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Abstract The influence of the seasonal development

of microplankton communities on the cycling of

dimethylsulfide (DMS) and its precursor dimethylsul-

foniopropionate (DMSP) was investigated along a

South–North gradient (36–59�N) in the Northwest

(NW) Atlantic Ocean. Three surveys allowed the

sampling of surface mixed layer (SML) waters at

stations extending from the subtropical gyre to the

Greenland Current during May, July and October

2003. Pools and transformation rates of DMSP and

DMS were quantified and related to prevailing

physical and biochemical conditions, phytoplankton

abundance and taxonomic composition, as well as

bacterioplankton abundance and leucine uptake. The

South–North progression of the diatom bloom, a

prominent feature in the NW Atlantic, did not

influence the production of DMS whereas conditions

in the N Atlantic Drift lead to a persistent bloom of

DMSP-rich flagellate-dominated phytoplankton com-

munity and high net DMS production rates. Macro-

scale patterns of the observed variables were further

explored using principal component analysis (PCA).

The first axis of the PCA showed a strong association

between the spatio-temporal distribution of DMSP

and the abundance of several phytoplankton groups

including dinoflagellates and prymnesiophytes, as

well as with microbial-mediated DMSPd consumption

and yields and rates of the conversion of DMSP into

DMS. The second axis revealed a strong association

between concentrations of DMS and SML depth and

photosynthetically active radiation, a result supporting

the prominent role of solar radiation as a driver of

DMS dynamics.
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Introduction

Dimethylsulfide (DMS) produced by marine microbi-

ota is the dominant volatile sulfur (S) compound in

surface waters of the oceans (Lovelock et al. 1972). In

the atmosphere, DMS is oxidized into various prod-

ucts including submicron-size sulfate and sulfonate

particles which contribute to atmospheric acidity and

aerosols (Andreae and Crutzen 1997). The latter

scatter solar radiation and act as efficient cloud

condensation nuclei (CCN), thereby potentially modi-

fying cloud microphysics and albedo, and influencing

the radiation budget of the Earth (Charlson et al. 1987;

Andreae and Rosenfeld 2008). Because the rate of sea-

to-air DMS emission is driven by its concentration in

the surface ocean, there has been extensive work on

identifying and quantifying the processes that control

the production and loss of DMS within the marine

plankton community with the ultimate goal being the

prediction of DMS emissions as a function of region

and time. Seasonal field studies and data compilation

of oceanic DMS concentrations have shown large

variability in average surface seawater DMS concen-

trations that vary by 50-fold between winter and

summer in mid- to high-latitudes (i.e. 0.2 nmol l-1 in

winter and 10 nmol l-1 in summer, see Lana et al.

2011 and references cited therein).

Understanding the temporal and spatial variability

of DMS concentrations in the surface mixed layer

(SML) requires that concentrations and turnover

processes of its precursor, the microalgal metabolite

dimethylsulfoniopropionate (DMSP), be determined

over relevant spatial and temporal scales. Intracellular

concentrations and cycling of DMSP vary among

phytoplankton taxa. Eukaryotic micro- and nano-

phytoplankton such as dinoflagellates and prymnesio-

phytes often dominate DMSP production in oceanic

environments, but other groups including diatoms,

prasinophytes, chrysophytes and cryptophytes (Keller

et al. 1989), as well as picoeukaryotes and cyanobac-

teria, such as Synechoccus spp., may contain signif-

icant amounts of DMSP (Archer et al. 2011), likely

through uptake and retention of DMSP for the latter

group (Malmstrom et al. 2005). Algal DMSP is

produced as a response to multiple environmental

forcings (Simó 2004 and references cited therein) and

part of the intracellular pool of DMSP may be released

into seawater through exudation, grazing, viral attack

and autolysis (Stefels 2000; Simó 2001). Production of

DMS results from the enzymatic cleavage of DMSP

either from the dissolved pool (DMSPd) in bulk

seawater or directly from the particulate pool

(DMSPp) via bacterial or algal DMSP-lyases (Stefels

2000, Stefels et al. 2007; Yoch 2002). The efficiency

of bacterial conversion of DMSP into DMS may vary

from 2 to 100% depending on the nutrient status of

bacteria and the quantity and quality of the pool of

dissolved organic matter (Kiene et al. 2000). The

direct production of DMS via algal DMSP-lyase

enzymes has been related to phytoplankton speciation

and physiological status as well as to environmental

stressors, while indirect DMS production may occur

following cellular lysis and concurrent mixing of algal

DMSP-lyases with the DMSPd reservoir [see review

by Stefels et al. (2007)]. The cycling of DMSP and its

degradation products is thus intimately linked with

food web processes in the surface ocean where

microbial communities play a central role (Kiene

et al. 2000; Stefels et al. 2007).

The North (N) Atlantic Ocean is recognized as one

of the most productive regions of the World Ocean in

terms of DMS concentrations, with seasonal averages

over 10 nmol l-1 in some areas (Lana et al. 2011).

Surveys conducted in the Northwest (NW) Atlantic

have shown that the spatial and temporal progression

of phytoplankton blooms is important in controlling

the distribution of DMS (Scarratt et al. 2000b, 2002,

2007; Lizotte et al. 2008). In the polar and subpolar

regions of the N Atlantic, results from a macroscale

DMS data compilation study (Lana et al. 2011 and

references therein) reveal the presence of a pro-

nounced DMS seasonal cycle with increasing DMS

concentrations in summer coupled to increases in

phytoplankton biomass. While, in the temperate low-

latitude and northern subtropical regions of the N

Atlantic, the seasonal pattern shows a decoupling

between concentrations of DMS and phytoplankton

biomass during summer, a feature identified as the

‘summer paradox’ (Simó and Pedrós-Alió 1999).

However, beyond what is known from the Sargasso

Sea, where complete annual cycles have been reported

(Dacey et al. 1998), our understanding of the seasonal

variations in DMS production in other biogeochemical

provinces of the N Atlantic relies on a combination of

data collected in different months/seasons during

different years. Although useful, these seasonal

‘reconstructions’ limit our appreciation of the mech-

anisms responsible for the seasonal evolution of the
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DMS(P) dynamics and how they are inter-related in

time and space.

During spring, summer and fall of the year 2003, we

followed the seasonal and meridional development of the

annual phytoplankton bloom and characterized the

distribution and microbial dynamics of pools of

DMS and DMSP in seven distinct biogeochemical

provinces of the NW Atlantic. Moreover, we explored

the meridional extent of the mismatch between the

distribution of phytoplankton biomass and concentrations

of DMS described at low latitudes and referred to as the

‘summer paradox’.

Materials and methods

Oceanographic setting

Eight stations were occupied between 36�550N and

59�340N in the NW Atlantic Ocean as part of the

Canadian Surface Ocean—Lower Atmosphere Study

(SOLAS) expeditions in May (01–10) aboard CCGS

Hudson, July (08–22) and October (13–27) 2003 aboard

CCGS Martha L. Black (Fig. 1). The biogeochemical

province designation of the stations were a posteriori

assigned following a dynamic method of physical and

biological categorization of ocean regions using ocean

color radiometry of both sea surface temperature and

chlorophyll a (chl a) concentration developed by

Devred et al. (2007). The use of this dynamic method

for the ecological partitioning of the NW Atlantic avoids

the limitations that arise from static boundaries, which

do not take into account variations in ocean circulation

(hence water masses) following seasonal cycles or in

response to intense atmospheric events (Longhurst et al.

1995; Longhurst 2006; Platt and Sathyendranath 1999).

Biogeochemical province boundaries changed from

spring to fall 2003 (Table 1).

Field sampling

Vertical profiles of salinity and temperature were

determined using a Conductivity Temperature Depth

(CTD) probe (Sea-Bird SBE 9/11 plus) mounted on a

rosette sampler. Seawater samples for the determina-

tion of extracted chl a, DMSP and DMS concentra-

tions, phytoplankton and bacteria, and rate processes

were collected within the SML (depth range: 8–15 m)

with 10-l Niskin-type bottles. Water samples for the

determination of pools and transformations rates of

DMSP and DMS were pre-screened on a 210-lm

Nitex mesh to remove large grazers.

Solar irradiance and wind speed

At each station, a vertical profile of irradiance

(incident photosynthetically active radiation: PAR,

400–700 nm) was measured with a PNF-300 radio-

meter (Biospherical Instruments). The downwelling

irradiance was also measured during each cruise at

5 min intervals during spring and at 10 min intervals

during summer and fall using a LI-COR 2 p PAR

sensor (model LI-190SA quantum sensor). The down-

welling irradiance values (lE m-2 s-1) were aver-

aged over 24-h and converted to radiometric units

(W m-2) by dividing measurements by a factor of 4.6.

To further investigate a potential relationship between

irradiance and DMS concentrations, we calculated the
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Fig. 1 Location of the eight sampling stations in the Northwest

Atlantic Ocean within static biogeochemical province bound-

aries according to Longhurst (2006): North Atlantic Subtropical

Gyral West and East (NASW and NASE, respectively);

Gulf Stream (GFST); Northwest Continental Shelves (NWCS);

North Atlantic Drift (NADR); Atlantic Arctic (ARCT); Boreal-

Polar (BPLR; not sampled)
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solar radiation dose (SRD in W m-2) index of Vallina

and Simó (2007) using Eq. 1:

SRD ¼ Eo= kd � SMLð Þð Þ � 1� eð�kd�SMLÞ
� �

ð1Þ

where Eo is the daily averaged incident PAR (in

W m-2), kd is the diffuse attenuation coefficient (m-1)

determined from the PAR profiles as the slope of an

ordinary least squares (OLS) regression between the

ln-transformed downwelling irradiance and the depth,

and SML (m) is the depth at which sigma t was

0.125 kg m-3 higher than that at the surface (Levitus

1982), using 10 m during spring and 5 m during

summer and fall as the surface references. A coarser

SML criterion was used because of its greater

likelihood to capture seasonal mixed layers that could

possibly reflect succession-derived features rather

than recent light history, as this aspect is partly being

captured through measurements of daily-averaged

incident PAR. Note that in Vallina and Simó (2007),

Eo represents the total shortwave radiation (ca.

300–3,000 nm). Here, the SRD index indicates the

average daily PAR in the SML. Wind speed (knots)

was recorded every 4 h with the ship’s on-board

system, averaged over 24 h and converted to m s-1

Table 1 Geographic coordinates and corresponding biogeo-

chemical province of the eight stations sampled during spring,

summer and fall 2003 in the NW Atlantic Ocean determined

from a dynamic delineation (Devred et al. 2007)

Station Latitude Longitude Dynamic biogeochemical

province

(N) (W) Spring Summer Fall

T2 36�50 54�40 NASE NASW NASW

T1 39�00 57�30 GFST NASW GFST

T3 42�20 45�00 SW SW NASE

L 43�30 57�30 NWCS SW SW

T4 46�30 45�00 NADR NADR NADR

T5 50�40 45�00 NADR NADR NADR

T6 54�50 45�00 ARCT ARCT NADR

T7 59�20 45�00 n.a. ARCT ARCT

The three cruises encompassed provinces from the Polar biome:

Atlantic Arctic (ARCT); the Westerlies biome: North Atlantic

Subtropical Gyre West and East (NASW and NASE,

respectively), Gulf Stream (GFST), North Atlantic Drift

(NADR); the Coastal biome: Northwest Continental Shelves

(NWCS); and finally a new province with unique characteristics

proposed by Devred et al. (2007), called the Slope Water (SW).

This latter province represents a transition region between the

warm oligotrophic waters (NASW, NASE and GFST) and the

cooler, richer waters of the continental shelf

Information that is not available is noted as n.a

Table 2 Seasonal average (range) of physical characteristics

(daily averaged wind speed, SML depth, daily averaged PAR,

diffuse attenuation coefficient (kd) and SRD), and DMSP-

cycling ratios (DMSPt:Chl a, DMS:Chl a, DMS:DMSPt, DMS

production from DMSPd normalized over DMSPt, DMS

production from DMSPt normalized over DMSPt) measured

at each station along a meridional transect in the NW Atlantic

Ocean in spring, summer and fall 2003

Spring Summer Fall

Physical properties

Wind speed (m s-1) 7.6 (3–19) 5.1 (2–8) 12.5 (5–19)

SML depth (m) 76 (23–218) 13 (8–29) 45 (12–70)

PAR (W m-2) 91 (58–120) 96 (66–143) 42 (13–87)

kd (m-1) 0.07 (0.05–0.14) 0.07 (0.03–0.10) 0.08 (0.06–0.12)

SRD (W m-2) 24 (6–41) 68 (41–106) 13 (4–29)

DMSP-cycling

DMSPt:Chl a (nmol lg-1) 26 (5–52) 88 (24–168) 41 (9–92)

DMS:Chl a (nmol lg-1) 1.3 (0.3–3.9) 10.6 (0.7–29.3) 1.3 (0.2–3.4)

DMS:DMSPt (mol mol-1) 0.05 (0.01–0.11) 0.21 (0.02–1.19) 0.03 (0.01–0.07)

DMS prod from DMSPd:DMSPt (day-1) 0.02 (0.01–0.04) 0.02 (0.01–0.06) 0.02 (0.01–0.03)

DMS prod from DMSPt:DMSPt (day-1) 0.04 (0.02–0.08) 0.06 (0.02–0.08) 0.07 (0.02–0.21)

Number of observations: n = 7 in spring and n = 8 in summer and fall
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(see Table 2 for seasonal averages and ranges of

physical characteristics).

Nutrients, chlorophyll a analysis

and phytoplankton enumeration

Samples for dissolved inorganic nutrients were col-

lected in the SML and filtered through precombusted

(450�C for 5 h) Whatman GF/F glass fiber filters

(nominal pore size of 0.7 lm). The filtrate was imme-

diately frozen at -80�C in acid-cleaned polypropylene

cryovials and processed within 2 months for the deter-

mination of nitrate ? nitrite (NO3
- ? NO2

-) using an

Alpkem FS III autoanalyzer. Coefficients of variation

(CV) for duplicate samples of NO3
- ? NO2

- were

\1%. Concentrations of chl a were measured aboard

the ship following the fluorometric method of Parsons

et al. (1984) described in detail in Pommier et al.

(2008). Phytoplankton samples were fixed and pre-

served in hexamine-buffered formaldehyde (for calci-

fied Prymnesiophytes) and in acidic Lugol’s solution

(for the other algal groups including non-calcified

Prymnesiophytes) for later identification and enumer-

ation using the inverted microscope method (Utermöhl

1931). An important limitation of the cell count

technique used in this study is the poor characterization

it offers of the picoplankton community, both the

prokaryotic component, commonly dominated by Pro-

cholorococcus and Synechocococcus, as well as the

eukaryotic fraction. Various species within the pic-

ophytoplankton have been shown to play diverse roles

in DMS(P) cycling, as producers but also consumers of

DMSP (Malmstrom et al. 2005; Vila-Costa et al. 2006).

Bacterial abundance and leucine incorporation

rates (LIR)

Samples for the determination of bacterioplankton

abundance were preserved with borate-buffered form-

aldehyde (2% final concentration) and kept in 20 ml

scintillation vials in the dark at 4�C. For the enumeration

of bacteria, two to three ml subsamples were filtered

onto 0.2 lm pore-size black polycarbonate membranes

(Costar), stained with DAPI, and counted with an

epifluorescence microscope (Porter and Feig 1980)

within 4 weeks of sample collection. The average CV

(\11%) for bacterial abundance was determined from

20 replicate fields of view per filter. In the current study,

‘‘bacteria’’ refers to the bulk microbial community,

including Archaea, since the microscopic technique

used for their enumeration does not allow any differen-

tiation of microbial assemblages. Rates of bacterial

[14C]-leucine incorporation were estimated from 4 to

6 h dark incubations in sterile test tubes, at ambient

water temperatures following standard protocols (Kir-

chman and Ducklow 1993). The average CV of [14C]-

LIR for triplicate samples was ca. 10%. Protocols for the

determination of leucine incorporation were not cus-

tomized for the different trophic environments encoun-

tered during our extensive study. As a result, an

underestimation of the rates is not excluded especially

in highly productive waters where kinetics of leucine

incorporation may saturate after only a few hours.

Analysis of methylated S compounds

Concentrations of DMSPp, DMSPd and DMS were

determined following procedures described by Scarratt

et al. (2000a) and Lizotte et al. (2008) using purging,

cryotrapping and S-specific gas chromatography (GC).

Seawater samples (71-ml) were gravity filtered through

47-mm Whatman GF/F filters. The filtrate was used to

determine concentrations of both DMS and DMSPd.

Samples of DMS were analyzed on board the ship within

a few minutes of sampling while DMSPd ? DMS

samples were subjected to alkali treatment (KOH,

0.4 mol l-1 final concentration), sealed in 24-ml serum

vials and stored for future analysis. Concentrations of

DMSPp were determined by placing the filter in a

solution of KOH (0.4 mol l-1 final concentration) and

processing samples as described above for DMSPd. All

DMSP samples were kept in the dark at 4�C for at least

24 h and analyzed within a week of collection.

Concentrations of DMSPd were calculated by subtract-

ing DMS from DMSPd ? DMS while concentrations

of total DMSP (DMSPt) were calculated by adding

values of DMSPd and DMSPp. Values of DMSPd

concentrations should be considered with caution in

view of the recent demonstration that the common

filtration procedure may result in spurious release of

DMSP from phytoplankton cells, resulting in an over-

estimation of DMSPd concentrations (Archer et al.

2002; Kiene and Slezak 2006). In this study, the same

filtration procedure was used in all three cruises and

91% of our values fall in the 0.3–4.7 nmol l-1 range

which is comparable to the range of DMSPd concentra-

tions (0.4–2.8 nmol l-1) measured using a less
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disruptive filtration method (small volume drip filtra-

tion—SVDF, see Kiene and Slezak 2006).

Subsamples of DMSP and DMS were withdrawn

from the sample vials and sparged using a purge and

trap system coupled to a Varian 3400 or 3800 GC

equipped with a pulsed flame photometric detector

(PFPD) (see Scarratt et al. 2000a for details). For the

analysis of DMSP, the GC was calibrated with

milliliter injections of a 5 lg ml-1 solution of hydro-

lyzed DMSP (Research Plus Inc.). DMS samples were

calibrated with microliter injections of DMS diluted

with ultra high purity grade helium prepared using a

permeation tube (Certified Calibration by Kin-Tek

Laboratories Inc.) maintained at 40�C. The analytical

precision (CV) for triplicate measurements of DMSP

and DMS was better than 10%.

Shipboard incubations for the determination

of microbial DMSP and DMS metabolism

Two types of incubations were undertaken simulta-

neously to measure transformation rates of DMSP and

production rates of DMS. Microplankton community

net DMS production and microbial net DMS produc-

tion are referred to as DMS production from DMSPt

and DMS production from DMSPd, respectively,

following the nomenclature of Slezak et al. (2007).

For the determination of rates of net DMS produc-

tion from DMSPt, duplicate samples of seawater were

collected in the SML, transferred in gas-tight 1-L

Tedlar bags (Chromatographic Specialties Inc.), and

incubated in the dark at in situ water temperature.

Subsamples were withdrawn at time 0, 3, and 6-h

following a gentle mixing of the bags. At each time

point, the subsamples (71 ml) were processed and

analyzed for DMS concentrations, as described above.

Production rates of DMS (nmol DMS l-1 day-1) were

estimated from the slope of the change in the

concentrations of DMS over the 6-h incubation period

(Model I linear regression). The average for absolute

deviations in duplicate measurements of DMS pro-

duction rates from DMSPt was 9%. Inhibitors of the

bacterial consumption of DMS were not used during

these incubations thus reported rates represent net

biological production of DMS (gross production

minus consumption). Furthermore, rates of DMS

production from DMSPt are considered to represent

the production of DMS by the microplankton com-

munity, i.e. the net sum of DMS producing pathways

mediated by bacterioplankton, phytoplankton, and

microzooplankton smaller than 210 lm. As a result,

potential indirect production of DMS following me-

sozooplankton activity is not considered here.

For the determination of rates of DMS production

from DMSPd, SML seawater samples were collected in

71 ml brown polyethylene bottles and amended with
35S-DMSPd at tracer concentrations (\0.01 nmol l-1)

following protocols described in Kiene and Linn

(2000b). Samples were incubated in the dark at in situ

water temperature over a 3-h period. Total amount of

isotope added was determined following the addition

of 35S-DMSP. Subsamples were taken at time 0, 0.5, 1,

and 3-h in order to determine the amount of
35S recovered into volatiles as well as unreacted
35S-DMSP following methods described hereafter.

The amount of DMS produced from bacterial DMSPd

degradation at each time point was determined in 5 ml

subsamples after addition of sodium dodecyl sulfate

(SDS, 0.2% final concentration) and cold DMSPd

(100 lmol l-1 final concentration) to stop further

reaction of 35S-DMSPd. Radio labeled volatiles,

including 35S-DMS and 35S-methanethiol (MeSH),

were trapped in 3% H2O2-soaked wicks during a 6-h

shaking period. The wicks were transferred to 10 ml

CytoScint and stored in the dark for further analysis.

Unconsumed 35S-DMSP was converted into 35S-vol-

atiles by injection of 0.2 ml of NaOH (5 mol l-1) into

sealed vials and recovery of these 35S-volatiles was

conducted as described above. Although we cannot

completely exclude the presence of MeSH in the pool

of recovered 35S-volatiles, we consider this pool to be

mainly 35S-DMS (Kiene and Linn 2000b). Finally, the

amount of isotope in each sample was analyzed with a

RackBeta scintillation counter (LKB Wallac) within a

few weeks of collection.

These incubation experiments allowed the calcula-

tion of different rates. The DMSPd loss rate constant

(kDMSPd in day-1) was estimated from the slope of the

change in ln-transformed activity of unreacted
35S-DMSP over the 3 h incubation period (Kiene and

Linn 2000b). DMSPd consumption rates (nmol

DMSPd l-1 day-1) were obtained by multiplying the

kDMSPd by the concentrations of in situ DMSPd. The DMS

yield from DMSPd (%) was calculated as the ratio of
35S-DMS recovered to 35S-DMSPd consumed at the end

of the 3-h incubations, expressed as a percentage. Rates of

DMS production from DMSPd (nmol DMS l-1 day-1)

were estimated from the product of the DMSPd

188 Biogeochemistry (2012) 110:183–200
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consumption rate and the DMS yield from DMSPd. The

experimental procedures for 35S-DMSP incubations were

conducted in duplicate on three occasions during the

study period and the average of absolute deviations for

estimates of DMSPd loss rate constants and DMS yields

from DMSPd was \12%. Inhibitors of the bacterial

consumption of DMS were not used in these incubations

thus measured rates represent the net production (NP) of

DMS (gross production minus consumption). Further-

more, as there is no evidence suggesting that DMSPd-

consuming phytoplankton such as diatoms (Vila-Costa

et al. 2006) may cleave DMSP into DMS, we consider

our DMS yields from DMSPd and rates of DMS

production from DMSPd to be essentially bacterially-

mediated. We do not, however, exclude the possibility of

DMSPd-to-DMS conversion via extracellular algal

DMSP-lyases (Stefels 2000) in our 35S-DMSPd tracer

incubations and values shown here should be considered

as upper limit measurements of DMS yields from DMSPd

and production rates mediated by bacterioplankton.

Statistical analyses

Model I linear regressions were used to determine

biological rates during incubations (Sokal and Rohlf

1995). A principal component analysis (PCA) was

used to show the relationships among original vari-

ables and rates in the reduced space (Legendre and

Legendre 1998). This ordination has been previously

used to describe the role of water mass dynamics on

DMSP cycling in the St. Lawrence Estuary (Michaud

et al. 2007). The PCA was conducted on a correlation

matrix composed of 22 variables and 23 data rows.

The magnitude of multicolinearity within our dataset

was analyzed by considering the size of the variance

inflation factor (VIF) using Eq. 2:

VIF ¼ 1= 1� r2
� �

ð2Þ

where r2 is the coefficient of determination of the

regression equation obtained by ordinary least squares

regressions on paired variables. To minimize the effect

of multicolinearity, variables which had a VIF [ 5 were

excluded from the PCA. Furthermore, only primary and

methodologically independent variables were included

in the PCA. Before performing the analysis, the data

were log10-transformed and standardized, in order to

normalize the distribution and harmonize differences in

units and scales within observations, as recommended

by Legendre and Legendre (1998). It is essential to state

here that the PCA incorporates physicochemical and

biological variables that are representative of wide

ranging timescales. For instance, wind speed and

incident PAR, which are averaged over 24 h, are

combined with other physicochemical forcings, such

as SML depth and concentrations of NO3
- ? NO2

-,

which integrate information over a much longer period

of time. For this reason, only broad patterns and highly

significant correlations that meet the threshold criteria of

p \ 0.01 are discussed. In order to facilitate ecological

interpretation, the axes were submitted to a varimax

orthogonal rotation. The circle of equilibrium descriptor

contribution (EDC) was computed in order to indicate

which variables contribute the most strongly to the

reduced space by using Eq. 3:

EDC ¼ d=pð Þ0:5 ð3Þ

where d is the number of dimensions, and p is the

number of descriptors. Accordingly, little information

can be obtained for descriptors whose projections are

inferior to the equilibrium contribution circle. Because

projections of descriptor angles in a reduced space do

not render the complete correlations between variables,

Spearman’s rank correlation coefficients (rs) were used

to evaluate the relationship between two variables

following assessments of normality in data distributions

using Kolmogorov–Smirnov tests. Statistical analyses

were carried out using the Systat statistical software for

Windows version 9, and Microsoft Office Excel 2003.

Results

Oceanographic conditions and phytoplankton-

related variables

During the three sampling seasons, water temperature

and salinity of the SML decreased with increasing

latitude (Fig. 2a, b). Concentrations of NO3
- ? NO2

-

increased with latitude during the three seasons, but we

observed a marked decrease in NO3
- ? NO2

- con-

centrations during summer and fall at higher latitudes

(Fig. 2c). At the lower latitudes, concentrations of chl

a were highest in spring, while at the higher latitudes,

concentrations of chl a were generally higher in

summer than in spring and fall, reflecting the South–

North progression of the bloom (Fig. 2d).
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At the lower latitudes, diatom abundance was

generally higher in spring (note Station T3, Fig. 3a)

than in summer and fall, while at the higher latitudes,

diatom abundance was generally higher in summer

than in spring and fall. The spatial distribution of

diatom abundance during fall was relatively uniform

across the meridional transect. It is noteworthy that chl

a concentrations were high at T4 in the North Atlantic

Drift (NADR) during the three cruises, irrespective of

the South–North progression of the diatom bloom and

nitrate drawdown (Fig. 2c, d; Fig. 3a).

The spatial distribution of the abundance of

prymnesiophytes was variable during spring, gener-

ally increased with latitude during summer and

exhibited highest values at mid-latitude stations dur-

ing fall (Fig. 3b). Dinoflagellate abundance was

spatially variable during all three seasons with highest

abundances measured at mid-latitudes (Fig. 3c).

Throughout seasons and stations, unidentified phyto-

plankton (specifically nanoflagellates 2–5 lm in size)

generally dominated the assemblages in terms of abun-

dance (Fig. 3d). The spatial distribution of flagellates was

relatively constant during spring. Spatial trends of the

abundance of flagellates during summer and fall were

variable with highest values observed at the mid-latitude

stations. In contrast, flagellate abundance was relatively

similar between seasons at the lower latitudes.

The abundance of cryptophytes was low and

constant throughout seasons at lower latitude stations

(Fig. 3e) and displayed greater variability at mid- to

high-latitude stations during all three seasons of

investigation. The abundance of prasinophytes and

chrysophytes was very low and relatively constant

across stations during the entire sampling period

(Fig. 3f, g, note differences in scale), exception made

of station T4 which displayed a higher abundance of

prasinophytes during summer.

Pools of methylated S compounds

Concentrations of DMSPp ranged from 4.2 to

101 nmol l-1 during the study period and displayed

maximal concentrations at ca. 50�N during all three

seasons (Fig. 4a). The distribution of DMSPd was

relatively constant during spring, while concentrations

of DMSPd were more spatially variable during summer

and fall with highest values measured at the mid-

latitudes (Fig. 4b). Concentrations of DMS varied

between 0.11 and 11 nmol l-1 within the entire dataset

(Fig. 4c). In general, concentrations of DMS showed

much less spatial variability than pools of DMSP

during all three seasons, with the exception of a high

concentration of DMS at Station T6 during summer.

Microbial dynamics and metabolism of methylated

S compounds

Overall, bacterial abundance ranged from 0.11 9

109 cells l-1 to 1.49 9 109 cells l-1 (Fig. 5a). Spa-

tially, bacterial abundance was relatively uniform along

the meridional transect, with the exception of high

abundances observed around 45–50�N latitude during

fall. Rates of bacterial leucine incorporation were
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spatially variable in spring with highest rates measured

between 40 and 45�N (up to 2.3 nmol Leu l-1 day-1 at

station L, Fig. 5b). During summer, LIR exhibited

spatial variations with highest rates measured in stations

located from 45 to 55�N where maximum chl a concen-

trations were also observed. Bacterial LIR were low

(\0.3 nmol Leu l-1 day-1) and relatively constant

throughout stations in fall.

Spring values of kDMSPd, an indicator of the ability of

the microbial assemblage to use DMSPd, were generally

similar across stations ranging between 1.4 and 2.6 day-1

(Fig. 5c). Spatial variability in kDMSPd was greater during

summer and fall with values ranging from 0.7 to

1.0 day-1 at T7 (during summer and fall, respectively)

to 4.1 day-1 at T4 (during summer). DMSPd consump-

tion rates varied between 0.3 and 24.3 nmol

DMSPd l-1 day-1 (Fig. 5d). The spatial distribution in

rates of DMSPd consumption was more variable during

summer and fall than in spring, with highest values

measured at Station T4.

Values of DMS yields (DMSPd-to-DMS conver-

sion efficiency) were generally higher in spring than in

fall along the meridional transect (Fig. 5e). In sum-

mer, highest DMS yields from DMSPd were measured

at stations located between 45 and 50�N. Overall,

DMS yields from DMSPd varied between 3 and 21%

over the entire period of investigation.

Rates of net DMS production from DMSPd were

low and relatively stable between stations during

spring ranging from 0.2 to 0.6 nmol DMS l-1 day-1

(Fig. 5f). High values (up to 3.1 nmol DMS l-1

day-1) were measured at Station T4 in summer and

fall. At mid-latitude, rates of net DMS production

from DMSPd were highest in summer, while at the

low- and high-latitude stations, rates of net DMS

production from DMSPd were relatively similar
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between seasons. Net DMS production from DMSPt

exhibited similar spatial and temporal patterns as the

ones observed for net DMS production from DMSPd

(Fig. 5g). Springtime was characterized by overall low

net DMS production from DMSPt. Highest values

were measured at Station T4 during summer and fall

with 4.9 and 4.3 nmol DMS l-1 day-1, respectively.

Emergent properties of the system

Our dataset was subjected to a two-dimensional PCA

(see Fig. 6), composed of 22 variables and 23 data

rows. The PCA reveals that 56% of the total variation

is accounted for by the first two principal components.

Component scores for the first two orthogonal com-

ponents (PC1 and PC2) were regressed against

environmental, biological and microbial DMSP

cycling-related variables. The main variables that

significantly contribute to the formation of the PC1 are

DMSPp (r2 = 0.86, p \ 0.001), dinoflagellates (r2 =

0.61, p \ 0.001), DMSPd (r2 = 0.54, p \ 0.001),

flagellates (r2 = 0.53, p \ 0.001), net DMS produc-

tion from DMSPt (r2 = 0.52, p \ 0.001), prasino-

phytes (r2 = 0.50, p \ 0.001) prymnesiophytes (r2 =

0.37, p \ 0.01), chl a (r2 = 0.33, p \ 0.01), DMS

yield from DMSPd (r2 = 0.32, p \ 0.01), and bacteria

(r2 = 0.25, p \ 0.01). According to these results, the

PC1 is primarily influenced by microbial DMSP

cycling variables as well as phytoplankton-related

variables. The main variables that significantly con-

tribute to the formation of the PC2 are latitude (r2 =

0.68, p \ 0.001), water temperature (r2 = 0.57,

p \ 0.001), NO3
- ? NO2

- (r2 = 0.53, p \ 0.001),

cryptophytes (r2 = 0.48 p \ 0.001), incident PAR

(r2 = 0.34, p \ 0.01), salinity (r2 = 0.33, p \ 0.01),

DMS (r2 = 0.31, p \ 0.01) and SML depth (r2 =

0.25, p \ 0.01). These contributions suggest that PC2

mostly represents environmental forcings along with

concentrations of DMS and cryptophytes.

Discussion

Spatial and seasonal variations in oceanographic

conditions

In this study we captured and followed the seasonal and

meridional development of the annual phytoplankton

bloom as well as the associated changes in the

distribution of methylated S compounds. Our dataset

covered various trophic regimes commonly encoun-

tered in oceanic regions, from the oligotrophic waters

of the subtropical gyre, to sub-Arctic waters, crossing

the more productive waters at mid-latitude (Figs. 2; 3).

Low-latitude stations located in the subtropical prov-

inces Gulf stream, North Atlantic Subtropical Gyre

West and East (GFST, NASE and NASW) displayed

low sea surface concentrations of NO3
- ? NO2

-

(\2.0 lmol l-1) and chl a (\0.5 lg l-1) throughout

the seasons investigated, a feature commonly observed

among oligotrophic systems (Williams and Follows

2003). Mid-latitude stations located in temperate and

subarctic provinces (stations ranging roughly from 45

to 55�N), exhibited characteristic springtime nutrient

maxima (Fig. 2c), followed by a typical summer

drawdown (Williams and Follows 2003). The excep-

tion to this trend occurred in the Northwest Continental

Shelves (NWCS) province (Station L) during spring,

which had already experienced nutrient depletion

following the onset and decline of the spring diatom

bloom (Lizotte et al. 2008). Nutrient concentrations at

high-latitude stations (above 55�N) during summer and

fall remained near the lower range of concentrations

typically found in winter for the subarctic N Atlantic
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(NO3
- ? NO2

- [5 lmol l-1) suggesting that light

limitation of primary producers due to deeper mixed

layers may have limited the consumption of nutrients

by algae (Miller 2004 and references therein).

The distribution of the phytoplankton taxonomic

groups shows the expected diatom bloom and associ-

ated macronutrient drawdown at T3 in spring and its

northward progression to T4 in summer (Fig. 3a). Chl

a concentrations were influenced by the diatom bloom,

but not totally dependent on it. Indeed, chl a concen-

trations were always high at T4 in the NADR

(Fig. 2d), even in spring before the occurrence of the

diatom bloom. During this first cruise, as well as the

following ones, the phytoplankton community at T4

was numerically dominated by flagellates (Fig. 3d).

These results show that the diatom bloom was

preceded by a flagellate bloom in this part of the

NADR. As discussed later, this has important conse-

quences for the production of DMS since most of the

DMSP was associated with the nanoflagellate com-

munity thriving in this province of the NW Atlantic.

DMSP distribution: importance of phytoplankton

community structure

Key eukaryotic groups, identified within this study,

largely influenced the distribution of DMSP across

seasons and provinces in the NW Atlantic Ocean

(Fig. 6). Taken as a whole, the distribution of DMSPp

was broadly related to the abundance of several

phytoplankton groups. Spearmans’s rank correlation

analyses reveal strong associations between concen-

trations of DMSPp and the abundance of dinoflagel-

lates, prymnesiophytes, flagellates, and prasinophytes

B
ac

te
ria

(1
09

 c
el

ls
 l-

1 )

0.0

5.0

1.0

1.5

Spring
Summer
Fall

B
ac

te
ria

l L
eu

ci
ne

In
co

rp
or

at
io

n
(n

m
ol

 L
eu

 l-
1  

da
y

-1
)

0.0

0.2

0.4

0.6

0.8

1.0

Station
D

M
S

 p
ro

du
ct

io
n

fr
om

 D
M

S
P

t
(n

m
ol

 l-
1  

da
y-

1 )

0

2

4

6

(2.3)

D
M

S
P

d 
lo

ss
 

ra
te

 c
on

st
an

t
(d

ay
-1

)

0

1

2

3

4

5

Station

D
M

S
P

d
co

ns
um

pt
io

n
(n

m
ol

 l-
1  

da
y-

1 )

0

5

10

15

20

25
D

M
S

 y
ie

ld
fr

om
 D

M
S

P
d

(%
)

0

5

10

15

20

25

D
M

S
 p

ro
du

ct
io

n
fr

om
 D

M
S

P
d

(n
m

ol
 l-

1  
da

y
-1

)

0

1

2

3

4

Latitude (°N)
36

.5
39

.0
42

.2
43

.3
46

.3
50

.4
54

.5
59

.2

36
.5

39
.0

42
.2

43
.3

46
.3

50
.4

54
.5

59
.2

a

b

c

d

e

f

g

T2 T1 T3

T2 T1 T3

L T4 T5 T6 T7

L T4 T5 T6 T7

Latitude (°N)

Fig. 5 Spatio-temporal variations of a bacterial abundance,

b bacterial leucine incorporation, c DMSPd loss rate constant,

d DMSPd consumption, e DMS yield from DMSPd, f net DMS

production from DMSPd, and g net DMS production from

DMSPt estimated at one depth (8–15 m) in the SML. Note that

the value for bacterial leucine incorporation at Station T3 in

spring was measured at 10 m, instead of 15 m like the other

variables for this station during this season

Biogeochemistry (2012) 110:183–200 193

123



(rs = 0.77, p \ 0.001; rs = 0.74, p \ 0.001; rs =

0.63, p \ 0.01 rs = 0.59, p \ 0.01, respectively). It

is worth mentioning that accounting for picophyto-

plankton, a fraction that the microscopic cell count

technique used in this study poorly characterizes, as

well as using a descriptor such as carbon biomass (not

available in this study) instead of cell abundance

would have likely improved the relationships

described between pools of DMSPp and phytoplank-

ton taxa. For instance, picophytoplankton may dom-

inate photosynthetic biomass in meso- to oligotrophic

waters, and small prymnesiophytes (\2–3 lm) may

account for a large fraction of picoeukaryotic biomass

in marine ecosystems, thus potentially making a

significant contribution to DMSPp pools (Archer

et al. 2011; Cuvelier et al. 2010; Vaulot et al. 2008).

Within the classes Dinophyceae and Prymnesiophy-

ceae, two functional groups were shown to regularly

dominate the assemblage throughout seasons: (1)

dinoflagellates of the Gymnodiniales order such as

species of the Gyrodinium–Gymnodinium complex,

Gyrodinium flagellare, as well as Amphidinium ef.

kesslitzii and (2) prymnesiophytes such as Chrysoch-

romulina spp. and Emiliania Huxleyi (data not shown).

The co-occurrence of Chrysochromulina spp. and

G. flagellare, both known for their elevated DMSP

quotas (Keller et al. 1989), has been previously

reported in field observations and shown to coincide

with high levels of DMSP and/or DMS (Cantin et al.

1996; Levasseur et al. 1996, 2004; Scarratt et al. 2002).

Our results extend these previous observations and

suggest that Chrysochromulina spp. and G. flagellare

may represent critical players in the distribution of

DMSPp from spring to fall in many biogeochemical

provinces of the NW Atlantic Ocean.

In this study, spring concentrations of DMSPp

(8–67 nmol l-1, Fig. 4a) were similar to ranges of

DMSPp concentrations previously reported within var-

ious biogeochemical provinces of the western and

eastern regions of the N Atlantic Ocean during spring

(9–79 nmol l-1 in Scarratt et al. 2000b; 3–111 nmol l-1

in Andreae et al. 2003). At the low-latitude oligotrophic

stations, concentrations of DMSPp displayed little

seasonal variability, which contrasts with temporal

studies that have observed high concentrations of

DMSPp in association with spring blooms in oligo-

trophic regions such as the Sargasso Sea (Dacey et al.

1998) and the Mediterranean Sea (Vila-Costa et al.

2008). In general, the highest concentrations of DMSPp

(up to 101 nmol l-1) and highest ratios of DMSPp:chl

a (mean of 72 nmol lg-1 in summer compared to 21

and 38 nmol lg-1 during spring and fall, respectively)

were observed during summer, a pattern that is consis-

tent with seasonal observations from Vila-Costa et al.

(2008). Although few studies report on fall distributions

of DMSPp, the range of DMSPp concentrations observed

in the present study (4–63 nmol l-1, Fig. 4a) is similar to

the range (10–46 nmol DMSPp l-1) observed in fall by

Scarratt et al. (2007) in surface waters of subtropical to

polar regions of the NW Atlantic Ocean.

Regardless of the season, DMSPp concentrations

were at their highest at mid-latitude stations located

within the NADR province (Fig. 4a) which also

displayed high concentrations of chl a and DMSP-rich

phytoplankton (Fig. 2d; Fig. 3). This result provides

further support to the suggestion that the NADR

province, which is physically dynamic due to the

convergence of warm waters of the GFST and cold

polar waters (Clarke et al. 1980), may promote mixing

and a concurrent flux of nutrients which may favor the

growth of a mixed phytoplankton assemblage, includ-

ing both DMSPp-rich and DMSPp-poor phytoplankton

groups (Fig. 3), as evidenced by the mid-range values
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of chl a specific DMSP reported in this region (average

of 54 ± 4 nmol lg-1 at T4). Observations of a relative

‘‘hotspot’’ for concentrations of DMSPp during spring

in the NADR province have been reported before

(Scarratt et al. 2000b, 2002; Levasseur et al. 2004).

Results from the present study show that this may be a

recurrent feature that persists throughout the growing

season, from the onset of a spring bloom of flagellates

and its persistence until the end of October.

DMSP cycling and DMS production: importance

of food web processes

We further assessed whether the macroscale features

observed in the distribution of phytoplankton and

DMSP may translate into variations in microbial

DMSP metabolism and DMS production. Since these

parameters vary at shorter time scales (hours–days) as

compared to variations in phytoplankton commu-

nity and DMSPp (days–weeks), we will restrict our

discussion to the large recurring patterns along with

the highly significant correlations that meet the

threshold criteria of p \ 0.01.

Rates of DMSPd consumption (0.3–24.3 nmol

DMSPd l-1 day-1) were comparable to those reported

in other studies that employed non-perturbing additions

of 35S-DMSP: 2–59 nmol DMSPd l-1 day-1 in oceanic

and shelf sites of the Northern Gulf of Mexico in

September (Kiene and Linn 2000a); 8–30 nmol

DMSPd l-1 day-1 during a Lagrangian study in the N

Sea in June (Zubkov et al. 2002); 2–24 nmol DMSPd l-1

day-1 in a coastal site of the Mediterranean Sea over an

annual cycle (Vila-Costa et al. 2008). The rates were

generally lower than 9 nmol DMSPd l-1 day-1 and

fairly constant except at T4 where the highest rates of

DMSPd consumption during summer and fall were

measured (19 and 24 nmol DMSPd l-1 day-1, respec-

tively, Fig. 5d). Only a system with a fast turnover of its

DMSP reservoir could sustain such a high DMSPd

consumption rate. Indeed DMSPd turnover times of 6

and 8 h were measured at Station T4 in summer and fall,

respectively, reinforcing the idea that this province is very

dynamic in terms of DMSP cycling.

Rates of DMSPd consumption exhibited a significant

positive correlation with concentrations of DMSPp

(rs = 0.89, p\0.001, also see Fig. 6). This result

suggests that the presence of higher concentrations of

DMSPp may also result in a greater availability of

DMSPd to the microbial community, through the release

of cellular DMSP in the water column via exudation and

autolysis of the algal cells, as well as viral- and grazer-

induced lysis of DMSP-containing phytoplankton (Da-

cey and Wakeham 1986; Hill et al. 1998). Because

bacterial populations likely dominate DMSPd uptake in

the oceans due to their high affinity uptake system (Kiene

et al. 1998), we looked for a relationship between

microbial consumption of DMSPd and bacterial produc-

tion. Such a relationship had been observed in a study

conducted in the Gulf of Mexico during fall (Kiene and

Linn 2000a). We did not find any significant relationships

between consumption of DMSPd and leucine uptake nor

abundance of bacteria which suggests that, on the spatio-

temporal scale considered, factors affecting the growth of

bacteria (substrate availability and temperature), and the

size of the population (grazing) might not affect rates of

microbial DMSPd uptake. Furthermore, whilst DMSPd

uptake and degradation may be prevalent among different

bacterial clades (Kiene and Linn 2000a; Todd et al. 2009),

it is not as widespread as leucine uptake (Vila-Costa et al.

2007), thus making its connection with bulk microbial

abundance and activity not a straightforward undertak-

ing. At the coarser scales investigated in the present study,

results obtained suggest that it is the availability of

DMSP which exerts the greatest influence on the overall

microbial consumption of DMSPd.

The proportion of DMSPd consumed by bacteria

and cleaved into volatile DMS (DMS yield from

DMSPd) exhibited seasonal and spatial variability

(mean 10%, range 3–21%; Fig. 5e). These values are

remarkably similar to the average and range of values

(10 and 2–21%, respectively) observed by Kiene and

Linn (2000b) in various oceanic and coastal sites as

well as to the annual average of 12% obtained by Vila-

Costa et al. (2008) at a coastal site in the Mediterra-

nean Sea. This finding supports the view that biolog-

ical DMSPd turnover in the pelagic environment

results predominantly ([79% in the present study) in

other transformation pathways (including the incor-

poration of S into bacterioplankton) rather than in the

production of DMS. A significant positive correlation

was found between DMS yield from DMSPd and

concentrations of DMSPp (rs = 0.53, p \ 0.01, also

see PCA in Fig. 6) suggesting that there is an

association between the presence of the producers of

DMSP along with its release rate into the environment

and the relative proportioning of microbial DMSPd

transformation pathways (cleavage into DMS vs

demethylation into MeSH). It cannot be excluded,
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however, that the correlation found between the

DMSPd-to-DMS conversion efficiency and DMSPp

could also partly reflect the activity of free algal

DMSP-lyases in solution following manipulation

during the incubations (Stefels et al. 2007). Overall,

our results agree with the suggestion that substrate

availability may cause shifts in the microbial-medi-

ated degradation of DMSPd (Kiene and Linn 2000b)

with higher DMSP concentrations favoring the pro-

duction of volatile DMS rather than the bacterial

assimilation of S.

Rates of DMS production from reservoirs of both

DMSPd and DMSPt exhibited remarkable similarity in

spatio-temporal patterns (Fig. 5f, g). DMS production

from DMSPd, ranged between 0.01 and 3.07 nmol

DMS l-1 day-1 (Fig. 5f), values that are comparable

to the lower range of previously reported estimates:

0.07–2.40 nmol DMS l-1 day-1 in the NW Atlantic

Ocean during spring (Merzouk et al. 2008), and

0.17–5.90 nmol DMS l-1 day-1 in shelf and oceanic

sites of the Northern Gulf of Mexico (Kiene and Linn

2000a). Rates of net DMS production from DMSPt

obtained in the present study, from 0.12 to 4.88 nmol

DMS l-1 day-1 (Fig. 5g), also compare well with the

lower end of a general range of gross DMS production

rates, from 0.3 to 10 nmol DMS l-1 day-1, compiled

by Simó (2004). Considering that the latter do not

include DMS consumption it is expected that gross

rates of DMS production be higher or equal to net rates

of DMS production. Highest rates of net DMS

production from DMSPt were found in the NADR

province during spring, summer and fall (Fig. 5f, g)

revealing yet another dynamic feature of the active

DMSP cycling in this province. Seasonal peaks in net

DMS production from DMSPt at stations within the

NADR province (Fig. 5g) may have resulted from

enhanced food web dynamics where both bacterial and

non-bacterial DMS-producing processes are height-

ened. This could be the result of an increase in the

production of DMS by potential DMSP-lyase produc-

ing species of dinoflagellates and prymnesiophytes

(Wolfe and Steinke 1996; Niki et al. 2000), which

abounded at stations in the NADR (Fig. 3b, c). An

enhancement of DMS production due to grazing by

microzooplankton may also have occurred (Dacey and

Wakeham 1986; Wolfe et al. 1994) in part through a

possible predator–prey relationship between G. fla-

gellare and Chrysochromulina spp. suggested previ-

ously in the NW Atlantic (Scarratt et al. 2002;

Levasseur et al. 2004). Altogether, the strengthening

of these food web processes within a dynamic

plankton community could have contributed to the

heightened microplankton community net DMS pro-

duction observed in the NADR.

Uncoupling between the distributions of DMSP

and DMS

The dataset provided by this study allowed us to

explore the extent of the mismatch between the

distribution of DMS and chl a previously reported in

low latitude regions of the N Atlantic and referred to as

the ‘summer paradox’ (Simó and Pedrós-Alió 1999). In

this study, a clear uncoupling between pools of DMS

and concentrations of chl a and DMSP, as well as with

the abundance of microbiota, was revealed from a two-

dimensional PCA analysis (Fig. 6). By merging results

obtained from all seasons and biogeochemical prov-

inces investigated our analysis points towards envi-

ronmental variables as important drivers of DMS

concentrations in the NW Atlantic Ocean. Our results

show positive Spearman’s rank correlations between

DMS and PAR as well as between DMS and SML

depth irrespective of latitude and the large variability

encountered, for example, in trophic status and tem-

perature (rs = 0.59 and rs = -0.54, p \ 0.01, respec-

tively). The relationship is strengthened when DMS is

related to both variables expressed together as the

SML-averaged SRD (rs = 0.76, p \ 0.001). This

general feature does not seem to be restricted to low

latitudes during summer. These results lend support to

macroscale observations of an apparent proportional-

ity between DMS concentrations and average daily

solar radiation in the SML (Vallina and Simó 2007).

There is mounting evidence suggesting that exposure

of microbial communities to increased levels of solar

radiation may be a key factor in controlling sea-surface

DMS dynamics (Sunda et al. 2002; Simó 2004; Toole

and Siegel 2004; Vallina and Simó 2007). It has been

suggested that solar radiation enhancement of DMS

may be related to the inhibition of bacterial activity

(Herndl et al. 1993) as well as to increases in the

enzymatic cleavage of DMSP into DMS by phyto-

plankton as part of an antioxidant system that protects

cells from hazardous hydroxyl (OH) radicals under

high-light stress (Sunda et al. 2002). In our study, the

highest seasonal mean ratios of DMSPt:chl a, DMS:chl

a and DMS:DMSPt (Table 2) were found during
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summer suggesting the increased presence of DMSPp-

rich dominated phytoplankton communities and an

enhancement of the fraction of DMSPt being converted

into DMS under higher doses of solar radiation (see

Table 2 for seasonal average PAR and SRD), possibly

through enhanced phytoplankton exudation of DMS or

bacterial DMSPd-to-DMS conversion efficiency.

However, DMS production from both DMSPd and

DMSPt normalized over bulk DMSPt concentrations

(Table 2) did not exhibit a clear seasonal trend with

increasing PAR or SRD in summer suggesting that a

more complex web of biotic and abiotic processes

results in the accumulation of DMS in highly irradiated

surface waters.

Station T6 in summer is a clear example of this

complexity, wherein concentrations of DMS were

found to peak (11 nmol l-1, Fig. 4c) despite low DMS

production rates from both pools of DMSPd and

DMSPt (0.08 and 0.30 nmol l-1 day-1, respectively,

Fig. 5f, g) and low DMS yield from DMSPd (3%,

Fig. 5e). We can only speculate that other potential

sources such as indirect production of DMS via

mesozooplankton grazing (not included in our

\210 lm incubations) coupled with subdued DMS

sinks such as low daily-averaged wind speeds pre-

vailing at this station (5 m s-1) and/or negligible

bacterial DMS consumption (data not available) may

have allowed a transient accumulation of DMS at this

station. The fact that our incubations were conducted

in the dark may also represent an alternative explana-

tion for discrepancies in production rates and concen-

trations of DMS. A recent comparison of simultaneous

dark and natural sunlight incubations conducted in

contrasting microbial communities and oceanographic

conditions has suggested an enhancement of DMS

under natural sunlight (Galı́ et al. 2011) presumably

through stress-induced DMS release by phytoplankton

(Toole et al. 2008; Vallina et al. 2008). Enhanced solar

radiation exposure has also been suggested to cause

the inhibition of bacterial S demand thus potentially

affecting bacterial clades that consume DMS (Slezak

et al. 2001; Toole et al. 2006). However, for the latter

process to be significant, this would entail rapid

recovery of bacterial DMS consumers from natural

sunlight conditions during the dark incubations.

Another example of the mismatch between pools of

DMS and the cycling of its precursor is apparent at

station T4 where mid-ranging concentrations of DMS

(average of 1.3 nmol l-1 at T4, compared to a low of

0.4 nmol l-1 at T4, and a high of 3.9 nmol l-1 at T6,

Fig. 4c) was observed despite highest rates of DMSPd

uptake (Fig. 5d) and DMS production from both pools

of DMSPd and DMSPt (Fig. 5f, g). It is probable that

dynamic bacterial DMS production may have been

tightly coupled with similarly active bacterial DMS

consumption at this station. Although the absence of

measurements of the bacterial DMS consumption rates

prevents us from unequivocally relating both pro-

cesses, studies have suggested a strong correlation

between bacterial production of DMS and its con-

sumption (Simó et al. 1995; Wolfe et al. 1999). For

example, members of the Gammaproteobacteria phy-

logenetic group, such as Methylophaga spp., have

been reported to actively degrade DMS in enrichment

cultures (Schäfer 2007) and to display opportunistic

growth on carbon-rich substrates such as DMS found

in association with a DMSP-rich phytoplankton bloom

in a temperate coastal environment (Neufeld et al.

2008). Taken as a whole our findings point towards a

broad spatiotemporal disparity between pools of DMS

and the biological cycling of DMSP (Fig. 6), whilst a

significant part of the fluctuations in DMS concentra-

tions seems to be driven by environmental variables

prevalent over the NW Atlantic.

Overall, the relationship between concentrations of

DMS and SRD found during this study (Fig. 6)

supports the suggestion that environmental forcings

such as the SML depth and the irradiance regime play

prominent roles in driving surface DMS concentra-

tions (Simó and Pedrós-Alió 1999; Simó and Dachs

2002; Vallina and Simó 2007; Miles et al. 2009).

Although a feedback loop involving microbiota-DMS-

clouds-solar radiation is still under much debate

(Derevianko et al. 2009), our results could be regarded

as an argument in support of the CLAW hypothesis. At

the seasonal scale relevant to this study, an increase in

solar radiation forcing would tend to decrease mixing

layer depth, driving food web structure and dynamics

towards enhanced sea surface concentrations of DMS.

Summary

The PCA analysis of the NW Atlantic dataset reveals

clear features of the microbial DMSP cycling-related

components highlighting a striking difference between

the factors that influence the distribution of DMS and

its precursor DMSP (Fig. 6). Salient features of our
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investigation indicate that DMSP distribution is

largely associated with the abundance of key phyto-

plankton groups identified within this study such as

dinoflagellates, prymnesiophytes, unidentified nano-

flagellates and prasinophytes. Microbial transforma-

tions of DMSP, that is, its consumption by bacteria and

conversion into DMS, seem to be mainly driven by the

availability of this substrate. Conversely, DMS con-

centrations appear to be ultimately correlated with

environmental forcings and particularly with the

irradiance regime, a result which agrees with mount-

ing evidence pointing towards solar radiation as an

important driver of DMS dynamics (Simó and Pedrós-

Alió 1999; Toole and Siegel 2004; Vallina and Simó

2007; Vila-Costa et al. 2008).

Furthermore, results from this study provide evi-

dence of the dynamic cycling of DMSP within the

NADR province, where during all three seasons

investigated the highest rates of microbial DMSPd

uptake, as well as the highest net DMS production

rates from DMSPd and DMSPt were measured. It is

interesting to note that the environmental conditions in

the NADR favored a persistent bloom of flagellates to

which the summer diatom bloom was superimposed.

Further comprehensive information on the long term

cycling of DMSP and DMS in such dynamic provinces

as well as in other oceanic regions is needed to

improve our understanding of how DMS-emitting

systems are affected by solar radiation and physical

processes within the SML. The study of these issues is

fundamental in the context of global climate change as

possible modifications in doses of solar radiation

reaching the Earth’s surface (Charlson et al. 2005 and

references therein), and potential weakening of the N

Atlantic Drift current (Bryden et al. 2005) may have

considerable implications for marine planktonic com-

munities and the ocean-atmosphere cycling of S

compounds.
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Tringe SG, Woyke T, Welsh RM, Ishoey T, Lee J-H,

Binder BJ, DuPont CL, Latasa M, Guigand C, Buck KR,

Hilton J, Thiagarajan M, Caler E, Read B, Lasken RS,

Chavez FP, Worden AZ (2010) Targeted metagenomics

and ecology of globally important uncultured eukaryotic

phytoplankton. Proc Natl Acad Sci 107(33):14679–14684

Dacey JWH, Wakeham SG (1986) Oceanic dimethylsulfide:

production during zooplankton grazing on phytoplankton.

Science 233:1314–1316

Dacey JWH, Howse FA, Michaels AF, Wakeham SG (1998)

Temporal variability of dimethylsulfide and dimethylsul-

foniopropionate in the Sargasso Sea. Deep Sea Res Part I

45:2085–2104

198 Biogeochemistry (2012) 110:183–200

123



Derevianko GJ, Deutsch C, Hall A (2009) On the relationship

between ocean DMS and solar radiation. Geophys Res Lett

36:L17606. doi:10.1029/2009GL039412

Devred E, Sathyendranath S, Platt T (2007) Delineation of

ecological provinces using ocean colour radiometry. Mar

Ecol Prog Ser 346:1–13
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Simó R, Pedrós-Alió C (1999) Role of vertical mixing in con-

trolling the oceanic production of dimethyl sulphide. Nat-

ure 402:396–399
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