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ABSTRACT: The impact of copepod grazing on the biogeochemical cycling of dimethylated-sulfur
compounds was investigated in the North Water polynya, northern Baffin Bay, during the period 21
April to 24 June 1998. The results show that zooplankton grazing can influence DMSOy4 concentra-
tions in addition to those of DMS and DMSP,. This study is the first to demonstrate this effect for
DMSO4. Weight-specific production rates for DMSO, due to the presence of copepods in incubation
experiments were 0.14 to 23 nmol mg~! dry wt (DW) d™! (median = 1.02 nmol mg~! DW d~!) and were
occasionally higher than rates for the production of DMSP,. Weight-specific production rates for
dimethylsulfide were 0.011 to 2 nmol mg~' DW d~! (median = 0.23 nmol mg~' DW d~!) and for DMSP4
0.005 to0 6.86 nmol mg~! DW d~! (median = 0.71 nmol mg~! DW d~!). In comparison, the volumetric and
individual-normalized production rates for DMS and DMSPy4, which were used to derive weight-
specific production rates for these compounds, were similar to published results. The influence of
copepod grazing on the production rates of DMS and DMSP, was statistically significant in more than
85 % of the incubation experiments conducted, but in fewer than 50 % of the incubations for DMSOy.
These results suggest that the impact of copepod grazing might be less important for the biogeo-
chemical cycling of DMSO than that of DMS and DMSP. Analysis of the data indicates that grazing
may influence the release of DMSO and DMSP in different ways. A secondary objective of the study
was to assess the potential role of copepod grazing on in situ level of DMS, DMSP4 and DMSQO, in the
North Water. Weight-specific production rates were used to calculate in situ production rates, which
ranged from 0.002 to 21.7 nmol m~® d~! for DMS, from 0.001 to 85.8 nmol m~® d~! for DMSPy, and from
0.003 to 184 nmol m~3 d~! for DMSO,. Comparison of these results with the average concentrations of
DMS, DMSP4 and DMSOQOy in the water column of the polynya indicates that copepod grazing was a
minor mechanism in the release of these compounds in the North Water.
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INTRODUCTION son et al. 1987), the hydrological cycle (Mészaros

1988), and by increasing precipitation acidity in

Dimethylsulfide (DMS) is a volatile compound of remote regions (Savoie & Prospero 1989). The transfer
principally oceanic origin that may influence planetary of DMS from the ocean to the atmosphere can repre-
climate by altering the global radiation balance (Charl- sent up to 90 % of the total sulfur transferred and up to
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half of the global budget for biogenic sulfur entering
the troposphere (Charlson et al. 1987, Andreae 1990,
Malin et al. 1992). The precursor to DMS is generally
assumed to be DMSP, a cryoprotective and osmoregu-
latory compound found in many micro- and macro-
algae (Vairavamurthy et al. 1985, Dickson & Kirst 1986,
Kirst et al. 1991). A variety of factors are responsible for
the release and transformation of DMSP into DMS, in-
cluding cell senescence, water-column bacteria, phyto-
plankton-derived DMSP-lyase and viruses (Turner et
al. 1988, Malin et al. 1992, Bratbak et al. 1995, Hill et
al. 1998, Wilson et al. 1998).

Another important factor influencing the formation
of DMS and DMSP, is zooplankton grazing, although
the magnitude and nature of the changes induced by
grazing have been shown to be highly variable. The
potential effects of zooplankton grazing on the produc-
tion of DMS and DMSP have been demonstrated both
in the laboratory and in the field. In phytoplankton cul-
tures, the presence of copepods resulted in more than
a 20-fold increase in DMS production rates (Dacey &
Wakeham 1986). In sub-arctic waters, Levasseur et al.
(1994) observed that concentrations of (DMS + DMSPy)
were up to 25 times greater when suspension-feeding
pteropods were present. DMS concentrations were
also found to be positively correlated with copepod
biomass in the Baltic Sea (Leck et al. 1990). Krill have
been shown to have a significant impact on the re-
moval of DMSP,, and the production of DMS in waters
surrounding the Antarctic Peninsula (Daly & DiTullio
1996). Furthermore, Daly & DiTullio (1996) found low,
but measurable amounts of DMSP,, in deep-water sed-
iment traps, leading them to conclude that fecal pellets
might be an important sink for DMSP.

More equivocal results have also been published. No
relationship was observed between mesozooplankton
abundance and DMS distribution in the Gulf of Maine
(Matrai & Keller 1993). The formation of DMS could
not be measured by Kwint et al. (1996) in laboratory
experiments involving copepods, although they did
observe that most DMSP was repackaged into fecal
pellets with a slight increase in DMSP, concentrations.
In the Gulf of St. Lawrence, Cantin et al. (1996) could
find no significant correlation between mesozooplank-
ton abundance and the distribution of DMS or DMSP,.
Furthermore, after extrapolating accumulation rates
measured during incubation experiments to field con-
ditions, they concluded that mesozooplankton grazing
played only a minor role in the production of DMS and
DMSP, in the Gulf of St. Lawrence. Such inconsisten-
cies in the impact of grazing on DMS and DMSP, led
Cantin et al. (1996) to speculate that the effect most
probably varied in response to temporal and spatial
changes in the abundance and type of phytoplank-
ton encountered by zooplankton. Several laboratory-

based studies have shown that grazers may preferen-
tially select non-DMS-producing phytoplankton when
a mixture of prey is available (Wolfe & Steinke 1996,
Wolfe et al. 1997).

With respect to the biogeochemical cycling of DMSO,
it is conventionally believed that DMSO, in aquatic
environments originates from the photochemical and
microbial oxidation of DMS (Brimblecombe & Shooter
1986, Zeyer et al. 1987). Yet, much of the marine sul-
fur cycle involving DMSO, particularly the origins of
DMSO, remains poorly understood (Malin & Kirst
1997). Some recent studies have shown that DMSO is
present in phytoplankton (Simé et al. 1998, Lee et al.
1999, 2001). At the time this study was conducted in the
North Water region, Bouillon et al. (2002) found rela-
tively high levels of DMSO,. The combined findings of
the studies by Sim6 et al. (1998), Lee et al. (2001) and
Bouillon et al. (2002) suggest that DMSO,, is present
in a wide variety of phytoplankton species including
those that are not recognized as DMSP producers. It
has been argued that zooplankton might also release
intracellular DMSO during grazing, thereby influenc-
ing DMSQO, concentrations in the same way that graz-
ing influences DMS and DMSP, concentrations (Lee &
de Mora 1999). Currently, no studies have examined
the impact of zooplankton grazing on concentrations of
DMSO,. The primary objective of this investigation
was to determine if DMSO, concentrations could be
affected by copepod grazing. The secondary goal of
this study was to calculate the potential impact of cope-
pod grazing on in situ concentrations of DMS, DMSP4
and DMSOQOy in the North Water, northern Baffin Bay.

MATERIALS AND METHODS

Study area. The experiments were carried out as
part of the International North Water Polynya Study
aboard the Canadian Coast Guard ice-breaker CCGS
'Pierre Radisson’ during April, May and June 1998.
The International North Water Polynya Study was a
multiyear, multidisciplinary study aimed at examining
the physical, chemical and biological components of
the North Water ecosystem and elucidating the link-
ages between them (Deming et al. 2002). Stations
where dimethylated-sulfur (DMS, DMSP,;, DMSOy)
measurements were made in conjunction with cope-
pod grazing experiments are illustrated in Fig. 1. The
North Water (~75 to 79°N, ~71 to 78°W, Fig. 1) is a
large, recurrent polynya in northern Baffin Bay (Fig. 1)
that is believed to be one of the most productive areas
above the Arctic Circle (Stirling 1980, Lewis et al.
1996, Klein et al. 2002). During winter and spring,
strong northerly winds drive ice southward in the
western portion of the polynya. Formation of an ice
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Fig. 1. Map showing general location of North Water region in
northern Baffin Bay and positions of stations where incuba-
tions were conducted

bridge in Kane Basin prevents ice from entering the
polynya from the north. However, upwelling near the
Greenland coast can bring relatively warm water to
the base of the turbulent surface layer, where it is
entrained via brine-driven convection that results from
ice growth. The resulting flux of sensible heat slows ice
growth, thereby contributing to the maintenance of the
polynya during late spring, but it is not large enough
to generate the polynya. The southern limit of the
polynya lies around 76° 30’ to 75° 30’ N between Janu-
ary and May and between ~75° and ~74° N by June. By
July, the polynya has reached its maximum extent. At
this time, the North Water finally disappears when the
ice tongue that separates it from the rest of Baffin Bay

melts. Reviews of our current understanding of the
oceanographic and meteorological factors that lead to
the formation and maintenance of the North Water
polynya can be found elsewhere (Melling et al. 2001,
Bacle et al. 2002, Ingram et al. 2002). Furthermore,
studies that deal with biological and chemical aspects
of the North Water are available elsewhere (Lee et al.
2001, Bouillon et al. 2002, Klein et al. 2002, Lovejoy et
al. 2002, Miller et al. 2002, Odate et al. 2002, Trem-
blay et al. 2002).

Grazing experiments. Water-column sampling was
performed using a General Oceanics rosette system
equipped with 24 x 10 1 Brookes Ocean Technology
sample bottles. A Falmouth Scientific Instrument CTD
(FSI-ICTD) was mounted in the center of the rosette,
allowing real-time monitoring and acquisition of
oceanographic data. Water for the experiments was
obtained using a single rosette cast at 1 or 2 depths
in the upper mixed layer. One of these depths was
within the chlorophyll maximum, which was deter-
mined from the fluorescence profile during the down-
cast. It should be noted that for the 2 experiments
carried out in April, there was very little accumulation
of phytoplankton biomass at any depth within the
water column. Samples from each 10 1 bottle were
transferred via silicon tubing to a 10 1 polyethylene
cubitainer and transported to a darkened room that
was maintained at approximately 0°C.

Copepods for the experiments were collected with
vertical tows of a 200 pm Nitex mesh plankton net
(1 m? or 1 m diam. x 6 m length). The cod-end was
closed except for 1 or 2 small drainage windows
(approx. 5 cm?) near the top of the cylinder. To avoid
damaging the copepods, the net was retrieved at a rel-
atively low rate of 0.3 to 0.5 m s™! and was not rinsed.
The cod-end was removed immediately and its con-
tents gently diluted into 20 1 of surface seawater. A
300 pm-mesh sieve cup was then used to transfer a suf-
ficient number of copepods into 20 1 of experimental
water stored in a cooler. The cooler was transported to
the cold room, where the copepods were allowed to
acclimate to their new environment for 2 to 24 h. This
step provided an opportunity to check their condition.

Working in the cold room with a minimum of light,
grazing experiments were set up in 4 1 polycarbonate
bottles that were subsequently attached to a plankton
wheel. For each depth tested, 2 control (no copepods
added) and 3 treatment (copepods added) bottles were
used. Additional information on some of the experi-
mental conditions, such as copepod concentrations and
body size, are given in Table 1. The water in the cubi-
tainers were gently mixed by inversion, then gravity-
transferred via silicon tubing into the 4 1 experimental
bottles and an equal number of initial (f,) sampling
bottles. Control bottles were filled completely, sealed
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Table 1. Parameters describing the copepod assemblages added to treatment incubation containers. L: large; S: small; Depth

range: range over which copepods collected; Avg. no. (SD) copepods: avarage no. of copepods in incubations; DW: dry wt;

CL: carapace length; Dominant groups: numerically dominant copepod groups; met6f: Metridia longa VI female; met5: M. longa

Vi met4: M. longa IV; ch6f: Calanus hyperboreus VIfemale; ch5: C. hyperboreus V; ch4: C. hyperboreus 1V; ctg6f: C. finmarchicus

and C. glacialis VI female; cfg5: C. finmarchicus and C. glacialis V; cfg4: C. finmarchicus and C. glacialis1V; c13: Calanus]I, Il and
III (3 species); pcal6f: Pseudocalanus sp. VI female; pcalém: Pseudocalanus sp. VI male

Stn no. Date Sampling depth Depthrange  Avg.no. (SD) Avg. (SD)DW Avg. (SD) CL Dominant groups
(1998) (m) (m) copepods 1! (mg I'Y (mm)
44 21-23 Apr 50 (L) 0-385 13.6 (1.3) 7.7 (0.9) 3.2(0.1) met6f > ch4 > cfg4
50 (S) 0-385 49.3 (1.5) 5.9(0.7) 1.8 (0.1) cfg4 > met5 > c13
27 27-28 Apr 35 0-75 16.1 (3.7) 9.8 (3.5) 3.8(0.2) cfg6f > met6f > ch6f
110 78-150 48.3 (9.0) 13.7 (1.6) 2.6 (0.2) met6f > met5 > cfg4
54 25-27 May 15 0-50 12 (2.8) 11.0 (0.7) 4.1 (0.5) ch5 > ch6f > c13
75 50-150 6.8 2.2 (1.2) 2.5(0.3) met5 > met6f > metd
54 05-06 Jun 11 0-50 8.4 (2.0) 7.4 (14) 3.9(0.4) met6f > ch5 > ch6f
49 05-06 Jun 20 0-50 9.5 (2.0) 3.8 (1.5) 2.6 (0.4) c13 > chb > cfgb
2 07-09 Jun 37 (L) 0-50 4.9 (0.5) 4.3 (0.8) 3.8(0.3) ch6f > met6f > ch5
37 (S) 0-50 8.5 0.1 (0.1) 1.0 (0.1) c13 > pcal6f
14 10-12 Jun 15 0-55 9.8 (9.5) 0.6 (0.2) 1.4 (0.4) c13 > pcal6m
22 14-16 Jun 15 0-50 8.0 (2.0) 0.4 (0.2) 1.4 (0.1) c13 > pcal6f
31 15-17 Jun 15 0-50 7.0 (0.3) 0.5(0.1) 1.6 (0.1) c13
75 50-150 4.5 (1.0) 2.0 (0.5) 2.8 (0.1) met6f > c13 > cfgh
40 19-20 Jun 15 0-20 5.0 (0.8) 1.4 (0.2) 2.3(0.2) c13 > cfg5 > cfg4
80 0-120 4.3 (0.3) 3.3(1.1) 3.2(0.2) cfg5 > ch5
54 22-24 Jun 35 0-75 7.0 (1.0) 4.0 (1.4) 3.2(0.4) c13 > ch5 > cfg5

with parafilm, and capped. Treatment bottles were
filled within 100 to 200 ml of the top. The copepods
were then slowly added and the bottles topped off with
water, sealed and capped as above. Copepods were
collected from the incubation cooler with a 300 pm-
mesh Nitex sieve and a wide-bore pipette. For 2 exper-
iments, treatments were separated into ‘large’ and
‘small’ copepod assemblages (Table 1) using a sieve
made of nylon window screen with 1300 x 1050 pm
rectangular openings. The copepods were inspected,
counted against a small backlight, and then gently
released into bottles. The time for t, was recorded as
the hour and minute when each experimental bottle
was sealed and capped.

The experimental bottles were incubated in the dark
at approx. 0°C and were rotated continuously on a
plankton wheel for 24 or 48 h. At the end of the incu-
bation, pairs of bottles were removed and final time (¢;)
samples were collected for dimethylated-sulfur chem-
istry and pigment analysis. As with the preparation of
the experimental bottles, sampling was carried out
using gravity and silicon tubing. However, in this case,
a piece of 300 pm Nitex mesh was attached to the
inflow end of the tubing to exclude the treatment indi-
viduals from the final subsamples. The final time (t;)
was recorded as the hour and minute when the caps
were removed and sample collection began. Using
Wheaton serum bottles sealed with butyl rubber stop-
pers and aluminium caps, 50 ml aliquots were taken

from the t, and t; samples for dimethylated-sulfur com-
pound analyses. Samples were stored in the dark at
—1°C until processing. Samples collected for chloro-
phyll a (chl a) and phaeopigments were filtered onto
25 mm GF/F filters and stored at —80°C until post-
cruise processing.

In situ copepod biomass. Quantitative zooplankton
samples were collected by stratified vertical tows of a
6 m long Nitex-mesh plankton net (200 pm x 1 m? or
300 pm x 1 m diam.). Stratified net tows represented
surface or mid-depth strata (Table 1). On each occa-
sion, the net was retrieved at 0.3 to 0.5 m s™*. The sam-
ples were then rinsed into the cod-end, concentrated,
and preserved in 4 % formalin. A Motoda box-splitter
or Hensen-Stemple pipette was used to make quantita-
tive fractions of the original sample. The copepods
were sorted by species and stage. In situ abundance
was calculated using tow-volume estimates determined
from net dimensions and flow-meter values. In situ
biomass was calculated using the same empirical
model that was applied to the quantification of the
experimental treatments (see later subsection on
'Analysis of biological samples').

Analyses for DMS, DMSP,; and DMSOy. Once all £, or
t; samples had been prepared, the samples were ana-
lyzed immediately for DMS (see below). After DMS
analysis, the samples were filtered through Whatman
GF/F filters to remove any particulate material. Then,
2 ml of 5 mol I"! sodium hydroxide was added to a 48 ml
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aliquot of the filtered sample to hydrolyze DMSP, to
DMS (White 1982). The samples were stored for 24 to
48 h and then reanalyzed for DMS. Selected samples
were then analyzed for DMSOy using the sodium boro-
hydride-reduction technique (Sim6 et al. 1996). The pH
of the DMSP-free sample was adjusted by the addition
of 2 ml of 10 % hydrochloric acid, and the sample was
sparged for 10 min. The gas flow was then stopped, and
a pellet of sodium borohydride (0.11 g dissolved in 5 ml
Milli-Q water) was added followed by a further 4 ml of
10% HCI. Once the effervescence had subsided, the
sample was sparged for an additional 15 min. During
the sparging sequence, the DMS was collected from the
gas stream and analyzed at the end of the sequence.
Aliquots of all samples were acidified to pH 1 and
stored at —80°C (as outlined by Andreae 1980) until
they could be reanalyzed for DMSOQOy in a shore-based
laboratory. Results from the analysis of the stored sam-
ples were compared with the samples analyzed during
the cruise. The difference between the 2 sets of results
was less than the analytical error.

During the cruise, analyses for the dissolved
dimethylated-sulfur species were carried out using
a purge-and-trap preconcentration technique and a
gas chromatograph equipped with a sulfur-specific
flame photometric detector (Varian 3400 GC-FPD). For
analyses carried out in the shore-based laboratory, a
gas chromatograph fitted with a pulsed-flame photo-

metric detector (Varian 3400 GC-PFPD) was em-
ployed. Additional details for these systems can be
found elsewhere (Lee & de Mora 1996, Lee et al. 1999;
and references therein). In brief, the sample was
sparged with high-purity nitrogen, and the resulting
gas stream was passed through a K,COj3 scrubber tube
to remove any water and then through a collection
tube containing Molecular Sieve 5A (Supelco). Once
sparging was complete, the collection tube was trans-
ferred to a ballistic heater unit and the sample was
injected into the GC via a 6-port Rheodyne valve. The
detection limit for DMS was 0.04 nmol 1! with coeffi-
cients of variation of 9, 11 and 15% for the analyses
of DMS, DMSP and DMSO, respectively.

Analyses of biological samples. Experimental cope-
pod samples were thawed and enumerated by species
and stage. The carapace length of most individuals
was measured to the nearest 0.04 mm. An empirical
regression model that included individuals with
lengths of 1.9 to 7.2 mm was used to estimate the bio-
mass in all samples of North Water copepods (P.A.S.
and D.D. unpubl. data; DW = pg dry weight ind.™},
length = mm, r? = 0.80, n = 65).

In(DW) = —4.85(« 0.598) + 4.54 (+ 0.922) x In(length)
~0.882(« 0.340) x (In[length])?

Total copepod dry weight per liter in the experi-
ments is reported as the arithmetic average for each set

Table 2. Average initial concentrations of chlorophyll a (chl a), DMS, DMSP4 and DMSQj in treatment containers, and average
water-column concentrations of DMSP,, and DMSQ,, at each of the stations where water was collected for incubation experi-
ments. Values for DMSP, and DMSO,, derived from data sets of Bouillon (1999) and Bouillon et al (2002). L: large; S: small

Stn no. Date Sampling Initial (¢o) conc. in treatments Water-column conc.
depth Chl a DMS DMSP4 DMSOq DMSP, DMSO,
(m) (g 'Y (nmol I'Y) (nmol 1Y) (nmol 1Y) (nmol IY) (nmol IY)
44 21-23 Apr 50 (1) 0.05% 0 0.18 35.1 nd nd
50 (s) 0.05% 0 0.13 35.8 nd nd
27 27-28 Apr 35 0.39%P 0.14 0.32 47.2 0.39 0.28
110 0.01° 0.14 0.33 47.1 0.022 0.021
54 25-27 May 15 13.5"¢ 1.47 1.19 53.1 0.4 0.63
75 1.47¢ 0.4 1.29 51.2 1.35 2.99
54 05-06 Jun 11 4.2°¢ 0.53 7.95 41 1.13 8.68
49 05-06 Jun 20 10.3¢ 0.58 2.1 62.5 0.31 5.08
2 07-09 Jun 37 (1) 0.31°¢ 0 0.05 54.5 0.3 0.22
37 (s) 0.31° 0 0.05 50.5 0.3 0.22
14 10-12 Jun 15 7.56P¢ 0.34 2.67 71.5 0.16 0.73
22 14-16 Jun 15 2.89¢ 0 0.29 58.3 0.25 2.45
31 15-17 Jun 15 4.62°¢ 0 0.27 61.5 0.15 0.14
75 2.07b¢ 0 0.22 60.1 0.075 2.72
40 19-20 Jun 15 10.3"¢ 0.23 2.15 58.3 0.4 2.57
80 1.2¢ 0.23 1.83 55.6 0.34 1.83
54 22-24 Jun 35 1.85P¢ 0.18 1.13 68.1 0.48 1.1
4Probably no ingestion of phytoplankton by copepods (chl a < 1 ng 1!, and no fecal pellets observed in final treatment samples)
bStatistically significant (p < 0.05) treatment effect on chl a concentrations
€10 or more fecal pellets observed in collections from final treatment samples




240 Mar Ecol Prog Ser 255: 235-248, 2003

of treatment replicates (Table 1). Chl a samples were
extracted overnight at —20°C in 90 % acetone, and con-
centrations were determined by fluorometry (Turner
Designs Model 10; Parsons et al. 1984).

Calculation of chlorophyll a ingestion rate. Using
data for daily chl a changes per bottle (¢ — t;), clear-
ance rates were calculated for the copepod assem-
blage in each replicate bottle according to Frost (1972).
Clearance rate was normalized by the biomass of cope-
pods to calculate the specific phytoplankton ingestion
rate. Average phytoplankton ingestion rate was calcu-
lated for each experiment if 2 or 3 replicate treatment
bottles showed net removal of chl a; otherwise the
chlorophyll ingestion rate was reported as zero (see
Table 3: Stn 54, May, 75 m; Stn 49, June, 20 m). A
single replicate was deleted from the calculation of
specific phytoplankton ingestion rate for an experi-
ment where the remaining 2 replicates showed net
removal (Stn 31, June, 15 m).

Statistical analyses. Statistical comparison of DMS,
DMSP,, and DMSO, concentrations in treatment and
control samples (ANOVA followed by Student-
Newman-Keuls method for pair-wise multiple com-
parisons) was computed using the SigmaStat statisti-
cal software package (Jandel Scientific Software).
Data were checked for their Gaussian distribution and
were transformed logarithmically prior to analysis
where necessary. Regression analysis was done using
SAS statistical software. Multiple regression and mul-
tiple analysis of variance (MANOVA) tested the sig-

nificance of relationships between weight-specific
production rates (for DMS, DMSPy, and DMSOg) and
the following predictor variables: initial chl a con-
centration, dry weight-specific chl a ingestion rate
(h™Y), average copepod biomass in treatment bottles
(mg DW I'!), average carapace length of copepods in
treatment bottles (mm), depth where water for
the incubations was collected (m), month, and nu-
merically dominant copepod group in the treatment
bottles.

RESULTS
Incubation experiments

The production rates for the dimethylated-sulfur
compounds were calculated by subtracting the aver-
age change in concentration in the control bottles from
the average change in concentration in the treatment
bottles. Weight-specific chl a ingestion rate and pro-
duction rates of DMS, DMSP4 and DMSOy for all
incubation experiments are presented in Table 3.
Weight-specific production rates ranged from 0.011 to
2.0 nmol mg! DW d! (median = 0.24 nmol mg!
DW d!) for DMS, from 0.005 to 6.86 nmol mg~' DW d~!
(median = 0.71 nmol mg™! DW d!) for DMSP,, and
from 0.014 to 23.0 nmol mg~! DW d! (median =
1.64 nmol mg~! DW d!) for DMSO,.

Individual and volumetric production rates are often
reported in the literature and are summarized here to

Table 3. Chlorophyll a (chl a) ingestion rates and weight-specific production rates for DMS, DMSP,; and DMSOy for each
incubation experiment. DW: dry wt; L: large; S: small

Stnno. Date Sampling No. of Ingestion rate Production rates
depth treatments chl a DMS DMSP4 DMSOq

(m) (ng mg! DW d!) (nmol mg~! DW d°!) (nmol mg™! DW d°!) (nmol mg~! DW d?)

44 21-23 Apr 50 (1) 2 0.002 0.012 = 0.002** 0.005 +0.018 0.014 + 0.005**
50 (s) 3 0.004 0.014 = 0.002** 0.022 £ 0.029** 0.041 = 0.066

27 27-28 Apr 35 3 0.016* 0.02 +0.01** 0.046 + 0.043*****  0.097 + 0.47

110 3 0.0003 0.011 + 0.006** 0.094 + 0.042** 0.22 + 0.05

54 25-27 May 15 3 0.49* 0.35+£0.05***** 0.42 + 0.06***** 0.99 +0.14**
75 1 0 0.23 +0.13** 0.85+0.05** 1.64 £ 0.93

54 05-06 Jun 11 3 0.21 0.13+0.04 0.14 £ 0.34** 0.16 + 0.63

49 05-06 Jun 20 0 0 0.57 + 0.33** 0.49 + 0.53 0.70 + 0.88**

2 07-09 Jun 37 (1) 3 0.026 0.025 +0.013** 0.04 + 0.02** 0.032 £ 0.105
37 (s) 3 0.52 1.44 +2.89** 2.24 +2.29** 3.58 +6.24

14 10-12 Jun 15 3 14* 1.58 £ 0.77** 1.01 £0.94** 2.28 +1.95

22 14-16 Jun 15 3 2.2 0.41 +0.21** 0.71 £ 0.39** 1.02 £ 1.57

31 15-17 Jun 15 2 1.9 2.00 £ 0.46***** 6.86 = 1.61***** 23.0 £6.6%****
75 3 0.33* 0.16 + 0.10** 2.27 £ 0.65** 7.15+2.11

40 19-20 Jun 15 3 2.3* 0.82+0.17** 5.8 1.4*% 13.2 £ 4.2%% %
80 3 0.046 0.24 +0.14** 2.06 £ 0.77** 52=+2.1

54 22-24 Jun 35 3 0.18* 0.16 +0.10** 1.00 £ 0.37** 1.7+0.7**

*Significant decrease (p < 0.05) in treatments versus controls for chl a
**Significant increase (p < 0.05) in treatments versus controls for dimethylated-sulfur compounds
***Significant differences (p < 0.05) between depth or copepod size treatments
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facilitate comparison with other studies. Individual
production rates ranged from 0.004 to 1.42 nmol ind.™*
d! (median: 0.2 nmol ind.”! d°!) for DMS, from 0.003
to 1.57 nmol ind.”! d"! (median = 0.15 nmol ind.! d7})
for DMSP, and from 0.005 to 2.74 nmol ind.”' d!
(median = 0.29 nmol ind."! d™') for DMSO,. Volumetric
production rates of DMS resulting from copepod graz-
ing ranged from 0.082 to 3.82 nmol 1! d"! (median =
0.64 nmol I"! d!), corresponding to a 15 to 350 %
increase in concentration over controls (median =
43 %). For DMSP,, production rates by copepods var-
ied between 0.04 and 8.14 nmol 1! d! (median:
1.27 nmol 1! d°1), an increase of 12 to 620 % (median:
56 %) over the controls. Volumetric production rates
for DMSO,4 ranged from 0.11 to 18.5 nmol 1! 47!
(median = 2.66 nmol 1"' d™!), which represented an
increase in concentration of 11 to 120% (median =
17 %) over control samples.

Factors contributing to variations in production rates

DMS, DMSP,; and DMSQ, production rates showed
no relationship to initial chlorophyll concentration in
the incubations (p > 0.15 in each case). However,
slightly less than half of the variation in dimethylated-
sulfur production rates was explained by chl a inges-
tion rate (Fig. 2). The strongest of these relationships
was between the production of DMSP, and chl a inges-
tion rates (r2 =0.47, p=0.0025, n = 17). There was also
a negative relationship between the weight-specific
production rate for each dimethylated-sulfur com-
pound and the dry weight of the experimental copepod
assemblage (r?2 = 0.41, p = 0.0055). This relationship
may have been due to a decrease in the biomass of
copepods in the treatment containers that resulted
from a decrease in the average carapace length of the
copepods. Copepod size decreased markedly when
early-stage Calanus spp. became numerically domi-
nant in June (Table 1). The negative relationship
is unlikely to have resulted from decreases in the
DMSP and DMSO contents of the phytoplankton cells,
as available evidence (DMSP:chl a and DMSOy,:chl a
ratios) suggests that the DMSP and DMSO contents
were also decreasing during the sampling period
(Bouillon et al. 2002)

The MANOVA model simplified to 4 significant
explanatory variables for the 3 production-rate vari-
ables (DMS, DMSP,4, DMSOQy): (1) chl a ingestion rate
(h™1); (2) dry weight of copepods in treatments (mg 1"});
(3) phytoplankton collection depth (m); (4) ingestion
rate x depth (interaction term). Partial correlation co-
efficients showed that DMSP, and DMSO, production
rates (PR) had similar relationships to the explanatory
variables of this model (r= 0.84, Pr >[r{J= 0.0095, n = 8).

Dimethylated-sulfur productivity ratios

The productivity rates of the dimethylated-sulfur
compounds were coupled to each other, as illustrated
by Fig. 3. The rate of DMSOy4 production was strongly
related to that of DMSPy (r? = 0.95, p < 0.05, n = 17).
The rate of DMS production was also related to the rate
of DMSP, production (r2 = 0.51, p < 0.05, n = 17).
The overall ratios of these fluxes were 2.9 for
DMSO4:DMSPy, and 0.2 for DMS:DMSP,.
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Fig. 2. Scatter plots between weight-specific chlorophyll a

(chl a) ingestion rates and (a) weight-specific DMSO, produc-

tion rates, (b) weight-specific DMSP, production rates, and (c)
weight-specific DMS production rate
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DISCUSSION

This study is the first to demonstrate that mesozoo-
plankton grazing can influence dissolved DMSO con-
centrations. However, the difference between treat-
ments and controls was not always statistically
significant. Furthermore, differences were observed
between the statistical significance of the increase in
concentrations of DMS and DMSPy and those of
DMSOy. The production rate of DMSOy in the treat-
ments was significantly greater than in the controls in
only 35% of the experiments. Conversely, production
rates for DMSP4 and DMS in treatments were signifi-
cantly greater than rates in controls in 94 and 88 %,
respectively, of the experiments. These results suggest
that copepod grazing is relatively less important in the
biogeochemical cycling of DMSQOy than it is for DMS
and DMSP,. Whether this is a genuine finding or an
artifact of the incubation experiments is difficult to as-
sess. Slightly higher analytical errors associated with
the determination of DMSO (see ‘Materials and meth-
ods') are likely to contribute to increased uncertainties
in the rate measurements for DMSO, production that
may translate into treatments and controls being statis-
tically similar. To overcome this, the use of a larger
number of replicates for both treatments and controls

will be required for future experiments. Some potential
biogeochemical explanations for this finding are dis-
cussed in various sections of the following text.

Since studies have shown that DMSO is present in
phytoplankton (Sim6 et al. 1998, Lee et al. 1999), it has
been argued that zooplankton might release intracel-
lular DMSO during grazing, thereby influencing dis-
solved DMSO concentrations (Lee & de Mora 1999).
While the results presented here do not provide direct
evidence of the release of intracellular DMSO, they do
support this hypothesis. In the North Water, a signifi-
cant linear correlation (p < 0.05, Fig. 2) was observed
between production rates for DMSP, and DMSO,.
Similarly, a poorer but still significant correlation was
found between DMS and DMSP,. Conventionally, it
is accepted that DMS is produced as a result of
enzymatic cleavage of DMSP, released into the water
column during sloppy feeding and/or transformation
of DMSP,, ingested by zooplankton. If DMSO4 were
formed from the oxidation of DMS, it is hard to accept
that the correlation between DMSP; and DMSO4
would be better than the correlation between DMS
and DMSP, (Fig. 3). Since a very strong correlation
exists between the production of DMSP,; and DMSOy,
this indicates that the DMSO4 most likely originates
from within phytoplankton cells. Further evidence for
the direct release of DMSO,, during grazing comes
from the MANOVA model derived for this study. If
DMSO4 were a degradation by-product of the grazing
process, as is DMS, then the expectation would be that
the factors affecting the variability of these 2 com-
pounds would be similar. However, the partial correla-
tion coefficients associated with the model did not indi-
cate this. Alternatively, if DMSO,, were being directly
released due to grazing, as is DMSP,, then the factors
affecting the variability of DMSP4 and DMSOy should
be similar. The model showed that DMSP4 and DMSO4
production rates had similar relationships to the
explanatory variables, which suggests that DMSP and
DMSO share a similar intracellular source.

Experimental results

The individual-normalized rates for the production
of DMS and DMSP, by copepods presented here are at
the lower end of the range of values previously mea-
sured by other investigators (Table 4). Ancillary infor-
mation such as phytoplankton communities, predator
types and predator concentrations used by the other
investigators and in this study is also provided in
Table 4. Since no other study has been reported that
examined whether DMSOQOy levels are affected by zoo-
plankton grazing, no comparisons with other studies
are possible.
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Dacey & Wakeham (1986)
Levasseur et al. (1994)
Cantin et al. (1996)

Daly & DiTullio (1996)

Source

DMSOq4

DMSP,
9.6-44
(DMS+DMSPy)
0.12-0.214

Production rates (nmol ind.* d™!)

DMS
4.8
0-0.185
1.68-89.5

plankton types used

Copepods (Centropages hamatus,

Labidocera aestiva, 30-40 171)
(Limacina helicina, 2.5 17"
(Calanus finmarchicus, 20 1!)
(Euphausia superba, 1.3 1'!)

Predator (# 11
Pteropods
Copepods
Juvenile krill

(ice-algal communities)

Dinoflagellate culture
(Gymnodinium nelsoni)

Phytoplankton
Phytoplankton
Phytoplankton
Phytoplankton

Antarctic peninsula

Study site
Laboratory

NE Gulf of

St. Lawrence
Central Gulf

of St. Lawrence

Table 4. Effect of zooplankton grazing on DMS, DMSP,; and DMSO, production rates, as reported in the literature, together with information on predator and phyto-

Several factors are likely to be responsible for the
observed differences in production rates observed
between this and other studies. The relatively low
DMS and DMSP, production rates may have arisen
from differences in predator size or activity compared
to other studies. While the use of volume-based and
individual-normalized production rates allows com-
parison of the results from this study with previously
published results, differences in the type of grazers
used (i.e. small copepods vs large copepods vs differ-
ent species/life stages of krill) should be considered.
Additionally, the rates at which phytoplankton are
consumed, if they are consumed, will also have con-
tributed to the observed variations. The effects of phy-
toplankton consumption rates on the production of the
dimethylated-sulfur species are discussed below. Pro-
duction rates normalized to copepod biomass will be
used in preference to the other rates throughout this
discussion, since they allow the most ecologically-
useful comparison of the experiments conducted under
different conditions in the North Water.

The low weight-specific production rates observed
during this study are probably due in part to the low
DMSP content of the phytoplankton community. Aver-
age DMSP,,:chl a ratios in the upper 25 m of the water-
column varied from 0.99 nmol pg~! in April to 0.69 nmol
pg~!in May to 0.47 nmol g ! in June (Bouillon et al.
2002). It should be noted that there was a considerable
increase in average in situ chl a levels in the upper
25 m of the water column during the same period (from
0.61 ng I'lin April to 4.85 pg I'!in May to 7.21 pg 1!
in June, Bouillon et al. 2002). The taxonomic composi-
tion of the phytoplankton community was dominated
by relatively large (20 to 200 pm) diatoms, particularly
during early June when the majority of these experi-
ments was completed (Booth et al. 2002, Lovejoy et al.
2002). In April, the phytoplankton biomass was domi-
nated by Actinocyclus spp./Coscinodiscus spp. These
were followed by Thalassiosira spp./Porosira glacialis
in May and early June, and finally by Chaetoceros spp.
in late June and July. In general, diatoms are not con-
sidered to be important producers of DMSP (Keller et

Kwint et al. (1996)

This study

0.005-2.74

0.144
0.003-1.57

0.004-1.42

(Eurytemora affinis, 50 1"t
(mixed assemblages, Table 1)

Copepods
Copepods

Cultures (Phaeodactylum tricor-
natum, Thalassiosira weissflogii)

g g al. 1989).
25
53
5; fg’) Factors contributing to variations in DMS, DMSP,
S and DMSO, production rates
Several factors could influence the relative magni-
tude of the production rates determined in these incu-
o, 3 bations. Partial correlation analysis also showed that
3 g much of the variability in dimethylated-sulfur pro-
§ = duction rates was related to chl a ingestion rates, and
E CZS the close relationship of variance in copepod-induced

DMSP4 and DMSO4 production rates. This indicates
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that the rates at which the dimethylated-sulfur com-
pounds were produced were related to the rates at
which copepods consumed phytoplankton. The signif-
icant interaction term (ingestion rate x depth) indi-
cated that higher rates of dimethylated sulfur produc-
tion occurred in those experiments having phyto-
plankton collected from shallower depths. The 4
experiments with the highest chl a ingestion rates
were conducted at adjacent stations within a 9 d period
of time suggesting that these stations may have repre-
sented a ‘peak’ bloom phase for diatoms such as Tha-
lassiosira sp., and that the condition and location of the
phytoplankton bloom was optimal for copepod grazing
(Booth et al. 2002). Another possibility is that the cope-
pod assemblages (early-stage Calanus spp.) in these
experiments were eating at higher rates than assem-
blages dominated by larger copepods. However, 3
other experiments with copepod treatments dominated
by early-stage Calanus spp. did not show such high
specific chl a ingestion rates (Tables 2 & 3). Further-
more, at least 2 of these stations did not have high con-
centrations of large diatoms (P.A.S. et al. unpubl
results). Despite the potential importance of copepod
assemblage characteristics, the significance of phyto-
plankton-collection depth in the model adds support to
the idea that the characteristics of the phytoplankton
community are significant to chl a ingestion rates and
dimethylated-sulfur production rates.

The partial correlation coefficients showed that the
pattern for the variability of the weight-specific pro-
duction rates for DMS was different from that of
DMSP4and DMSOy. This is not unexpected, given that
DMS is a degradation product in the grazing process
and not released directly during feeding. Thus, varia-

tions in the production rates of DMS were influenced
by variations in the processes that cause its formation,
as well as by variations in the factors that influence the
release of its precursor, DMSP,.

DMS, DMSP,; and DMSQ, productivity ratios

The different productivity ratios of the various
dimethylated-sulfur compounds suggest that the com-
pounds are not affected in equal proportions by cope-
pod grazing. If it is assumed that the grazing process
affects DMSP and DMSO equally, then the ratio of the
rates at which they are released into the dissolved
phase should be equivalent to the ratio of DMSP to
DMSO within the phytoplankton. The average in situ
DMSO,:DMSP,, ratio for the stations and depths where
the phytoplankton samples were collected for the incu-
bation experiments was 5.5 (Bouillon 1999, Bouillon et
al. 2002). The slope of the relationship between the
weight-specific production rates for DMSP4 and DMSO4
was 2.9 (Fig. 3). Direct comparison of the DMSOg:
DMSP, ratios with the equivalent ratios for the partic-
ulate-phase material shows that intracellular ratios are
generally higher than the release rate ratios (Fig. 4).
The difference between the release rate ratios and the
particulate ratio indicates that there is either removal
of DMSO relative to DMSP, or input of DMSP relative
to DMSO. However, it is difficult to determine which of
these 2 possibilities may have occurred.

Differences in the distribution of DMSP, and DMSO,
within phytoplankton cells might cause variations in
the rate of release of these compounds, particularly in
the case of sloppy feeding. If DMSP, and DMSQO,, are
not distributed uniformly throughout the phytoplank-
ton cell, then there may be ‘enhanced’ release of 1 of
these compounds if the prey is only partially eaten.
The ratio of intracellular DMSO:DMSP may vary from
one species of phytoplankton to another, leading to
variations in release rates during grazing, particularly
if grazers avoid phytoplankton with a DMSP/DMSP-
lyase defence mechanism (Wolfe & Steinke 1996,
Wolfe et al. 1997). However, given the taxonomic com-
position and low DMSP content of the phytoplankton
community in the North Water (Bouillon et al. 2002),
species possessing such a defense mechanism are
unlikely to be important.

It has been shown that copepods can decrease their
body content of DMSP in response to decreases in
external salinity (Tang et al. 1999), thereby providing a
mechanism for the input of extra DMSP into the dis-
solved phase. While salinity changes during the course
of the incubations are very unlikely, the copepods may
have experienced varying salinity conditions between
their capture and addition to the incubation bottles.
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This may have caused the copepods to adjust their
intracellular DMSP levels. Tang et al. (2001) showed
recently that the body of the copepod Acartia tonsa
and its fecal pellets contain dense populations of
DMSP-consuming bacteria relative to the surrounding
seawater and that the bacteria are capable of consum-
ing a significant quantity of DMSP that passes through
the copepods. Furthermore, the turnover of body-
DMSP is dependent on the copepod species involved.
In the case of Acartia tonsa turnover is rapid (Tang et
al. 2000), whereas body-DMSP is stable in Temora
longicornis (Tang et al. 1999, 2000). While it is difficult
to assess how these factors could have influenced
DMS, DMSP,4 and DMSO, production rates in the pres-
ent experiments, they could have introduced some
variability into the relative rates.

It is known that not all the DMSP,, present in the
phytoplankton will reach the dissolved phase, as some
DMSP, may be packaged into fecal pellets (Daly &
DiTullio 1996, Kwint et al. 1996) and some DMSP, may
be used by zooplankton for osmoregulation (Tang et al.
1999). An alternative possibility, albeit speculative, is
that DMSQ, is being lost due to uptake by the cope-
pods for metabolic use. Currently, it is not known
whether DMSO is a metabolite for marine organisms,
but evidence from terrestrial environments indicates
that metabolic pathways for DMSO are present in ter-
restrial organisms (Lee & de Mora 1999; and refer-
ences therein). Finally, the possibility that some of the
variability in both the production rates and productiv-
ity ratios may result from a cascade of effects caused
by the addition of the copepods to the treatment bottles
cannot be ignored. Since grazing by the copepods
causes the direct release of DMS, DMSP and DMSO,
bacteria and microzooplankton present in treatment
bottles will probably transform these compounds dur-
ing relatively long incubations, such as those in the
present study.

Comparison of DMSPg:chl a or DMSOgq:chl a ratios
derived from the weight-specific production and
ingestion rates with the equivalent ratios for the partic-
ulate-phase material (Fig. 5) shows that more DMS,
DMSP, and DMSO was being released into the dis-
solved phase than was potentially available in the
phytoplankton. This finding suggests that copepods
were consuming phytoplankton with dimethylated-
sulfur:chl a ratios higher than the average ratio mea-
sured for the particulate-phase material. This could be
due to selective feeding by the copepods on prey with
higher concentrations of dimethylated-sulfur. Some
copepods may have also consumed other predators
that had accumulated dimethylated-sulfur and there-
fore contained higher intracellular concentrations of
dimethylated-sulfur (as per the finding of Levasseur et
al. 1994). While these comparisons suggest that there
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Fig. 5. Scatter plots between (a) DMSOg:chlorophyll a and
DMSO;,:chlorophyll &, and (b) DMSPg4:chlorophyll a and DMSP,;:
chlorophyll a. Values for DMSOg:chlorophyll a and DMSPy:
chlorophyll a were calculated by dividing weight-specific
production rates for the dimethylated-sulfur compound in
question by the weight-specific chl a ingestion rate. Values
for DMSOy:chlorophyll a and DMSP,:chlorophyll a were
taken from data sets of Bouillon (1999) and Bouillon et al.
(2002). Dashed line depicts 1:1 relationship between the x and
y parameters

may have been input of non-phytoplankton dimethy-
lated-sulfur, they do not show if that input preferen-
tially favored DMSP.

In situ production rates

Extrapolation of the results obtained during the incu-
bation experiments to the in situ conditions in the
water column of the polynya are presented in Table 5.
Some of the initial experiments appear to correspond
to average water-column concentrations of dimethy-
lated-sulfur that are lower than the detection limit for
these compounds. At these stations, in situ concentra-
tions are zero at some depths yielding the apparently
low values averaged for the water column.

The observations made during the incubations
showed that mesozooplankton grazing is highly signif-
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Table 5. Average water-column concentrations of DMS, DMSP,; and DMSO, determined at each station together with in situ

copepod biomass and calculated in situ production rates for DMS, DMSP, and DMSOy for each station/experiment. Average

water-column concentrations for dimethylated-sulfur compounds were derived from data sets of Bouillon (1999) and Bouillon
et al. (2002). L: large; S: small

Stn no. Sampling Avg. water-column In situ In situ production rate
depth concentration copepod
DMS DMSP4 DMSO4 biomass DMS DMSP4 DMSOq4
(m) (mmol m™®) (nmolm™) (nmol m3) (mgDWm™) (nmolm2d') (nmol m—d!) (nmol m=3d?)
44 50 (1) 3.8 75.9 20200 0.194 0.002 0.001 0.003
50 (s) 3.8 75.9 20200 0.521 0.007 0.011 0.021
27 35 133 334 46700 2.11 0.042 0.097 0.21
110 26.2 256 32300 2.47 0.027 0.23 0.54
54 15 1140 1280 53600 49.4 17.3 20.7 48.9
75 266 258 34800 0.85 0.20 7.22 13.9
54 11 582 1750 41900 132 17.2 18.5 21.1
49 20 1210 3540 73000 26.1 14.9 12.8 18.3
2 37 () 76.3 259 40500 39.5 0.99 1.50 1.26
37 (s) 76.3 259 40500 15.1 21.7 33.9 5.41
14 15 361 2380 70400 2.23 3.52 2.25 5.07
22 15 443 1190 54300 6.34 2.60 4.50 6.47
31 15 512 1650 61900 6.91 13.8 47.4 159
75 178 1780 52600 6.85 5.89 15.6 49.0
40 15 960 3600 74700 no data - - -
80 289 1800 51700 35.4 8.50 72.8 184
54 35 263 2110 54700 85.8 13.7 85.8 146

icant to the biogeochemical cycling of DMS and
DMSPy. Although the production rates measured for
DMSO4 were generally the largest of the 3 dimethy-
lated-sulfur compounds, a lower frequency of statisti-
cally significant copepod effects may indicate that
mesozooplankton grazing could be less important in
the biogeochemical cycling of DMSO,. However, these
findings do not preclude the possibility that other types
of meso- and micro-zooplankton grazers (such as salps
and ciliates) may have a different (and potentially
more significant) impact on the in situ generation of
these 3 compounds (Belviso et al. 1990, Kasamatsu et
al. 2002).

Calculation of turnover times based on the average
water-column concentrations measured at each station
and the in situ production rates suggest that copepod
grazing in the North Water is unimportant as a release
mechanism for the 3 dimethylated-sulfur compounds.
For DMS and DMSPy, the average time required to
generate the observed ambient levels of these 2 com-
pounds through copepod grazing alone ranged from
4 to 3171 d (median = 79 d) and from 8 to 75900 d
(median = 144 d), respectively. In the case of DMSOQOy,
the time required ranged from 281 to 6700000 d
(median = 5738 d). If only the data from June are con-
sidered, when production rates were highest, the
median turnover times become 36, 105 and 2989 d
for DMS, DMSP4 and DMSOy, respectively. Lee (1999)

calculated much faster turnover times for the loss of
DMS due to photolysis, microbial consumption and
sea—air transfer in the North Water in June 1998 (0.07
to 1.4, 0.04 to 1.4 and 0.09 to 10 d, respectively). Fur-
thermore, Lee (1999) found that DMSO,4 was rapidly
lost through photolysis and microbial consumption (24
to 77 and 2 to 26 d, respectively). Thus, the mismatch
between the shorter turnover times for the DMS and
DMSO4 loss mechanisms and the longer turnover
times for the generation of these compounds due to
copepod grazing points to the relative unimportance of
copepod grazing on the biogeochemical cycling of
dimethylated sulfur compounds in the North Water.
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