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Abstract

Oceanic dimethylsulfide (DMS), the main natural source of sulfur to the global atmosphere, is suggested to play
a key role in the interaction between marine biota and climate. Its biochemical precursor is dimethylsulfoniopro-
pionate (DM SP), a globally distributed, intracellular constituent in marine phytoplankton. During a multidisciplinary
Lagrangian experiment in the subpolar North Atlantic, we determined the fluxes of DMSP and DMS through
phytoplankton, microzooplankton, and bacterioplankton and compared them with concurrent carbon and sulfur fluxes
through primary and secondary productions, grazing, and release and use of dissolved organic matter. We found
that DMSP and derivatives contributed most (48-100%) of the sulfur fluxes and 5-15% of the carbon fluxes. Our
findings highlight DMSP as a prominent player in pelagic biogeochemical pumps, especially as a major carrier in
organic sulfur cycling. Also, our resultsillustrate the key role played by microzooplankton and heterotrophic bacteria
(hence the microbial food web) in controlling the amount of phytoplanktonic DMSP that ultimately vents to the

atmosphere in the form of DMS.

Interest in oceanic methylated sulfur has expanded during
the last decade, mostly driven by the proposed involvement
of dimethylsulfide (DMS) in climate regulation. Volatile
DMS produced by plankton represents a major source of
reduced sulfur to the atmosphere (Andreae and Crutzen
1997). Once in the atmosphere, DM S oxidizes to form par-
ticles that, either directly or by acting as cloud condensation
nuclei, scatter solar radiation, thereby influencing the Earth’'s
radiative balance (Charlson et al. 1987; Andreae and Crutzen
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1997). Thisis suggested to be one of the major self-regulated
feedback mechanisms linking global biosphere and climate
(Charlson et al. 1987). While this hypothesis is still under
test, fundamental gaps exist in our understanding of the bi-
ological controls on DMS production.

DMS is produced by enzymatic cleavage of the phyto-
plankton component dimethylsulfoniopropionate (DMSP)
that algae synthesize from methionine (Malin and Kirst
1997). DMSP is a very labile compound, and there is indi-
cation that it is transferred and transformed through the food
web (Tang et al. 1999; Kiene et al. 2000; Archer et a. 2001)
as a component of carbon and sulfur fluxes, with DMS as
one of the byproducts of this transference chain. Hence, a
key to unraveling the controls on DMS production lies in
understanding the coupling between DMS and DMSP dy-
namics and carbon and sulfur cycling through the food web
(Simo6 2001). Hitherto, this has only been partly addressed
due to the difficulties of measuring DMS and DM SP pro-
duction and consumption rates and because of the scarcity
of integrative biogeochemical studies in the open ocean.

Here we report on an integrated study of methylated sulfur
cycling and food-web dynamics during an open-ocean La-
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grangian experiment in the subpolar North Atlantic. Rates
of DMSP and DMS production and consumption were de-
termined over a 4-d series together with key fluxes in the
microbial food web: primary production, microbial second-
ary production, and microzooplankton grazing. Very few
previous studies have attempted a comparative study of
DMSP cycling and carbon or sulfur-based food-web pro-
cesses in the open ocean (Bates et al. 1994; Matrai and Ver-
net 1997; Kiene and Linn 2000a). In all cases, however, only
fluxes through either bacterioplankton or phytoplankton plus
bacterioplankton were measured. This is the first time that
simultaneous measurements of methylated sulfur fluxes
through three trophic levels of the food web (phytoplankton,
bacteria, and micrograzers) have been obtained. Combining
these data, we have been able to evaluate the contribution
of DMSP and DMS to the fluxes of carbon and sulfur in the
surface mixing layer.

Methods

The Lagrangian time series—The ACSOE (Atmospheric
Chemistry Studies in the Oceanic Environment) North At-
lantic Experiment was carried out in June-July 1998 at
around 59°N, 21°W (Sim6 and Pedros-Alid 1999a). The cold
core of an anticyclonic eddy in the region was characterized
by the dominance of the coccolithophore Emiliania huxleyi
and chlorophyll a levels <1 ug L%, while chlorophyll a
concentrations >1 ug L-* were recorded in the more pro-
ductive surrounding waters, where phytoplankton assem-
blages were dominated by dinoflagellates and small flagel-
lates. An SF, tracer patch was deployed within the eddy core,
and the traced water mass was sampled in Lagrangian mode
for about 2 weeks (Simo and Pedros-Alid 1999a). Stable
meteorological conditions and balanced biological state and
rate variables were observed between 14 and 17 June, before
a storm changed the radiation and mixing regimes. It is the
data set obtained during this 4-d period that is presented and
discussed as the Lagrangian phase in this paper.

On-deck microcosm experiment—On 3 July, surface water
collected on the edge of the eddy at 59.8°N 20.6°E was used
to fill a 30-liter polyethylene carboy. The carboy was kept
on deck under a polyethylene sheet so that PAR intensity
inside the carboy was about 50% of that at surface, i.e, it
was equivalent to that at a depth of approximately 5 m. The
experiment was run for 24 h under a continuous flow of
surface seawater to keep the natural temperature (approxi-
mately 11°C). Water subsamples for concentrations and pro-
cess rates were extracted every 4 h.

Phytoplankton and microzooplankton biomass—A fluo-
rometric method was used to measure chlorophyll a (Chl a)
in 90% acetone extracts of samples collected on GF/F filters
(total Chl a) and samples prefiltered through 2 um and then
collected on GF/F (Chl a in cells <2 um). The Chl a in
cells >2 um was obtained by difference. To determine the
mass of carbon in DM SP-producing phytoplankton, the as-
sumption was made that most picoalgae and cyanobacteria
<2 um produce very little DMSP on a biomass basis (Keller
et al. 1989; M.D. Kéller, pers. comm.). The Chl a concen-

tration in the >2-um size fraction was converted to algal
carbon biomass by using a C/Chl a (w:w) ratio of 50. This
ratio has been reported for highly irradiated E. huxleyi cul-
tures (Nielsen 1997).

To determine the microzooplankton abundance and com-
position, 250-ml water samples were fixed in acid Lugol’s
and analyzed in the laboratory by inverted microscopy. The
microzooplankton assemblage was diverse and dominated by
oligotrichous ciliates and heterotrophic dinoflagellates. Bio-
volumes were calculated using an image-analysis system and
converted to hiomass using group-specific volume: carbon
conversion factors (0.19 pgC um=2 for ciliates, Putt and
Stocker 1989; 0.14 pgC um=2 for dinoflagellates, Lessard
1991).

Primary and heterotrophic productions—Size-fractionat-
ed primary production estimates were obtained for different
depths using standard JGOFS “C methodol ogy (Savidge and
Gilpin 1999). Predawn samples were collected from six
depths within the euphotic zone corresponding to 97, 55, 20,
7, 5, and 1% surface irradiance. These samples were inoc-
ulated with **C sodium bicarbonate and incubated on-deck
under simulated in situ light conditions for 24 h. Following
incubation the samples were fractionated sequentially onto
5-, 2-, and 0.2-um polycarbonate membranes. When more
than one measurement was made within the mixing layer,
the depth-weighted average was calculated. The mixing layer
was defined as the layer above the depth at which o, in-
creased by 0.03 kg m=3 or temperature dropped by 0.1°C
from the surface values. Mixing layer depths were 7, 6, 6,
and 2 m for days 14, 15, 16, and 17 June, respectively.

Microzooplankton herbivory was determined by the di-
lution method (Landry and Hassett 1982; Archer et al.
2001). Water was collected predawn from a depth of 4 m,
using 30-liter acid-cleaned Go-Flo bottles. Water was filtered
through a Gelman 0.2-um pore-size capsule filter to produce
the diluent. Prior to each experiment, filter capsules and sil-
icon tubing were soaked in 10% HCI-Milli-Q water and
rinsed with Milli-Q water, and the first severa liters of fil-
tered seawater discarded. Unfiltered water was gently passed
through a 200-um gauze on addition to each incubation bot-
tle. Twelve 2.3-liter polycarbonate bottles were used to allow
triplicate incubations at four levels of dilution. All incuba-
tions were carried out in the same flow-through on-deck in-
cubator flushed with seawater and covered with an acrylic
screen and two sheets of Perspex in order to simulate a 55%
PAR (400-700 nm) light level. The net rate of growth of
the total phytoplankton population in each bottle was deter-
mined fluorometrically by changes in initial and final con-
centrations of Chl a measured in 90% acetone extracts of
GF/F filtered water.

Bacterial production was determined with the tritiated leu-
cine method (see Pedros-Alid et al. 1999 for details). Ali-
quots of seawater collected before dawn from the surface
were spiked with *H-leucine to a final concentration of 40
nM and incubated in the dark at near the in situ temperature
(12°C) for 2 h. Bacterial heterotrophic production was cal-
culated by applying an empirical conversion factor obtained
from the mean of six experiments during the cruise (0.39 *
0.10 kgC hiomass produced mol-* leucine incorporated).
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Many authors do not perform experimental determinations
of the “local” conversion factor, but rather take a reference
value from the literature (generally 3.1 kgC mol ~* leucine,
Simon and Azam 1989). A number of studies where the
conversion factor has been measured in open-ocean waters
show that it can, however, be much lower than that reference
value (e.g., Ducklow et al. 1993; see Pedros-Alio et al. 1999
for discussion). We also performed thymidine incorporation
experiments, which gave production results within 20% of
those obtained with leucine. Leucine values were judged to
be more appropriate for the purpose of the budget calcula-
tions.

To measure primary production in the on-deck 24-h in-
cubation experiment, the photosynthetic characteristics (P,
and «) were determined every 4 h from short-term *C in-
cubations in a 24 irradiance photosynthetron. These param-
eters were used to estimate the time course of primary pro-
duction in conjunction with the ambient irradiance,
attenuation, and Chl a data.

DMSP and DMS concentrations and fluxes—DMS con-
centrations were measured by purge and trap gas chroma-
tography from 25-ml aliquots of seawater filtered through
Whatman GF/F glass fiber filters (nominal pore size: 0.7
um). Total (particulate + dissolved) DM SP was determined
as DMS after alkaline hydrolysis of unfiltered samples and
subtraction of the DMS concentration (Simo et al. 2000). On
13, 14, and 15 June, DMSP was determined in size-frac-
tionated particles. This was achieved by gravitationa filtra-
tion through a 10-um pore-size polycarbonate filter. The fil-
trate was further filtered through a GF/F filter that upon
analysis provided the concentration of DMSP in particles
<10 pm. Filtration of whole seawater through GF/F provid-
ed whole particulate DMSP. Comparison of both provided
the fraction of DMSP, occurring in particles more or less
than 10 um.

DMSP consumption rates were determined by applying
the net-loss curve approach (exponential decrease in total
DMSP in dark incubations of whole seawater), with the as-
sumption that no DM SP was synthesized de novo by organ-
isms during the dark incubation period (Sim6 and Pedros-
Ali6 1999a; Simo et al. 2000). DM SP production rates were
estimated by balancing daily DM SP concentrations and con-
sumption rates during the Lagrangian time series. The same
methods were used to determine DMSP consumption and
production rates in the on-deck 24-h incubation experiment,
abeit every 4 h instead of daily. In both cases, DM SP pro-
duction between sampling times t; and t,,, (DMSPprod, _, )
was calculated by subtracting concentration changes pre-
dicted by initial concentrations and consumption rate
(DMSPcons, ) from changes in in situ concentrations, as fol-
lows (Simb and Pedros-Ali6 1999a):

DMSPprod,, ..,
= {[DMSF], ., — ([DMSP],, — DMSPeons, -(t., — t))}
= (G — ).

The rates of DMS loss through abiotic processes (air—sea
exchange and photolysis) were taken from those estimated

for the corresponding dates by Simd6 and Pedros-Alid
(1999a).

The amount of dissolved DMSP + DMS released during
grazing was cal culated from microzooplankton biomass-spe-
cific DMSP + DMS release rates, determined in nearby wa-
ters using a modification of the dilution approach (Archer et
al. 2001).

Results and discussion

Carbon and sulfur fluxes through phytoplankton—Be-
tween 14 and 17 June, the phytoplankton assemblage in the
labeled water patch was dominated by the species E. huxleyi
(1,900—3,200 cell ml-*). Surface Chl a concentrations were
0.7-0.8 ug L%, of which 75% were in the >2-um size frac-
tion. This gives an approximate biomass of phytoplankton
>2 um of 27 ugC L-* (2250 nmol C L-%). To determine
the sulfur content of this phytoplankton >2 um, we applied
a C/S (mol : mol) ratio of 50, which has been reported for
exponentially growing cultures of E. huxleyi and other strong
DMSP producers (Matrai and Keller 1994). The resulting
particulate sulfur concentration in phytoplankton biomass
was 45 nmol SL-*. DMS and total (particulate + dissolved)
DMSP concentrations ranged between 3 and 5 nM and 37
and 49 nM, respectively. Particulate DMSP occurred at 29—
31 nM, and DMSP,/Chl a ratios were 44—100 nmol ug.
More than 75% of DMSP, was associated with algae in the
2-10-um size fraction. The contribution of DMSP carbon
and DM SP sulfur to phytoplankton (>2 um) cellular carbon
and sulfur was estimated considering that 1 mole of DMSP
contains 5 moles of carbon and 1 mole of sulfur. According
to this, DM SP represented on average 7% and 71% of agal
carbon and sulfur content, respectively (Table 1). The con-
tribution to carbon content is well within the range estimated
by Kiene et a. (2000) through a compilation from the lit-
erature (0.2—39%, generally 1-10% in open-ocean surface
waters). Matrai and Keller (1994) reported that DM SP was
9% of particulate organic carbon in cultured E. huxleyi and
it exceeded 10% of the carbon content in cultures of other
high-DM SP-producing algae. According to these same au-
thors, DM SP can account for the majority of the particulate
organic sulfur (50—100%) in some algae, 50% in cultured E.
huxleyi. This agrees reasonably well with our estimate of
71% of agal sulfur in the form of DM SP. Ours and previous
estimates illustrate that this single compound can comprise
as high a proportion of the algal sulfur as all the other sulfur
components (S-amino acids, sulfolipids, etc.) combined.
This highlights the importance of DMSP in algal cell phys-
iology and, particularly, in sulfur metabolism (Stefels 2000).
Matrai and Keller (1994) observed that DM SP producers had
higher levels of organic sulfur per unit cell volume.

DMSP production (biosynthesis) molar rates were multi-
plied by 5 to convert them into carbon units. Thus, this
DMSP-C production could be compared with primary pro-
duction. Figure la illustrates the relationship between diel
primary production and DM SP production in surface waters
of the eddy (including measurements made beyond the 4-d
period). The significant (p < 0.005) linear relationship (r =
0.95, slope = 0.07) indicates that DM SP biosynthesis was
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Table 1. DMSP and the carbon and sulfur pools and fluxes in phytoplankton.

Pools Fluxes
Chl a DMSP-C
concentra- Primary Fraction prod./
tion in Fraction production of total primary
particles of total DMSP-C/ DMSP-& DMSP >2 um primary  production
DMSP* >2 um Chla adga POCt aga POSt production8 (nmol C  production  >2 um||
Date (nmol SLY) (ug L™y (%) (%) (%) (nmol SL-Y) Ltd? (%) (%)
14 June 98 29.0 0.63 74 6 55 17.3 1152 81 7
15 June 98 29.7 0.58 78 6 61 15.2 1168 81 7
16 June 98 30.0 0.57 81 6 63 24.4 1575 80 8
17 June 98 314 0.36 68 10 105 26.9 1405 82 10
Average 30.0 0.54 75 7 71 21.0 1325 81 8
(SD) (1.0 (0.12) (6) &) (23 (56) (203) &) &)

* Particulate (GF/F-retained) DM SP

1 Contribution of DM SP-carbon to particulate organic carbon in algae >2 um, assuming a carbon/Chl a ratio of 50.
F Contribution of DM SP-sulfur to particulate organic sulfur in algae >2 um, assuming a carbon/sulfur ratio of 50.

§ DM SP production rate = DMSP biosynthesis in agae.

|| Contribution of DM SP-carbon production to total carbon fixation through primary production in algae >2 um.
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Fig. 1. Coupling between DM SP biosynthesis and primary pro-
duction. (a) Diel DMSP production by phytoplankton versus diel
primary production (both in carbon units) in waters sampled be-
tween 14 June and 3 July 1998. DM SP production rates were es-
timated in surface waters. Primary production rates are mixing layer
averages. (b) Time course of hourly DM SP production and primary
production rates (both in carbon units) in an on-deck microcosm
experiment with surface water incubated under 50% natural light
over 24 h on 3 July 1998. The black bar indicates the dark period.

proportional to photosynthesis and that phototrophs invested
7% of the total carbon fixed through net primary production
in DMSP production. During the 4-d Lagrangian period, as-
suming that most new DM SP was produced by phytoplank-
ton >2 um (Keller et a. 1989; Corn et al. 1996), then 7—
10% of carbon fixation by these organisms went into DM SP
biosynthesis (Table 1). The *C technique used is thought to
provide values closer to net primary production than to gross
production; likewise, the method for estimating DM SP pro-
duction rates might also provide slight underestimates of
gross DM SP production, as the assumption is made that no
DMSP at al is produced in the dark (Sim6 et al. 2000).
Consequently, the combination of both effects makes us be-
lieve that the observed fraction of fixed carbon going into
DMSP biosynthesisis not alarge overestimate. Interestingly,
the 7—10% (average 8%) obtained is in excellent agreement
with our estimate of a mean 7% contribution of DMSP to
phytoplankton carbon content (see above). It is worth high-
lighting the consistency between the results of two com-
pletely independent approaches to the contribution of DM SP
to phytoplankton carbon: one approach uses measurements
of Chl a and particulate DMSP pools and combines them
through conversion factors, while the other uses measure-
ments of carbon and DM SP production in incubations. This
consistency adds support to the robustness of the procedures
and assumptions used and the data obtained.

Further evidence for the coupling between photosynthesis
and DMSP production was obtained from the 24-h deck-
incubation experiment (Fig. 1b) carried out with water from
the edge of the eddy. Dinoflagellates, small flagellates, and
picophototrophs dominated the phytoplankton assemblage,
with a DMSP to Chl a ratio of 94 nmol wg?, i.e, a the
upper end of the range found in the neighboring E. huxieyi
bloom. Both DM SP biosynthesis and primary production ex-
hibited a diel pattern peaking around noon.

Figures 1a and 1b together provide strong evidence that
DMSP production in unicellular algae is a diurna process
proportional to photosynthesis. Although dark uptake of ex-
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Table 2. DMSP and the carbon and sulfur fluxes through microzooplankton.

Microzooplankton

DMSP-S Microzooplankton DMSP-C DMSP-S

DMSP DMSP-S released  assimilated by net assimilated/ assimilated/

ingested through grazing  microzooplankton* productiont net production S demandt
Date (hmol SL-*d*) (hmol SL-*d%) (nmol SL-*d?*) (nmol CL-*d™?) (%) (%)
14 June 98 9.8 6.6 32 328 5 49
15 June 98 10.0 6.7 33 398 4 41
16 June 98 134 9.0 4.4 490 5 45
17 June 98 20.0 13.4 6.6 588 6 56
Average 13.3 89 4.4 451 5 48
(SD) (4.8) 32 (1.6) (113) (1) (6)

* This is an upper limit, since the assumption is made that all DMSP not released as DMSP or DMS is assimilated by the grazer.

T Net production calculated from the daily increment in biomass.

F Contribution of DM SP-S assimilation (=incorporation into biomass) to microzooplankton sulfur demand, applying a C/S ratio of 50 to carbon production.

ogenous sulfate for amino acid synthesis has been observed
in microalgae (e.g., Cuhel et al. 1984), the only evidence
that the production of DMSP from methionine takes place
in dark conditions has been reported by Stefels et al. (1996)
for a culture of Phaeocystis sp. Our field results are consis-
tent with indications that some of the enzymes involved in
DMSP biosynthesis in E. huxleyi are closely linked to pho-
tosynthetic reactions and that the last steps of the synthesis
pathway occur in the chloroplast (D. Gage, pers. comm.).

Carbon and sulfur fluxes through microzooplankton—Mi-
crozooplankton biomass increased from 1,493 nM carbon on
day 14 to 2,928 nM on day 17, largely due to an increase in
the biomass of oligotrichous ciliates, equivalent to a net dou-
bling per day. The sulfur demand of microzooplankton was
estimated by applying a carbon/sulfur (mol : mol) ratio of 50
to microzooplankton production. As we are not aware of any
reported determination of the elemental composition of mi-
crozooplankton, we used this ratio, which is similar to that of
high DMSP-producing phytoplankters in late exponentia
growth (Matrai and Keller 1994). Given the uncertainties in
microzooplankton sulfur content, the use of a C: S ratio that
is possibly too low resultsin atendency to overestimate sulfur
demand and underplay the importance of DMSP in meeting
that demand.

Estimates of the DMSP, ingested by microzooplankton
were calculated from the proportion of primary production
>2 um consumed (71%), determined by the dilution meth-
od, and the proportion of carbon production (>2 um) chan-
neled through DMSP, synthesis (average 7%, see above).
The amount of dissolved DMSP + DMS released during
grazing was calculated from microzooplankton biomass us-
ing microzooplankton biomass-specific DMSP + DMS re-
lease rates, determined in nearby waters by a modification
of the dilution approach (Archer et al. 2001). Microzoo-
plankton ingested between 10 and 20 nM (mean 13 nM) of
alga DMSP per day and, of this, 67% (9 nM d-*) was re-
leased as dissolved DMSP + DMS (Table 2). This repre-
sented a transformation of 30% of the particulate DMSP
stock to the dissolved phase per day. These values are in
agreement with previous estimates made using single prey
and predator marine isolates in laboratory cultures (Wolfe et

al. 1994; Christaki et al. 1996). With the assumption that all
DMSP not released as DMSP + DMS is assimilated by the
micrograzers, then DM SP assimilation contributed about 5%
of carbon and 50% of sulfur to net microzooplankton pro-
duction (Table 2). We have no direct evidence that al the
nonreleased DM SP was assimilated. It might be that some
was converted into dissolved compounds other than DM SP
or DMS—such as methanethiol, dimethyl sulfoxide, or sul-
fate—right upon grazing, but with current knowledge there
is no indication that such transformations can occur in the
protozoan cell bodies unless through the action of associated
bacteria. We also may be overestimating the DMSP contri-
bution to carbon and sulfur demands of the microzooplank-
ton if their gross production rates are considerably higher
than the observed net rates. However, the net production
rates observed for the oligotrich ciliates equaled to approx-
imately one doubling per day, suggesting that they experi-
enced a low rate of mortality.

Carbon and sulfur fluxes through heterotrophic bacter-
ioplankton—Bacterial heterotrophic production was con-
verted into sulfur demand using a bacterial carbon/sulfur
(mol : moal) ratio of 86 found in bacteria associated with a
bloom of DM SP-producing algae (Fagerbakke et al. 1996).
Carbon demand was estimated using a bacteria growth ef-
ficiency (BGE) between 0.05 and 0.1. This low BGE stands
well as a conservative but realistic lower limit because (a)
it agrees with that estimated in a nearby area at a similar
time of year (Kirchman et al. 1991; Kirchman 1994) and (b)
it is obtained by applying to our production values (mean
bacterial production: 51 nmol C L-* d-*; mean primary pro-
duction: 1,640 nmol C L-* d-*) general empirical relation-
ships between bacterial production or primary production
and BGE (del Giorgio and Cole 1998, 2000).

The microbiota turned over total DMSP at a rate of 14—
16 nM d-* We can assume that all the sulfur and carbon
contained in DM SP are eventually processed by bacteria (ei-
ther as DMSP, DMS, acrylate, methanethiol, or any other
product of DMSP degradation), except that portion made
unavailable to microbes through abiotic processes, such as
sea—air exchange and photochemical oxidation of DMS
(Kieber et a. 1996; Simb and Pedros-Ali6 1999a). We sub-
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Table 3. DMSP and the carbon and sulfur fluxes through heterotrophic bacteria.

Bacteria
DMSP-S Bacterial DMSP-C DMSP-S
Total DMSP DMS abiotic bacterial heterotrophic consumed/ assimilated/
loss* loss ratet consumptiont production bacterial C bacterial S
Date (nmol SL-*d*) (nmol SL*d?%) (nmol SL-*d*) (nmol CL-*d™?) demand§ (%) demand|| (%)
14 June 98 16.4 53 11.1 24 15-30 395
15 June 98 14.4 8.8 5.6 65 4-8 73
16 June 98 14.4 9.7 4.7 78 36 51
17 June 98 14.4 57 8.7 36 8-16 210
Average 14.9 74 7.5 51 8-15 182
(Sb) (1.0) (2.2 (2.9 (25) (5-11) (158)

* Loss of total DMSP in dark incubations = biological transformation of DMSP.

T Sum of DMS losses through air-sea exchange and photo-oxidation.

F Sulfur in DMSP and derivatives that is used by bacteria = total DMSP losses — abiotic DM S losses.
§ Contribution of DM SP-carbon consumed by bacteria to bacterial total carbon demand, applying growth efficiencies of 0.05-0.1 to bacterial heterotrophic

production.

|| Contribution of DMSP-S assimilated (=DM SP-sulfur used by bacteria) to bacterial sulfur demand, applying a C/S ratio of 86 to bacteria heterotrophic
carbon production and assuming that only 10% of the DM SP-sulfur used is incorporated into biomass.

tracted the measured rates of these two abiotic |0ss processes
from DM SP consumption rates to compare microbial DM SP
consumption with the carbon demand of heterotrophic bac-
teria (Table 3). With the conservative bacterial growth effi-
ciency (0.05-0.1), DMSP and derivatives supported 8-15%
of bacterial carbon demand. Similar numbers have been ob-
tained for DMSP, by Kiene and Linn (2000a) in the Gulf
of Mexico and by Zubkov et a. (2001) in a similar cocco-
lithophore bloom in the northern North Sea. Also, these rates
are comparable to those of important and ubiquitous metab-
olites such as glucose or amino acids in oligotrophic and
mesotrophic open-ocean waters (Rich et a. 1996; Keil and
Kirchman 1999).

It has been shown recently that DM SP acts as a precursor
of protein sulfur in marine microbes and can potentialy be
a major source of sulfur to bacteria through assimilation of
the S-moiety into biomass (Kiene et al. 1999). In our study,
even if only a small fraction (10% as a very conservative
estimate; Kiene and Linn 2000b; Kiene et a. 2000) of the
DMSP sulfur used by bacteria were incorporated into bio-

total carbon
DMSP-carbon

(<480) 510 -1020

(£38) 60

Phytoplankton Heterotrophic
Bacteria

Fig. 22 DMSP and carbon cycling. Arrows represent fluxes (in
nmol C L-* d%) of total carbon (norma case) and carbon in the
form of DMSP and derivatives (italics). Values are mixing layer
measurements averaged for samples collected in Lagrangian mode
on 14-17 June 1998. When data were not available the fluxes were
estimated (numbers in parentheses) by balancing source and loss
terms. Mixing layer depths were <10 m.

51

mass, the DM SP flux to bacteria would be enough to poten-
tially satisfy most of their sulfur demand for biomass pro-
duction (Table 3). This is in good agreement both with
Zubkov et al. (2001), who found that DMSP, contributed
>50% of the sulfur flux through bacteria in the North Sea,
and with Kiene and Linn (2000a), who found that DM SP-S
assimilation satisfied 100% of the bacterial sulfur demand in
the oligotrophic Gulf of Mexico.

Contribution of DMSP and derivatives to food-web flux-
es—Figure 2 shows an integrated view of the food-web car-
bon fluxes to which DMSP and derivatives made up a sig-
nificant contribution. Simple budget calculations were used
to constrain the estimates of the fluxes that were not mea-
sured experimentally, such as dissolved organic carbon
(DOC) release by phytoplankton and microzooplankton.
Thus, phytoplankton release of DMSP and DOC not related
to grazing (i.e., through autolysis, viral lysis, and exudation)
was estimated by balancing the carbon fluxes: release by
phytoplankton production by photosynthesis — grazed
production (there was no biomass accumulation: total Chl a
concentrations decreased from 0.85 to 0.67 wg L-* within
the 4 d). This result sets the upper limit of algal release of
DMSP and DOC, since some primary production was prob-
ably lost through mesozooplankton grazing and sedimenta-
tion, and part of the algal carbon release was in the form of
detrital particulate organic carbon (POC). A similar method
was used to constrain total carbon release during microzoo-
plankton grazing by approaching the problem from two per-
spectives: (@) release by microzooplankton = phytoplankton
production grazed — microzooplankton production (710
nmol C L~ d%; this sets the upper limit, since some micro-
zooplankton production is lost by respiration, sedimentation,
POC release, and mesozooplankton grazing); (b) release by
microzooplankton = bacterial consumption — release by
phytoplankton (45-540 nmol C L-* d-%; this sets the lower
limit, since algal release is an upper limit and DOC losses
other than bacterial are ignored). In budgeting for (b), if we
use the lower limit of bacterial carbon consumption inferred
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from the upper limit of bacterial growth efficiency of 0.1,
i.e., 510 nmol C L-* d?%, then the total carbon released by
microzooplankton equaled the carbon released as DM SP (45
nmol C L-* d=%). It is materially impossible that all carbon
was released as DM SP; therefore, either DOC accumulated
or became refractory due to the effects of UV, or the bac-
terial growth efficiency was clearly lower than 0.1, i.e,, clos-
er to the suggested lower limit 0.05. With this lower growth
efficiency, bacterial carbon consumption was 1,020 nmol C
L-td=?, and the carbon release by microzooplankton through
equation (b) amounted to 540 nmol C L-* d-*. Therefore,
we estimate that the DOC release by microzooplankton was
most probably confined between 710 (a) and 540 nmol C
L=t d* (b) (Fig. 2). The relative magnitudes of the carbon
fluxes obtained are in agreement with the current view of
carbon flow-through open-ocean microbial food webs (Na-
gata 2000). A large fraction of daily primary production (and
associated DM SP) was grazed by microzooplankton, which
were the main agents for the transformation of both carbon
and DMSP from phytoplankton into the dissolved pool.
Some 6-8% of the total carbon released by microzooplank-
ton during grazing was in the form of DM SP and derivatives.
These were lost from the surface waters mostly through bac-
terial metabolism, whereas DM S photochemical and venti-
lation losses (in this order) were of less importance.

Uncertainties are associated with the fluxes given in Te-
bles 1-3 and Fig. 2, owing to the assumptions surrounding
variables such as intracellular stoichiometric ratios, respira-
tion, and assimilation rates, which were not directly quan-
tified. However, the most realistic literature values were se-
lected or, alternatively, lower limit values were used to yield
conservative estimates of the desired fluxes. Therefore, the
contributions of DM SP to carbon and sulfur fluxes are un-
likely to be overestimated.

Biogeochemical and ecological implications—It is worth
stressing that DM SP carbon contributed between 5 and 15%
of al carbon fluxes (Tables 1-3 and Fig. 2), indicating that
DM SP contributes as much to the microbial food-web fluxes
as the most reactive components of labile dissolved organic
matter (DOM) studied so far. Various authors (e.g., Rich et
a. 1996; Keil and Kirchman 1999; Nagata 2000; and refs.
therein) have observed that single DOM components such
as glucose, amino acids, or DNA, although occurring in oce-
anic waters at nanomolar concentrations, turn over at high
rates, thereby fuelling large fractions of carbon (and nitrogen
or phosphorus) demands and recycling fluxes through the
microbiota. Therefore, the study of cycling rates and path-
ways of these single labile substances (much easier to un-
dertake and interpret than for total DOM) is of great utility
in learning about DOM cycling and element recycling. Our
results provide a solid basis for adding DMSP and deriva-
tives to the list of major DOM-flux components.

Our findings are of particular importance for the study of
organic sulfur (OS) dynamics in the surface ocean. Knowl-
edge of OS as a component of the oceanic sulfur cycle is
very poor. Particularly, little is known about the size of the
dissolved (DOS) pool (Cutter and Dryden 1999) and even
less about the routes and rates of its cycling. Because of the
abundance of sulfate in seawater, its assimilation into organic

matter by phytoplankton is thought to represent the main
supply of sulfur to the base of the food web. We have shown
that DM SP is synthesized during photosynthesis (Fig. 1) and
is, therefore, likely to be a major product of algal sulfate
assimilation. Bacteria also assimilate dissolved sulfate, but
they may benefit energetically from using dissolved DM SP
and derivatives as a direct source of reduced sulfur for me-
thionine synthesis (Kiene et al. 1999). Likewise, microgra-
zers apparently assimilate part of the DMSP present in their
diet, thereby potentially satisfying a large fraction of their
sulfur demand (Table 2). Eventually, both at the short and
mid term, microbial degradation of the S-moiety of DMSP
into sulfate (Kiene and Linn 2000b) may constitute a major
process of DOS removal. Hence, this compound probably
represents the main carrier involved in sulfur cycling through
the microbial plankton.

In recent years, DM SP has emerged as a fascinating com-
pound with an increasing number of essential physiological
and ecological functions being revealed. Besides being a pre-
cursor to DMS it is a compatible solute involved in osmo-
regulation and cryoprotection in algae and bacteria, it is a
methyl donor in metabolic reactions (Kiene et a. 1996; Mal-
in and Kirst 1997, and refs. therein), and a precursor of
chemical cues used for chemosensory attraction or deter-
rence (Nevitt et a. 1995; Wolfe et al. 1997). In addition, it
is a sulfur source for methionine synthesis in bacteria (Kiene
et al. 1999, 2000) and an overflow mechanism for excess
reduced sulfur and reducing power in algae under conditions
of unbalanced growth (Stefels 2000). Now we add that
DMSP also plays an important role in the transference and
cycling of sulfur and carbon among trophic levels in micro-
bial food webs.

A number of critical steps in the DMSP cycle determine
the amounts of DM SP sulfur and carbon that are transformed
into DM S and can be vented to the atmosphere. The fraction
of fixed carbon invested in DM SP biosynthesis depends on
the relative abundance of DM SP-producing algae among pri-
mary producers. In many regions of the open ocean, a high
proportion of stronger DM SP producers (dinoflagellates and
small haptophytes) coincides with stratified conditionsin late
spring and summer (Dacey et al. 1998; Sim6 and Pedros-
Alid 1999b; Uher et al. 2000) rather than with seasons of
active surface mixing and highest primary production, usu-
aly dominated by diatoms, which produce less DMSP In
such mesotrophic or oligotrophic stratified waters, the frac-
tion of primary production released as DMSP and/or DMS
through microzooplankton grazing will increase as phyto-
plankton cells tend to be smaller and microzoopankton (pro-
tozoan-dominated) grazing pressure tends to exceed meso-
zooplankton (crustacean-dominated) grazing (Legendre and
Le Fevre 1991; Burkill et al. 1993; Nagata 2000). Under
such conditions, a combination of low export of sinking par-
ticles due to the dominance of small algae and microzoo-
plankton grazers (Legendre and Le Fevre 1991) and reduced
vertical mixing will ensure that alarger proportion of DM SP
and DM S is available to bacteria in the upper waters. Alter-
native scenarios may be envisaged in coastal and shelf eco-
systems characterized by mixed waters, larger sized organ-
isms, and the classical food chain.

Ultimately, the proportion of DM S escaping from this cy-
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cling to the atmosphere will depend mainly on the balance
between the availability of DM SP on the one hand and sulfur
and carbon demands of heterotrophs on the other (Simo6 and
Pedros-Alio 1999b; Kiene et al. 2000), with contributions
from vertical export and photooxidation of DMS (Kieber et
a. 1996; Simo6 and Pedrés-Alid 1999a). The availability of
DMSP is a consequence of phytoplankton taxonomy, pro-
duction, and loss through lysis or grazing, and, therefore, it
is dependent upon community structure and dynamics. Like-
wise, sulfur and carbon demands of bacteria and grazers are
constitutive parts of food-web dynamics.

For years, many researchers have been trying to explain
the variability of DMS concentrations in the surface ocean
through the variability of phytoplankton, but attempts to di-
rectly relate DM S to algal biomass (Chl a levels) or primary
production on a large scale have failed (Kettle et a. 1999).
Our comprehensive study adds to the mounting evidence
(e.g., Belviso et al. 1990; Bates et al. 1994; Matrai and Ver-
net 1997; Kiene et al. 2000) that DMS is a food-web by-
product whose whole cycle (from algal DM SP production to
DMS consumption) is embedded in microbial trophodynam-
ics, so much so that the keys to understanding and prognostic
modeling of the net production of this climatically active
compound, and its response to climate forcing, are to be
found in food-web (rather than phytoplankton alone) dynam-
ics and how they change in relation to physicochemical con-
ditions.
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