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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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Figure 2. The global sulphur cycle

according to Brimblecombe et al.

(1989)



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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Figure 4. Schematical

representation of the "atmospheric"

(4a) and "aquatic" (4b) point of

view in DMS studies (Liss et al.

1993b).
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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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Figure 5. Various pools of DMSP

and DMS and routes involved in the

formation and breakdown of DMSP

and DMS in the watercolumn



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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Figure 6. The transfer velocity (Kw)

of DMS as a function of windspeed

at a temperature of 20°C  according

to Liss & Merlivat (1986).



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
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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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Marsdiep tidal inlet near Den

Helder, The Netherlands (area of

study)



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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Figure 9. Graphical representation
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filtration methods used (left column

of graphs). Comparison of gentle

filtration methods (others) to a

filtration method using a vacuum

filtration unit of 150 mbar (Germ.)

(right column of graphs).



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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