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INTRODUCTION

Dimethyl sulphide (DMS) is a major component of
the global sulphur cycle (Lovelock et al. 1972). Marine
emissions of DMS play an important role in the remote
marine atmosphere, where the oxidation products of
DMS influence the formation and acidity of aerosols,
affecting cloud formation over the oceans and plane-
tary albedo (Bates et al. 1987, Charlson et al. 1987,

Andreae 1990). The concentration of DMS in marine
surface waters is thought to be determined by an intri-
cate web of microbial processes. Current research
efforts are focussed on elucidating the key processes
that control DMS concentrations in natural waters, as
a step towards developing predictive models of DMS
emission.

The main precursor of atmospheric DMS is 3-
dimethylsulphoniopropionate (DMSP), which is pro-
duced by some marine phytoplankton species (Keller
et al. 1989). In laboratory cultures, the highest intracel-
lular concentrations of DMSP are found in cells that
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DMS+DMSPd due to grazing were calculated from the slope of the regression between algal-specific
production and the level of dilution, a proxy of the grazing pressure. DMS+DMSPd production rates
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metabolism of DMS and DMSPd on estimates of grazing mediated production together with other
competing production/loss processes are discussed. We suggest that in marine surface waters micro-
zooplankton grazing plays an important role in the generation of the dissolved pool of DMS+DMSPd.
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belong to the classes Prymnesiophyceae and Dino-
phyceae (Keller et al. 1989). Distributions of particulate
DMSP (DMSPp) in natural waters are now thought to
reflect these interspecific differences, with particularly
high DMSPp concentrations correlated with the abun-
dance of prymnesiophytes such as Phaeocystis sp. and
coccolithophores and with a variety of dinoflagellates
(e.g. Barnard et al. 1984, Holligan et al. 1987, Turner et
al. 1988, 1996, Malin et al. 1993, Matrai & Keller 1993).

DMS can be formed in marine waters via enzymatic
cleavage of DMSP to DMS and acrylic acid. Such
enzymes have been characterised from a heterotrophic
dinoflagellate (Kadota & Ishida 1968), phytoplankton
(Stefels & Dijkhuizen 1996, Steinke et al. 1998), bacte-
ria (e.g. de Souza & Yoch 1995), a marine fungus (Bacic
& Yoch 1998) and certain species of macroalgae (e.g.
de Souza et al. 1996). Following the discovery by
Sieburth (1960) that DMSP breakdown in krill stom-
achs resulted in acrylic acid formation, several lab-
oratory studies have demonstrated that grazing by
zooplankton enhances DMS production (Dacey &
Wakeham 1986, Malin et al. 1994, Christaki et al. 1996,
Wolfe & Steinke 1996). Field studies also suggest that
grazing is a key route by which dissolved DMSP
(DMSPd) and DMS are produced (Belviso et al. 1990,
Leck et al. 1990, Holligan et al. 1993, Christaki et al.
1996, Daly & DiTullio 1996). However, grazing does
not always result in the production of DMS (Wolfe et
al. 1994, Kwint et al. 1996). Furthermore, disruption of
phytoplankton cells by grazing may mix DMSP and
algal DMSP lyase enzymes, possibly acting as a de-
fence mechanism by producing high concentrations of
acrylic acid in the food vacuoles of heterotrophic pro-
tists (Wolfe et al. 1997).

Microzooplankton are generally dominated by het-
erotrophic protists, and these organisms are important
grazers of phytoplankton in the sea. Estimates of
microzooplankton grazing impact indicate that 20 to
>100% of primary production can be consumed each
day (e.g. Gifford 1988, Burkill et al. 1993, Verity et al.
1996) and they may, therefore, be important in deter-
mining the fate of phytoplankton DMSP. The dilution
technique (Landry & Hassett 1982) is widely used to
determine the grazing impact of microzooplankton on
phytoplankton. The technique involves incubation of
a series of water samples diluted with increasing
amounts of filtered water to sequentially reduce the
grazing of microzooplankton on phytoplankton. Micro-
zooplankton grazing rate is calculated from the slope
(g) of the relationship between net phytoplankton
growth rate (r) and the fraction of unfiltered water. The
fraction of whole water is used as a proxy of the rela-
tive grazing activity of the microzooplankton. The spe-
cific growth rate of the phytoplankton (k) is estimated
from the net growth rate extrapolated to a fraction of

whole water = 0. The dilution technique assumes that
phytoplankton growth is exponential and independent
of the dilution, while phytoplankton mortality is den-
sity-dependent and proportional to the microzoo-
plankton concentration. Critical reviews of the dilution
approach have been made by Gallegos (1989), Chavez
et al. (1991), Evans & Paranjape (1992), Landry et al.
(1995) and Dolan et al. (2000).

Despite the potential importance of microzooplank-
ton herbivory in determining the fate of phytoplankton
DMSP and evidence that grazing transforms phyto-
plankton DMSP to DMS/DMSPd, quantitative infor-
mation on grazing-mediated production in natural
waters is limited. The dilution technique has been used
to determine ammonium uptake and regeneration
rates (Neuer & Franks 1993) and to quantify external
and internal nutrient pools and nutrient supply
through remineralisation (Andersen et al. 1991). In this
study we investigated whether the approach can also
be used to determine the production of DMS/DMSPd
due to microzooplankton grazing, as DMSPp may be
released from phytoplankton cells as either DMSPd or
DMS. Additionally, DMSPd may be cleaved to DMS by
extracellular lyase enzymes derived from a variety of
sources, including bacteria and algae. Hence, we
examined the dynamics of DMS, DMSPd and the com-
bined pool of DMS+DMSPd in relation to grazing rates
in a series of dilution experiments using laboratory cul-
tures and natural populations from 2 regions in 1998.

MATERIALS AND METHODS

Experimental strategy. The objective of the experi-
ments was to quantify DMS/DMSPd production/loss in
relation to a gradient of grazing pressure produced by
the dilution technique. Measurements of phytoplank-
ton net growth over the course of dilution incubations
were combined with measurements of the change in
DMS and DMSPd concentration. As bacteria may in-
fluence the levels of DMS and DMSPd (e.g. Kiene &
Bates 1990, Ledyard & Dacey 1996), bacterial abun-
dance and net growth rate were determined during
the dilution incubations. In addition, the rate of DMS
consumption in natural waters was measured using
dimethyl disulphide (DMDS) as an inhibitor. Details of
the experimental design of the dilution experiments
and the location and depth of the experiments con-
ducted in natural waters are summarised in Table 1.

Laboratory experiments. Stock cultures of the prym-
nesiophyte Isochrysis galbana (PCC I) and heterotro-
phic dinoflagellate Oxyrrhis marina (PCC) were grown
in filtered, autoclaved seawater enriched with f/2
nutrients (Guillard & Ryther 1962). Cultures were in-
cubated in continuous light at approximately 100 µE
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m–2 s–1 at 15°C in glass conical flasks. One day before
the experiment, both cultures were combined to pro-
duce an experimental stock with a prey to predator
ratio of approximately 100:1. For the experiment, a
portion of the stock culture was filtered (GF/C nominal
pore size 1.2 µm) and the filtrate and remaining stock
culture used to produce a dilution series in 250 ml Nal-
gene polycarbonate bottles. Bottles were filled leaving
minimal headspace, capped and rotated gently by
hand prior to subsampling at t0 and t20 hours, taking
4 × 1 ml for cell enumeration (prey, predator and bac-
teria) and 5 ml for DMS(P) analyses. Cell numbers
were determined by analytical flow cytometry (AFC).

Experiments in natural waters. The timing and loca-
tion of experiments carried out in natural waters
focussed on episodes of significant DMS production.
The first cruise, from 6 April to 29 April, took place in
the southern North Sea aboard the RV ‘Pelagia’ and
formed part of the European Union funded ESCAPE
(Entangled Sulphur and CArbon cycles in Phaeocystis
dominated Ecosystems) programme. The highest con-
centrations and emission rates of DMS in the southern
North Sea occur in May/June (e.g. Turner et al. 1996)
as a result of the spring bloom of Phaeocystis sp.
(Stefels et al. 1995, van Duyl et al. 1998). The second
cruise occurred between 6 June and 8 July, in the
Iceland Basin aboard the RRS ‘Discovery’ and was part
of the UK Natural Environment Research Council
(NERC)-funded ACSOE (Atmospheric Chemistry
Studies in the Oceanic Environment) programme. In
the Iceland Basin, mesoscale blooms of coccol-
ithophores in June/July play a significant role in the
emission of DMS to the atmosphere (Holligan et al.
1993, Malin et al. 1993).

The procedures for the dilution experiments in
natural waters were based on the protocol of Landry

(1993). This was modified to incorporate additional
parallel incubations in which changes in the concen-
trations of DMS and DMSPd were monitored and rates
of bacterial consumption of DMS were determined
(Table 1).

Preparation of filtered water: Prior to each experi-
ment, filter capsules (0.2 µm pore size Gelman Supor-
capsule filters) and silicon tubing were soaked in 10%
HCl-Milli-Q water, rinsed with Milli-Q water, and the
first several litres of filtered seawater discarded. Dis-
ruption of cells during filtration procedures is known to
affect estimates of 14C uptake by phytoplankton (e.g.
Goldman & Dennett 1985) and could therefore alter the
concentrations of DMS and DMSPd between filtered
and unfiltered water when preparing dilution ex-
periments. Thus, natural water samples were filtered
slowly (<0.5 l min–1) through the capsule filters. On a
number of occasions in both the North Sea and Iceland
Basin, the filtration process resulted in increased con-
centrations of both DMS and DMSPd in the filtered
water. In addition, concentrations of DMS in the filtered
water continued to increase when incubated, possibly
as a result of the release of DMSP lyase enzymes dur-
ing the filtration procedure that continued to convert
the DMSPd to DMS. On other dates, including the
North Sea experiment reported here, this did not occur.
It was unclear what caused the variation in levels of
DMS/DMSPd release due to the filtration procedure
between dates. However, to avoid such problems, in
the 2 experiments from the Iceland Basin, filtered
water was prepared from water collected from 100 m
for incubations in which DMS(Pd) measurements were
made. This water contained relatively low phytoplank-
ton abundance and low DMS and DMSPd concentra-
tions. Filtered water from the same depth as the undi-
luted water was used to dilute a parallel series of
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Table 1. Location, dates and depths at which water samples were collected and the incubation format for DMS-dilution experi-
ments. Water used to produce the filtrate on 27 June and 4 July, for incubations in which DMS and DMSPd production was
measured was collected from 100 m. On these dates, phytoplankton growth rates were also determined in parallel dilution 

experiments using diluent prepared from surface waters. nm: not measured

Expt, Location Depth Incubations: no. of bottles × vol (l)
Date (m) Grazing rate DMS(Pd) DMS uptake

determination monitored measured

Laboratory experiment
22 Oct 1997 – – 3 × 0.25 nm

North Sea
13 Apr 1998 53° 07’ 00’’ N, 3 12 × 2.3 5 × 1.1 4 × 0.5

04° 32’ 16’’ E
Iceland Basin

27 Jun 1998 60° 25’ 54’’ N, 4 12 × 2.3 4 × 0.5
20° 39’ 37’’ W (100) 12 × 1.1

Iceland Basin
4 July 1998 59° 20’ 22’’ N, 3 5 × 2.3 4 × 0.5

21° 44’ 43’’ W (100) 4 × 4.4
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incubations to act as a control for the determination of
growth and grazing rates (Table 1).

Incubations: Undiluted water was gently passed
through a 200 µm gauze to remove mesozooplankton
as it was added to each incubation bottle. All incuba-
tions were carried out in the same flow-through, on-
deck incubator flushed with seawater and covered
with an acrylic screen and 2 sheets of Perspex to simu-
late a 55% PAR (400 to 700 nm) light level. The num-
bers and volumes of incubation bottles for each exper-
iment are outlined in Table 1. All experiments were
incubated for approximately 24 h except on the 4 July
when the incubation was continued for approximately
48 h.

Measurement of microzooplankton biomass: Sam-
ples collected at the start of experiments were fixed in
1% acid Lugol’s iodine and analysed in the laboratory
by inverted microscopy (Utermöhl 1958). The size and
volume of heterotrophic microzooplankton were calcu-
lated using an image-analysis system. The carbon con-
tent of each cell was calculated using carbon:volume
conversion factors of 0.14 pg C µm–3 for dinoflagellates
(as quoted in Lessard 1991) and 0.19 pg C µm–3 for
ciliates (Putt & Stoecker 1989).

Determination of phytoplankton net growth rate: In
the North Sea experiment, phytoplankton growth was
measured in 3 replicate 2.3 l incubations at each level
of dilution (Table 1). The net rate of growth of the total
phytoplankton population in each bottle was deter-
mined from initial and final concentrations of chloro-
phyll a. Pigment concentration was measured flu-
orometrically using 90% acetone extracts of 0.2 µm
filtered water. In the Iceland Basin, nanophytoplank-
ton growth rates were measured in parallel incuba-
tions diluted using either filtered water from 100 m or
filtered water from near the surface (Table 1). The
net growth rates of the nanophytoplankton were de-
termined by AFC cell counts using a combination of
red fluorescence (>650 nm) and 90° light-scatter
signals. Gravity filtration through Nuclepore filters
of 2.0 and 18 µm pore size was used to distinguish
nanophytoplankton groups from pico- and micro-
phytoplankton.

Determination of bacterial abundance and net
growth rate: Bacterial abundance in laboratory cul-
tures and natural waters was determined by staining
with the nucleic acid dye SYBR Green I (Molecular
Probes) and counting by flow cytometry (Marie et al.
1997). The net growth rate of bacteria in the dilution
incubations determined from initial and final abun-
dance, was measured from subsamples fixed with
0.1% glutaraldehyde (final concentration), frozen in
liquid nitrogen and stored at –80°C until analysis in the
laboratory. After thawing, 5 µl of 1% SYBR Green I
and 45 µl of 300 mM potassium citrate were added to a

500 µl aliquot of the fixed subsample. The abundance
of heterotrophic bacteria were determined by subtract-
ing the number of autotrophic picoplankton from the
total number of stained cells discriminated using a
combination of 90° angle light scatter and green fluo-
rescence in stained samples (Zubkov et al. 1998). Auto-
trophic picoplankton were identified and enumerated
in glutaraldehyde-fixed, unstained aliquots by a com-
bination of 90° angle light scatter and red fluorescence.

Analytical flow cytometry: All flow cytometric counts
were performed with a FACSort flow cytometer (Bec-
ton Dickinson, Oxford, UK) equipped with a 15 mW
laser exciting at 488 nM and a standard filter setup.
Flow rates of the flow cytometer were calibrated rou-
tinely by measuring the changes in weight or volume
(onboard ship) in samples run for differing lengths of
time. Parameters were collected as logarithmic signals
and graphs drawn and analysed using WinMDI
freeware (J. Trotter, The Scripps Research Institute
[facs.scripps.edu]).

Measurement of DMS consumption: Dimethyl disul-
fide (DMDS) was used as a selective inhibitor to deter-
mine DMS consumption by bacteria (Wolfe & Kiene
1993) in the experiments conducted during the 2 field
studies. The preparation of DMDS solutions and quan-
tities of DMDS added to undiluted 500 ml incubations
differed between experiments in the North Sea and
Iceland Basin. In the North Sea study, a stock solution
of DMDS (Sigma) dissolved in ethanol was used to pro-
duce a final concentration of 100 nM DMDS in 2 in-
cubations and an equal volume (20 µl) of ethanol was
added to 2 control incubations. In contrast, in the Ice-
land Basin study, DMDS was dissolved in Milli-Q
water and added to 2 incubation bottles to produce a
final concentration of 150 nM DMDS. No additions
were made to the 2 control incubations. DMDS incuba-
tions took place in the same on-deck incubators, in
parallel to the dilution experiments. DMS consumption
rates were calculated from the difference between
gross DMS production calculated from DMDS addition
incubations and net DMS production measured in con-
trol incubations (Kiene & Bates 1990).

Sulphur analyses: A cryogenic purge-and-trap/gas
chromatography system similar to that described by
Turner et al. (1990) was used to determine DMS
concentrations. A Varian 3800 gas chromatograph
equipped with a pulsed flame photometric detector
(PFPD) was used to analyse all samples. The analytical
column used was a 30 m × 0.53 mm CP Sil 5CB from
Chrompack and was operated isothermally at 60°C.
Nitrogen was the carrier gas at a flow rate of 5 ml
min–1. DMS standards for calibration were prepared
from DMSP-HCl (>98% purity; CASS, University of
Groningen) in Milli-Q water to which NaOH was
added to a final concentration of 1 M.
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Concentrations of DMS, DMSPp and DMSPd were
all measured in the same aliquot of water. Water sam-
ples were filtered by gravity through GF/F (laboratory
and Iceland Basin) or Millipore AP25 (North Sea) fil-
ters. The filtrate was transferred immediately to a
purge chamber and sparged with nitrogen at 40 ml
min–1 for 5 to 20 min, depending on the volume, which
ranged from 2 to 10 ml. The purge gas was passed
through a cold finger at 0°C followed by an ME Gas
Dryer™ prior to entering a cryotrap consisting of a loop
of 1/16’’ Teflon tubing maintained at –160°C above
liquid nitrogen. After purging, the trap was heated to
95°C to transfer the trapped gas to the GC. The purged
filtrate was used to determine DMSPd concentrations
and the filters used to determine DMSPp concentra-
tions. Samples for DMSPp and DMSPd were hydro-
lysed with NaOH and analysed as for DMS. The detec-
tion limit of the system for DMS was approximately
50 pg S. Tests of precision (coefficient of variation) for
DMS measurements from triplicate 5 and 20 ml natural
water samples were 2.2 and 3.8%, respectively.

Calculations: Model I regression theory (Sokal &
Rohlf 1981) was used to compute specific growth (k)
and mortality due to grazing (g) from apparent net
growth rates (r) and level of dilution (fraction of whole
water in the dilution treatment). Apparent net growth
rate of the measured variables (Isochrysis galbana cell
number, chlorophyll a, nanophytoplankton abundance,
bacterial abundance) for each incubation bottle was
calculated from initial (Ct0

) and final (Ct1
) concentra-

tions after incubation time (t = t1 – t0):

r =  ln(Ct1
yCt0

)yt

The level of dilution was determined from the initial
(Ct0

) concentration of phytoplankton in each bottle
relative to the concentration in undiluted water.

Initial and final concentrations of DMS and DMSPd
were used to calculate net production rates of DMS
and DMSPd for each level of dilution and the 2 rates
combined to estimate a value of net DMS+DMSPd
production. As the principal producers of DMSP, phy-
toplankton are considered to be the primary source
of DMS and DMSPd. Net DMS, DMSPd and DMS+
DMSPd production rates were therefore normalised
to the algal concentration in each incubation. A time-
averaged algal concentration was calculated to account
for phytoplankton growth. The time-averaged algal
concentration (<C>) for each incubation bottle was cal-
culated using the equation of Frost (1972), such that:

<C>  =  Ct0
[e(k–g)(t1– t0) – 1] y (t1 – t0)(k – g)

where C refers to the concentration of Isochrysis gal-
bana, chlorophyll a or nanophytoplankton, and k and g
are values determined from the regression analysis of
each dilution experiment. Values for g were scaled in

proportion to Ct0
for each level of dilution, in accor-

dance with 1 of the assumptions of the dilution ap-
proach. The mean algal concentration (<C>) expressed
as a fraction of <C> in the undiluted incubations (frac-
tion of whole water = 1), was used to calculate an algal-
specific production of DMS, DMSPd and DMS+DMSPd
(nM algal fraction–1 d–1).

RESULTS

The initial concentrations of DMSPp, DMS, DMSPd
and biological composition of the waters used for the
dilution experiments are shown in Table 2.

Laboratory experiment

The experiment using laboratory cultures confirmed
that Oxyrrhis marina grazes voraciously on Isochrysis
galbana. The growth rate of I. galbana (k = 0.67 d–1) was
equivalent to almost 1 doubling d–1 (Table 3). I. galbana
concentrations were an order of magnitude lower than
those generally achieved on reaching stationary phase
(>105 cell ml–1) under the same conditions, suggesting
that nutrients were not depleted. The rate of mortality
due to grazing (g) was 0.85 d–1, equivalent to a turnover
of I. galbana cells of 57% d–1 (Table 3).

The initial concentrations of DMS and DMSPd were
similar at all dilution levels (Table 4). This suggests
that the DMS and DMSPd content of the diluent was
not perturbed significantly by the filtration process per
se. The concentration of DMS increased in each incu-
bation, DMSPd concentration decreased in each incu-
bation, whilst the combined DMS and DMSPd produc-
tion/loss values were highest with increasing grazing
pressure. However, a net loss of DMS+DMSPd oc-
curred in the most dilute incubation (Table 4).

Bacterial abundance was 1.3 × 105 cells ml–1 in the
undiluted culture (Table 2). Approximately 50% of the
bacteria passed through the GF/C filter, resulting in
0.7 × 105 cell ml–1 in the filtrate. The net growth rate of
bacteria was highest in the more dilute samples, reach-
ing 2.5 d–1, equivalent to 3.75 doublings d–1, in the fil-
tered water. (For the Model 1 regression of the rela-
tionship between net growth rate and level of dilution
see Table 5.)

In situ studies

North Sea

The experiment carried out in the southern North
Sea coincided with the development of the spring phy-
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toplankton bloom in highly mixed nearshore waters.
The water contained high chlorophyll a and DMSPp
concentrations (Table 2) and large numbers of diatoms
and colonies of Phaeocystis sp. Large heterotrophic
dinoflagellates (mean size >5 ng C cell–1, mean abun-
dance 3000 cell l–1) dominated the biomass of the
microzooplankton communities, whilst relatively small
(<1.0 ng C cell–1) oligotrich ciliates were the most
abundant component, (mean abundance 8800 cell l–1).

Microzooplankton grazing rates calculated from chan-
ges in chlorophyll a concentration, represented 20% d–1

of the initial standing stock (Table 3). In contrast, the spe-
cific growth rate of the phytoplankton community was
low (Table 3). Nutrient concentrations measured in the
water sampled for the dilution experiment were 10.80
µM nitrate, 0.58 µM ammonium, 0.02 µM phosphate and
0.20 µM silicate (L. Villerius & J. Stefels unpubl. data).
The relationship between fraction of whole water and
net growth rate produced a highly significant Model I re-
gression (Table 3), suggesting that nutrient limitation if
present was consistent between levels of dilution and
that estimates of g and k (Table 3) are reasonable.

Initial DMS and DMSPd concentrations were similar
in filtered and unfiltered water, again confirming min-
imal perturbation due to the filtration process (Table 4).
DMS concentrations increased in all the incubations
with the highest DMS production in the least dilute
incubations. DMSPd showed a similar trend, although
DMSPd concentrations decreased in the 2 more dilute
incubations. A net DMS+DMSPd production occurred
in all incubations except in the most dilute (Table 4).
The rate of bacterial growth (k), almost 1 doubling d–1,
and slope of the regression (g) were closely matched
and higher than that of the phytoplankton community
(Table 5).

Iceland Basin

In the Iceland Basin, water was sampled from the outer
edge of a mesoscale eddy. Chlorophyll a and DMSPp
concentrations and the microbial community composi-
tion were similar in the 2 experiments (Table 2). Nanophy-
toplankton were an abundant component of the phyto-
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Table 2. Properties of the water used for dilution experiments. Concentrations of DMSPp, DMS, DMSPd, chlorophyll a (chl a),
microzooplankton (MZP) biomass and bacterial abundance were measured in undiluted water at the beginning of the incuba-

tions. The abundance of Isochrysis galbana (Ig) and Oxyrrhis marina (Om) are given for the laboratory experiment

Expt, Temp. DMSPp DMS DMSPd Chl a MZP biomass Bacteria
Date (°C) (nM) (nM) (nM) (mg m–3) (mg C m–3) (±SD) (105 cells ml–1) (±SD)

Laboratory experiment
22 Oct 1997 15 163 21.4 63.2 12260 Ig ml–1 236 Om ml–1 1.33

North Sea
13 Apr 1998 8 202 9.9 11.7 11.8 36.1 ± 0.5 4.19 ± 0.68

Iceland Basin
27 Jun 1998 11 93 8.6 44.0 1.4 21.9 ± 0.0 13.2 ± 0.00

Iceland Basin
4 Jul 1998 12 125 8.0 32.6 1.4 25.3 ± 4.9 23.1 ± 0.10

Table 3. Results of dilution experiments carried out in the laboratory and natural waters of the southern North Sea and Iceland
Basin. Values for grazing mortality and algal growth rate were determined from counts of Isochrysis galbana in the laboratory,
chlorophyll a measurements in the North Sea and from counts of nanophytoplankton in the Iceland Basin. In the Iceland Basin,
parallel incubations were diluted with filtrate from surface waters or from 100 m, values for the latter are in parentheses. p is the 

significance of the F-ratio of the analysis of variance of the Model 1 regression of each dilution experiment

Expt, Grazing mortality Algal growth rate p Initial standing stock
Date (g ± SE) (d–1) (k ± SE) (d–1) grazed (% d–1)

Laboratory experiment
22 Oct 1997 I. galbana analyses 0.85 ± 0.07 0.67 ± 0.05 ≤0.11 57

North Sea
13 Apr 1998 Chlorophyll a analyses 0.23 ± 0.02 0.09 ± 0.01 ≤0.01 20

Iceland Basin
27 Jun 1998 Nanophytoplankton analyses 0.21 ± 0.04 0.24 ± 0.03 ≤0.01 19

(0.14 ± 0.02) (0.26 ± 0.02) (≤0.01)
Iceland Basin

4 Jul 1998 Nanophytoplankton analyses 0.16 ± 0.04 0.35 ± 0.03 ≤0.03 15
(0.16 ± 0.05) (0.33 ± 0.03) ≤(0.02)
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plankton, with mean values of 2.63 × 106 and 2.32 × 106

cells l–1 in 200 µm screened, undiluted water on 27 June
and 4 July, respectively. In addition, large (≥20 µm)
autotrophic dinoflagellates were a notable component of
the phytoplankton and may have contributed to the high

DMSPp concentrations observed
(Table 2). The microzooplankton
communities differed slightly in that
a high abundance (≥1500 cells l–1) of
the tintinnid ciliate Eutintinnus sp.
occurred on the 27 June but was not
present on 4 July. However, hetero-
trophic dinoflagellates and olig-
otrich ciliates dominated the micro-
zooplankton biomass in both
experiments.

In the Iceland Basin, parallel dilu-
tion incubations in which the fil-
trate was produced either from
water collected at 100 m or from
near the surface were conducted.
Water collected from 100 m ele-
vated the concentrations of nitrate,
phosphate and silicate in diluted in-
cubations. On 27 June, values of ni-
trate, phosphate and silicate con-
centration in water from 100 m
were 14.0, 0.89 and 6.14 µM, re-
spectively, compared to 4.9, 0.31
and 0.81 µM in water from 4 m.
Similarly, on 4 July, concentrations
in water from 100 m were 11.8, 0.69
and 3.88 µM for nitrate, phosphate
and silicate, respectively, com-
pared to 2.5, 0.14 µM and unde-
tectable concentrations of silicate
near the surface (T. Jickells unpubl.

data). However, the rates of k and estimates of g were
similar between incubations using 100 m and surface
water for dilution on both dates (Table 3). Turnover
rates calculated from changes in flow cytometric deter-
mination of the nanophytoplankton abundance in incu-
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Table 5. Changes in the bacterial abundance during dilution experiments and estimates of DMS consumption by bacteria. The
values of bacterial abundance were determined from the dilution incubations in which DMS and DMSPd production was mea-
sured. Values of the slope (g) and y-intercept (k) of the Model I regression between bacterial net growth rate and level of dilution
are shown. Bacterial DMS consumption was determined by use of the inhibitor dimethyl disulfide (DMDS), in undiluted incuba-
tions conducted parallel to the dilution experiments. Values of ∆ DMS are the mean values from 2 incubations. ns: no significant 

difference between incubations, p ≤ 0.05

Expt, Slope of y-intercept of ∆ DMS in parallel Consumption of DMS
Date regression regression incubations (nM S h–1) in undiluted water

(g ± SE) (k ± SE) DMDS Control (nM d–1)

Laboratory experiment
22 Oct 1997 1.29 ± 0.20 2.54 ± 0.11 – – –

North Sea
13 Apr 1998 0.65 ± 0.12 0.69 ± 0.08 2.01 –2.02 ns

Iceland Basin
27 Jun 1998 0.72 ± 0.31 0.75 ± 0.20 0.25 –0.06 7.42

Iceland Basin
4 Jul 1998 0.52 ± 0.14 0.60 ± 0.09 0.09 –0.10 4.67

Table 4. Values of the level of dilution (proportion of natural water in the dilution
treatment), initial (t0) concentrations of DMS and DMSPd (nM) and production/
loss rates of DMS, DMSPd and DMS+DMSPd (nM d–1) in incubations in which DMS
and DMSPd dynamics were measured. Values of DMS dynamics are from single
incubations at each level of dilution carried out in parallel to the main dilution
incubations, except on 27 June, when measurements (mean ± SD) were from 3 

incubations at each level of dilution (see Table 1)

Laboratory experiment: 22 Oct 1997
Fraction whole water 0.19 0.50 1.00
[DMS] t0 19.4 21.2 21.4
[DMSPd] t0 65.4 64.0 63.2
DMS production 1.70 8.15 22.10
DMSPd production –4.30 –5.540 –6.11
DMS+DMSPd production –2.60 2.61 15.99

North Sea: 13 Apr 1998
Fraction whole water 0.14 0.40 0.65 1.00
[DMS] t0 9.3 10.3 11.4 9.9
[DMSPd] t0 11.7 11.4 12.0 11.7
DMS production 3.74 6.58 8.02 17.38
DMSPd production –6.82 -2.45 4.13 9.34
DMS+DMSPd production –3.08 4.13 12.15 26.72

Iceland Basin: 27 Jun 1998
Fraction whole water 0.07 0.39 0.71 1.00
[DMS] t0 0.8 2.7 5.3 8.6
[DMSPd] t0 7.4 23.7 32.5 44.0
DMS production 0.69 ± 0.07 1.29 ± 0.16 2.03 ± 0.44 2.42 ± 2.10
DMSPd production 0.93 (n = 1) –4.86 ± 0.44 –5.25 ± 1.26 –2.77 ± 0.17
DMS+DMSPd production 1.58 (n = 1) –3.57 ± 0.60 –3.22 ± 1.69 0.35 ± 1.94

Iceland Basin: 4 Jul 1998
Fraction whole water 0.18 0.36 0.66 1.00
[DMS] t0 3.3 6.0 7.3 8.0
[DMSPd] t0 13.9 22.1 29.1 32.6
DMS production –0.65 –1.73 –2.43 –2.45
DMSPd production –2.00 –2.57 –3.62 –1.17
DMS+DMSPd production –2.65 –4.30 –6.05 –3.62
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bations in which surface waters were
used as the diluent were 19% d–1 of the
initial standing stock on the 27 June
and 15% d–1 on 4 July (Table 3).

Using water from 100 m, concentra-
tions of DMS and DMSPd at the start of
Iceland Basin incubations varied with
the level of dilution (Table 4). On
27 June, DMS production occurred in
all the incubations, whilst a loss of
DMSPd and DMS+DMSPd occurred
in all but the most dilute incubation
(Table 4). A net loss of both DMS and
DMSPd occurred in all the dilution
incubations on 4 July (Table 4).

Bacterial abundance was higher in
the experiments conducted in the
Iceland Basin than southern North
Sea (Table 2). In both experiments,
estimates of the rates of growth of
bacteria (k) and the slope of the regression (g) were
closely matched and higher than those of the
nanophytoplankton (Table 5). In all three in situ
experiments, the net growth rates of bacteria ex-
ceeded those of the phytoplankton in the more dilute
incubations. Although k and g may not strictly repre-
sent bacterial specific growth rate and mortality
due to grazing (Landry 1993), they have been used
to calculate the mean abundance (Frost 1972) of
bacteria and a ratio of mean bacterial:mean algal
concentration (<B>:<C>) during each incubation
(Table 6).

DMS consumption

In the North Sea incubations with DMDS added,
there was no significant increase in DMS concentra-
tion compared to controls. This suggests there was
negligible bacterial DMS consumption (Table 5). In
contrast, in similar experiments conducted in the Ice-
land Basin, production of DMS was higher in incuba-
tions to which DMDS had been added compared to
control incubations, suggesting an active bacterial
consumption of DMS (Table 5).

Algal-specific production/loss of DMS and DMSPd
and grazing pressure

The relationship between algal-specific production
and the level of dilution, a proxy of grazing pressure,
is shown for each experiment (Figs. 1, 2, 3 & 4). The
values of the Model 1 regressions in each case are
given in Table 7.

138

Table 6. Values of the time-averaged phytoplankton concentration (<C>) ex-
pressed as a fraction of the concentration in the undiluted incubations (fraction
whole water = 1) and the ratio of mean bacterial:mean algal concentration 

(<B>:<C>) at each level of dilution.

Laboratory experiment: 22 Oct 1997
Fraction whole water 0.19 0.50 1.00
<C> (Isochrysis galbana fraction) 0.27 0.62 1.00
<B>:<C> (bacteria I. galbana–1) 110 59 29

North Sea: 13 Apr 1998
Fraction whole water 0.14 0.40 0.65 1.00
<C> (chlorophyll fraction) 0.15 0.42 0.68 1.00
<B>:<C> (106 bacteria µg chl a–1) 47 45 42 39

Iceland Basin: 27 Jun 1998
Fraction whole water 0.07 0.39 0.71 1.00
<C> (nanophytoplankton fraction) 0.11 0.40 0.71 1.00
<B>:<C> (bacteria cell–1) 240 330 280 250

Iceland Basin: 4 Jul 1998
Fraction whole water 0.18 0.36 0.66 1.00
<C> (nanophytoplankton fraction) 0.22 0.42 0.72 1.00
<B>:<C> (bacteria cell–1) 1140 1070 860 750
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Fig. 1. Laboratory experiment. (A) Dilution plot of apparent
growth of Isochrysis galbana versus level of dilution (y =
–0.85x + 0.67); (B) relationship between algal-specific DMS,
DMSPd and DMS+DMSPd production and the level of dilu-
tion. Algal-specific production was calculated from the net
production of DMS, DMSPd and DMS+DMSPd normalised to
the mean concentration of I. galbana cells during each incu-
bation expressed as a fraction of the concentration in the
undiluted incubation (fraction whole water = 1) (<C>: Table 6)
(DMS: y = 19.4x + 2.9; DMSPd: y = 11.5x – 16.8; DMS+
DMSPd: y = 30.9x – 13.9). The I. galbana cell-specific rates
(nM [106 I. galbana cells]–1 d–1) are shown on the secondary
y-axis (DMS: y = 1.73x + 0.26; DMSPd: y = 1.02x – 1.50;
DMS+DMSPd: y = 2.75x – 1.24). The values and significance
of the linear regressions for this and all subsequent figures
are given in Table 3 for the dilution plot and Table 7 for the 

fraction-specific DMS/DMSPd dynamics
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DISCUSSION

The aim of this research was to test the utility of the
dilution technique as an approach for quantifying
DMS and DMSPd production due to microzooplankton
herbivory. The concentrations of DMS and DMSPd in
the dilution incubations reflect the balance between a
variety of production and loss processes. If grazing
by microzooplankton resulted in the transformation of
DMSPp to DMS/DMSPd, an increased algal-specific
production of DMS/DMSPd or reduced algal-specific
loss of DMS/DMSPd would be expected with increas-
ing grazing pressure. In the same way in which mor-
tality due to grazing can be calculated, the slope of
the relationship between algal-specific production of
DMS/DMSPd and level of dilution provides an esti-
mate of the production due to grazing. The implicit
assumption is that changes in production are purely

the result of the variation in grazing pressure between
levels of dilution.

In the laboratory experiment, the regressions be-
tween algal-specific DMS, DMSPd and DMS+DMSPd
production and fraction of whole water produced posi-
tive slopes (Fig. 1, Table 7). This suggests that a signif-
icant production due to grazing of DMS (19.4 nM d–1)
and DMS+DMSPd (30.9 nM d–1) occurred in the undi-
luted culture. In the North Sea experiment, production
of DMS, based on the mean chlorophyll a (<C>) con-
centration during each incubation, was not clearly
related to grazing (Fig. 2). Algal-specific DMSPd pro-
duction was highest in undiluted water, but showed an
increasing loss in more dilute waters. When combined,
algal-specific DMS+DMSPd production occurred at
the 3 highest levels of grazing and a net loss of
DMS+DMSPd occurred in the most dilute incubation.
The regression between algal-specific DMS+DMSPd
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Fig. 2. North Sea, 13 April. (A) Dilution plot of apparent
growth of chlorophyll a (chl a) versus level of dilution (y =
–0.23x + 0.09); (B) relationship between algal-specific DMS,
DMSPd and DMS+DMSPd production and the level of di-
lution. DMS, DMSPd and DMS+DMSPd production is nor-
malised to the mean concentration of chl a during each in-
cubation expressed as a fraction of the concentration in the
undiluted incubation (<C>: Table 6) (DMS: y = 3.7x + 12.4;
DMSPd: y = 24.3x – 13.4; DMS+DMSPd: y = 28.0x – 1.0). The
chlorophyll-specific rates (nM [µg chl a]–1 d–1) are shown on
the secondary y-axis (DMS: y = 0.33x + 1.11; DMSPd: y =
2.18x – 1.20; DMS+DMSPd: y = 2.52x – 0.09). Note that values
from the most dilute level of incubation are not included in
the regression analyses of DMS, DMSPd or DMS+DMSPd 

dynamics (Table 7)

Fig. 3. Iceland Basin, 27 June. (A) Dilution plot of apparent
growth of nanophytoplankton versus level of dilution (y =
–0.21x + 0.24); (B) relationship between algal-specific DMS,
DMSPd and DMS+DMSPd production and the level of dilu-
tion. DMS, DMSPd and DMS+DMSPd production is nor-
malised to the mean concentration of nanophytoplankton
cells during each incubation expressed as a fraction of the
concentration in the undiluted incubation (<C>, Table 6)
(DMS: y = –1.5x + 3.9; DMSPd: y = 15.9x –18.7; DMS+DMSPd:
y = 14.4x – 14.8). The nanophytoplankton-specific rates (nM
[106 nanophytoplankton cells]–1 d–1) are shown on the sec-
ondary y-axis (DMS: y = –0.28x + 0.73; DMSPd: y = 2.99x –
3.52; DMS+DMSPd: y = 2.71x – 2.78). Note that values from
the most dilute level of incubation are not included in the
regression analyses of DMS, DMSPd or DMS+DMSPd dy-

namics (Table 7)
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production and fraction of whole water is significant
(p < 0.05) if restricted to the linear portion of the graph
by omitting the data for the most dilute incubation
(Fig. 2B, Table 7). This suggests a production of
DMS+DMSPd due to grazing of 28.0 nM d–1. In the Ice-
land Basin on 27 June, algal-specific production of
DMS and DMSPd in the most dilute incubations (frac-
tion of whole water = 0.07) was unusually high com-
pared to the other levels of dilution (Fig. 3B). In
contrast, a clear trend in algal-specific production
occurred between the other 3 less dilute levels. The
algal-specific DMS production was similar between
the 3 levels of dilution. A significant positive slope
occurred between fraction of whole water and algal-
specific DMSPd and DMS+DMSPd production, indi-
cating a production due to grazing of 15.9 and 14.4 nM
d–1, respectively (Fig. 3B, Table 7). On 4 July, a
reduced algal-specific loss of DMSPd in less dilute
incubations resulted in a significant positive relation-
ship between fraction of whole water and both DMSPd
and DMS+DMSPd, indicating a grazing mediated

production of 8.9 and 9.9 nM d–1, respectively (Fig. 4B,
Table 7). Algal-specific production of DMS was similar
between levels of dilution (Fig. 4).

Current evidence suggests that the processes that
control DMS concentrations in surface waters of the
oceans are highly complex. At this point it is pertinent
to consider to what extent other transformation, pro-
duction or loss processes may have affected our esti-
mates of grazing-mediated production of DMS, DMSPd
and DMS+DMSPd. The balance between production
processes other than grazing and loss processes would
have to vary in proportion to algal concentration in
order to correspond with the slope between fraction of
whole water and algal-specific production, which we
found.

DMS/DMSPd production processes other 
than grazing

Several processes other than grazing have been
shown to cause the release of DMS/DMSPd from
phytoplankton, including viral lysis (Hill et al. 1998,
Malin et al. 1998) and cell autolysis or excretion, which
may occur under conditions of nutrient depletion
(Nguyen et al. 1988, Stefels & van Boekel 1993).
Viruses with a head size of less than 60 nm dominate
natural aquatic populations (Bergh et al. 1989), and fil-
ters with a pore size of 0.2 µm diameter are routinely
used as a first step to separate viruses from other
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Fig. 4. Iceland Basin, 4 July. (A) Dilution plot of apparent
growth of nanophytoplankton versus level of dilution (y =
–0.16x + 0.35); (B) relationship between algal-specific DMS,
DMSPd and DMS+DMSPd production and the level of dilu-
tion. DMS, DMSPd and DMS+DMSPd production is nor-
malised to the mean concentration of nanophytoplankton
cells during each incubation expressed as a fraction of the
concentration in the undiluted incubation (<C>: Table 6)
(DMS: y = 1.0x – 3.8; DMSPd: y = 8.9x –10.2; DMS+DMSPd:
y = 9.9x – 14.0). The nanophytoplankton-specific rates (nM
[106 nanophytoplankton cells]–1 d–1) are shown on the sec-
ondary y-axis (DMS: y = –0.32x – 1.20; DMSPd: y = 2.80x – 

3.21; DMS+DMSPd: y = 3.12x – 4.41)

Table 7. Relationship between algal-specific production of
DMS, DMSPd and DMS+DMSPd and grazing pressure (frac-
tion whole water). The regression lines are shown in Figs. 1, 2,
3 & 4. p is the significance of the F-ratio of the analysis of 

variance of each Model 1 regression

Product Slope Intercept r2 p

Laboratory experiment: 22 Oct 1997
DMS 19.4 ± 1.1 2.9 ± 0.7 1.00 0.037
DMSPd 11.5 ± 4.5 –16.8 ± 3.0 0.87 0.236
DMS+DMSPd 30.9 ± 5.7 –13.9 ± 3.7 0.97 0.115

North Sea: 13 Apr 1998a

DMS 3.7 ± 8.8 12.4 ± 6.4 0.15 0.746
DMSPd 24.3 ± 10.6 –13.4 ± 7.7 0.84 0.263
DMS+DMSPd 28.0 ± 1.9 –1.0 ± 1.4 1.00 0.043

Iceland Basin: 27 Jun 1998a

DMS –1.5 ± 1.6 3.9 ± 1.2 0.11 0.388
DMSPd 15.9 ± 1.5 –18.7 ± 1.1 0.94 0.000
DMS+DMSPd 14.4 ± 2.5 –14.8 ± 1.8 0.83 0.001

Iceland Basin: 4 Jul 1998
DMS 1.0 ± 1.2 –3.8 ± 0.8 0.28 0.476
DMSPd 8.9 ± 1.4 –10.2 ± 0.9 0.95 0.024
DMS+DMSPd 9.9 ± 1.2 –14.0 ± 0.8 0.97 0.015

aValues from the most dilute level of incubation are not
included in the regression analyses



Archer et al.: Dilution approach quantifying grazing-mediated DMS production

components of the plankton (e.g. Suttle et al. 1990).
Although, viruses were not quantified, most free
viruses would pass through both the GF/C filter and
Gelman 0.2 µm pore-size capsule filters used in our
studies. Even with similar concentrations of viruses in
the dilution series, the probability of specific infection
of phytoplankton cells may tend to decline. However,
how viral mortality will alter in a dilution series is not
known and may be complex. For instance, viral-host
interactions may involve lytic and/or lysogenic infec-
tion (Wilson & Mann 1997) and latent periods are likely
to vary with each taxon of phytoplankton. Another fac-
tor that can influence dilution experiments is nutrient
concentration. In the North Sea experiment it is proba-
ble that phosphate was limiting phytoplankton growth,
as previously observed in Dutch coastal waters during
April (e.g. Peeters & Perpezak 1990), although this was
not tested. However, as phytoplankton growth rates do
not appear to have varied between levels of dilution
(see ‘Results’) we consider this not to have been sig-
nificant in our experiments. Therefore, DMS/DMSPd
release as a consequence of viral lysis and cell auto-
lysis or excretion may have declined with decreasing
algal concentration in each incubation, confounding
estimates of grazing-mediated production.

DMS/DMSPd loss processes

A net decrease of DMS+DMSPd concentration was
observed in many of the incubations (Table 3), show-
ing that loss processes often exceed production rates. If
grazing-mediated production is an important compo-
nent of the production processes, the increased algal-
specific loss of DMS/DMSPd in more dilute incuba-
tions and therefore at lower grazing pressures, is to be
expected. However, loss processes could vary in rela-
tion to algal concentration between levels of dilution
and may thereby affect estimates of grazing-mediated
production. The most likely causes of DMS/DMSPd
removal during incubations are bacterial metabolism
(e.g. Kiene & Bates 1990, Ledyard & Dacey 1996), pho-
tochemical degradation of DMS (e.g. Brimblecombe
& Shooter 1986, Kieber et al. 1996) and ventilation of
DMS to the headspace in incubation bottles.

In addition to cleaving DMSPd to DMS, bacteria in
natural seawater are able to metabolise DMS (Kiene &
Bates 1990, Kiene & Service 1991) and to demethylate/
demethiolate DMSPd (e.g. Taylor & Gilchrist 1991).
How these processes affected the estimates of grazing-
mediated DMS, DMSPd and DMS+DMSPd production
depends on their rates and whether the rates varied in
relation to algal concentration through the dilution
series. The magnitude of DMS metabolism by bacteria
in each of the experiments in natural waters is illus-

trated by the incubations in which DMDS was used as
an inhibitor (Table 5). The lack of a significant con-
sumption of DMS in the North Sea experiment, in con-
trast to the waters from the Iceland Basin, may explain
the higher net production of DMS in the North Sea
(Table 3). Independent incubations carried out at
the same locations and times using DMDS produced
results that confirmed the low DMS consumption rates
in the southern North Sea (G. Malin & A. Hatton
unpubl. data) and the significant DMS consumption in
the Iceland Basin (Simó & Pedrós-Alió 1999). No direct
estimates of DMSPd metabolism by bacteria were
made. However, in a similar way to the calculation of
phytoplankton growth rate (k) from dilution experi-
ments, an estimate of the production/loss in the ab-
sence of grazing may be obtained from the intercept of
the relationship between algal-specific production and
fraction of whole water (Table 7). This parameter is an
indication of the balance between the combined pro-
duction processes other than grazing and the com-
bined loss processes. In the laboratory experiment,
the regression analyses suggest a loss of DMSPd of
16.8 nM d–1 and a loss of DMS+DMSPd of 13.9 nM d–1

in the absence of grazing. Although, note that values of
p for the regressions are >0.05 in both cases. The inter-
cept of the regression of algal-specific production of
DMS and fraction of whole water is 2.9 nM d–1 (Table 7),
and no direct estimate of DMS consumption was made.
On 13 April, the relationships between algal-specific
DMS and DMSPd production were not significant and
no estimate of the production/loss in the absence of
grazing can be made for the individual compounds.
However, when combined, the regression based on
production rates at the 3 highest levels of fraction of
whole water indicate a loss of 1.0 nM d–1 of DMS+
DMSPd (Table 7). On 27 June, the loss rate of DMS+
DMSPd in the absence of grazing was 14.8 nM d–1. If
the DMS consumption rate of 7.4 nM d–1 measured
from the DMDS incubations is taken into account, a
loss of DMSPd by processes other than cleavage to
DMS amounts to 7.4 nM d–1 in the absence of grazing.
Similarly, on 4 July a loss of DMSPd by processes other
than cleavage to DMS amounts to 5.2 nM d–1 in the
absence of grazing. These values of net DMSPd loss
in the absence of grazing are in the lower range of
removal rates of DMSPd estimated using a kinetic
approach in waters from Vineyard Sound and the Sar-
gasso Sea (1.4 to 16.8 nM d–1) (Ledyard & Dacey 1996),
when glycine betaine was used as an inhibitor of
DMSPd consumption (4 to 28 nM d–1) (Kiene & Gerard
1995) and by using additions of 35S-DMSPd (3 to
129 nM d–1) in the Gulf of Mexico (Kiene & Linn 2000).

As stated previously, variations in the relative mean
concentrations of bacteria and algae (<B>:<C>: Table 6)
between levels of dilution provide an indication of the
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influence that bacteria may have on algal-specific
rates of DMS/DMSPd consumption. The greatest vari-
ation in the <B>:<C> ratio between levels of dilution
occurred in the laboratory experiment, with a 3-fold
increase in the proportion of bacteria at fraction of
whole water = 0.19 compared to fraction of whole
water = 1.00 (Table 6). In contrast, in the experiments
in natural waters <B>:<C> remained more constant,
suggesting little variation in bacterial influence on
algal-specific loss rates. However, how rapidly the
composition of bacterial communities change in re-
sponse to dilution and how bacteria might respond to
increasing availability of DMS and DMSPd as a result
of decreased competition are uncertain.

There is evidence that bacteria may acquire DMSPd
without immediately degrading it (Diaz et al. 1992,
Wolfe 1996), thereby potentially transforming DMSP
from the dissolved to particulate phase. Furthermore, it
is possible that bacterial DMSP may be degraded or
transferred to higher trophic levels by bacterivores
(Wolfe 1996). It remains unclear how important these 2
processes are in natural waters and how they may
have affected estimates of DMS/DMSPd production in
the present study.

DMS photolysis has been shown to be an important
removal pathway for DMS (Brimblecombe & Shooter
1986, Kieber et al. 1996), and the volatile nature of
DMS means that it may be lost to the headspace
of incubation vessels during experiments. Although
efforts were made to minimise the size of the head-
space in incubation bottles, DMS may have been lost
from solution to the small headspace (10 to 20 ml) that
did occur, possibly resulting in a slight underestima-
tion of DMS production. In addition, the incubations of
natural water in the present study were carried out in
polycarbonate Nalgene bottles under an acrylic screen
and two sheets of Perspex. Under these incubation
conditions, DMS removal due to photolysis may have
occurred, again leading to an underestimate of DMS
production. In the equatorial Pacific, the relationship
between rate of photolysis and DMS concentration was
linear at less than approximately 50 nM (Kieber et al.
1996). In the present study, the concentration of DMS
in the incubations using natural waters was generally
lower than 50 nM. Therefore, DMS loss due to photo-
lysis may have been a constant proportion of the DMS
production throughout the dilution series and, if so,
would have had little affect on estimates of algal-
specific DMS and DMS+DMSPd production. Concur-
rent measurements of DMSO production could be used
to provide an indication of the relative loss of DMS due
to photolysis through the dilution series.

In summary, if the assumptions of the dilution tech-
nique that phytoplankton growth is density-indepen-
dent and that phytoplankton mortality is density de-

pendent (Landry & Hassett 1982) are met, then the
most serious sources of error in estimates of DMS/
DMSPd production due to grazing are most likely to
stem from bacterial metabolism and possibly viral lysis.
In general, rates of biological DMSPd turnover approx-
imate 1 to 10-fold ambient concentrations d–1 (reviewed
in Kiene et al. 2000), and may be higher than those of
the biological turnover of DMS at approximately 0.3 to
3-fold ambient concentrations d–1 (Ledyard & Dacey
1996, Simó & Pedrós-Alió 1999). Nevertheless, the
overriding consequence of the dilution technique is to
produce a gradient of grazing pressure. For instance,
in the experiment carried out on 27 June, the propor-
tion of total chlorophyll a (<C>) that was grazed varied
almost 10-fold, from 3% d–1 at a fraction of whole water
of 0.14 to 23% d–1 in undiluted water, assuming den-
sity-dependent grazing mortality. In comparison, rela-
tive bacterial abundance (<B>:<C>) varied from only
47 to 39 × 106 bacteria µg chlorophyll a–1 at the same
levels of dilution (Table 6), suggesting that large
changes in bacterial metabolism or composition would
be required to substantially affect estimates of graz-
ing-mediated production of DMS/DMSPd.

Significance and controls of grazing production
of DMS/DMSPd

Despite the potential problems, the present study is
the first to provide direct estimates of microzooplank-
ton-mediated production of the dissolved pool of
DMS+DMSPd in natural waters. The estimates of graz-
ing-mediated production of DMS+DMSPd in the labo-
ratory experiment and on 13 April, 27 June and 4 July
(Table 7) were equivalent to 37, 130, 27 and 24% d–1

of the ambient DMS+DMSPd concentrations, respec-
tively. This represents a conversion to DMS+DMSPd
of 19, 14, 15 and 9% d–1 of the DMSPp standing stock.
In the laboratory experiment, it is possible to estimate a
conversion of 33% of ingested DMSPp to DMS+DMSPd
by Oxyrrhis marina if it is assumed that all the DMSPp
was contained in the cells of Isochrysis galbana. Inter-
estingly, estimates of microzooplankton-specific pro-
duction of DMS+DMSPd in natural waters are similar
between the 3 experiments at 0.78, 0.65 and 0.39 nM S
µg–1(microzooplankton carbon) d–1 on 13 April, 27 June
and 4 July, respectively. If these values are representa-
tive, then microzooplankton grazing appears to be an
important pathway in the production of DMS+DMSPd.

A combination of factors is expected to control the
extent of DMS+DMSPd production due to grazing.
Most significant is the composition of the phytoplank-
ton. The experiments in the present study were con-
ducted in waters containing relatively high but not
exceptional concentrations of DMSPp (93 to 202 nM;
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Table 2), indicative of DMSP-rich phytoplankton.
Microzooplankton populations are generally diverse
and are likely to employ a wide variety of feeding,
digestion, assimilation and excretion processes that
may all affect the extent of conversion of DMSPp to
DMS+DMSPd. For instance, the duration of the di-
gestive cycle, sequence of food vacuole contraction,
expansion, acidification and subsequent rise in pH
varies between ciliates (Nilsson 1977, Fok et al. 1982).
Differences in composition of dissolved organic carbon
produced by the ciliate grazer Strombidinopsis acumi-
natum and dinoflagellate Oxyrrhis marina when fed
the same phytoplankton prey is evidence of inter-
specific variation in digestion, assimilation or excretion
processes between the 2 species (Strom et al. 1997).
The heterotrophic dinoflagellate Crypthecodinium
(Gyrodinium) cohnii possesses DMSP lyase (Kadota &
Ishida 1968), whereas O. marina appears to have no
lyase activity (M. Steinke pers. comm.). Hence, pelagic
microzooplankton may vary in their ability to cleave
DMSP themselves. The extent of cleavage of DMSP to
DMS during digestion may affect the level of DMS(P)
assimilation by microzooplankton. Variations in the in
vitro activity of DMSP lyase enzymes between several
strains of Emiliania huxleyi is thought to explain differ-
ences in the level of DMS production during grazing
by O. marina (Wolfe et al. 1997). The grazing-mediated
production rates of DMS+DMSPd in the present study
indicate that microzooplankton do graze on DMSPp-
rich phytoplankton in natural waters. However, it re-
mains to be demonstrated whether microzooplankton
select phytoplankton prey on the basis of their DMSPp
concentration and/or DMSP lyase activity in the nat-
ural situation.

Conclusion

Recently, Wolfe et al (2000) concluded that the dilu-
tion approach is poorly suited to assessing the impact
of grazing on dissolved sulphur pools because of rapid
microbial consumption and the artifactual release of
DMSP and DMS during filtration. In contrast, the pre-
sent study demonstrates that there is merit in this
approach. In waters where microzooplankton grazing
is significant, the dilution method provides estimates of
the contribution of microzooplankton grazing to the
dissolved pool of DMS+DMSP. Further refinement of
the method is required to fully account for the compet-
ing production and loss processes of DMS and DMSPd
that occur during long-term dilution incubations, such
as bacterial metabolism and viral lysis. In addition,
further studies are required to understand how the
composition of both the phytoplankton and microzoo-
plankton affect the extent of grazing-mediated trans-

formation of DMSPp to DMSPd and DMS. Integrated
studies are needed to elucidate the fate of the dis-
solved DMSP and DMS produced by microzooplank-
ton herbivory and to ascertain the relative significance
of the variety of pathways that result in the release of
phytoplankton DMSPp. Such integrated studies will be
demanding but necessary if we are to understand the
multiplicity of factors that influence DMS production in
the sea.
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