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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
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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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the mesocosm experiments of

March/April 1992



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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Figure 4. Chlorophyll a and DMS

concentrations in the four

mesocosms of March/April 1992



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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Figure 5. Phytoplankton

composition in the control systems

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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Figure 7. The variation of the DMS

concentration in the water and the

measured DMS flux to the

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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Figure 8. Field observations of a full

year cycle in the Marsdiep tidal

inlet of the concentration of DMS in

the water and chlorophyll a


