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ABSTRACT: We investigated the influence of mesozooplankton grazing on the distribution of dimethyl-
sulfide (DMS) and its metabolic precursor dimethylsulfoniopropionate (DMSP) in the Gulf of St.
Lawrence in August 1993. The horizontal distributions of DMS, DMSP, phytoplankton, microzooplank-
ton, and mesozooplankton were determined over a grid of 79 stations covering 41000 km?® Phyto-
plankton biomass was low (mean = 0.37 pg chl a I"!) and the community was dominated by unidenti-
fied flagellates, Prymnesiophyceae, Chrysophyceae, and Dinophyceae. Maximum plankton biomass
and DMSP were found 1n the western portion of the grid influenced by the outflow of the St. Lawrence
Estuary via the Gaspé Current. Surface concentrations of particulate DMSP (DMSP,), dissolved DMSP
(DMSPy), and DMS ranged from 6 to 117 nM, 1.7 to 23.1 nM, and <0.9 to 9 nM, respectively. The sur-
face concentrations of DMSP,, and DMSP, were positively correlated with the abundances of several
phytoplankton species belonging to the classes Dinophyceae, Prymnesiophyceae, and Prasinophyceae
and with ciliated protozoans, the dominant microzooplankton group. Among the groups showing
significant correlation with DMSP, Gyrodinium aureolum and Chrysochromulina spp. were the only
species to represent a substantial part of the biomass. The distribution of DMS was not statistically
related to the distribution of phytoplankton and microzooplankton. We also found no significant corre-
lations between the distribution of DMSP, DMS, and the abundance of mesozooplankton. Results from
2 shipboard bioassay experiments with Calanus finmarchicus, the dominant mesozooplankton species,
indicate no or low grazing activity (0 and 0.18 ng chl aind.”' h™!) and low accumulation rates of DMSPy
(5 and 8.9 pmol ind.”" h™!), and of DMS (0 and 7.7 pmol ind.”" h™!'). When extrapolated to the field
conditions, these results indicate that the population of C. finmarchicus may have increased ambiant
concentrations of DMSP, and DMS at maximum rate of 5 pmol "' h '. Mesozooplankton grazing appar-
ently played a minor role in DMSP, and DMS accumulation in the Gulf during the cruise. This suggests
that the importance of mesozooplankton in the dynamics of DMSP and DMS may vary in time and
space depending on the prevailing food web, traditional versus microbial.
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INTRODUCTION condensation nuclei (Charlson et al. 1987, Hegg et al.

In remote oceanic regions, marine emissions of
dimethylsulfide (DMS) are thought to play an impor-
tant climatic role by increasing the absorption and
scattering of solar radiation and by providing cloud
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1991, Lawrence 1993) DMS is produced by the enzy-
matic cleavage of dimethylsulfoniopropionate (DMSP)
(Cantoni & Anderson 1956), a solute found in many
microalgae species (Vairavamurthy et al. 1985, Keller
et al. 1989a, b). At least 1 marine phytoplankton spe-
cies, Phaeocystis sp., is able to enzymatically convert
dissolved DMSP (DMSP,) into DMS (Stefels & van
Boekel 1993). For many species, however, DMSP
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appears to be released during the senescent phase of
growth or at cell autolysis (Turner et al. 1988, Keller
1991, Matrai & Keller 1994), and is then converted into
DMS by bacteria (Kiene & Service 1991, Kiene 1992,
Wolfe & Kiene 1993, Wolfe et al. 1994). Bacterial
degradation, photo-oxidation, and sea-air ventilation
represent 3 major sinks for DMS (Brimblecombe &
Shooter 1986, Wakeham et al. 1987, Zeyer et al. 1987,
Kiene & Bates 1990, Thompson et al. 1990, Andreae et
al. 1994, Bates et al. 1994).

In addition, zooplankton may play a significant role
in the dynamics of DMS production in seawater. Dacey
& Wakeham (1986) demonstrated that the addition of
copepods to a phytoplankton culture increased the
production rate of DMS by as much as 24 times. Leck et
al. (1990) reported a positive correlation between the
distribution of copepod biomass and DMS concentra-
tions over an annual cycle in the Baltic Sea. More
recently, Levasseur et al. (1994) showed that Limacina
helicina, a common suspension-feeding pteropod in
arctic and sub-arctic waters, could also stimulate
DMSP4+ DMS production. Attempts to relate DMS dis-
tribution to zooplankton abundance have not always
been successful. In the Gulf of Maine, Matrai & Keller
(1993) found no relationship between the distribution
of DMS and the abundance of mesozooplankton. In
addition, results from recent studies conducted in
mesocosms indicated that the removal (by filtration) of
the mesozooplankton component of the plankton com-
munity had no effect on DMS production (Kwint &
Kramer 1995). These inconsistencies suggest that the
effect of mesozooplankton grazing on DMS production
may vary in time and space, probably in response to
changes in the abundance and type of prey encoun-
tered in the marine environment.

Some recent studies suggest that microzooplankton
may also play an important role in DMS dynamics.
Belviso et al. (1990) demonstrated that ciliates grazing
on small flagellates (<10 pm) and small Dinophyceae
(~20 um) may significantly increase DMS production,
Subsequently, they suggested that organisms in the
10 to 200 um size fraction (mostly microzooplankton)
were responsible for the DMSP, and DMS production
in the tropical Atlantic Ocean (Belviso et al. 1993).
Studies have also shown that grazing of the hetero-
trophic dinoflagellate Oxyrrhis marina on the cocco-
lithophore Emiliania huxleyi may significantly
increase DMSP,; and DMS production (Malin et al.
1994, Wolfe et al. 1994).

The goal of the present study was to investigate the
co-distribution of DMSP and DMS with phytoplankton,
microzooplankton, and mesozooplankton in the Gulf of
St. Lawrence in sumimer. Bottle incubation experi-
ments with Calanus finmarchicus, the dominant meso-
zooplankton species in the study area, were conducted

on the ship to gain additional insights info the influ-
ence of zooplankton on DMS dynamics in this system.

MATERIALS AND METHODS

Study area and sampling. A grid of 79 stations
located in the Gulf of St. Lawrence was sampled
between 4 and 11 August 1993 on a 24 h basis (Fig. 1).
At each station, surface water temperature was mea-
sured with a mercury thermometer, and a 250 mli bottle
was filled with surface water for subsequent determi-
nation of salinity on a Guildline Autosal model 8400.
Water samples for chemical and biological analyses
were then collected at 1 m depth with a 12 1 Niskin bot-
tle. All water samples were prescreened through
233 ym Nytex mesh to remove large zooplankton.
Every day around noon, vertical profiles of tempera-
lure, salinity, and in vivo fluorescence were conducted
from the surface to 100 m using a Guildline CTD and a
Seatech fluorometer. At every 4th station, immediately
after the water sampling, mesozooplankton were sam-
pled with two 330 um mesh nets mounted on a 1 m?
metal frame equipped with a device allowing opening
of the net at a given depth. The nets were fitted with an
internal General Oceanic flowmeter and a 3 1 rigid
codend with 80 pm mesh apertures. A homemade elec-
tronic device was used to monitor the depth and the
speed of the net (0.4 to 0.9 m s7'). The trawl was first
sent to the bottom of the water column with the net
closed and then towed obliquely toward the surface
with the ship travelling at 2 to 3 knots. Mesozooplank-
ton were collected from the bottom to 50 m, and from
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Fig. 1. Sampling stations in the Gulf of St. Lawrence, Canada.
{@) Stn 7 (Bioassay 1); (s) Stn 92 (Bioassay 2)
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50 m to the surface (this water layer corresponded
approximately to the mixed upper layer and included
the subsurface chlorophyll maximum).

Analyses of DMSP and DMS. DMSP and DMS con-
centrations were determined at each station. All treat-
ments were done in duplicate. For particulate DMSP
(DMSP,) determination, two 60 ml subsamples were
filtered on Whatman GF/F filters with a low vacuum
using a filter tower mounted on a vacuum filtration
flask and an electric pump. The filters were then
placed in 25 ml serum bottles filled with 24 ml of dis-
tilled water and 1 ml of 5 mol 1! KOH. For DMSP4+free
DMS determination, two 25 ml serum bottles were
filled with 24 ml of filtrate and 1 ml of 5 mol I'' KOH.
For free DMS determination, two 25 ml serum bottles
were filled with 24 ml of the filtrate and 1 ml of distilled
water. All serum bottles were immediately sealed with
a Teflon-faced serum cap and kept in the dark at 4°C
until analysis. DMS samples were analyzed within 4 h
of sampling, while both DMSP samples were mea-
sured within the following 2 mo. Experiments con-
ducted in our laboratory have shown that DMSP sam-
ples may be stored in the dark at 4°C for this period of
time without significant vanation. DMS was measured
on a Varian 3400 gas chromatograph equipped with a
flame photcometric detector and a Chromosil 330 Teflon
column (length 2.4 m, packing length 1.8 m, Supelco
Canada Ltd.) following a modified version of the
method described by Leck & Bagander (1988). Sam-
ples (15 ml) were sparged with N, gas (30 ml min™') in
a heated bubbling chamber (ca 70°C for 2 min). The
extracted gas then passed through a Nafion drying
loop (Perma-Pure Inc.) to remove water vapor and
was cryotrapped in a Teflon loop submerged in liquid
nitrogen. The Teflon loop was subsequently heated (ca
70°C), releasing the extracted gas onto the GC column.
Using an alkali treatment that cleaves DMSP to pro-
duce an equimolar amount of DMS (Challenger &
Simpson 1948), the measured quantity of DMS in fil-
tered samples following KOH addition therefore repre-
sented the total amount of DMSP, and free DMS.
DMSPy was computed as the difference between
DMSP+DMS and DMS. DMSP, was measured
directly from the amount of DMS produced by the
alkali treatment of the GF/F filters. Standards, pre-
pared from carefully weighed quantities of DMSP
(Research Plus Inc.), were analyzed in similar fashion
as the DMSP, except that the DMSP crystals were
added to the serum bottles instead of the GF/F filters.
The limit of quantification for DMS and DMSP were
0.9 and 0.8 nM, respectively. The precision of the
method for the natural samples was better than 10%
(coefficient of variation).

Analyses of the biological samples. Two 250 ml sub-
samples were filtered on Whatman GF/F filters and

extracted with 90 % acetone for 24 h at 4°C for the sub-
sequent determination of chlorophyll a (chl a) and
phaeopigments using the fluorometric method of
Yentsch & Menzel (1963) as modified by Holm-Hansen
et al. (1965). At every 4th station, two 200 ml subsam-
ples were fixed with either 4 ml of formaldehyde neu-
tralized with hexamethylene (20%}) or 0.8 ml of acidic
Lugol’s fixative for later identification and counting
of coccolithophores and other phytoplankton cells,
respectively, using the Utermohl technique (magnifi-
cation of 200x or 500x; Lund et al. 1958). The size of
each phytoplankton species was measured and the
cellular volume (um?) was estimated by approximation
of cell shapes to geometrical objects (Anonymous
1988). It was assumed that plasma volume was equal to
cell volume, although this procedure may introduce
an overestimation of the carbon content in diatoms
(Strathmann 1967). Some diatoms species were not
measured. For these species, we used the cell volumes
given in Desilets et al. (1989) The conversion factors
used to approximate carbon content were 0.13 pg C
pm~? for armoured Dinophyceae (Smetacek 1977) and
0.11 pg C um™3 for all other phytoplankion taxa
(Strathmann 1967).

At every 4th station, one 200 ml subsample was also
fixed with 0.8 ml of acidic Lugol's fixative for later
identification and counting of microzooplankton using
an inverted microscope (Lund et al. 1958) following
sedimentation of 100 m! subsamples for 3 to 4 d. The
carbon biomass of microzooplankton was estimated as
described above for phytoplankton using a conversion
factor of 0.21 pg C pm~* (Ohman & Snyder 1991).

Mesozooplankton samples were preserved in 4%
borated formaldehyde. Zooplankton abundance data
were converted into biomass for the 2 main mesozoo-
plankton species: Calanus finmarchicus and Temora
longicornis. C. finmarchicus was sorted into 2 different
classes (CI-CIII and CIV-adult). Dry weight (DW, ug)
was calculated according to the length/weight rela-
tionship described by the equation DW = 18.485 X?5%"
for C. finmarchicus and DW = 34.986 X% for T. longi-
cornis (Blom et al. 1991). Cephalothorax lengths (X,
mm)} were obtained from the literature (Longhurst
1986, Blom et al. 1991, Karlson & Bamstedt 1994). The
total organic matter was calculated as ash free dry
weight (AFDW) assuming that the AFDW represents
93 % of the DW (Bamstedt 1986).

Bioassay experiments. To determine the influence of
mesozooplankton on DMSP and DMS net production,
2 bottle experiments were performed on the ship.
Bioassays were conducted with Calanus finmarchicus,
the dominant mesozooplankter in the Gulf of St
Lawrence, at Stns 7 (Eastern Gulf; Bioassay 1) and 92
(Western Gulf; Bioassay 2) (Fig. 1). For each bioassay,
151 of water was collected with three 51 GO-FLO bot-
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tles at the depth of maximum in vivo fluorescence
and prescreened through 233 pm Nytex mesh. The
prescreened seawater was then poured into four 1 1
gas-tight custom made Pyrex bottles covered with alu-
minium foil. The bottles were previously silanized to
reduce DMS adsorption {Caron & Kramer 1989). The
incubation bottles were equipped with 3 openings:
1 was used to introduce the water and the zooplankton,
1 to collect the DMS samples, and 1 to inject N, gas to
facilitate water sampling by creating a positive pres-
sure within the bottle. All openings were closed tight
with Teflon seals. C. finmarchicus were collected from
the upper mixed layer as previously described except
that a bigger (8 1) restricted-flow codend was used to
prevent damage to the individuals. Mesozooplankton
samples were immediately diluted into 4 1 glass jars
with unfiltered seawater and kept at ca 4°C in the dark
before sorting of the animals. C. finmarchicus with a
minimum prosome length of 3 mm were sorted from
the zooplankton catch and put in 2 of the incubation
bottles. Twenty C. finmarchicus were placed in each of
the 2 treatment bottles for Bioassay 1 and 35 for Bio-
assay 2. Two additional bottles filled with prescreened
seawater were used as controls. All incubations were
done in the dark at a temperature of ca 8°C. The bot-
tles were gently shaken before each sampling. For
DMS analyses, two 24 ml water samples were collected
from the incubation bottles at 0, 5, 10, 18, and 24 h in
Bioassay 1 and at 0, 2, 4, 8, 16 and 24 h in Bioassay 2.
DMS was analyzed as described previously. Subsam-
ples for chl a, phytoplankton and microzooplankton
cell counts (only for Bioassay 1) and DMSP, were col-
lected at the beginning ({;) and at the end ({y4) of the
incubation in each bottle and were analyzed as
described above. Replication was performed for each
variable except for cell counts.

RESULTS
Hydrography

The study area was characterized by an east-west
salinity and temperature gradient resulting from the
extension of the Gaspé Current into the western por-
tion of the sampling grid (Figs. 1 & 2). The Gaspé Cur-
rent is a coastal jet resulting from seaward advection of
the brackish water of the St. Lawrence Estuary along
the Gaspé Peninsula (Benoit et al. 1985). A frontal
region, defined by the isohalines 28 to 30 psu, delim-
ited the shallow (28 to 200 m depth] region influenced
by the current, from the deeper (40 to 517 m), more
saline and colder water of the Gulf (Figs. 1 & 2). We
will refer to these 2 regions as the Eastern and Western
Gulf. The biological characteristics of these regions

have been previously described in de Lafontaine et al.
(1991).

Spatial distribution of phytoplankton composition
and biomass

Chl a concentrations ranged from 0.04 to 3.28 pug I!
over the study area but were generally below 0.5 pg 17!
(Fig 3, Table 1). Along with phytoplankton groups,
the biomass exhibited a general east-west gradient co-
inciding with the physical gradient described above.
Maximum phytoplankton biomass and abundance were
found in the low salinity and high temperature western
region, while the Eastern Gulf was characterized by low
chl a and phytoplankton abundance. Ca 107 species
and genera were dentified in the phytoplankton assem-
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Table 1. Mean, range, and standard deviation (SD) of chemical and biological

varnables measured at 1 m depth, except mesozooplankton abundance which is

presented for the upper 50 m of the water column, in the Gulf of St. Lawrence,
Canada, in August 1993, <l.q.. below the limit of quantification

Variable n Mean Minimum Maximum SD
DMSP, (nM) 79 61.2 6.1 117.0 19.9
DMSP, (nM) 76 9.8 1.7 23.1 43
DMS (nM) 76 3.0 <lq. 8.8 22
Chl a (pg 1Y) 79 0.37 0.04 3.23 0.36
Phytoplankton (10° cells I'!) 28 217 0.51 8.54 1.83
Microzooplankton (10* cells I'') 28 43 7 117 35
Mesozooplankton (ind. m ™ 28 579 37 1638 473

blage, although ultraplankton (<3 pm)
was not counted because of the limits
imposed by the method used in our
study for phytoplankton enumeration.
The phytoplankton assemblage was
dominated by unidentified flagellates,
Prymnesiophyceae, Chrysophyceae,
and Dinophyceae (Fig. 3C, D, E, F). The
spatial distribution of the dominant taxa
was also characterized by minimum
and maximum abundances in the
Eastern and Western Gulf, respectively
(Fig. 3C, D, E, F). Unidentified flagel-

Table 2. Spearman's rank correlation coefficients between the concentrations of biogenic sulfur and biological variables, and the
relative contribution (%) of the taxa to the total number and total carbon biomass (n = 76 to 79 for chl a and Emiliania huxleyi; n =

28 for all other variables). *0.01 < p £ 0.05, **0.001 < p < 0.01, **"p < 0.001. Only taxa contributing to more than 1% of the total
biomass (phytoplankton and microzooplankton) or total abundance (mesozooplankton) are presented. Only results from the
mesozooplankton samples collected in the upper 50 m of the water column are presented

Class DMSP, DMSPy DMS % total % total
Species abundance carbon
Chl a 039" 0.28" 0.04
Phytoplankton
Total 0.65""" 0.52"" -0.04 100.00 100.00
Dinophyceae 066" 0.51*" 0.22 3.48 46.19
Katodinium glaucum 0.38° 0.37 0.11 0.01 1.58
Dinophysis rotundata 0.57"" 0.39° 0.15 <0.01 2.26
Gyrodinium aureolum 0.727** 0.50"" 0.03 0.22 4.19
Gymnodinoid sp. <10 pm 0.55" 043" 0.19 2.19 5.36
Ceratium longipes 0.10 0.06 0.16 <0.01 5.39
Gymnodinoid sp. 20-50 pm 0.50"" 0.43" 0.12 0.21 17.08
Chrysophyceae 0.55" 0.43" -0.01 10.91 17.21
Pseudopedinella pyriforme 0.26 0.15 -0.15 0.50 1.39
Ochromonas sp. 0.54°" 0.41° 0.08 5.80 4.49
Unidentified chrysophyte (<15 um ) 0.41° 0.27 -0.13 2.24 7.43
Prymnesiophyceae 0.70"*" 0.63°"" -0.11 27.90 11.02
Emiliania huxleyi 0.04 0.11 0.13 3.85 3.44
Chrysochromulina spp. 0.69*"* 0.58"°* -0.12 23.06 7.03
Unidentified flagellates 0.54°" 0.42° -0.03 46.38 7.98
Diatoms 0.47° 0.45° -0.18 1.39 6.53
Cryptophyceae 042" 0.44° -0.04 7.08 6.26
Leucocryptos marina 047" 0.38 0.08 0.49 1.35
Prasinophyceae 0.66""" 0.65""° -0.11 2.86 4.81
Pyramimonas sp. 0.53"" 0.50"* -0.11 0.83 1.41
Hilea sp. 0.31 0.30 0.02 0.35 1.13
Microzooplankton
Total 0.19 0.34 -0.21 100.00 100.00
Ciliates 0.40° 0.37" 0.00 25.05 95.29
Zooflagellates 0.10 0.26 -0.25 74.66 3.26
Tintinnids 0.05 -0.10 0.21 0.29 1.45
Mesozooplankton
Total 0.03 -0.01 100.00
Copepods 0.01 0.05 98.14
Calanus finmarchicus -0.05 0.19 44.50
Temora longicornis -0.02 -0.13 35.15
Pseudocalanus minutus 0.03 0.07 13.28
Calanus hyperboreus -0.07 -0.07 1.51
Centropages hamatus 0.04 0.11 1.22
Phaeopigments 0.09 0.12
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lates, the most abundant group, reached a maximum
abundance of 4.1 x 10° cells I"! in the northwestern part
of the sampling grid. Prymnesiophyceae, the second
most abundant group, was dominated by Chrysochro-
mulina spp., which reached a maximum abundance of
2.5 % 10°% cells I'! in the Eastern Gulf Emiliania huxleyi
was the second most abundant prymnesiophyte with
concentrations varying from 0.2 to 300 x 10° cells 1"".
Chrysophyceae (Fig. 3E) and Cryptophyceae (not
shown) were respectively the third and the fourth most
abundant algal group (Table 2). Dinophyceae (Fig. 3F),
which represented only 3 % of the total phytoplankton
abundance, reached a maximum abundance of 0.33 x
10° cellsI"! in the Eastern Gulf (Table 2). Prasinophyceae
and diatoms represented less than 3% of total phyto-
plankton abundance (Table 2). On a biomass basis,
Dinophyceae (dinoflagellates) dominated the total phy-
toplanktonic assemblage, followed by Chrysophyceae,
Prymnesiophyceae, unidentified flagellates, diatoms,
Cryptophyceae, and Prasinophyceae (Table 2).

Spatial distribution of DMSP and DMS

DMSP, concentrations were below 40 nM in the
Eastern Gulf and increased westward to reach 117 nM
(Fig. 4A, Table 1). DMSP, concentrations varied from
1.7 to 23.1 nM (mean = 9.8 nM) over the sampling area
(Fig. 4B, Table 1). The distribution of DMSP, was more
heterogeneous than the distribution of DMSP,, but
exhibited a comparable increasing gradient toward the
west. The spatial distribution of DMS was even more
heterogeneous, characterized by 3 zones of maximum
concentrations (Fig. 4C) The first zone was located in
the southwest part of the sampling grid, the second in
the northwest part, and the largest in the Eastern Gulf
(Fig. 4C). DMS concentrations varied from below the
limit of quantification to 8.8 nM, with a mean value of
3.0 nM (Table 1). The east-west gradient in the distrib-
ution of DMSP,, DMSPy, and phytoplankton cell num-
bers followed the salinity and temperature characteris-
tics of the water masses rather well, suggesting a
possible hydrodynamic control of the surface patchi-
ness of the plankton community. This idea is reinforced
by the significant correlations found between DMSP,,
DMSPy, and the physical variables (water temperature
and salinity, Table 3). No correlation was found
between these physical variables and DMS. DMSP,
concentration was positively correlated with DMSP,
but not with DMS. However, DMSP, concentration
was negatively correlated with DMS (Table 3).

DMSP, concentration was positively correlated with
chl a concentration and the abundance of total phyto-
plankton, Dinophyceae, Prymnesiophyceae, and Prasi-
nophyceae (Table 2). The dinoflagellate Gyrodinium

TN N
;
| o

A) DMSR, (M)

Ay

T T T T T
49
[>]
<9 O
o
T ©
@
8 48
Gl
4
B) DMSRy (nM)
_ o

"“‘V\N
47 Q/\M\ [ T

T
N )bﬁ Q
\j }
48 —
2@
B C) DMS (nM)
@
7 S e
T I T
63 62 61 60
Longitude

Fig. 4. Horizontal distribution of the concentrations of (A}
DMSP,, (B) DMSP,, and (C) DMS measured in surface waters
of the Gulf of St. Lawrence in August 1993



110 Mar Ecol Prog Ser 141: 103-117, 1996

Table 3. Spearman's rank correlation coefficients between the
concentrations of biogenic sulfur and physical variables
(DMSP,, with water temperature and salinity, n = 79 and 75,
respectively; DMSP, and DMS with salinity, n = 72; others, n =

76). *0.01 <p<0.05 "70.001 < p<0.01, """p=<0.001
DMSP, DMSP, DMS
DMSPy 0.50*"*
DMS 0.10 -0.51"""
Water temperature 0.48°** 0.28"" -0.19
Salinity -0.56""  -032" 0.08 J

aureolum and the prymnesiophyte Chrysochromulina
spp. were also strongly correlated with the distribution
of DMSP,. DMSP, concentration was also positively
correlated with chl a concentration (Table 2). As for
DMSPp, DMSP, concentration was positively corre-

lated with all algal groups, particularly with the Prym-
nesmphyceae, Prasinophyceae, and Chrysochromulina
spp. (p < 0.001). A strong correlation was also found
between DMSP, and G. aureolum. In contrast to
DMSP, and DMSPy, no correlation was found between
the distribution of DMS and chl a or any of the phyto-
plankton groups or species (Table 2). The prymnesio-
phyte Emiliania huxleyi was more abundant in the
Eastern Gulf (data not shown) where maximum DMS
concentrations were measured (Fig. 4C). In spite of this
apparent overlap in the distribution of E. huxleyi and
DMS, the 2 variables were not significantly correlated
(Table 2). In the northwest part of the Gulf, high DMS
concentrations (Fig. 4C) coincided with the maximum
concentration of Dinophyceae (Fig. 3F).

Spatial distribution of microzooplankton

The microzooplankton assemblage was composed of
26 species and genera. Microzooplankton abundances
were at a maximum in the Western Gulf, with values
reaching 0.1 x 10° cells I"! in the southernmost area of
the sampling grid (Fig. 5A). A second patch of micro-
zooplankton was observed in the Eastern Gulf (Fig. 54,
B). Zooflagellates, the most abundant group, repre-
sented 75% of the total microzooplankton abundance
(Fig. 5B, Table 1). Zooflagellate abundance showed a
distribution pattern almost identical to that of total
microzooplankton. Ciliates, the second most abundant
group, showed a positive northeast-southwest gradient
with values reaching 0.03 x 10° cells 1! in the south-
western part of the grid (Fig. 5C). Tintinnids were
found in low abundance (<700 cells 1!} within the sam-
pling grid. On a carbon basis, ciliates largely domi-
nated (95.3%) the microzooplankton assemblage fol-
lowed by zooflagellates (3.3%) and tintinnids (1.5%)
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sured in surface waters of the Gulf of St. Lawrence in August
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(Table 2). A significant positive correlation was found
between the abundance of ciliates, DMSP, and
DMSP, (Table 2). However, DMS did not correlate
with any of the microzooplankton groups (Table 2).

Spatial distribution of mesozooplankton

The mesozooplankton assemblage was composed of
27 species and genera. Total mesozooplankton abun-
dance in the upper 50 m of the water column increased
progressively from the Eastern Gulf to the southwest
part where it reached 1638 ind. m™* (Fig. 6A). The
mesozooplankton assemblage was largely dominated
by the copepod Calanus finmarchicus, which repre-
sented on average 45% of the total mesozooplankton
abundance (Table 2) and reached a maximum biomass
of 85 mg AFDW m™®. Temora longicornis, the second
most abundant species, represented 35% of the total
abundance (Table 2) and reached a maximum biomass
of 19 mg AFDW m™. The distribution of the 2 main
mesozooplankton species was similar to that of the
total mesozooplankton (Fig. 6). Pseudocalanus minutus
and Calanus hyperboreus were the third and the
fourth most abundant species, representing 13 and 2%
of the total abundance, respectively (Table 2). No sig-
nificant correlation was found between DMSP or DMS
and the dominant mesozooplankters (Table 2). Phaeo-
pigment concentration, which can be used as a grazing
index (Legendre et al. 1993), showed no significant
relationship with DMSP, or DMS (Table 2).

Bioassay experiments

Bottle incubation experiments with Calanus fin-
marchicus, the dominant mesozooplankton species,
were conducted on the ship to estimate their in situ
DMSP,4 and DMS net production rates. Since replica-
tion was good, data from bioassay treatments were
combined (Fig. 7). The 2 bioassays were made in the 2
main hydrographic regions characterizing the study
area.

Bioassay 1 was conducted in the Eastern Gulf (Stn 7)
where the chl a concentration was low. During the 24 h
incubation, the chl a concentration decreased signifi-
cantly in the control (by 24 %; ANOVA, 0.01 < p £0.05;
Fig. 7A) and the treatment bottles (by 38%; ANOVA,
0.01 < p £ 0.05). Grazing by Calanus finmarchicus
caused a net decrease of ca 19% in chl a (ANOVA,
0.001 < p <0.01). C. finmarchicus was also responsible
for ca 30 and 70 % of the total decrease in phytoplank-
ton and in ciliate cell numbers, respectively (data not
shown). Ciliates represented the major prey with 51%
of all carbon ingested by C. finmarchicus in Bioassay 1,
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Fig. 6. Horizontal distribution of the abundances of (A) total

mesozooplankton and the biomass estimated as ash free dry

weight (AFDW) of (B} Calanus finmarchicus, and (C) Temora

longicornis measured in the upper 50 m of the water column
of the Gulf of St. Lawrence in August 1993
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Bioassay 1 Bioassay 2

concentrations were the same in the con-

2.0

Control
B Treatment

Chla (ugl™)
.
|

2.0 trol (ANOVA, p > 0.05), whereas DMS
concentration increased from 3.2 to
8.5 nM in the bottles containing the cope-
pods (ANOVA, 0.001 < p £ 0.01). C. fin-
marchicus was responsible for a 109%
increase in DMS concentration during the
24 h experiment.

Bioassay 2 was conducted in the West-
ern Gulf where chl a concentrations were
higher than in the Eastern Gulf (Stn 92).

The initial chl @ concentration in Bioassay

B)

2 was twice that in Bioassay ! (Fig. 7A, Dj.
During this bioassay, chl a concentration
decreased at a similar rate in the control
(by 50%; ANOVA, p < 0.001) and the
treatment bottles (by 61%; ANOVA, p <
0.001). The addition of Calanus fin-
marchicus had no significant effect on
chl a concentration during the incubation
(Fig. 7D; ANOVA, p > 0.05). In contrast to
Bioassay 1, the decrease in chl a in the

control was accompanied by a 69% de-

Control F

Treatment

.
) //i ’J /
4 a3y e

DMS (nM)

i

crease in DMSP, concentration (Fig. 7E;
ANOVA, 0.01 < p £0.05). In the treatment
bottles, DMSP, increased from 8 to 12 nM
~ 10 at the end of the experiment (Fig. 7E}.
This corresponds to a net production rate
of ca 0.4 nmol h™! for C. finmarchicus.
-5 There was no difference in DMS concen-

trations between the control and the treat-

ment bottles during Bioassay 2 (Fig. 7F).
0 DMS concentration increased from the

Time (hours)

Fig. 7 Temporal variations in the concentrations of chl a (A and D),
dissolved DMSP (B and E) and DMS (C and F} during the 2 bioassay exper-

24 limit of quantification to ca 8 nM be-
tween 0 and 6 h, remained stable at this
concentration until 16 h, and decreased
to ca 6 nM toward the end of the experi-
ment.

iments conducted at Stns 7 and 92 with Calanus finmarchicus incubated in

seawater prescreened on 233 pm. Mean values £ 1 SE

followed by Dinophyceae with 33%. DMSP, concen-
trations increased from 1.0 to 2.8 nM (ANOVA, 0.01 <
p £0.05) in the control during the 24 h incubation (Fig.
7B). As suggested by the decrease in chl g, the increase
in DMSP4 concentration in the control bottles may
have resulted from microzooplankton grazing or cell
autolysis. The addition of C. finmarchicus resulted in a
net DMSP, increase of ca 103% (Fig 7B; ANOVA, 0.01
< p £ 0,05). DMS concentration exhibited a similar
increase in the control and treatment bottles during the
first 10 h (Fig. 7C). Afterwards, DMS concentration
started to decline in the control while it continued to
increase in the treatment. The initial and final DMS

DISCUSSION

During this study, phytoplankton concentrations
(chl a) were low (mean = 0.37 ng 1'!), reflecting typical
mid-summer conditions found in the Gulf of St
Lawrence (Levasseur et al. 1994, Ohman & Runge
1994). Along with the phytoplankton biomass, concen-
trations of DMSP, and DMSP,; were also lower than
usually reported for estuarine and coastal environ-
ments. Maximum DMSP, concentration was 117 nM, a
value lower than the maximum values of 160 nM mea-
sured along the east coast of the USA (Iverson et al.
1989), 250 nM in the Gulf of Maine (Matrai & Keller
1993), and 280 nM in the Northeast Atlantic (Malin et
al. 1993). However, the mean concentration of DMSP,
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in the Gulf of St. Lawrence (61 nM) was higher than in
the mid-North Atlantic (11 nM, Blirgemeister et al.
1990) and in the same range as that measured around
mainland Britain (14 to 287 nM, Turner et al. 1988).
Maximum DMSPy concentration was 23 nM, which is
lower than the maximum level measured in near-shore
waters of the U.K. (198 nM, Turner et al. 1988) and in
the Gulf of Maine (175 nM, Matrai & Keller 1993). On
the other hand, DMS concentrations were in the same
range as the values generally observed in coastal areas
(1to 18 nM, Iverson et al. 1989; 0 to 6, Leck et al. 1990;
0 to 9 nM, Matrai & Keller 1993), although our maxi-
mum value of 8.8 nM was lower than the maximum
values of 24 and 36 nM measured around the British
Isles by Holligan et al. (1987) and Turner et al. (1988),
respectively.

Co-distribution of phytoplankton, microzoo-
plankton, and the DMSP and DMS pools

Several phytoplankton species or genera apparently
contributed to the DMSP pool during this study. The
correlation obtained between DMSP and chl a distrib-
utions was expected since the dominant taxa are
known to contain high levels of intracellular DMSP
(Keller et al. 1989b). The DMSP, concentration was
significantly correlated with the abundance of Dino-
phyceae, Prymnesiophyceae, and Prasinophyceae,
which represented 46, 11, and 5% of the total phyto-
plankton biomass, respectively. Among the numerous
species or genera showing significant correlations with
DMSP,, Gyrodinium aureolum and Chrysochromulina
spp. were the only species to represent a substantial
part of the biomass (Table 2). In spite of its relatively
low DMSP quota (Keller 1991), G. aureolum has been
identified as one of the main sources of DMS in
summer around mainland Britain {Turner et al. 1988).
Chrysochromulina spp., a species known for its high
DMSP quota (Keller 1991), has been previously identi-
fied as an important DMSP producer in the Gulf of St.
Lawrence in summer (Levasseur et al. 1994).

During our study, DMSP, and DMSP, concentrations
were also significantly correlated with ciliates, the
dominant microzooplankton in terms of biomass (95 %
of the total biomass). These results suggest that micro-
zooplankton may play a significant role in DMSP
cycling in the Gulf of St. Lawrence. Other studies have
also shown that microzooplankton can accumulate and
metabolize large amounts of DMSP and excrete
DMSP, as well as DMS (Belviso et al. 1990, 1993, Malin
et al. 1994, Wolfe et al. 1994).

The strong correlation found between the distribu-
tion of DMSP, and DMSP, suggests that mechanisms
responsible for DMSP,, production and release in the

water are operating on a similar time scale. This indi-
cates a strong dependency between the DMSP, and
DMSP, pool size. The DMSP, concentration was also
positively correlated with the phytoplankton biomass
(chl a) and with the abundance of several phytoplank-
ton specles and genera, also indicating a strong cou-
pling between the DMSP producers and the accumula-
tion of dissolved DMSP in the water.

In contrast with the DMSP pools, a less consistent
link seems to exist between the surface distribution of
phytoplankton and free DMS. A survey of the litera-
ture indicates that although many studies have shown
significant positive correlations between DMS and
chl a (Barnard et al. 1982, 1984, Cline & Bates 1983,
Andreae 1986, Bilirgemeister et al. 1990, Kirst et al.
1993, Malin et al. 1993), several others have failed to
find such a relationship (Holligan et al. 1987, Turner et
al. 1988, Andreae 1990, Leck et al. 1990). In the pre-
sent study, no significant correlation was found
between the surface distribution of DMS and either the
DMSP,, pool or the phytoplankton abundance, indicat-
ing a spatio-temporal decoupling between DMS pro-
duction and both phytoplankton growth and DMSP,
production. This apparent spatial decoupling is not
surprising since a time lag of 2 to 10 d has often been
observed between phytoplankton biomass and DMS
peaks during mesocosm studies with natural plankton
communities (Nguyen et al. 1988, Kwint & Kramer
1995). The different mechanisms involved in DMS pro-
duction, such as phytoplankton senescence, zooplank-
ton grazing, and bacterial activity, may explain this
decoupling.

Impact of mesozooplankton on DMSP, and DMS
net production

Since the first demonstration of the influence of
mesozooplankton grazing on DMS production (Dacey
& Wakeham 1986), it has often been assumed that a
part of the DMS heterogeneity found in nature results
from changes in zooplankton grazing pressure (Holli-
gan et al. 1993). In support of this hypothesis, Leck et
al. (1990) found a significant relationship between the
distribution of DMS and mesozooplankton over an
annual cycle in the Baltic Sea. However, such a rela-
tionship is not always observed (Matrai & Keller 1993).

During this study, we found no significant relation-
ship between the distribution of total mesozooplankton
abundance and the concentration of DMSP, and DMS.
These results suggest that variations in mesozooplank-
ton abundance in the upper 50 m of the water column
by as much as 2 orders of magnitude (range: 37 to
1638 ind. m™%) were not sufficient to significantly alter
the DMS levels in surface waters. Variations in DMSP,
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Table 4. Average (SD in parentheses) rates of chl a ingestion and of DMSP, and DMS net production by Calanus finmarchicus as
estimated during the 2 bioassay experiments. ANOVA was used to test significant differences between controls and treatments:
*0.01 <p<0.05 **0.001 <p<0.01, ***p<0.001

Bioassay Sampling Ingestion rate DMSPy net production rate DMS net production rate
station (ng chlaind. ' h'}) {(pmol ind."' h™) (pmol ind.”" h'1)
1 7, Eastern Gulf 0.18 (0.10)* 5.0(3.6)" 7.7 (2.9)""
2 92, Western Gulf 0 89 (1.1)"** 0

and DMS concentrations were also not correlated with
the distribution of Calanus finmarchicus and Temora
longicornis, the 2 dominant metazoan species. C. fin-
marchicus and T. longicornis are known to perform
diurnal vertical migrations characterized by maximum
grazing activity during the night near the surface
(Tiselius 1988). Consequently, diurnal variations in
grazing rate may have obscured the relationship
between the abundance of mesozooplankton and the
surface concentrations of DMSP, and DMS. To explore
this possibility, mesozooplankton and DMS data were
divided into 2 subgroups according to the sampling
time (5:00 to 21:00 h; 21:00 to 5:00 h) and a Spearman
rank correlation analysis was performed between
mesozooplankton, DMSP,;, and DMS in each sub-
group. Again, we found no statistical evidence of a
strong link between mesozooplankton distribution,
DMSPy, and DMS. Correlations obtained between the
abundance of mesozooplankton in the entire water col-
umn and these sulfur compounds were also not signif-
icant.

The absence of a relationship between the dominant
mesozooplankton species and DMSP, or DMS may be
due to their low grazing rate on phytoplankton at this
time of the year. In the present study, phytoplankton
biomass was low and the algal community was domi-
nated by autotrophs smaller than 10 pm, a poor food
source for copepods (Landry 1977). Results from our
bioassays confirm that the grazing rate of Calanus
finmarchicus on the phytoplankton biomass was
low. In the St. Lawrence system, Ohman & Runge
(1994) have reported ingestion rates of C. finmarchicus
varying from 0.6 ng chl a ind.”' h™! in
the low biomass waters of the Gulf

the Gulf, the same authors found that at least 70 to
79% of the diet of C. finmarchicus was composed of
heterotrophic prey: mainly ciliates and also dinoflagel-
lates (Dinophyceae) presumed to be heterotrophic.
During our study, the abundance of autotrophic prey
was even lower than during the study of Ohman &
Runge (1994), although the abundance of ciliates was
similar (Table 5).

DMSPy4 and DMS production rates by Calanus fin-
marchicus were low or non-detectable during our
bioassays. Individual maximum DMSP,; and DMS
net production rates were 8.9 and 7.7 pmol ind.”! h™!,
respectively (Table 4). These values are low compared
to the DMS net production rate of ca 200 pmol ind.”!
h™! measured for copepods by Dacey & Wakeham
(1986) and the DMSP4+DMS net production rate of
1076 to 4650 pmol ind.”"! h™! measured for the pteropod
Limacina helicina by Levasseur et al. (1994). During
our bioassays, most of the DMSP, and DMS production
may have originated from C. finmarchicus preying on
Dinophyceae, an algal group known for high DMSP
content (Keller et al. 1989a, b). In these experiments,
dinoflagellates represented the second most important
prey for C. finmarchicus. However, grazing of C. fin-
marchicus on ciliates, the most important prey, may
have also contributed to the observed DMSP,; and
DMS production during the bioassays. DMSP accumu-
lated in the microzooplankton may have been ingested
by the copepods and partly excreted as DMSP, and/or
DMS.

The field extrapolation of DMSP, and DMS net pro-
duction rates determined during our bioassays pro-

(0.3 ug chl a 1'') to 352 ng chl a
ind."' h™! in the productive waters of
the Lower St. Lawrence Estuary
(ca 14 ng chl a1I”'). The chl a ingestion
rate measured during Bioassay 1
(0.18 ng chl a ind."! h™!, Table 4) was
thus comparable to the low rates
reported by Ohman & Runge (1994) for
the same area and 2 orders of magni-
tude lower than their maximum rate.
In the phytoplankton-poor waters of

Table 5. Comparison between the mean (range in parentheses) concentration of
the main phytoplankton groups and ciliates in the Gulf of St. Lawrence in
summer as determined by Ohman & Runge {1994) and during this study

Study Diatoms Flagellates Dinophyceae Ciliates
(10% cells I"') (103 cells 1Y) (10% cells I"Y) (10 cells17!)
Ohman & Runge 304 1625 180 9
(1994) (209-347) (452-3901) (39-339) (7-11)
Present study 30 2066 76 7
(1-286) (515-8336) (13-334) (4-37)
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vides insight into the potential influence of Calanus
finmarchicus on the distribution of DMSP,; and DMS.
Given the maximum measured abundance of C. fin-
marchicus (601 ind. m™®) and the maximum C. fin-
marchicus-specific DMSP,4 and DMS net production
rates obtained during the bicassays (Table 4), we cal-
culated that the natural population of C. finmarchicus
may have increased ambient concentrations of DMSP
and DMS at a maximum rate of 5 pmol I"! ™' These
rates were probably lower in situ due to DMS photo-
oxidation and sea-to-air ventilation, 2 majors sinks for
DMS that were not present in our bottle experiments.
In marine environments, DMS photo-oxidation can be
as high as 70 pmol I"! h™! (Kieber et al. 1996) and, dur-
ing our cruise, the mean DMS sea-to-air flux was
200 nmol m™ h~! (M. Levasseur et al. unpubl.). This
may explain why we observed no significant relation-
ship between the spatial distribution of mesozooplank-
ton and DMS. Thus, at the low mesozooplankton graz-
ing rates measured in this study, the contribution of
mesozooplankton to the DMS pool must have been
minor. This situation may be typical of the summer
period in temperate coastal regions when the microbial
food web dominates over the herbivorous food web.

In conclusion, our results show that copepods
accounted for minor DMSP, and DMS net production
during our cruise, presumably due to low grazing
rates. During periods of low phytoplankton biomass,
microzooplankton grazing may play @ more important
role than mesozooplankton in DMS cycling The rela-
tive importance of microzooplankton and mesozoo-
plankton grazing on DMS production may vary in time
and space according to the prevailing food web, tradi-
tional (herbivorous) or microbial. In temperate waters,
microzooplankton grazing may be more important
during mid-summer and in vertically stable areas char-
acterized by small phytoplankton cells (<5 nmj} that are
mostly exploited by the microbial food web. On the
other hand, mesozooplankton grazing probably plays a
more important role in DMS production in spring, in
frontal regions, and in upwelling areas where the
plankton community is dominated by larger phyto-
plankton cells (>5 pm) that are heavily grazed by
mesozooplankton (Cushing 1989, Legendre & Le Fevre
1989) Future works should attempt to determine the
relative efficiency of these 2 main trophic pathways for
producing DMS.
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