degradation was used as “a missing sink”. In the present quasi-field experiments were

performed in mesocosms in which an algal bloom was induced to study the fate of

DMSP and the relative importance of bacterial degradation and other sinks for DMS.

Mesocosm experiments have the advantages that the same water mass and planktonic

community can be followed over a relatively long period under quasi-field conditions,

and that the system is easily accessible for sampling. Previous studies showed that in

such pelagic mesocosms replicable phytoplankton successions occurred and that the

results could be extrapolated to the field situation (Kuiper 1977, 1981). Because of the

high DMSP content of Phaeocystis sp., a bloom in which this species dominated was

monitored.
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Figure 1. Bacterial conversions of

dimethylsulphoniopropionate

(DMSP). Cleavage of DMSP yields

dimethylsulphide (DMS) and

acrylate. An alternative route for

the degradation of DMSP is the

demethylation via methylmercapto-

propionate (MMPA) to

mercaptopropionate (MPA).

Demethiolation of MMPA results in

methanethiol (MSH) and acrylate.



MATERIALS AND METHODS
Mesocosms. The quasi-field experiments were carried out in 4 similar, free-floating,

pelagial mesocosms as used by Kwint & Kramer (1995). The same experimental setup

was used for all 4 systems except for the presence of sediment traps in mesocosms 1

and 2. The sediment traps (perspex cylinders (Ø 7.4 cm, height 20 cm) were mounted

in a rigid PVC frame, at water depths of 0.5 and 2 meters and were emptied daily. The

results from the sediment traps obtained in the experiments are described in detail by

Osinga et al. (1996a). Two days before commencement, the mesocoms were installed

in the Den Helder harbour, The Netherlands. The mesocosms consisted of large plastic

bags (polythene/polyamide 2 layered foil) each with a diameter of 72 cm and an

approximate depth of 3.2 m, thus having a content of about 1300 l. The mesocosms

were simultaneously filled with water from the Marsdiep tidal inlet on April 14, 1993,

according to Kwint & Kramer (1995). On day 0, 40 µM nitrate and 6 µM phosphate

were added to restore the levels of these nutrients to the winter levels in the nearby

Marsdiep, thereby ensuring high planktonic growth. For 35 days almost daily

representative samples were taken for the analysis of chlorophyll a (chl a), DMSP, DMS,

and nutrient concentrations.

Analysis. Water samples were collected in a depth-transect through the bags using a

3-l glass bottle and a peristaltic pump with teflon tubing. The oxygen concentration,

pH, Secchi depth, particle data (Coulter Counter) and water temperature were measured

daily. Subsamples for the determination of chl a, nutrient concentrations, DMS,

phytoplankton, bacteria densities and DMSP and for the short-time incubation

experiments were immediately taken from this large sample. The remainder was

returned to the mesocosm.

Chl a: Subsamples were stored in 1-l polyethylene bottles in the dark until analysis

within 2 h of sampling. Samples were filtered on glass fibre filters (Whatmann GF/C),

extracted with 90% acetone and analyzed by spectrophotometry according to standard

procedures (Parsons et al. 1984).

Nutrient concentrations: Subsamples were stored deepfrozen (-25°C) until analysis for

ortho-phosphate, ammonia, nitrate, nitrite and reactive silicate, using a ‘Technicon’

auto-analyzer (Parsons et al. 1984).

DMS: Subsamples were taken in amber 100-ml glass-stoppered bottles and stored on

ice. To check for losses during storage, occasionally duplicate samples were taken for

DMS, and DMSP and analyzed with an interval of about 1 h. No obvious losses of

particulate DMSP (DMSPp), dissolved DMSP (DMSPd), or DMS were detected. The

DMS samples were processed immediately after returning to the laboratory, usually

within 4 h of sampling. 

A gas-stripping cryotrapping method was used for concentrating the DMS samples

(Kwint & Kramer 1995). DMS was analyzed according to Lindqvist (1989) on a Varian
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3500 gas chromatograph equipped with a capillary linear plot column and a

photoionization detector using hydrogen as the carrier gas. Calibration was performed

using DMS permeation tubes in a dynamic dilution system. Quantitative analysis of

DMSP was possible after its alkaline conversion to acrylate and DMS (Dacey & Blough

1987). Gravity filtration (Whatmann GF/C filters) was used to separate the particulate

DMSP (DMSPp) from the dissolved DMSP (DMSPd) (Stefels & van Boekel 1993).

Phytoplankton: Samples preserved with Lugols Iodine, were counted and identified by

inverted microscopy. At least 20 fields were counted per sample (magnification 400✕).

Zooplankton: Samples were taken twice weekly with a 3-m long PVC pipe, equipped

with a ball valve at the end, according to Kuiper (1981). In total, 35 litres per sample

were filtered over a 55 µm mesh-sized nylon filter and immediately fixed with neutral

buffered formalin. The filtered water was returned to the mesocosm. Zooplankton were

counted and identified microscopically in a 1-ml chamber. Copepods were subdivided

into adult copepods, copepodites and nauplii.

Bacteria: Samples for the estimation of total bacterial numbers and DMS consuming

bacteria were taken 3 times weekly from 2 mesocosms (numbers 1 & 3). Total bacterial

cells were counted by epifluorescence microscopy (Hobbie et al. 1977). The filterfixed

cells were incubated for 10 minutes in the dark, using bisbenzimide (10 µM) (T.A.

Hansen pers. comm.) instead of acridine orange. For the quantification of the DMS

oxidizing population a most probable number (MPN) method was used (De Man 1975).

Bacteria were incubated on a mineral medium with DMS as the only carbon source.

The medium used for the triplicate tenfold dilution series (10-3-10-9) consisted of 5

µm-filtered autoclaved seawater supplemented with 37.4 mM NH4Cl, 16.5 mM 2-bis[2-

hydroxyethyl]amino-2-[hydroxymethyl]-1,3-propanediol, 1 mM KH2PO4, and 0.2 mM

FeNH4-citrate (Janvier et al. 1985). The dilution series was incubated in an atmosphere

of DMS in the dark at 25 °C for 4 weeks. The added amount of DMS resulted in a DMS

in the medium (DMSmedium) concentration of 200 µM. The atmosphere was refreshed

weekly to assure the availability of sufficient oxygen and DMS. Positive tubes were

scored on the basis of both acidification and increased turbidity. Positive tubes were

double checked by transferring 5 ml from the tubes to 15 ml crimp seal vials closed

with teflon-lined septa. After overnight incubation, DMS consumption was determined

by headspace analysis. For data analysis the computer program of Klee (1993) was

applied.

Isolation of DMSP utilizing bacteria: To determine the bacterial population diversity,

subsamples from the mesocosms were directly spread on solid agarose plates (15 g

agarose MP l-1 (Boehringer, Mannheim), washed 3 times with a 100-fold volume of

demineralised water) consisting of the MPN medium (Janvier et al. 1985) supplemented

with 10 mM DMSP as substrate. After 3 weeks distinct colonies were transferred to

fresh plates and control media without substrate to check for DMSP utilization.
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Subsamples, inoculated in mineral medium supplemented with 10 mM DMSP, were

used to screen the isolates for DMSP utilization and DMS, MMPA, or MPA production

(Figure 1).

DMSP and DMS conversion rate estimation: Samples for the duplicate estimation of

bacterial DMSP and DMS conversion rates were taken twice weekly from mesocosm 1.

Incubation took place in the dark at the in situ temperature. The samples (50 ml volume)

were incubated in amber 250-ml screw cap bottles with and without the addition of

500 µM chloroform. At t=0 and after 2, 4, and 6 h, duplicate bottles were used to

determine the DMSPp, DMSPd, and DMSwater concentrations, meaning that for each

time t, two new bottles with and two new bottles without chloroform were used. The

production and consumption rates for these compounds were calculated from the initial

linear parts of the curves describing their changes in time. The results of an incubation

were only used when the linear part of the curve covered at least 3 (duplicate) points.

Consumption of DMS was blocked with 500 µM of chloroform (Kiene & Bates 1990),

allowing an estimation of the net production rate of DMS. In control experiments the

chloroform added had no effect on the DMSP lyase activity of an axenic Phaeocystis sp.

culture, while it completely blocked DMS oxidation by a DMS utilizing bacterial culture

(Matrai et al. 1995, J. Stefels pers. comm.). The concentration of DMSPd did not increase

in the presence of chloroform, which is in contrast with the findings of Wolfe & Kiene

(1993), but this is probably due to the high biomass of Phaeocystis. In this experiment

the assumption was made that no DMSPp was produced by phytoplankton during the

6 h incubation in the dark.

Flux. The DMS flux to the atmosphere was calculated on the basis of the model of Liss

& Merlivat (1986), taking actual water temperature and windspeed, obtained from a

nearby meteorological station (within 1 km distance), into account. The concentration

of DMS in the air was insignificant compared to the concentration in the water column

(A Baart pers. comm.) and therefore could be ignored in the calculation.

Reagents and chemicals: DMS and acrylate were obtained from Merck (PA quality).

The HCl salt of DMSP was synthesized according to Chambers et al. (1987). Its identity

and purity were checked by melting point determination, proton NMR, and after

alkaline conversion to DMS, by comparison to a DMS standard. Bisbenzimide used was

Hoechst dye 3258.
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RESULTS and DISCUSSION

Plankton development 

After sampling had started at day zero, it took 5 days

before the algae already present in the water column

of the mesocosms to settle. These algae appeared

unable to stay buoyant in the less turbulent

environment of the mesocosms and as a result

sedimentation took place. Figure 2 shows the chl a

and the DMSwater concentrations together with

Phaeocystis cell density with time. The settling of

algae during the initial days gave rise to elevated

levels of DMSPd and DMS concentrations (Figures 2

and 3).

A bloom dominated by Phaeocystis sp., a DMSP

producing species, started to develop from day 10

onwards. After a peak around day 18 (up to 150 ✕

106 cells l-1) the bloom collapsed around day 22. This

was indicated by a decrease of the chl a

concentration. The collapse was accompanied by

nitrogen depletion; a decrease from 100 µM to about

1 µM NO3 was observed, suggesting that nutrient

limitation rather than zooplankton grazing had

caused the collapse. Diatoms, mainly Nitszchia sp.,

were present in only moderate numbers (1-3 ✕ 106

cells l-1) due to the low silicate concentrations, which

were just above the detection limit (1 µM).

The sedimentation of algae in the first week

coincided with a DMS peak that was very similar in

all systems (Figure 2). The DMSwater concentration peak value was about 300 nM at

days 4 and 5. The DMSwater concentration was up to 50% of the amount of DMSP that

could be detected during the first seven days of the experiment. Whether DMS during

this period originates from algal or bacterial DMSP-lyase activity remains unclear. When

both the efflux of DMS to the atmosphere and the bacterial consumption are taken into

account, it seems likely that during this first DMSP peak, most of the DMSP present in

the water column was converted to DMS. The high DMS concentrations may be an

effect of the density of the bloom induced, which practically consisted of a monoculture

of the algae Phaeocystis sp. These high concentrations may also occur occassionnally

in the field during dense Phaeocystis sp. blooms in the Southern Ocean and North Sea
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Figure 2. Development of the

DMSwater concentration (▲), chl a

concentration (■) and Phaeocystis

cell density (●) during the algal

bloom (A) mesocosms 1 + 2 with

sediment traps; (B) mesocosms 3 + 4

without sediment traps. Points show

measurements, lines show averages

between duplicate mesocosms.



(Crocker et al. 1995, S. Turner pers. comm.). From about day 8 the DMSwater

concentration reached its base level again (about 4 nM). In mesocosms 3 and 4 (without

sedimenttraps), the DMSwater concentration started to rise at day 14, reaching a value

of approximately 400 nM at the same day of the maximal chl a concentration (day 17),

after which the DMSwater concentration decreased to a value of about 4 nM DMS on

day 24. The mesocosms with sediment traps (1 and 2) showed a much more rapid rise

(day 18-19) and fall (20-23) in the concentration of DMSwater. The chl a peak was

reached at day 22. This substantial difference between mesocosms with traps and

mesocosms without traps remains to be explained. It is discussed in more detail

elsewhere (Osinga et al. 1996a). Towards the end of the experiment the DMSwater

concentration remained at a value of about 4 nM. From Figure 2 it is evident that the

second release of DMS started well before the Phaeocystis bloom reached its maximum.

This is consistent with our results obtained from the natural environment (Kwint &

Kramer 1996) and the results of Stefels & Van

Boekel (1993) who found the highest DMSP

lyase activity for exponentially growing cells of

Phaeocystis sp. It is, however in contrast to our

findings reported before, for earlier mesocosm

experiments carried out in spring and in autumn

(Kwint & Kramer 1995). This apparent

discrepancy will be discussed below.

Towards the climax of the bloom, the DMSPp

concentration rose sharply to a value of about

2500 nM in mesocosms 1 and 2 (with sediment

traps) and even up to 6500 nM in mesocosms 3

and 4 (without sediment traps) (Figures 3 A,B).

This concentration is 20-fold higher than the

DMSwater concentration. The DMSP

concentrations found in this experiment are

extremely high compared to what is usually

found in the field. Kwint & Kramer (1996)

reported maximum concentrations of DMSPp of

about 1500 nM. Chl a concentrations were not

unusually high, however (a maximum of about

60 µg l-1 in the mesocosms  compared to 65 µg

l-1 during the field monitoring). The plankton

bloom in this experiment consisted of an almost

monoculture of Phaeocystis, which was not the case in the field.
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Figure 3. DMSP concentrations and

the DMSPp/chl a ratio for the 4

mesocosms (A), (C) and (E):

mesocosms 1 + 2 with sediment

traps; (B), (D) and (F): mesocosms

3 + 4 without sediment traps. (A)

and (B): particulate DMSP

concentration; (C) and (D):

dissolved DMSP concentration; (E)

and (F): ratio particulate DMSP/chl

a. Points show measurements and

lines show averages between

duplicate mesocosms.



The DMSPp/chl a ratio varied around a value of 50 to 60 nmol DMSP µg chl a-1 (Figures

3 E,F), with its highest values coinciding with the DMSwater maxima. In general the

amount of DMSPp reflects the number of Phaeocystis cells (Figure

2). A maximum DMSPp/chlorophyll occurred around day 18, just

before the end of the phytoplankton bloom, which agrees well

with the results of Matrai & Keller (1993) who described a

maximum DMSP content and release of DMS at the maximum of

a bloom of Emiliania huxleyi in the Gulf of Maine.

Towards the end of our experiment where Phaeocystis became

less important, the DMSPp/chl a ratio decreased to about 10 nmol

µg-1. These ratios are comparable to the DMSP/chl a ratios found

under natural conditions in this area. During a Phaeocystis sp.

bloom in the Marsdiep (The Netherlands) tidal inlet, Kwint &

Kramer (1996) found a ratio of approximately 20 nmol DMSP ·

µg chl a-1 that decreased to 12 nmol DMSP · µg chl a-1 after the

bloom had declined.

We observed the general trend that a decrease in the DMSPp

concentration coincides with an increase in the DMSwater

concentration, although this is true only in a qualitative sense.

The DMSPd concentration appeared to be highly variable during

the entire experiment, although there is a trend of a decrease from

100 nM DMSPd at the start of the experiment to about 10 nM

DMSPd at the end, with some elevation during the DMSwater peaks

(Figures 3 C,D).

Interestingly, the increase in the DMSwater concentration

following the decrease in DMSPp over the first 5 days represented

about 50% of the DMSPp lost, while during the decline of the

major bloom (day 18 - 25) DMS accumulation accounted for only

5 % of the DMSPp lost. The differences in the two periods cannot

be accounted for by accumulation of DMSPd (Figures 3C,D). This indicates that either

in the first period a lesser turnover of DMS occured, or that during the second bloom

demethylation had a larger contribution to the degradation of DMSP than cleavage.

Maximum numbers of the copepod Temora longicornis occurred before the maximum

of chl a, and corresponded with the onset of maximum DMS release into the water

column (Figure 4). Differences between systems with and without sediment traps did

occur. Mesocosms without sediment traps (Figure 4B) had lower copepod numbers

(ca. 100 vs. 150 l-1) and high numbers of rotifers and rotifer eggs were found in the

first two weeks of the experiment. The zooplankton may have stimulated DMSPd

formation by feeding on the algal cells (Dacey & Wakeham 1986, Belviso et al. 1990,
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Figure 4. Zooplankton numbers

during the algal bloom. (   ) Temora

longicornis, (◆) tintinnids, ( )

rotifer eggs, and (■) rotifers. (A)

mesocosms 1 and 2 with sediment

traps; (B) mesocosms 3 and 4

without sediment traps. Points show

measurements, lines show averages

between duplicate mesocosms. Note

different scales.



Belviso et al. 1993, Hansen & Van Boekel 1991, Hansen et al. 1994). However, the

maxima of the zooplankton densities appear to have no direct relation to the

accumulation of DMSPd and DMSwater.

Our experiment shows that in the mesocosms used, replicable results can be obtained

concerning the course of the algal bloom, the production of DMSP and the release of

DMS into the water column. The differences in the results between mesocoms with and

without sediment traps may be explained by different resuspension of sedimented

material. Due to the rigid sediment traps, the water column in those mesocosms with

traps may have been less well mixed than in those without. The result is that less material

is mineralized in the water column, explaining a less pronounced phytoplankton bloom,

as well as the difference in zooplankton composition and sequence.

Mesocosms are thus useful for studying the mechanisms controlling the turnover of

DMSP and DMS. However, in mesocosm experiments, the timescale of a phytoplankton

bloom is compressed in time 2-3 times (Kuiper 1977). As the zooplankton bloom is

restricted by the development of their different larval stages, the interrelations of phyto-

and zooplankton can be seriously affected.

The total bacterial population density peaked twice during the mesocosm experiment,

possibly due to the increase of particulate and dissolved organic

matter originating from  senescent algae (Figure 5). The

bacterial population had a base level of 2 ✕ 109 cells · l-1 and

peaks of 8 ✕ 109 cells · l-1 and 6 ✕ 109 cells · l-1 at day 16 and

26, respectively. The relatively moderate increase in bacterial

numbers between base level and peaks (only fourfold) was

already pointed out by several authors for a broad range of

pelagic environments (as reviewed by Thingstad 1987). They

proposed a mechanism where a strict regulation of bacterial

densities would occur caused by viruses or predators such as

nanoflagellates in pelagic systems. 

The DMS utilizing bacteria, as determined by MPN method,

constituted only a small fraction of the total bacterial population

density (note the difference in scales in Figure 5). The DMS utilizing bacterial population

started to grow shortly after the DMSwater maximum. It peaked only after the second

DMS peak with a maximal density of 5 ✕ 106 cells · l-1 at day 26. From laboratory studies

(data not shown) we know that there is a long lag-phase for bacteria to switch to DMS

utilisation. The delay in response can also be explained by the low growth rate of most

marine heteretrophic strains (Thingstad 1987). The observation that there are only few

DMS-utilizing bacteria during the first 5 days of the experiment, may account for the

relatively high DMSwater concentration in relation to the available DMSPp.
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Figure 5. Average bacterial numbers

measured during the experiment in

mesocosms 1 and 3. Total bacteria 

( ) and most probable number of

DMS utilizing bacteria (MPN DMS;

●). Note different scales.



Table 1. DMSP concentrations ([DMSPp] and [DMSPd]), DMSP turnover, turnover

rates (∆ DMSPp and ∆ DMSPd), turnover rates by cleavage (Vcleavage) and demethylation

(Vdemethylation), turnover time by cleavage (tCl) and demethylation (tDm) and the ratio

tCl/tDm

Day number

Parameter Unit 7 24 31

[DMSPp] nM 5.2 501.8 167.1

[DMSPd] nM 25.9 54.9 21.4

∆ DMSPp nM d-1 39.0 -795.0 682.0

∆ DMSPd nM d-1 -35.0 -1529.0 29.0

Vcleavage nM d-1 0.0 21.0 47.0

Vdemethylation nM d-1 35.0 1508.0 0

tCl d ∞ 2.6 0.5

tDm d 0.8 0 ∞
tCl/tDm - ∞ 70.0 0

DMSP cleavage versus demethylation

In order to elucidate the role of DMSP utilizing bacteria, sub-samples collected from

the mesocosms on four different days were incubated in the laboratory. In Table 1 the

variables are summarized. In addition to the DMSPp and DMSPd concentrations, the

estimted DMSP conversion rates (∆) are presented. The turnover rates (V) are sub-

divided into turnover by cleavage and demethylation. Finally, the turnover time (t, in

days) was given by the ratio concentration/turnover rate. A high number thus indicates

a slow turnover.

It appears that at day 7, where a rather low concentration of DMSP is available (and

possibly also a low number of DMSP utilizing bacteria), the process of demethylation

was the most important.

It was assumed that no increase in DMSPp would occur in the dark during the incubation

experiments. This assumption was found to be not completely true, however. In some

experiments an increase was detected. Quantification was not possible, as the increase

is the net result of production and consumption. The increase in DMSPp may be due

to intracellular accumulation of DMSPd by bacteria (Ledyard & Dacey 1994), or to the

actual production of DMSPp by algae in the dark (J Stefels pers. comm.). As a result,

the net decrease in DMSPd can be underestimated. The turnover of DMSPd by

demethylation was calculated by subtracting the net increase in DMS from the net
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DMSPd decrease, leading to an underestimation of the importance of demethylation,

also because some DMS may have been consumed during the incubation. Due to the

large headspace in the incubations up to 28% of the DMS formed during the incubation

may have been lost on sampling a bottle. As a different bottle was used, for each point

on the incubation curves, the results were not influenced in a relative sense.

The DMSP degrading population consisted of a variety of bacteria, using either of the

two routes shown in Figure 1. The inoculation of DMSP agarose plates with subsampled

seawater from the mesocosms resulted in a broad spectrum of, morphologically

different, colony types. Some (less than 5%) of them were agarolytic, but most of them

were found to be positive for DMSP utilization. Fourteen different strains were non-

randomly (based on colony types) selected and characterized. Of these strains six were

capable of DMSP cleavage (P. Quist, unpubl.).

Turnover of DMS
Table 2. Temperature, windspeed, DMS concentrations, rates of bacterial production

and consumption, biological turnover time (tbio), turnover time by efflux of DMS (tatm),

and the ratio tatm/tbio

Day number

Parameter Unit 7 10 24 31

Temperature °C 10.2 12.2 13.6 13.6

Windspeed m·s-1 5.0 4.5 4.5 7.0

[DMS] nM 64.7 6.0 13.4 8.0

Bacterial production nM·d-1 0 26.0 21.0 47.0

Bacterial consumption nM·d-1 178.0 26.0 28.0 14.0

tbio d 0.4 0.2 0.5 0.6

Flux µmol·m-2·d-1 61.1 4.3 9.4 15.5

tatm d 3.6 4.8 4.9 1.8

tatm/tbio - 10.1 21.0 10.0 3.1

A comparison was made between the (calculated) flux of DMS to the atmosphere and

the degradation of DMS by bacteria (Table 2). From temperature, windspeed and the

DMSwater concentration the flux was calculated. The bacterial production and

consumption followed from the incubation experiments for the four days of

measurements. As before, t represents the turnover time, t bio for biological

consumption and t atm for atmospheric flux, respectively. When the ratio t atm/t bio is

larger than 1, it reflects the dominance of bacterial degradation over flux to the
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atmosphere as a sink for DMS. It appears that for all 4 days Which there was data, the

bacterial breakdown is by far the most important process, usually by a factor 10 or

more. Only at the end of the mesocosm experiment (day 31), did both processes become

comparable. The bacterial breakdown was still, by a factor of 3, more important than

the flux to the atmosphere. In field experiments, Kiene & Bates (1990) found a similar

10% atmospheric flux for a system with a low DMSwater concentration (1-10 nM). Our

results may be influenced by the fact that chloroform did not always totally inhibit the

biological DMS consumption. In samples with a high algal biomass content, the

chloroform appeared to be less effective than in samples with low algal biomass, so

these data were not used. The exact cause for this is not yet clear. After the completion

of these mesocosm experiments Visscher & Taylor (1993) reported a new mechanism

for the bacterial breakdown of DMS which was not sensitive to inhibition by chloroform.

Wolfe & Kiene (1993) showed that in some cases chloroform may cause a release of

DMSPd and stimulate DMS production leading to an overestimation of the DMS

consumption by a factor of about 2. In our experiments, the estimated bacterial DMS

consumption was a factor 10 or more important than the flux to the atmosphere, so we

can still conclude that bacterial degradation, rather than atmospheric flux, is a main

sink for DMS.

Because of the direct relation between

the flux and the DMSwater concentration

in our experiment, the sea-air exchange

of DMS may be heavily affected by the

short periods of high DMSwater

concentration. To expand our findings

to periods of high DMS concentration,

the daily fluxes to the atmosphere were

calculated for the entire period of the

experiment. In Figure 6 the flux of DMS

is compared to the total amount of DMS

present in the mesocosm. A decrease in

the total amount of DMS is the result of

flux to the atmosphere and bacterial

degradation and/or photooxidation. It is

not possible to comment on the importance of the atmospheric flux in periods with a

high production of DMS, as the DMSwater concentration is the net result of production

and degradation/efflux. However, in situations where a strong decrease in the DMS

concentration is observed the calculated flux can only be responsible to a minor extent

for the decrease in DMSwater. During days 5-8 the flux to the atmosphere is very small

compared to the amount of DMS that disappears from the mesocosm. For the period
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Figure 6. Calculated total flux of

DMS (black bars) from mesocosm 1

and the total amount of DMS (open

bars) present in mesocosm 1.



days 19-24 the flux to the atmosphere appears to be more important, but the bacterial

consumption still remains the dominant sink for DMS (compare day 24, Table 2 and

Figure 6). 

In order to investigate whether the bacterial conversion rates are realistic, a comparison

was made with data obtained from cultures of bacterial strains as documented in the

literature. In continuous culture experiments a specific conversion rate of 100 µmol

DMS · mg protein-1 · d-1 was found for Thiobacillus thioparus (Visscher et al. 1991). 

From a bacterial strain isolated from the epidermal surface of Ulva lactuca, conversion

rates in the order of 36 µmol DMS · mg protein-1 · d-1 and 27 µmol DMS · mg 

protein-1 · d-1 were measured in continuous culture growth experiments and by

monitoring the oxygen consumption in batch cultures respectively (Quist unpubl.). In

our experiments described here, a specific conversion rate in the order of 10 - 1000

µmol DMS mg protein-1 · d-1was found by combining the population density of 5 ✕

106 cells · l-1 with the bacterial turnover of DMS (assuming 20 fg protein per cell). As

MPN’s are most likely an underestimation of the true DMS utilizing population (due

to the selectivity of the medium) the specific uptake rates may be lower under field

conditions.

CONCLUSION
Our data show that DMS release or production is not necessarily associated with the

senescent phase of a phytoplankton bloom as found by Kwint & Kramer (1995). The

first DMSwater peak coincided with the senescent phase of the algae, while the second

DMS peak corresponded to a maximum in Phaeocystis cells · l-1. Most probably the first

DMS peak was an artefact of the experiment caused by the settlement and degradation

of algae. During this period DMSPd became quickly available and its degradation led

to a build up of DMS. 

The data on the flux of DMS to the atmosphere, the bacterial DMS consumption rates

and the DMSP turnover show that bacterial consumption is the main sink for DMS even

under conditions of high DMSwater concentrations present during an algal bloom. We

found that a during a phytoplankton bloom an increasing part of the DMSP produced

is not metabolized to DMS at all, but that the alternative pathway involving DMSP

demethylation (Figure 1) is more important. During the initial phase of a phytoplankton

bloom, DMSP may be converted to DMS with a high efficiency.

Our results suggest that DMS and DMSP are rapidly cycled in the water column due to

bacterial activity and that the flux of DMS to the atmosphere is highly dependent on

factors other than the production of cellular DMSP by phytoplankton alone. 

80 CHAPTER 4



CHAPTER FIVE

The annual cycle of the production and fate of DMS and DMSP
in a marine coastal system

Rik L.J. Kwint & Kees J.M. Kramer

Marine Ecology Progress Series 134: 217-224 (1996)



The production of DMSP by phytoplankton and the fate through the marine system of

both DMSP and DMS were followed for a period of 21 months in the natural environment

by studying a North Sea tidal inlet. The major production and emission of DMS appeared

to be limited to a period of only 2 months, which was closely linked to the presence of

phytoplankton blooms. The production of DMS in the water column was not well

correlated with chlorophyll a concentrations or plankton species composition. It was

however, found to be closely related to the start of a Phaeocystis sp. bloom early in

spring. Contrary to our expectations, the senescence phase of this Phaeocystis sp. bloom

did not result in high DMS accumulation. It is postulated that this phenomenon could

be the result of a bacterial consumption which increased with time in combination with

a decreasing DMSP-lyase enzyme activity of Phaeocystis sp. A simple model, into which

the overall DMSP consumption was introduced, could very well imitate the measured

concentrations of DMS in the water column of the natural system studied.

INTRODUCTION
The production of dimethylsulphide (DMS) and its release into the air constitutes one

of the most important biogenic sources of sulphur to the atmosphere. It is formed from

the precursor DMSP (b-dimethylsulphoniopropionate), which has a presumed

osmoregulating or cryoprotecting function in marine algae (Dacey et al. 1987, Gröne

& Kirst 1992, Baumann et al. 1994).

In the atmosphere, DMS can be oxidized to non sea-salt sulphates and methane

sulphonic acid which can be responsible for formation of cloud condensating nuclei,

or CCN, which influence cloud formation and the backscattering of solar radiation and,

thus, may have an influence on climate (Charlson et al. 1987, Caldeira 1989, Legrand

et al. 1991, Malin et al. 1992).

There appears to be no direct correlation between chlorophyll a (chl a) and DMS

concentration in oceanic surface waters (Dacey & Wakeham 1986, Turner et al. 1989,

Bürgermeister et al. 1990, Leck et al. 1990). This makes it difficult to predict global

DMS quantities by means of biomass estimations from remote sensing data. DMSP is

associated with some algal species but there is a wide variation in the potential for algae

to produce it. Diatoms are generally considered to be unimportant producers of DMSP,

while other algal classes, including Dinophyceae and Prymnesiophyceae, are considered

to produce relatively large amounts of DMSP and DMS (Keller et al. 1989, Gibson et

al. 1990, Matrai & Keller 1993, 1994, Stefels & Van Boekel 1993). Factors which control

the release of DMS into the water are not clearly understood, but possible mechanisms

are: metabolic excretion, algal senescence and zooplankton grazing activity (Dacey &

Wakeham 1986, Nguyen et al. 1988, Belviso et al. 1990, 1993, Stefels & van Boekel

1993, Levasseur et al. 1994). Loss factors for DMSP and DMS from the water column

are bacterial consumption of DMS and DMSP, ventilation into the atmosphere and
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photochemical oxidation of DMS. Sedimentation of particulate DMSP (DMSPp) can

also occur (Brimblecombe & Shooter 1986, Kiene 1990, 1992, Kiene & Service 1991,

Belviso et al. 1993, Osinga et al. 1996a). 

Kwint & Kramer (1995, chapter 2) showed, in several experiments carried out in marine

pelagic mesocosms, that a maximum release of DMS occurred directly after a

phytoplankton bloom, during the senescence phase. In order to extrapolate these results

to larger systems, like the North Sea, we monitored over a period of 21 months

(November 1991 to July 1993) thereby taking in 2 phytoplankton spring blooms in the

Marsdiep channel, a tidal inlet from the North Sea to the Dutch Wadden Sea. Our main

goal was to see whether predictions are possible on a larger (natural) scale for the release

of DMS through this extrapolation, taking into account the seasonal cycle of DMS and

DMSP. Due to the length of the monitoring period, the results form a unique data set.

In addition, mesocosm experiments were carried out with water from the same location

(Kwint & Kramer 1995, chapter 2). 

MATERIALS AND METHODS
Samples were collected in the Marsdiep tidal inlet from November 1991 to November

1992 (Series I) and from January to June 1993 (Series II) a few hundred metres off the

coast of Den Helder, The Netherlands. Sampling was intended to take place at 10:00 h

and at high tide in order to rule out any tidal or diurnal effects. This automatically

implied a sampling interval of about 2 weeks. After it became clear, that changes in

DMS concentration could occur very rapidly, the frequency was changed. Sampling was

attempted at high tide as often as was logistically possible from the start of the

phytoplankton spring bloom in 1993 (March to June).

Water samples were collected in a 10 l bucket that was rinsed thoroughly with seawater

prior to sampling. Subsamples for chl a, phytoplankton, DMS and DMSP were

immediately taken from this large sample. 

Chl a subsamples were stored in one litre polyethylene bottles in the dark, until analysis,

which took place within two hours. One litre samples were filtered over glass fibre

filters (Whatmann GF/C), extracted with 90% acetone and analyzed on a spectro-

photometer according to standard procedures (Parsons et al. 1984). 

Samples for the phytoplankton species identification were preserved and stored with

Lugol’s until further examination. Phytoplankton were identified and counted in a 5

ml Kolkwicz chamber under an inverted microscope. For each sample at least 20 fields

were counted (magnification 400✕).

Subsamples for the determination DMS and DMSP were taken in 1 l, dark, glass

stoppered bottles and stored on ice until further treatment. The samples were treated

immediately after returning to the laboratory (usually within 2 hours). A subsample of

10 to 25 ml was gently filtered over a Whatmann GF-C filter. It was considered important
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that no pressure or suction was applied in order to minimize interference resulting from

damaged cells. DMS was purged from the filtered water sample using high grade helium.

The helium, containing the volatile compounds and water vapour, was dried by means

of a Nafion permeation drier (Perma Pure Products, Farmingdale, USA) with nitrogen

as the drying gas. After drying, the volatile compounds were collected on a cryogenic

trap consisting of a straight glass tube containing Tenax-ta (Chrompack, Middelburg,

The Netherlands) according to Kwint & Kramer (1995, chapter 2). After collection,

the Tenax tube was closed with Swagelock caps and stored in liquid nitrogen until

analysis (adapted from Lindqvist 1989). Storage tests with calibration gas showed that

samples can be stored thus for at least 8 weeks without detectable change (chapter).

To determine the concentration of dissolved DMSP (DMSPd) a 10 ml sub-sample from

the purged filtrate was placed in a 20 ml vial, which, after addition of 1 ml 10 M NaOH

(Dacey & Blough 1987), was immediately closed with a Teflon coated septum. The

vials were stored at 4°C until analysis. After hydrolysis by the NaOH, the sample was

moved from the vial to the purge vessel in a closed system by means of two hypodermic

needles and the helium flow (see Figure 1). The complete sample could be analyzed

without any loss of DMS to the gas phase by using this procedure. 

A 10 ml unfiltered seawater sample was hydrolysed in a similar way in order to assess

the total amount of DMSP + DMS. The

DMSPp concentration was calculated by

subtracting the DMS and DMSPd

concentration. Thus in principle DMSPp

consists of all intra cellular DMSP, DMSP

adsorbed to detritus and that incorporated

into zooplankton and zooplankton faecal

pellets. 

DMS was analyzed according to Lindqvist

(1989) on a Varian 3500 gas-chromatograph equipped with 10 m Poraplot-U capillary

(0.53/0.7 mm inside/outside diameter) column (Chrompack) and a photo-ionization

detector (10,2 eV, HNU Systems Inc., Newton, MA, USA). Hydrogen was used as the

carrier gas. The detection limit was 1.5 pmol DMS. The coefficients of variation (CV’s)

for the DMS analyses for independent analyses were no larger than 5% for samples with

a concentration over 100 nM, to 17% for samples with a concentration below this value

(Kwint & Kramer 1995, chapter 2).

Fluxes of DMS to the atmosphere were calculated from the water concentrations and

from wind speeds (daily averages) obtained from a meteorological station near the

sampling site, using the Liss/Slater model (Liss & Slater 1974). 
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Figure 1.Diagram of method used to

transfer DMSP samples to the

normal purge-trap system



RESULTS AND DISCUSSION
Figure 2 shows the results for the chl a and DMS measurements for both series I and

II. During the winter period, DMS and chl a in these coastal waters showed relatively

low background values as compared

to the spring/summer values (chl a

about 2.5 µg l-1, DMS below 0.5 nM)

for both years. Each spring (March),

the chl a as well as the DMS conc-

entration started to rise and a max-

imum was reached within 1 month. 

During series I (1992), maximum 

chl a (20 µg l-1) and DMS conc-

entrations (17 nM) coincided. During

series II we found similar values for

chl a (18 µg l-1) and DMS (18 nM)

around the same date. The sampling

frequency was increased in this period

and it was found that a peak in the chl

a concentration (30 µg l-1) preceded the DMS peak by about 5 days. The maximum chl

a and DMS concentrations in both years (DMS measured in duplicate) appear to be in

surprisingly good agreement. Also, the very steep increase in the concentration of DMS

was found for both years. Furthermore, these results agree well with the seasonal

variations measured by Leck et al. (1990) for spring/summer data in the Baltic and with

those measured by Liss et al. (1994) during a series of cruises in the southern North

Sea. Our observations, especially those related to the dynamics of the DMS

concentrations, are also in accordance with measurements in enclosure experiments

with North Sea plankton (Kwint et al. 1992, chapter 3, Kwint & Kramer 1995, chapter

5, Kwint et al. 1997, chapter 4). The rapid changes in the DMS concentration mean

that the major part of the production of DMS which may escape into the atmosphere

is limited to a period of only about 2 months, i.e. in the spring and early summer. The

limitation to such a short period of DMS fluxes to the atmosphere has major implications

for climate modelling. Obviously the sampling frequency of the first series was not

sufficient to cope with the dynamics of the phytoplankton and DMS related processes.

For this reason we will focus our attention on the observations made in 1993 (series

II) in this discussion.

Figure 3 compares the results of the DMS measurements with the calculated flux to the

atmosphere during series II. The flux to the atmosphere appears to follow the same

trend as the water concentration. Differences in the ratio between the calculated flux

and DMS water concentration can be attributed to differences in wind speed. The wind
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Figure 2. Seasonal cycle of

chlorophyll a (chl a) (■) and DMS 

(   ) in the Marsdiep tidal inlet (The

Netherlands) in 1992 (series I) and

1993 (series II). Note different

scales for DMS and chl a



speeds observed during the measurement period varied but did not change to such an

extent that major differences were

found. As daily averaged wind speeds

were used in these calculations, it would

be possible that relatively large

deviations would affect the actual daily

fluxes. However, the maximum wind

speeds encountered in the period of

observation never exceeded 6 m-1s. As a

result only minor variations in fluxes are

to be expected over shorter time scales,

since the data are still in the rather

horizontal part of the Liss-Slater (1974)

model. Therefore we used an

equilibrium model rather than a

dynamic model. The latter would have been more appropriate under more variable

wind speed conditions.

A comparison between the results obtained by a micro-meteorological measurement

(gradient method) and by the Liss-Slater model calculation agreed well, at least for the

wind speeds observed during these tests (A. Baart, pers. comm.). It is demonstrated in

Figure 3 that the emission of DMS exceeds the background values during a period of

only 6 weeks. In the period 5 April to 10 May 1994 we observed that the calculated

flux of DMS ranged from about 10 to 15 µmol m-2 d-1. Assuming that the observations

are representative for this period of the year, this implies that phytoplankton activity

in these coastal waters during the spring period resulted in a total DMS emission of 0.4

to 0.6 mmol m-2 into the atmosphere. The total emission per year was calculated to be

about 1.17 mmol m-2 yr-1. According to Andreae & Raemdonk (1983) and Bates et al.

(1987b) coastal waters in the temperate zone have an emission rate of 1.1 to 1.8 mmol

m-2 yr-1. These findings underline the importance of the DMS production during the

short spring bloom period. 

In order to enhance the resolution of the DMS and chl a concentration development in

Series II as depicted in Figure 2, these results are shown in more detail in Figure 4.

Figure 4a clearly shows that the DMS concentration increases from approximately 2 to

14 nM in only 1 week. The DMS concentration remained at the same level for another

week, with a maximum of approximately 18 nM and then decreased to half this value

within 2 weeks. The chl a development showed two successive peaks with an interval

of about 2 weeks. The highest DMS peak followed the first chl a peak only.
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Figure 3. Comparison of DMSwater

concentrations (   ) and daily flux

m-2 (●) during spring 1993 in the

Marsdiep tidal inlet



The phytoplankton composition during this period is presented in Figure 4b. After a

first diatom bloom (consisting of 72 % Skeletonema costatum, 22 %

Nitschia closterium and 6 % other diatoms) there was a succession

towards Phaeocystis sp. (mainly present in colonial form) causing the

second peak in chl a. It is commonly found in these coastal waters that

the initial diatom bloom is succeeded by a Phaeocystis development

(Gieskes & Kraay 1975, Reid et al. 1990). During our observations

the Phaeocystis bloom reached a maximum of 42 ✕ 106 cells l-1 in

about 3-4 weeks (Figure 4b), which appears to be a normal value for

these waters (Cadee & Hegeman 1991). Along with the development

of the Phaeocystis cell numbers, a parallel development in DMSPp could

be observed. Diatoms are generally considered not to contain a large

amount of DMSP but Phaeocystis sp. is known to produce considerable

amounts of DMSP (Keller et al. 1989, Liss et al. 1994).

In Figure 4c the concentrations of DMSPp and DMSPd are given.

Starting in April,  DMSPd increased from detection limits (0.06 nM)

to 65 nM. After an initial drop, the DMSPd concentration came back

to this level, after which it decreased to about 20 nM. DMSPp rose from

7 to no less than 1500 nM in 4 weeks after which a rapid decrease

followed to about 500 nM in a few days. This maximum concentration

of DMSPp is to be considered high for open sea values, but not

uncommon in coastal waters with massive plankton (Phaeocystis)

blooms (Liss et al. 1994, Stefels et al. 1995). The DMSPp peak coincided

with the formation of a peaking of DMSPd, with a ratio of DMSPp to DMSPd of about

20. The DMSPd production also coincided with the development of the DMS maximum

(Figure 4a). It is known that the early stages of a Phaeocystis bloom enhance the

transformation of DMSPd to DMS through the action of a DMSP-lyase enzyme (Stefels

& Van Boekel 1993). It was also demonstrated in that paper that DMS was produced

only after the bloom had peaked (senescence) in (axenic) Phaeocystis cultures, which

is not consistent with our findings as we did not find a major release of DMS after the

Phaeocystis bloom. 

In order to get some idea about the DMSPp per unit of biomass, the ratio of DMSPp chl a,

together with the chl a concentration is shown in Figure 5a. It is clear that the ratio of

DMSPp chl a changes with the succession of the plankton species, and that this ratio

increases steeply with the early development of the Phaeocystis bloom. Once the effects

of the contribution of the diatoms to the chl a signal had ceased, a rather constant ratio

of DMSPp:chl a of about 20 nmol µg-1 was established. This appears even to be true for

the situation where the Phaeocystis bloom had passed its maximum. It is well known

from the literature that Phaeocystis contain a relatively high amount of DMSP (per
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Figure 4. (a). Development of

DMSwater concentrations (    ) in

series II (1993) along with the deve-

lopment in chl a concentrations (■).

(b). Development of diatoms (◆)

(72% Skeletonema costatum, 22%

Nitschia closterium and 6% others),

along with the development in

Phaeocystis sp. ( ) numbers during

series II (note difference in scales).

(c). Development of dissolved DMSP

concentration (DMSPd) (■), along

with the development in particulate

DMSP concentration (DMSPp) (   )

during series II (note difference in

scales for DMSPp and DMSPd)



biovolume) e.g. in comparison to diatoms (Keller et al. 1989, Liss et al. 1993b).

This is represented in Figure 5b. Here the amount of DMSPp is calculated based on cell

densities (Figure 4b) and the amounts DMSPp cell-1 reported in the literature. For

diatoms (Keller et al. 1989) and Phaeocystis

(Kwint et al. 1996, chapter 4) 17 fmol cell-1

and 34 fmol cell-1 respectively were used

(note the difference in scales for the y axes).

It is highly unlikely, that the DMSPp in the

diatoms was responsible for the release of

DMSPd observed in Figure 4c. Otherwise the

diatoms should be producing large amounts

of DMSP that was immediately excreted

without use. The Phaeocystis bloom is a

resultant of fast growing and decaying cells

and we argue here, that the increase in

DMSPd can be attributed to the activity of

Phaeocystis alone.

Since the formation of DMS is linked to the

existence of DMSP, either by direct

transformation or via a route involving the

formation of DMSPd, one would expect that

a DMSPp peak would eventually yield a high

DMS concentration, potentially much

higher than the peak observed after the

diatom bloom. Surprisingly, the peak in

DMSPp during the Phaeocystis bloom was

not followed by a major DMS development. 

DMSPp may be transformed directly to DMS

by Phaeocystis produced DMSP-lyase. Stefels & Van Boekel (1993) showed that this

process is particularly important in the log-phase of a culture, and not during

senescence. This process may have resulted in the relatively small but significant

increase in DMS concentration in the initial Phaeocystis growth phase. Although some

increase could be observed in the formation of DMS after the Phaeocystis bloom (Figure

4a), the amount does not reflect the large amount total DMSP that was potentially

available once the Phaeocystis bloom had collapsed in the last week of April. The drop

of 1000 nM in DMSPp concentration (and the drop of 30 nM DMSPd) in the last week

of April was not at all counterbalanced by the 3 nM DMS increase (Figure 4a) and/or

the calculated flux (Figure 3). A comparison of the DMSPp loss per m2 and the calculated

sea-air exchange of DMS, assuming an average water depth of 10 m, indicates that the
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Figure 5.  (a) Development of the

DMSPp concentration in Phaeocystis

sp. (    ) and diatom cells (◆) (note

different scales for Phaeocystis sp.

and diatoms)

(b) Comparison of the ratio

DMSPp:chl a (nmol µg-1) (    ) and

the development in chl a (■) during

series II (note different scales).   



DMS flux consists of only an insignificant fraction in this period: DMSPploss = 10 mmol

m-2 day-1 DMS flux = 17 µmol m-2 day-1.

A link is obviously missing in the step leading from DMSPp to either DMSPd or DMS.

It is not likely that the sampling frequency applied could have caused a major DMS or

DMSPd peak to be missed considering the width of the DMS peak before the Phaeocystis

bloom. The missing sink may have been the result of the (bacterial) transformation of

DMSPp directly into sulphur compounds that were not analyzed, export of DMSPp out

of the system, e.g. by sedimentation of the particulate material (phytoplankton, faecal

pellets), or by a fast turnover of DMS and DMSPd. 

Physico-chemical processes (photochemical oxidation) are not considered to be very

important (Brimblecombe & Shooter 1986). Of course the export of DMSPp cannot be

excluded. However, the Marsdiep tidal inlet, the adjacent coastal waters and the Wadden

Sea are turbulent systems, and it is not likely, therefore, that this mechanism can solely

account for the export effect observed.

Therefore, either the direct or the indirect bacterial transformations seem to be the most

dominant routes of DMS and DMSP conversion. Aerobic routes for DMSP

transformation include the direct formation of acrylate and DMS (De Souza & Yoch,

1995), the formation of methylmercaptopropionate (MMPA) and the subsequent break

down to acrylate and methanethiol, or the DMSP to MPA (mercaptopropionate) route

via MMPA (Visscher & Taylor 1994, Kwint et al. 1996, chapter 4). Furthermore, a rapid

utilization of DMS by bacteria could prevent the accumulation of this compound. DMS

consuming bacteria (producing sulphate and CO2 or DMSO) have been isolated

(Hansen et al. 1993). 

As a result we must assume that the rate of the transformation processes of DMSPd and

DMS to other, not measured compounds is high. Otherwise we would have detected a

large increase in DMS or DMSPd concentration in the samples upon release by or

senescence of the Phaeocystis. Due to these fast transformation rates it is difficult to

estimate which process and/or route is the most important. Kiene & Service (1991)

and Bates et al. (1994) estimate that only a maximum of 30% of the DMSPd will actually

be converted to DMS. Of this DMS pool a major part can be consumed by bacteria

(Kiene 1992, Kwint et al. 1996, chapter 4). The question remains, as to why this process

of rapid bacterial conversion does not take place during the period when DMS and

DMSP accumulates after the diatom bloom. It is postulated here that this may be the

result of a change in the bacterial activity and populations. 

Bacterial consumption is largely dependent upon the available substrate. For DMS

consumers this means that, although they will always be present in low densities, the

bacterial population will start to increase when sufficient DMS becomes present in the

water column (Kwint et al. 1996, chapter 4). In the initial phase of DMS production,

as a result of the diatom senescence, the bacterial population is not yet well developed.

ANNUAL CYCLE OF DMS AND DMSP 89



Therefore, a relatively large proportion of the particulate and dissolved DMSP will lead

to the formation of DMS (supported by a high DMSP-lyase activity from the initial

Phaeocystis bloom). The presence of algal exudates enables a bacterial population to

develop rapidly. A well developed bacterial population will be more effective in the

facultative transformation of DMS and DMSPd. This may result in a situation which

was reflected by our field observations: a DMS peak following a diatom bloom (or

following the increase of Phaeocystis numbers) and the absence of such high DMS

concentrations after the Phaeocystis bloom. The existence of such a process was

confirmed in a mesocosm experiment where the actual bacterial DMS and DMSP

consumption rate was measured, and where numbers of DMS-utilizing bacteria were

measured (Kwint et al. 1996, chapter 4). In order to elucidate the possible role of bacteria

in the conversion of DMS(P) a simple model was constructed. Based on a description

of the fraction DMSPp lost from the water column, a curve is fitted assuming a logistic

growth curve. This curve is used to simulate bacterial activity during the period of the

plankton bloom in the model situation.

The proportion of DMSPp that is converted

(by bacteria) to other sulphur compounds

than DMS can be defined as ([DMSPp] -

[DMS])/[DMSPp]. This represents a net

result, DMS may be well produced but

turned over rapidly itself. In Figure 6 the

field data calculated for the Marsdiep

channel in April and May are presented.

The data points show that not only the

overall DMSPp-loss increases, but also the

proportion of DMSPp lost from the

watercolumn until almost 100% of the

DMSPp is consumed at the end of the

bloom without DMS accumulation. Assuming a bacterial process, the curve fitted

through the field data points in Figure 6 represents a logistic growth curve not

uncommon in microbiology studies, with the equation: N(t)= K/K(a.t) (Schlegel &

Schmidt 1985), with N representing bacterial numbers, K representing the carrying

capacity of the system, a the growth constant and t the time. The simulated growth

curve should be considered as a mathematical representation of total loss factors (of

which bacterial activity is the major component). 

To illustrate our hypothesis that the proportional increase of DMSP consumption is

related to bacterial growth more clearly, we apply the logistic increase of DMSP

consumption on a curve fitted through the measured DMSP data points in Figure 7

(solid line, compare with figure 4c). When the fraction (percentage) of DMSPp that is
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Figure 6. Proportion of DMSPp that

is lost from the watercolumn without

accumulation of DMS (●) in the

Marsdiep channel in series II. A

logistic growth curve (for bacteria)

is fitted to the collected data (__)



transformed, as identified by the logistic growth curve (dashed line), is subtracted from

this DMSPp-curve, a new curve appears that represents that part of the DMSPp that

accumulates as DMS (broken line). When

the actually measured concentrations of

DMS from the field are added, a good

agreement can be observed. 

Although our model represents a rather

simple and speculative approach, we think

that it clearly illustrates the potential effects

of varying bacterial activities, resulting in an

outcome that reflects our findings in the

natural system. It suggests a mechanism

where a high density of Phaeocystis sp. does

not automatically lead to a large production

of DMS. Due to the nature of these complex

interactions, small shifts in e.g. delayed

bacterial activity may easily result in a

situation where a massive DMS production follows a Phaeocystis bloom, as has been

observed before (Liss et al. 1994).

CONCLUSIONS
The idea is emerging that only during special circumstances does the DMS concentration

rise above normal background concentrations. Our results indicate that a considerable

part (30% to 50%) of the annual emission of DMS over the sea/air interface takes place

in the time span of about 6 weeks, closely related to the phytoplankton bloom. The

DMS concentration is not controlled by the DMS(P) producers alone but by the balance

between production and consumption of DMSP and DMS. Small shifts in bacterial

activity or populations can lead to either an increase or decrease in the amount of DMS

emitted to the atmosphere.

Although our quantitative results were collected in coastal waters, with a dominant role

of Phaeocystis sp., we feel that the mechanisms involved have a universal application.

That the major flux of DMS to the atmosphere may be limited to only a short period

could have consequences for climate modelling. Furthermore, the fact that bacterial

consumption of DMS and DMSP may play the major role in determining the amount

of DMS available for ventilation to the atmosphere makes it difficult to predict whether

a climate feedback mechanism (Charlson et al. 1987) exists via DMS formation in the

oceans.
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Figure 7. Graphical representation

of bacterial ‘loss-factors’ for DMS

and DMSP. Observed DMSwater

concentrations (   ), DMSPp

concentrations (◆), DMSP fitted

curve (__), bacterial ‘loss factor’ 

(- - -) and resultant from subtracting

the loss of DMSPp from the DMSP

fit (-..-..) (note different scales for

DMS and DMSP)
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A new tracer compound is presented for determining zooplankton grazing activity. The

gut content in zooplankton is measured as b-dimethylsulphoniopropionate (DMSP),

which can be measured even in individual copepods. Species specific DMSP/chl a ratios

allow applications in, for instance, prey selectivity studies.

Zooplankton grazing activity can be determined by several methods based on measuring

the variation of a tracer in the food as a function of time. The incubation method is

based on the decrease with time in the medium of phytoplankton numbers (or POC,

chlorophyll a), and is thus essentially an indirect method (Tackx & Van de Vrie 1985,

Harris 1994). Another indirect method is based on the production of faecal pellets. The

gut fluorescence method (Dagg 1983, Helling & Baars 1985, Peterson et al. 1990) is

based on the calculation of the grazing rate from the increase or decrease of chlorophyll

and phaeopigments in the gut of, for example, copepods. The 14C method uses the

uptake of this radio-tracer by the zooplankton after incubation with 14C labelled

phytoplankton (Daro 1978, Daro & Baars 1985). This method is so sensitive that

relatively few zooplankton individuals are required (10-20 individuals, Gulati 1985).

The use of radio-labelled material is a disadvantage. Since the measurements in the gut

fluorescence and 14C methods are performed in the zooplankton itself, and are therefore,

direct methods, they can also be used when food is available in surplus. A disadvantage

of both the incubation method and the gut-fluorescence method is that a considerable

number of copepods is necessary for each measurement in time (up to 200 for copepods

< 500 µm), as the sensitivity of these methods is relatively low (Kleppel & Pieper 1984,

Morales et al. 1991, Bautista & Harris 1992, Rodriguez & Durbin 1992). Furthermore,

pigments are susceptible to denaturation due to light and temperature effects (Morales

et al. 1991). Methods have been compared by Peterson et al. (1990). Only the gut

fluorescence method can be applied in exposure experiments under field conditions.

The tracer compound we propose here combines a high sensitivity, detection in the

zooplankton gut and possible field applications. Both the gut filling rate and the gut

clearance rate can be estimated. Determination is based on the analysis of a sulphur

compound, b-dimethylsulphoniopropionate (DMSP). DMSP is present in most marine

phytoplankton species (a main food source for zooplankton), in which it probably has

the function of an osmolyte (Gröne & Kirst 1992). DMSP is mainly present in living

cells, as it is rapidly degraded in the water column by physical or microbiological action.

DMSP can be analyzed as dimethylsulphide (DMS) by gas chromatography, after

hydrolysation with NaOH. The DMS formed by this hydrolysis step is only related to

DMSP (Kiene & Gerard 1994).

DMS was analyzed on a ‘Varian 3500’ gas chromatograph equipped with a capillary

linear plot column and a photo-ionization detector (PID) of 10.2 eV, with hydrogen as

the carrier gas. Calibration was performed using DMSP.HCl salt standards, that were
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hydrolysed to DMS. After hydrolysation, the DMS was purged from the vial with high

grade Helium through hypodermic syringes and trapped cryogenically on Tenax-ta

(Chrompack). The detection limit for DMS and DMSP was 1.5 pmol. If the sampled

copepods are immediately frozen in liquid nitrogen, they can be stored in the freezer

at -18 °C for at least a few weeks (Kwint et al. 1996b). After hydrolysis the samples can

be stored for months in a refrigerator at 4 °C until analysis. Details for the analysis of

DMS(P) is presented elsewhere (Kwint & Kramer 1995).

The calculation of the clearance rate is based on the decrease of DMSP in the zooplankton

itself as a function of time (e.g. eight points or more). For each measurement only five

individuals of similar age and size were selected by sieving from a stock culture. They

were captured from a petri dish by means of a small glass pipet and counted on a

microscopy slide, that was backlit with a cold light source. From the slide, each batch

of five was transferred to a 100 ml dark incubation bottle filled with a phytoplankton

suspension of known concentration. The zooplankton was incubated for 24 hours. This

procedure limits the time during which the organisms can be disturbed by later

handling, which may interfere with the analysis. After incubation, each batch was sieved

(55 µm mesh), rinsed with artificial seawater and transferred to a 20 ml vial filled with

artificial seawater (essentially to ensure that the DMS(P) concentration was below the

detection limit). Care should be taken to use the same salinities throughout as the

zooplankton may be sensitive to large changes in salinity and the possible osmolytic

function of DMSP. 

The zooplankton were allowed to (partially) defecate in this filtered seawater. The

moment the zooplankton was put into the vials is defined as t = 0. Zooplankton was

subsampled as a function of time, taking one batch at each sampling time. They were

rinsed, and immediately transferred into a new 20 ml crimp-cap vial, filled with 10 ml

1 M NaOH, after which the vial was immediately sealed in order to prevent loss of DMS.

The handling procedure can easily be performed within 5 minutes, enabling 12-15

measurements per hour. Some defecation may occur during handling, but this effect

will be very small if the copepods are frozen in liquid nitrogen first. The first sample 

(t = 0) was transferred directly into the hydroxide, where the DMSP was hydrolysed to

DMS. After analysis, the gut passage time and ingestion rate were calculated from the

concentration vs time graph (Helling & Baars 1985).

In the experiments described below, we used the following conditions. A stock culture

of the copepod Eurytemora affinis was grown on a mixture of the diatom Phaeodactylum

tricornutum and the red flagellate Rhodomonas baltica. The copepods were sorted into

size classes by means of sieves (>300 µm, >180 µm and > 55 µm) weekly. Individuals

of the largest size class were used for the experiments (adults only). At the start of an

experiment, the copepods were incubated with Phaeodactylum only (13,500 cells ml-1,

a chlorophyll a content of about 275 µg l-1 and a particulate DMSP content of about
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800 nM), at 17.5 °C, a salinity of 28.5 ‰ and a light/dark cycle of 14/10 h. 

Water samples were analyzed for chlorophyll a, phytoplankton cell numbers (Elzone

particle counter), particulate and dissolved DMSP (DMSPp & DMSPd) and

DMS. 

The results of an example of a gut clearing experiment are shown in Figure 1.

Each data point consists of one observation with 5 copepods. The observation

at t = 2 hours is a duplicate measurement, however. 

The gut clearance rate was calculated from Gt = G0.e-gt, with the variables: Gt

(gut content of DMSP in pmol ind-1 at sampling time t), t (sampling time) and

g (gut clearance rate in min-1). The curve was fitted using the ‘least square’

method. The gut passage time GPT = 1/g and the ingestion rate I can be

calculated from I = G0.60/GPT (in pmol ind -1 h-1). Since the GPT was in the

order of half an hour, the calculation was performed over the first hour only

in order to avoid the negative effects of food depletion. This resulted in a GPT of 36

min, a value which compares well with observations by others (Baars & Helling 1985).

An ingestion rate of 48 pmol ind -1 h-1 (DMSP) was calculated. The ingestion rate is

food source specific as the DMSP content (per cell) is dependent upon the phytoplankton

species (Keller et al. 1989), as is the case with e.g. chlorophyll a.

In order to optimize the number of copepods used, we investigated the effect of the

number of copepods taken per batch. In Figure 2, the number of individuals per batch

is plotted against the total gut content DMSP (triplicate observations). It should be

noted that the gut content of only one individual could be measured

significantly as the average of 18 pmol is about one order of magnitude above

the detection limit, with a coefficient of variation (C.V.) of about 8%. Similar

results were obtained for 2, 4 and 8 individuals per batch, resulting in a linear

relation between copepod number and DMSP content of the sample.

Surprisingly, the larger the batch size, the higher the C.V. (from 8% for 1

individual to 28% for 16 individuals). This is due to the time effect (see below)

and the higher risk of counting errors. Natural variability of the individuals

and avoidance of the problems with higher batch sizes had to be balanced.

Therefore all other experiments were performed using an appropriate batch

size of 5 individuals.

When the procedure was simplified so that the preparation of batches was

carried out just before the transplantation into the 20 ml seawater vials (thus without

a separate 24 h incubation), we observed a decrease in the average gut content within

only minutes of t=0 (Figure 3). The time t=0 indicates the first batch that was selected

from a freshly sieved stock culture. The time between observations in this figure

represents the time needed to sub-sample a new batch of 5 individuals. The decreasing

tendency was attributed to the diminution of the food availability while excretion
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Figure 1. Decrease in DMSP gut

content due to defecation in filtered

seawater (gut clearance) in batches

of 5 adult copepods (Eurytemora

affinis), cultured on 

Phaeodactylum tricornutum. Curve

equation: Gt = G0.e-gt

Figure 2. DMSP gut content as

function of batch size, of

Eurytemora affinis after 24 hr

incubation on Phaeodactylum

tricornutum. Gut contents: 18 (±

4.5) pmol ind-1



continued, and to stress caused by handling during experimentation. This implies that

collection of larger batches will lead to reduced gut contents of DMSP and, that probably,

the linear relation in Figure 2 should be slightly steeper. This demonstrates

that the time needed for the sampling of batches needs to be standardized.

The time dependency of the gut content is the reason why we propose to

include an extra incubation step after the preparation of the batch. Validation

of the incubation step revealed that when each separate batch was treated

without time delay, no large variations in DMSP in the gut were found 

(n = 7, mean 19.3 ± 3.03 pmol ind-1). 

We conclude that this new tracer compound for the determination of grazing

activity offers several advantages. Its sensitivity is extremely high, perhaps

even sensitive enough for experiments using nauplii. The DMSP content of

an individual copepod can be measured easily. Batches of 5 are proposed in

order to assure rapid handling. Samples can be stored for longer periods

without deterioration, and no toxic and/or radioactive compounds are involved in the

analytical procedure. 

DMSP is a compound that is specific for (living) phytoplankton. As DMSP is present

in the phytoplankton cells in dissolved form, the effect of sloppy feeding can easily be

measured by analyzing the increase of dissolved DMSP in the medium during grazing.

Since the method provides direct information on the gut content and incubation is part

of the methodology, the technique also allows field exposure of ‘cages’ with preselected

batches of zooplankton. 

The availability of DMSP as an extra parameter, e.g. in addition to chlorophyll a, can

be used advantageously. The fact that the DMSP/chl a ratio is different for different

phytoplankton species (and possibly also for different physiological states of the

phytoplankton), offers the opportunity to study in carefully designed experiments the

selectivity of the copepods for certain phytoplankton species in mixed communities,

or in mixed phytoplankton/detritus assemblages.
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Figure 3. Decrease in gut DMSP

content in batches of 5 copepods

without the incubation step. Curve

equation: Gt = G0.e-gt. Gut Passage

Time: 21 min





CHAPTER SEVEN

Copepods and DMSP

Rik L.J. Kwint, Xabier Irigoien and Kees J.M. Kramer

R.P. Kiene, P.T. Visscher, M.D. Keller, G.O. Kirst (eds) (1996) Biological and Environmental Chemistry of DMSP and

Related Sulfonium Compounds. Plenum Press New York. USA. p 239-252 (chapter 21)



The fate of DMSP produced by phytoplankton cultures incubated with and without

copepods of the species Eurytemora affinis was monitored to  investigate the influence of

zooplankton grazing activity on the release of dissolved DMSP and DMS. Processes related

to the flux of DMSP through (sloppy) feeding, gut passage, faecal pellet formation and

faecal pellet stability were studied.It appeared that with the phytoplankton species used

(Phaeodactylum tricornutum and Thalassiosira weissflogii), no increase in DMS formation

was detected during grazing but the release of dissolved DMSP increased slightly.

Depending on the phytoplankton species, minor or no loss in DMSP was observed during

passage trough the copepod guts. Almost all DMSP ingested leaves the copepods in the

form of faecal pellets, a possible sink for DMSP. Based on the experimental results the

relative importance of the zooplankton related removal of DMSP was quantified and found

to be minor with respect to DMS and DMSP production by phytoplankton. The main effect

of the zooplankton grazing activity was the repackaging of DMSP present in phytoplankton

cells into faecal pellets.

INTRODUCTION
DMSP (b-dimethylsulphoniopropionate), a compound suspected to be involved in the

osmoregulation of certain algal species (Gröne & Kirst 1992) is the main precursor of

dimethylsulphide (DMS). The conversion of DMSP may be influenced by algal senescence,

bacterial activity, phytoplanktonic enzymes and zooplankton grazing (Dacey & Wakeham

1986, Nguyen et al. 1988, Belviso et al. 1990, Kiene & Service 1991, Wolfe & Kiene 1993,

Kwint & Kramer 1995). Some of the DMS may be ventilated into the atmosphere, where

it can contribute to the formation of cloud-condensation-nuclei, which influence cloud

albedo and climate (Malin et al. 1992). 

Of the various routes and processes involved in the transformation of DMSP relatively little

is known about the role of zooplankton (Leck et al. 1990, Kiene & Service 1991, Belviso

et al. 1992, Kwint et al. 1992). Dacey and Wakeham (1986) found that about one third of

the Gymnodinium nelsoni and Prorocentrum micans derived DMSP ingested by the copepod

species Labidocera aestiva or by Centropages hamatus was released as DMS into the water

column of cultures. Leck et al. (1990) found, when following a natural phytoplankton

bloom in the Baltic Sea, that copepod numbers were correlated to DMS concentrations,

without specifying cause-effect relations or quantifying the role of zooplankton. Belviso et

al. (1990, 1993) studied the role of micro/nano- zooplankton using different mesh sizes

and sieving procedures; they concluded that significant amounts of DMSP could be

temporarily stored by microzooplanktonic predators. The same group used sediment traps

in the Mediterranean and found that differences between day and night occurred in DMSP

concentrations in the deposited material (Belviso et al. 1992). They attributed this to the

diurnal rhythm in the vertical migration of the zooplankton. Wolfe et al. (1994) found

that the dinoflagellate Oxyrrhis marina metabolized up to 70 % of the DMSP ingested
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without DMS production, while the rest was released as dissolved DMSP. 

In a previous mesocosm study we investigated the importance of zooplankton in DMS

formation and found little difference in mesocosms with and without zooplankton > 50

µm (Kwint et al. 1992, Kwint & Kramer 1995). Because mesocosm experiments shorten

the time of a phytoplankton bloom it may have been possible that the growth of the copepod

zooplankton may have been too slow to reveal interactions between phytoplankton and

copepods. Some additional evidence has been found in field surveys which suggest that

zooplankton grazing activity may be an important factor in the production of DMS

(Tokunaga et al. 1977, Leck et al. 1990, Levasseur et al. 1994), but these studies never

quantified the role of zooplankton in the DMSP dynamics. 

Despite these discussions, most processes related to the flux of DMSP, notably sloppy

feeding, ingestion of phytoplankton, the passage through the gut, the production of faecal

pellets and the stability of the faecal pellets with respect to DMSP have not been studied

in detail.

By analyzing all compartments for the DMSP-related sulphur species: dissolved and

particulate DMSP (DMSPd, DMSPp), DMSP inside the copepods (DMSPz), DMSP contained

in faecal pellets (DMSPf), and the DMS in the water column, the final aim is to obtain a

complete budget of DMSP through the zooplankton linked part of the system. In this paper

we describe a series of experiments performed under laboratory conditions that aim at the

description of the routes in a quantitative and qualitative sense. 

After an investigation of the individual variation between copepods, including the effect

of sex, incubation experiments will be described where the kinetics of uptake and excretion

(gut passage time), faecal pellet production and DMSP stability in the faecal pellets were

monitored. 

MATERIAL AND METHODS
Phyto- and Zooplankton cultures 

Stock cultures of copepods Eurytemora affinis were grown in filtered natural seawater

(volume about 80 l) on a suspension of the diatom Phaeodactylum tricornutum and at

15 °C, a salinity of 28.5 ‰ and a light cycle of 14 h light, 10 h dark. Only individuals

of the size class > 300 µm (adults only) obtained through sieving were used for the

experiments. Distinction between males and females was made by hand-picking under

a microscope. For the investigation of the individual variation, adult copepods were

sampled directly from the culture and analyzed individually for their DMSP content.

Phytoplankton were cultured in 10 l vessels under continuous light on standard F2

medium at the same temperature and salinity as the zooplankton. Weekly, the

phytoplankton culture was harvested and concentrated by centrifugation. The

concentrate was stored at 4°C. From this concentrate defined volumes (cells ml-1) could

be added to the different incubation experiments. 
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Incubation experiments

At the start of the experiments, batches of 5 individual copepods were manually selected

and incubated overnight in filtered artificial seawater to allow them to defecate. These

starved copepods were then transferred to 100 ml dark bottles, that were filled with a

suspension of the algae Phaeodactylum tricornutum (60-1000 ✕ 103 cells ml-1). For each

determination a separate bottle was prepared. The bottles were closed without a

headspace to prevent the ventilation of DMS into the atmosphere. Incubation bottles

without zooplankton served as controls. The concentration of DMS and DMSP were

was followed for 4 hours. About every 30 minutes grazed and non-grazed incubation

bottles were harvested and water samples were taken to be analyzed for phytoplankton

cell numbers (Elzone particle counter), DMSPp, DMSPd, and DMS. The 5 copepods

from each sample were analyzed on the DMSP content (DMSPz). At several points

duplicate analyses were performed using duplicate incubation bottles.

Gut clearing experiment 

The gut content of well fed copepods was monitored over time after they were transferred

to filtered seawater. For this experiment, a large volume (50 l) from the copepod culture

was sieved over a 300 µm mesh sieve and the copepods remaining on the sieve were

incubated for two hours on a suspension of P. tricornutum (20 ✕ 106 cells ml-1) to ensure

maximum feeding. After this feeding, the copepods were sieved again (180 µm) to

separate them from the phytoplankton. They were rinsed with 0.45 µm filtered aged

seawater and transferred into a clean bucket containing 0.45 µm filtered seawater to

allow them to defecate. Sub-samples of copepods were taken by means of a 180 µm mesh

sieve every 5 to 10 minutes during 1 hour. The sieve was folded into aluminium foil an

submerged into liquid N2 to preserve the copepods and the DMSP in their guts. For each

analysis 20 males and 20 females were manually collected and analyzed for DMSPz.

This experiment is a classic experiment to evaluate the ingestion rate and gut passage

time in zooplankton, which is normally performed using chlorophyll a as tracer

(Peterson et al. 1990). As DMSP is also a component linked to the algae the experiment

can also be performed using DMSP as the tracer compound instead of chlorophyll a

(Kwint & Kramer 1996, chapter 6). The ingestion rate (I) and gut passage time (GPT)

can then be calculated from the decrease in gut content (G) according to: 

Gt = G0 e-gt

and 

GPT = 1/g, 

where g is the gut clearance rate constant in min-1, Gt is the gut content at each time

step in pmol DMSP ind-1. The ingestion rate is calculated as: 

I = G0 60/GPT (in pmol DMSP ind-1 h-1) (Peterson et al. 1990). 
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Faecal pellet experiment 

A large number of copepods were concentrated into a 2 l glass beaker and incubated for

2 h on a dense suspension of P. tricornutum at 15°C. The copepods, the faecal pellets

produced and the phytoplankton were then separated by sieving over a 180 µm mesh and

a 25 µm mesh respectively. The faecal pellets were carefully and briefly rinsed with a little

filtered seawater and transferred into 2 l of 0.45 µm filtered aged seawater. The temporal

changes in the amount of DMSPf in the pellets was monitored as well as the changes in

DMSPd and DMS concentrations. Occasionally subsamples of faecal pellets were preserved

with Lugol’s solution (10%) and counted using a microscope (mag. 40 ✕) and a 1 ml

counting chamber.

Total budget experiment 

This experiment had a similar set up as the first incubation experiment, only this time

the amount of DMSPp in the phytoplankton was adjusted to be approximately at the

same level as the amount of DMSPz in the copepods added. The effects of two different

diatom species was studied. For each determination independent replicate bottles were

used. Batches of 20 copepods per bottle were incubated in triplicate on a suspension

of the diatom P. tricornutum (20 ✕ 103 cells ml-1) and on a suspension of the diatom

Thalassiosira weissflogii (5 ✕ 103 cells ml-1), while samples

were taken at t = 0 and t = 24 h. For each diatom species

duplicate ungrazed samples served as controls. Analyses were

made for DMSPp,d,z,f and DMS.

DMS and DMSP analysis 

To determine the DMS and the DMSPd concentrations a 25 ml

water sample was filtered gently over a GF/C filter into a purge

vessel and purged with helium for 10 minutes 

(40 ml min-1). DMS was cryogenically trapped on Tenax-ta

(Chrompack) after drying through a Nafion drier (Dupont).

From the purged filtrate, a 10 ml subsample was taken and

transferred to a crimp-cap vial. After 1 ml NaOH (10 M) was

added, the vial was immediately closed with a teflon lined

septum. After overnight hydrolysis at 4 °C, the DMS formed

was purged from the vial with helium through hypodermic syringes and trapped

cryogenically. The DMS formed by treatment with cold NaOH hydrolysation of the DMSP

in the vials is believed to represent only DMSP (White 1982, Kiene & Gerard 1994).

For DMSPp a 5 ml unfiltered sample was put into a crimpcap vial and treated in the same

way, DMSPp concentrations were calculated by subtracting the DMS and DMSPd

concentration from this total sample. 
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Figure 1.  Individual variation of the

DMSP gut content in adult copepods

>300 µm (Eurytemora affinis) from

the culture. The dashed line

represents the DMSP content after

starvation for 24 h



For the DMSPz and DMSPf, the zooplankton or pellets

respectively were collected from the batch experiments,

rinsed briefly with a little artificial seawater and treated the

same way as the DMSPp samples. In the faecal pellet

experiment we analyzed a 0.45 µm filtered water sample

on DMS (25 ml) and DMSPd (10 ml). For the determination

of the DMSPf concentration a total water sample was

analyzed (10 ml). The DMSPf concentration was then

calculated by subtracting the DMS and DMSPd

concentrations from this total sample.

DMS was analyzed on a ‘Varian 3500’ gas chromatograph

equipped with a capillary linear plot column and a photo-

ionization detector (PID, 10.2 eV). Hydrogen was used as

the carrier gas. Calibration was performed using DMSP-

HCl salt standards, that were hydrolysed to DMS and

treated the same way as the other samples. The detection

limit for DMS and DMSP was 1.5 pmol. For a detailed

description of the analysis of DMSP and DMS, see Kwint

& Kramer (1995, chapter 2). 

RESULTS AND DISCUSSION
Individual variation of DMSPz 

The results of the experiment to asses the individual

variation of DMSP gut content between adult copepods

taken directly from the culture becomes clear from Figure

1. The dashed line indicates the mean DMSPz content in

copepods that were starved for at least 24 h. There appears to be a common concentration

level (per copepod) of about 160 pmol ind-1. However, several data points are well

below or well above this level. Although differences between males and females occur

and differences between experimental conditions/batches (see also Figure 4), it is

expected that the differences between individuals observed from one experiment are

related to the characteristics of the individuals. From visual inspection of copepods it

can be seen that individuals may contain 0, 1, 2 or 3 faecal pellets in the gut. This

explains the ‘outliers’ in Figure 1. For this reason, in later experiments we used either

starved, or well fed copepods that were incubated (2 h) in phytoplankton suspensions

of much higher density than the original culture.
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Figure 2.  Changes in DMSP (closed

symbols) and DMS (open symbols)

concentrations in suspensions of the

diatom Phaeodactylum tricornutum

(1000 ✕ 103cells ml-1) incubated in

100 ml glass bottles without

copepods (triangles) and with 5

copepods (circles) of the species

Eurytemora affinis. 2a: particulate

DMSP (DMSPp); 2b: DMS and

DMSP in the zooplankton gut

(DMSPz); 2c: dissolved DMSP

(DMSPd)



Four hour incubation experiment

The incubation experiments where the concentrations of

DMSP(p,d,z) and DMS were monitored over time in systems

with and without zooplankton are presented in Figures 2

and 3. Figure 2 shows the change in DMSP concentrations

expressed as nM in the particulate (phytoplankton only)

fraction (2a), in the zooplankton (2b) and dissolved fraction

(2c) as well as the changes in DMS concentration (2b). 

The DMSPp concentration in this experiment was about 3

orders of magnitude above the DMS, the DMSPd and DMSPz

concentrations. The change of DMSPp in the systems with

and without zooplankton is more or less parallel.

In the copepods there is an increase in the DMSPz gut

content in the first two hours of about 0.5 nM h-1 expressed

as medium (calculated as 10 pmol ind-1 h-1 for 5 individuals

in 100 ml medium), after which the gut content remains

stable at about 1.2 nM (24 pmol ind-1), indicating that the

copepods were completely saturated and were possibly

excreting DMSP at the same rate as ingesting it.

The DMS concentration initially decreased from about 1.3

nM to about 0.8 nM, after which it remained more or less

stable in both systems.

The DMSPd concentration also decreased initially in both

systems, but in the systems with copepods there was an

increase of about 0.5 nM h-1 between the 60 and 240

minutes, while in the ungrazed systems the concentration

remained constant. This pattern seemed to match the changes in DMSPz.

As the DMSPp concentration in the previous experiment appeared to be very high

compared to the other fractions, the experiment was repeated with a less dense and

more realistic suspension of P. tricornutum (Figure 3 a-c). Again the changes in DMSPp

in both systems appeared to be rather parallel. The DMSP gut content in the copepods

increased initially with a rate of about 2 nM h-1 (40 pmol ind-1 h-1) and levelled off

after about 1.5 h. We were unable to detect any DMS in these samples (detection limit

0.15 nM). The DMSPd concentration started in this experiment at a low level and

increased with time in both systems. In the grazed systems, however, the DMSPd

concentration showed an increase of 0.5 nM h-1 in the last 2 h, compared to a decrease

of 0.2 nM h-1 in the ungrazed systems.
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Figure 3. Changes in DMSP con-

centration in suspensions of the

diatom Phaeodactylum tricornutum

(60 ✕ 103 cells ml-1) incubated in

100 ml glass bottles without

copepods (triangles) and with 5

copepods (circles) of the species

Eurytemora affinis. 2a: particulate

DMSP (DMSPp); 2b: DMSP in the

zooplankton gut (DMSPz); 2c:

dissolved DMSP (DMSPd); DMS

could not be detected (detection limit

0.15 nM)



Residence time of DMSP in copepods

In order to assess the residence time of the DMSP in the copepods (DMSPz), the results

of the gut clearance experiment are displayed in Figure 4.

A large difference in the initial DMSP gut content between

male (about 20 pmol DMSP  ind-1) and female (about 50

pmol DMSP ind-1) copepods could be observed. The gut

passage time for both sexes was in the order of 0.5 hour,

according to Dam and Peterson (1988) a normal value at

this incubation temperature for natural conditions would

be 26 min, which seems in good agreement.

The ingestion rate for females was about 100 pmol DMSP

ind-1 h-1 and for males about 30 pmol DMSP ind-1 h-1. The

large differences between males and females can be

explained by the difference in size and the fact that the

females of Eurytemora carry their eggs with them, which

requires more energy for swimming and hence a higher

feeding rate.

The effect of zooplankton upon DMSPp appears to be that, via DMSPz, the plankton

cells are packged into faecal pellets (DMSPf). The release of DMSPd and the stability of

DMSPf was followed in a separate experiment (Figure 5).

DMSP stability in faecal pellets

The amount of DMSPf in the pellets appeared to decrease about 30% during the first

day; after 5 days about 70% had disappeared and after 2 weeks only 10% of the initial

amount of DMSPf was left (Figure 5). Surprisingly, no increase in the DMSPd

concentration could be detected (mean concentration about 0.5 ± 0.15 nM). The DMS

concentration remained below the detection limit (0.15 nM). Apparently, the DMSP in

the faecal pellets was metabolized by bacteria present in the pellets to other sulphur

compounds (e.g. methyl-mercaptopropionate (MMPA), mercaptopropionate (MPA) or

DMSO) that could not be detected by the analysis method used, or the DMS formed

was immediately assimilated to CO2 and particulate material (bacteria cells) (Kiene &

Service 1991, Wolfe & Kiene 1993, Hatton et al. 1994). As the headspace of the

incubation bottle was relatively small compared to the water volume, it is unlikely that

all DMS escaped to the atmosphere without being detected in the water column. Visual

inspection of the faecal pellets showed that their number did not change and that they

remained intact for at least 8 days.

106 CHAPTER 7

Figure 4. Decrease of DMSP gut

content in fully satisfied Eurytemora

affinis transferred to filtered

seawater, to allow them to defecate.

Circles: adult females. Triangles:

adult males. GPT = gut passage time

from mouth to rear end



Zooplankton related DMSP budget

The results of the complete budget over a 24 h experiment become clear from Figure 6.

The column t=0 shows respectively the amounts of DMSPp, DMSPd and DMSPz (no

pellets at t=0) each expressed in nM in order to make budget

calculations easy. The other columns give the results for the

amount of DMSP in all fractions after 24 h. Obviously the

ungrazed systems contain no DMSPz or DMSPf fractions. The

data presented are the result of triplicate (grazed) or

duplicate (ungrazed) independent analyses.

It is clear, that the total amount of DMSPp + DMSPd in the

ungrazed systems shows only a minor change, if any. There

is a small shift from DMSPp to DMSPd in the experiment

with T. weissflogii.

In the grazed systems there is a distinct replacement of

DMSPp to the faecal pellets, while there is also a decrease of

DMSPz. In the experiment with P. tricornutum the total

amount of DMSP in all the fractions after 24 h is remarkably

similar to the total amount of DMSP at t=0, on average 98%

of the DMSP added at t=0 was accounted for at the end of

the experiment. In the T. weissflogii experiment there appeared to be a loss of about

20% of the DMSP to sulphur compounds that could not be detected. Grazing rates

calculated from the disappearance of cells (measured by the Elzone particle counter)

and calculated from the disappearance of DMSP from the particulate fraction appeared

to be the same (about 2 ml ind-1 d-1) for the P. tricornutum experiment and about 2.5

ml ind-1 d-1 for the T. weissflogii experiment). No DMS formation could be detected in

this experiment.

This total budget experiment allows us to construct a scheme where the different

pathways are quantified in a relative sense (Figure 7).

Phytoplankton is shown as the only producer of DMSP and this production is set at

100%. According to the literature (Baars & Fransz 1984, Tackx et al. 1990) 10 to 25%

of the daily primary production in Dutch coastal waters is consumed by copepods in

summer and autumn. In our experiments this grazing led to a small release of 0.5-5 %

DMSPd (based on the results of Figure 6). We attribute this to sloppy feeding, as the

results presented in Figures 5 and 6 show that no net DMSPd was released by the faecal

pellets.

In our experimental system no net DMS was formed and the major part of the ingested

DMSP was excreted unmetabolized (when 25% of the production was ingested, about

20% would pass the copepods undigested), some loss in the gut is sometimes observed,

however (see Figure 6b). The most important role of copepod grazing on phytoplankton
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Figure 5. Decrease of the DMSP

concentration in fresh faecal pellets

(3000 pellets l-1) placed in 2 l 0.45

µm filtered seawater. Circles: DMSP

in pellets (DMSPf). Triangles:

dissolved DMSP (DMSPd)



appears to be the repackaging of phytoplanktonic DMSP into faecal pellets. Sinking

rates of the faecal pellets are in the order of 20-200 m d-1 depending on the size and

the copepod species and the food quality

(Butler & Dam 1994). These high sinking

velocities mean that a significant amount (up

to 10%) of the DMSP daily production can

disappear from the surface waters in this way,

and thus at least temporarily forms a sink of

DMS(P). According to Small et al. (1979),

sinking rates for faecal pellets from small

copepods can be described with: 

log S = 0.374 log V - 0.416 (with S, sinking rate

and V, volume). 

The faecal pellets produced in our experiment

had an average volume of 

1.5 ✕ 105 µm3 which results in a calculted

average sinking rate of 33 m d-1. Deposition is

not the only process affecting the faecal pellets,

zooplankton feeding on faecal pellets may

influence the amount of DMSP disappearing

from the surface waters (Jackson 1993).

No release of DMSPd or DMS from the faecal

pellets was found in our experiments. However,

due to the short rinsing of the pellets before measurement loosely associated DMSPd

and DMS could have been lost from the pellets during this procedure. One may question,

whether sulphur removed by this gentle treatment should be considered part of the

pellet. A loss of DMSP from the pellets could be observed (Figure 5), which must be

attributed to bacterial consumption within the pellets involving pathways to

compounds that were not detected or with a rapid turnover of DMS.

How do these finding compare with other (field) observations? According to Belviso et

al. (1992) the length of the deposition path of faecal pellets in the water column affects

the amount of DMSP in faecal pellet material at which reaches sediment traps held at

200 m depth. This supports the idea that the pellets may be a sink for DMS(P). 

Daly & DiTullio (1996) found low concentrations of DMSPp in sediment traps in deep

water, suggesting that break down of the DMSP in the faecal pellets in the water column

is a process that should not be neglected (see also Figure 5).
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Figure 6. (a) DMSP concentration

in 100 ml suspensions of the diatom

species Phaeodactylum tricornutum

(20 ✕ 103 cells ml-1) and (b)

Thalassiosira weissflogii (5 ✕ 103

cells ml-1) incubated for 24h with 20

copepods (grazed, 1-3) or without

copepods (ungrazed, 1-2) of the

species Eurytemora affinis. The

column t=0 represent the initial

concentrations. White column:

DMSPp. Black column: DMSPd.

Grey column: DMSPz. Shaded

column: DMSPf



Our findings that no net DMS is formed either from the grazing activity or from the

pellets appears to be in contrast with the results of Dacey & Wakeham (1986) and Daly

& DiTullio (1996) who found that the

grazing activity of copepods and juvenile

krill respectively, caused a remarkable

increase of the DMS production

compared to ungrazed control systems.

The latter study was, however,

performed in the presence of Phaeocystis

sp., which is known to be able to cleave

extracellular DMSPd very rapidly into

DMS and acrylate due to the presence of

extracellular DMSP-lyase enzyme

(Stefels & Van Boekel 1993, Stefels et al.

1995). Apparently, the diatom species

we used in our experiments do not

possess this lyase activity. Of the species

Gymnodinium nelsoni and Prorocentrum

micans (Dacey & Wakeham 1986) it is

not known whether they have this

enzyme. Another explanation could be

the possibility of DMS formation by

bacteria associated with the plankton

species used. We should also not forget that the selection of species may play an

important role in the outcome of the results. Different zooplankton species (and

development stages!) tend to select for favoured food sources (Estep et al. 1990, Hansen

& Van Boekel 1991), each with different DMSP contents and lyase activity. In addition

the shape/size and density (thus sinking rate) of the faecal pellets changes with the

zooplankton species. The physiological state of a phytoplankton bloom may affect the

deposition rates as well (Jackson 1993). Estep et al. (1990) and Hansen & Van Boekel

(1991) showed that also the grazing activity of copepod species on Phaeocystis may

depend on the physiological state of the algae and that the copepod Temora longicornis

is able to switch from phytoplankton to heterotrophic nanoflagellates as a food source

during a Phaeocystis dominated bloom.

This all means that in addition to our findings the various pathways should be

investigated for a number of different species combinations, before they can be generally

applied.
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Figure 7. Possible pathways by

which copepod grazing activity may

influence the release of DMSP and

DMS. Numbers represent

percentages of primary or DMSP

production by phytoplankton. Italics

represent numbers derived from

literature, other numbers were

calculated from this study. For

further explanation see text



CONCLUSIONS
The experiments with the copepod Eurytemora affinis grazing on the diatoms

Phaeodactylum tricornutum and Thallassiosira weissflogii suggest that most of the DMSP

ingested is packaged into faecal pellets. The pellets are subject to DMSP degradation

(t1/2 of several days). This allows part of the faecal pellets to be deposited beyond the

mixing zone, thus forming a potential sink for DMS(P) from the surface water.

No net formation of DMS (from the DMSPz or DMSPf) could be observed. Only a small

fraction was released as DMSPd due to sloppy feeding.
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CHAPTER EIGHT

Calculation of DMS surface water concentrations and fluxes 
to the atmosphere from chlorophyll a data?
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A new simple model to calculate the DMS surface water concentration from chloro-

phyll a data is presented. The total DMSP concentration is calculated from the

chlorophyll a data using DMSP/chl a ratios that were measured in the field, taking

succession of dominant algal species into account. DMS concentrations are then

calculated from these DMSP concentrations using a non-linear ‘loss’ curve.

Validation of the model with measured North Sea and open ocean DMS data from the

literature showed a remarkably good agreement. Application of the model to literature

chlorophyll a data resulted in a prediction of monthly averaged DMSwater concentrations

for the North Sea and North Atlantic Ocean. From the DMS concentrations the sea-air

fluxes of these areas are calculated, which are compared with literature flux data. 

INTRODUCTION
Dimethylsulphide (DMS) is an important trace gas, as it is the most important biological

source of atmospheric sulphur (Malin et al. 1992, Bates et al. 1993). It is formed from

the phytoplankton metabolite b-dimethylsulphoniopropionate (DMSP). After

ventilation into the atmosphere DMS can be oxidized to form methane sulphonic acid

and finally sulphate, which has a considerable effect on the acidity of rainwater (Laane

et al. 1989, Malin et al. 1992, Mihalopoulos et al. 1993). The sulphate also has a direct

backscattering effect on solar radiation and an indirect effect through the formation

cloud condensation nuclei (CCN) that increase the global cloud albedo (Charlson et

al, 1987, Holligan, 1992, Malin et al. 1992). Charlson et al. (1987) postulated the

hypothesis that a possible climate feedback mechanism may be based on the formation

of DMS. When the atmospheric CO2 concentration rises and the global temperature

increases, phytoplankton production may also enhance. As a consequence the

production of DMS may increase proportionally with the phytoplankton, which, due

to the climate effect mentioned above, will decrease the enhanced greenhouse effect.

The DMSP concentration in seawater shows seasonal fluctuations which correlate well

with algal densities of certain species (Keller et al. 1989, Leck et al. 1990, Matrai &

Keller 1994). During algal blooms high concentrations of DMSP and DMS are observed

(Leck et al. 1990, Malin et al. 1993, Crocker et al. 1995). This is especially the case

when algae such as Phaeocystis sp. or Emiliania huxleyi are the dominant species (Matrai

& Keller 1993, Liss et al. 1994). Algal blooms may thus have pronounced effects on

the annual global production and sea-air exchange of DMS.

In an attempt to predict the DMS concentrations in the water column, and hence the

fluxes to the atmosphere, several approaches have been followed. The first approach

assumes a linear correlation of chlorophyll a (chl a) versus DMS concentrations. If chl a

data, e.g. obtained by remote sensing, could be translated into estimations of DMS

concentrations in global surface ocean waters, it should be possible to refine the ideas

of the climatic feedback mechanism. However, in numerous cases a (linear) correlation
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between chl a and DMS concentration in water has been disappointingly poor. Table I

gives an overview of these linear correlations reported for various field surveys.

Table I. Comparison of linear correlations between chl a and DMS concentrations in

surface waters

r2 n Reference area considered

0.67 135 Barnard et al. (1982) Atlantic

0.53 225 Andreae & Raemdonck (1983) Pacific

0.58 29 Cline & Bates (1983) Eq. Pacific

0.57 166 Andreae & Barnard (1984) Atlantic

-0.17 51 Andreae & Barnard (1984) Sargasso Sea

ne -- Holligan et al. (1987) Coastal North Sea & Atlantic

ne -- Turner et al. (1988) Coastal North Sea & Atlantic

0.3 >1000 Andreae (1990) open oceans

0.06 -- Leck et al. (1990) Baltic Sea time series

0.89 14 Leck et al. (1990) Baltic Sea transect

0.583 158 Malin et al. (1993) NE. Atlantic

0.356 30 Crocker et al. (1995) Southern Ocean

0.03-0.3 34 Watanabe et al. (1995) N.E. Pacific

The poor correlation should not necessarily be surprising, as the release of DMS is a

function of both production and consumption of DMSP (Turner et al. 1988, Cooper &

Matrai 1989, Gröne 1995, Kwint & Kramer 1996b).

A second approach tries to understand the complexity of the aquatic ecosystem. 

Although we may understand the production of DMSP by phytoplankton and

macrophytes, the factors controlling the concentration of DMS in the water column are

not yet clearly understood. They consist of a complex web of interactions which includes

zooplankton grazing, algal senescence, algal and bacterial DMSP lyase enzyme activity,

chemical and microbial transformation of DMS(P) and processes like sedimentation

(Dacey & Wakeham 1986, Nguyen et al. 1988, Belviso et al. 1990, De Souza & Yoch

1995, Kwint & Kramer 1995, Stefels et al. 1995).

To allow prediction of the DMS concentrations, the web of interactions has to be well

understood, and hence ecological modelling has been applied (e.g Gabric et al. 1993).

These methods try to simulate the development of a phytoplankton bloom, to which

is linked the production of DMSP and the resulting DMS. This has lead to several
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publications where the fluxes of DMS(P) are described qualitatively and quantitatively

(Kiene & Bates 1990, Kiene 1992, Bates et al. 1994, Kwint et al. 1996, chapter 7).

However, the predictive value of such models is somewhat limited as the estimation of

fluxes for each route of DMS(P) transformation in the model spans a rather wide range.

When we applied the model by Gabric et al. (1993) to explain our experiments, we

were unable to simulate a DMS peak preceding the chl a maximum as we observed in

the field (Kwint et al. 1997). This indicates that imperfections in the modelling approach

still exist, and extension to a complete annual cycle, and to more than one plankton

species may be required.

On the other hand, all models (and field observations) agree that of the total amount

DMSP produced by phytoplankton only a small fraction becomes available as DMS in

the water column (estimates range from 0.4 to 10%). This indicates that the processes

that attribute to DMS(P) consumption, or the loss, may be very important (Kiene 1992,

Bates et al. 1994, Kwint et al. 1996).

The method we like to present here, involves a non-linear correlation between chl a

and DMS, assuming a loss of DMS(P) increasing with time.

In a survey, conducted in the Marsdiep tidal inlet (The Netherlands, see Figure 1) over

a period of 18 months, Kwint & Kramer (1996b) found that the production of DMS in

relation to the chl a could only be understood, when the loss of DMS(P) was described

in terms of the production of DMSP by phytoplankton and an increasing loss of DMSP

to sulphur compounds, other than DMS. It is also possible that the observed increasing

loss from DMSP was caused by an increase in the (bacterial) metabolisation of DMS

(Kwint et al. 1997). 

The most important loss factors for DMS from surface waters are bacterial degradation

and transformation, photo-oxidation, and sea-air exchange to the atmosphere

(Brimblecombe & Shooter 1986, Kiene 1992, Bates et al. 1994).

Loss of DMSP may be through bacterial transformation (demethylation, Taylor &

Gilchrist 1991, Kwint et al. 1997), and sedimentation of phytoplankton cells containing

DMSP, or by sedimentation in the form of zooplanktonic faecal pellets (Wolfe 1992,

Kwint et al. 1996, Osinga et al. 1996a). Considering that most of these processes are

biological in nature, it is not realistic to assume that they are all constant in time.

In this paper we present a new and simple model approach, the increasing loss method.

This method allows us to calculate the DMS concentration in the water column based

on only the concentration chl a, species composition, the species specific DMSP/chl a

ratio, and the calculated loss of DMS(P) as function of time.

The method will be demonstrated in a number of different areas of the North Sea and

the north Atlantic Ocean, areas that range from highly productive coastal waters to

oligotrophic open ocean, hence also different typical species distributions. The
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calculated DMS concentrations will be compared with available literature data on field

measurements.

The development of the model follows the following lines:

First approach will be the application of the loss curve, obtained in the field at one

location (Marsdiep) to Dutch coastal waters, eastern UK coastal waters and southern

central North Sea. Secondly, after a discussion on the shape of the loss curve, optimized

curves will be used to predict the DMS production for these respective areas. It will be

shown that extrapolation to other, less productive waters is feasible, and hence a

calculation of DMS(water) concentrations for the northern Atlantic can be performed.

From the calculated DMS(water) concentrations, the fluxes of DMS to the atmosphere

will be calculated for these areas, which will be shown in relation to data from literature.

MATERIALS AND METHODS
Description of the model
The basic principle of the new model is derived from

Kwint & Kramer (1996b). Based on a series of data for

DMS and DMSP in the field, collected over 18 months,

the DMS(P) loss was defined as: 

% loss = 100 ✕ (DMSP - DMS) / DMSP (1) 

A line was fitted through these resulting data points. This

curve was assumed to have a sigmoidal form, fitted by

iterative process using the equation: 

N(t)= N0 ✕ K /(N0 + (K-N0))(a.t) (2) 

commonly used in microbiology (Schlegel & Schmidt

1985), the N representing the DMSP loss, K the carrying

capacity of the system (100% loss of DMSP), a the ‘growth’

constant and t the time in days. This simulated growth

(= % loss) curve should be considered as a mathematical

representation of the total loss, including all processes

involved in the loss of DMSP and DMS from the water

column. 

This is not unrealistic as several biological processes involved in the degradation and

transformation of DMS(P), thus of the total loss, may show a similar profile:

• an increase of microbial conversion of DMSP and DMS is enhanced as a result

of the adaptation of the population of DMS(P) consuming bacteria, when

DMS(P) concentrations become elevated (Kwint et al. 1997);
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Figure 1. Map of the southern North

Sea, with a division in different

areas, based on hydrodynamical

characteristics (NSTF, 1993).

Arrow indicates the Marsdiep tidal

inlet.



• the activity of the phytoplanktonic DMSP-lyase enzyme will decrease during

the aging of the phytoplanktonic bloom (Stefels & Van Boekel 1993), leading

to a decreased direct production of DMS with time;

• the zooplankton grazing activity will increase over the season (Reid et al. 1990)

and hence the loss of DMSP due to sedimentation of faecal pellets (Kwint et

al. 1996) or due to (bacterial) metabolisation of DMSP and DMS in the

zooplankton gut will increase as well (Wolfe 1992);

• a considerable part of the DMSP ingested by unicellular grazers is not converted

to DMS (Wolfe et al. 1994); as the grazing efficiency increases with time,

following the algal bloom, it is expected that the loss will increase with time

as well.

The characteristics of the curve are given in Table III.

As one loss curve may not be sufficient to describe the DMS concentration (see

discussion), for each area the original curve was optimized by matching the calculated

and measured DMS concentrations. In an iterative process the a and N0 in the formula

mentioned above were adapted, K was kept constant.

The new model was applied to different water masses defined for the North Sea 

(Figure 1), and the northern Atlantic Ocean. The definition of the North Sea areas

follows the definition of typical water masses, based on hydrodynamic observations

and modelling (NSTF 1993). They can be characterized as follows. Area 4, Dutch coastal

zone, is a highly eutrophic area with a major influence of river Rhine input. The Area

3b, English coast, is a less productive coastal zone, while the Area 7b consists of central

North Sea waters with a considerably lower production. 

The area of the north Atlantic Ocean was defined according to two zones: 55-59°N and

59-63°N, boarded by the continents. For the area 55-65°N, 0-20°W, data on DMS(P)

and chl a were available (Malin et al. 1993).

In our model calculation the following sources were applied. 

For chl a we used the data for 1989 of Joint & Pomroy (1993) in the North Sea (Areas

4, 3b and 7b), for the area west of the Shetland Islands data from Longhurst et al. (1995),

and for the two north Atlantic zones data from Gieskes & Kraay (1980), Veldhuis et

al. (1993) and Longhurst et al. (1995).

The description of the species distribution and the periods of their presence, as assumed

in our calculations in the respective areas, was defined according to Gieskes & Kraay

(1980), Reid et al. (1990) and Veldhuis et al. (1993), as summarized in Table II. 
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Table II. DMSP/Chl a ratios (µmol.mg-1) used in the model. Ratios are based on: 

Keller et al. (1989), Malin et al. (1993) and Kwint et al. (1997).

• Coastal North Sea Months DMSP/Chl a (µmol.mg-1)

diatoms Jan-Mar, Oct-Dec 2.5

intermediate Apr 12

Phaeocystis sp. May-Sept 25

• Open North Sea and Atl. Ocean Months DMSP/Chl a (µmol.mg-1)

diatoms Jan-Mar, Sep-Dec 2.5

intermediate Apr, May 20

Emiliania huxleyi Jun-Aug 100

The species specific DMSP/chl a ratio was obtained from Keller et al. (1989), Malin et

al. (1993) and Kwint et al. (1997).

The measured concentrations of DMS(water) in the North Sea come from Liss et al.

(1993b). These data were obtained during the same cruises as for the chl a data. The

DMSwater data for the north Atlantic come from Malin et al. (1993) and the compilation

by Tarrasón et al. (1995).

All data (chl a, DMS) were characterized in monthly averages, the standard deviations

of chl a for each area were subject to the same calculations.

The procedure of the calculation of the [DMS] by our model is as follows. 

From the chl a monthly averages the amount of DMSP produced is calculated as function

of time using the ratios of DMSP/chl a, defined per species, and taking the succession

into account (Table II).

The calculated monthly averaged DMSP concentrations were then subjected to the loss

curve. The remaining fraction was considered as the average DMS concentration in that

particular month for the area considered. The following equation was used: 

[DMSP]month ✕ (100 - % loss)month = [DMS]month (3) 
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Calculation of sea-air DMS fluxes
The method of flux calculation is based on Liss & Merlivat (1986). They describe the

flux of DMS to the atmosphere with the equation: 

F = Kw ✕ Cw (4) 

with F as the flux, Cw as the concentration of DMS in the surface water and Kw as the

transfer velocity of the DMS. The DMS concentration in air can be neglected. The Kw

is dependent on water temperature via the Schmidt number (Saltzman et al. 1993) and

windspeed. There appear to be three wind regimes: smooth surface (1st windspeed

class), rough surface (2nd windspeed class) and breaking waves (3rd windspeed class)

(Turner et al. 1996), with increasing efficiency in transfer. As the wind speeds in the 

Figure 2. Monthly averages for chl a (Joint & Pomroy 1993), together with the calculated

DMSP concentrations (top row of graphs), calculated DMS concentrations, together with the

measured DMS concentrations (middle row of graphs) (Liss et al. 1993b) and the increasing

loss curve used to calculate the DMS (bottom graph). P values originate from paired t tests.

For further explanations, see text.
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highest class have a relatively large impact on the Kw, but usually a low abundance, it

was found to be necessary to calculate a weighted average for the windspeed.

Daily windspeed and temperature information was obtained from the Royal Dutch

Meteorological Institute. For each area considered the geographical centre was taken

as representative. Daily

noon wind speed data

were used. These data

were sub-divided into

the three classes: w ≤ 3.6

m s-1 (0-3 Bƒt), 3.6 < 13

m s-1 (3-6 Bƒt) and w ≥
13 m s-1 (6-12 Bƒt), and

a frequency distribution

of each windspeed class

was made. In this way a

daily weighted average

windspeed for each

month in 1989 could be

calculated, which could

thus be transferred to

daily weighted Kw’s per

month.

RESULTS & DISCUSSION
Application of the model to several North Sea areas

The results of the calculation of the [DMS] from chl a data are summarized in Figure

2. The top row of graphs displays the monthly average chl a concentrations for each

sector in the southern North Sea from February to October 1989, next to the calculated

monthly average DMSP concentrations. Error bars in these figures represent standard

deviations.

From these DMSP results, the proportion of DMSP lost was subtracted, using the

information from the loss curve, presented in the bottom graph. This resulted in the

calculated DMS water concentrations (middle row of graphs). They are presented

together with the monthly averaged DMS field observations (Liss et al. 1993b). 

The calculated and measured concentrations of DMS compare very well. Application

of a paired t-test (p value’s in Figure 2) showed a good agreement for the Dutch coastal

zone and the area 7b, the southern part of the central North Sea (p = 0.9194 and 
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Figure 3. Calculated DMS

concentrations, together with

measured DMS concentrations (top

row of graphs), increasing loss

curves (bottom row of graphs),

recalculated by iterative process, to

match the monthly mean average

DMS concentrations from the model

with the measured monthly mean

values for DMS by Liss et al.

(1993b). P values originate from

paired t tests.



p = 0.8763 respectively). For the English coastal zone the agreement is slightly less 

(p = 0.7534). The agreement was in all cases better than the linear correlations calculated

by other authors (see Table I). 

The loss curve used, is the sigmoidal curve fitted for the Marsdiep.

The use of one typical loss curve, which was obtained from a rather a-typical spot along

the Dutch coast, may not be universally applicable. One may assume differences when

going to less productive waters and/or changes in species composition.

In order to assess the validity of the loss curve as depicted in Figure 2, the curve was

recalculated for each area considered, based on matching of the DMS calculated and

measured and varying the N0 and a in equation (2).

The results are shown in Figure 3, the characteristics of the loss curves are presented

in Table III. 

Table III. Characteristics of the different loss curves for each sector in the southern

North Sea

Marsdiep Dutch coast English coast southern central North Sea

N0 0.73 0.74 0.86 0.87

a 0.014 0.014 0.0034 0.00067

We observed that for the Dutch coastal zone, no major change occurred, the shape of 

the new loss curve for this area has a similar shape as the original curve from the

Marsdiep. Obviously the average interactions in this area are about similar to those in

the spot sampling area, the Marsdiep tidal inlet. The increase in p-value (p = 0.9983)

is the result of the iterative matching process. However, when going to the English

coastal zone and to the southern central North Sea areas we see a marked change. Firstly,

the fit (obviously) improves (to p = 0.8848 and p = 0.9092, respectively), but also the

shape of the loss curves changed. Where the Dutch coast curve rises from 60 to 98%

in the period February - October, the English coast curve rises from 85 to 92% and the

central North Sea curve from 87 - 89 %, each for the same period.

It is clear from the bottom graphs in Figure 3 that there is a trend of flattening of the

loss curves going from highly productive waters like the Dutch coastal area to the less

productive part of the North Sea. This trend indicates, that in less productive

oligotrophic waters there seems to be a more or less constant loss of DMSP from the

water column of about 88%.

This trend in flattening out of the loss curve from highly productive waters to less

productive waters is consistent with the idea that in eutrophic waters the increase in
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production at the start of the spring plankton bloom is rather fast, while in oligotrophic

waters the differences between summer and winter are

less pronounced. As a result of the steep increase in

eutrophic waters, the biological processes dependent on

the primary/DMSP production (e.g. zooplankton

grazing, bacterial transformation) will also be enhanced,

but they will require some time for adaptation. In the end

their consumption may be much more efficient. In less

productive waters the differences are smaller, adaptation

may be a lesser requirement (Colebrook 1979, Reid et al.

1990).

We observed that for the areas considered in the North

Sea one curve could be used (Figure 2), but that regional

differences exist (Figure 3). Extrapolation of the loss

curve to other, highly productive areas (eutrophic coastal

zones, upwelling areas, polar seas), may therefore

become problematic, as the shape of the curve needs to

be validated for each area. However, the extrapolation

may be possible for open oligotrophic (oceanic) waters

as the loss seems to become about constant in these areas. 

A constant loss of DMSP would, assuming one dominant

phytoplankton species, indicate a linear relation with

chl a. This seems in contrast with the observations

presented in Table I. It should be mentioned, however,

that in this table the open ocean results in general provide

better correlations than the comparisons for eutrophic

coastal (or mixed) observations.

Figure 4. DMS surface water concentrations obtained from

Tarrasón et al.(1995), compared with concentrations

calculated from chl a data using our model for the North

Atlantic Ocean, continental shelf area (top graph) and open

area (middle graph) and for the entire North Sea area

(bottom graph). P values originate from paired t tests.

Calculation of the DMS water concentration for the North Atlantic
Assuming that for open ocean waters the constant loss of DMS(P) of 88% is realistic

for a larger area than the central North Sea, we may extrapolate this to the north Atlantic

waters.
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We validated our model for this area with DMSP and DMS data collected in a

coccolithophore bloom in the period June-July 1987 (Malin et al. 1993). The results of

our calculations are compared with the measured data for this area (Table IV). 

Table IV. Average surface seawater concentration (with standard deviations) of Chl a,

particulate DMSP and DMS according to measurements by Malin et al. (1993)

(left) and calculated using our model (right). For further explanation see text.

Malin et al. (1993) this work

Chl a (mg.m-3) 1.04 ± 0.62 1 ± 0.67

DMSPp (µmol.m-3) 96.7 ± 47.4 100 ± 67.6

DMS (µmol.m-3) 12.0 ± 12.4 12 ± 8.1

Our calculated [DMS] of 12 µmol DMS m-3 agrees

remarkably well with the value of 12.0 µmol DMS m-3

measured. The high standard deviation for the

calculated [DMS] are the result of the standard

deviations found in the chl a (n = 2500) data set.

Apparently the standard deviation for the measured

[DMS] (n = 158) is higher. We like to stress that the

good agreement in the average (per month) is of more

importance than the difference in the standard

deviations.

In an attempt to validate our model further, we compared

our calculated DMS concentrations for two north

Atlantic zones with the measured DMS concentrations,

as reviewed by Tarrasón et al. (1995). The results of this

comparison are presented in Figure 4.

In our calculations again a loss of 88% of the total

amount of DMSP was assumed, while the remaining 12%

was considered to be DMS. Our model gives a good

agreement between calculated and measured data in the open ocean area (p = 0.7353,

paired t test). The agreement in the ‘shelf and coastal regions’ area, as defined by 

Tarrasón et al. (1995), is considerably less (p = 0.3982). We should realize, however,

that this area consists of both open ocean and coastal seas in the Tarrasón data set, and

that we used the cross Atlantic zones defined before. The comparison between our

calculated results and the measured data for the entire North Sea area, compare again

very well(p = 0.8727).
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Figure 5. DMS sea-air fluxes from

the North Atlantic from Tarrasón et

al. (1995), Lawrence (1993) and

this study in the zone 59-63 °N (top

graph) and 55-59 °N 

(bottom graph), for further

explanation see text.



Calculation of DMS fluxes from the North Atlantic
Based on our calculated [DMS] we predicted the sea/air exchange for the north Atlantic

and the (total) North Sea. The results are presented in Figure 5, together with the

calculated DMS fluxes as presented by Lawrence (1993) and Tarrasón et al. (1995).

Our calculations generally predict a considerably larger flux of DMS to the atmosphere

than is assumed in the literature. The values for the more

northern zone (top graph) are higher than for the more

southern zone (bottom graph). The high fluxes calculated

by Lawrence (1993) for the winter period in this area are

inconsistent with our calculations and the calculations by

Tarrasón et al. (1996). The values of Lawrence represent

the combined data for the Atlantic and the Pacific however.

In contrast, the calculations reported by Bates et al. (1987a)

for the Pacific (50-65 °N) being 1.4 µmol DMS m-2 d-1 for

the winter period and 6.57 µmol DMS m-2 d-1 for the

summer period compare well with our values for the

Atlantic (55-59 °N) of 1.67 and 5.02 µmol DMS m-2 d-1

respectively.

The discrepancy that appears to exist between our

calculated fluxes and those from the literature can partly

be explained by the methods used for the flux calculations.

We used Kw values based on daily wind speed

measurements and hence a daily weighted Kw for every

month. Other authors in the review of Lawrence (1993)

use averaged Kw’s for the summer months May to October

and for the winter months November to April, differences

in the outcome of calculated fluxes are inevitable. Using

an overall average will overestimate the influence of the

lowest speed class and underestimate the influence of the

highest speed class on the Kw.

Figure 6. DMS fluxes to the atmosphere, using DMS surface water concentrations calculated

from chl a data using our model and Kw’s from Turner et al. (1996) (white columns,

summer Kw = 2.69 cm.hr-1, winter Kw = 9.4 cm.hr-1), Bates et al. (1987a) (shaded

columns summer Kw = 6.58 cm.hr-1, winter Kw = 8.83 cm.hr-1), and daily weighted Kw’s

for each month (dark columns) for the North Atlantic Ocean.

59-63 °N (top graph), 55-59 °N (middle graph) and the North Sea 

(bottom graph).
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Tarrasón et al. (1995) used six hourly measured wind speeds from the year 1988 to

calculate the Kw’s and fluxes of DMS to the atmosphere, while we used 24 hourly

measured wind speeds (noon) for the year 1989.

In order to show the effect of the approaches used for the selection of the Kw values,

we simulated our calculations, based on DMS data produced by our model, but using

the Kw’s from Turner et al. (1996) of 2.69 cm h-1 (summer) and of 9.4 cm h-1 (winter),

and Bates et al. (1987a), 6.58 and 8.83 cm h-1 respectively. In Figure 6 the results of

the three observations are shown. 

For the three area’s observed, no significant difference between our calculations and

those using the Kw from Bates et al. (1987a) is observed (One way ANOVA, p > 0.05).

Between our approach and that using the Kw from Turner et al. (1996) there is a

significant difference, however (One way ANOVA, p < 0,01).

It is clear that by using different established ways to calculate the flux of DMS to the

atmosphere, large variations in the fluxes may be introduced.

CONCLUSIONS
The relatively simple model that is presented here, may make it possible to calculate

DMS water concentrations for large areas of open, low productive waters using chl a

data, assuming a constant loss of DMS(P) to other sulphur compounds than DMS of

88%. As the majority of the worlds oceans consist of low productive waters, the model

may provide simple means in the calculation of the global standing stock of DMS and

its variations over the seasons. 

For more productive waters our model seems to work as well. It appears, however, that

regional differences are observed, and that the loss curve needs to be defined and

validated for these regions.

It is demonstrated that the estimation of DMS fluxes is highly dependent on the method

of flux calculation, especially where the wind speed data are introduced in the

calculation of the transfer velocity (Kw).
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