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Abstract

Predictions of the ocean-atmosphere flux of dimethyl sulfide will be improved by understanding what con-

trols seasonal and regional variations in dimethylsulfoniopropionate (DMSP) production. To investigate the

influence of high levels of irradiance including ultraviolet radiation (UVR), on DMSP synthesis rates (lDMSP)

and inorganic carbon fixation (lPOC) by natural phytoplankton communities, nine experiments were carried

out at different locations in the low nutrient, high light environment of the northeastern Tropical Atlantic.

Rates of lDMSP and lPOC were determined by measuring the incorporation of inorganic 13C into DMSP and

particulate organic carbon. Based on measurements over discrete time intervals during the day, a unique

lDMSP vs. irradiance (P vs. E) relationship was established. Comparison is made with the P vs. E relationship

for lPOC, indicating that light saturation of lDMSP occurs at similar irradiance to lPOC and is closely coupled

to carbon fixation on a diel basis. Photoinhibition during the middle of the day was exacerbated by exposure

to UVR, causing an additional 55–60% inhibition of both lDMSP and lPOC at the highest light levels. In addi-

tion, decreased production of DMSP in response to UVR-induced photoxidative stress, contrasted with the

increased net synthesis of photoprotective xanthophyll pigments. Together these results indicate that DMSP

production by phytoplankton in the tropical ocean is not regulated in the short term by the necessity to con-

trol increasing photooxidative stress as irradiance increases during the day. The study provides new insight into

the regulation of resource allocation into this biogeochemically important, multi-functional compatible solute.

The oceans emit approximately 28.1 (17.6–34.4) million

tons of sulfur in the form of dimethyl sulfide (DMS) each

year (Lana et al. 2011), representing the largest natural flux

of sulfur to the atmosphere. DMS is a product of the enzy-

matic breakdown of b-dimethylsulfoniopropionate (DMSP),

an osmolyte synthesized by phytoplankton (Challenger and

Simpson 1948). In recent years, the debate has intensified

over the original proposal that DMS emission from the

oceans contributed to an oceanic biology—climate feedback

loop (Charlson et al. 1987; Cainey et al. 2008; Woodhouse

et al. 2010; Quinn and Bates 2011). Nonetheless, this consid-

erable source of sulfur has a substantial impact on

atmospheric chemistry (Toumi 1994; Johnson and Bell 2008;

Chen and Jang 2012). Oxidation of DMS results in the for-

mation of sulfuric acid (H2SO4) and methylsulfonic acid

(MSA). Sulfuric acid is the primary vapor responsible for new

aerosol particles and cloud condensation nuclei (Sipil€a et al.

2010; Kirkby et al. 2011), while MSA often makes a major

contribution to the growth of existing aerosols (Rinaldi et al.

2010). Incorporation of the global seawater DMS climatology

(Lana et al. 2011) into an aerosol-chemistry-climate general

circulation model, illustrates large regional and seasonal var-

iations in the cooling effect of DMS of 6 10 W m22 and a

global mean annual influence of close to 22.0 W m22

(Mahajan et al. 2015). The magnitude of change in DMS

emissions in the future remains an important issue for global

atmospheric chemistry and climate.

Mechanistic models that relate DMS emissions from the

oceans to DMSP production and cycling, have attempted to

capture the taxonomic and physiological factors that
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influence DMSP production to varying degrees (reviewed in

Le Clainche et al. 2010). However, the competitive advan-

tage DMSP production confers and how this contributes to

temporal and regional patterns in production of DMS,

remains unclear. Phytoplankton have generally been repre-

sented by between two and four functional types that differ

in their DMSP cell quota (e.g., DMSP : carbon ratio) based

largely on information derived from laboratory cultures of

different microalgal strains (reviewed in Stefels et al. 2007).

Intracellular concentrations vary between species of microal-

gae from undetectable levels to 100s mmol L21 (Keller et al.

1989). Modeled DMSP production is then a product of the

DMSP cell quota, succession of the phytoplankton functional

types, and primary production. In several models, parameter-

ization of DMSP cell quotas has included the influence of

light and/or nutrient availability and temperature depen-

dence (e.g., Vallina et al. 2008; Vogt et al. 2010; Polimene

et al. 2012), reflecting possible physiological roles of DMSP.

DMSP appears to play multiple, potentially simultaneous

roles in microalgae (reviewed in Stefels 2000, Stefels et al.

2007). The potential for accumulation of DMSP in the chloro-

plasts of microalgae (Lyon et al. 2011) and demonstrated

chloroplast localization in higher plants (Trossat et al. 1998)

supports the theory that DMSP, and possibly its breakdown

products, may protect photosynthetic systems from oxidative

damage caused by excess irradiance or nutrient limitation

(Sunda et al. 2002). In contrast, a metabolic overflow

hypothesis proposes that DMSP is synthesized to regulate

intracellular methionine concentrations and photosynthetic

overcapacity during unbalanced growth resulting from excess

irradiance or nutrient limitation (Stefels 2000). DMSP may be

employed as a methyl donor in biological transmethylation

reactions (Ishida 1996 and references therein) and may be a

precursor in the biosynthesis of the membrane phospholipid

phosphatidylsulphocholine in marine microalgae (Kates and

Volcani 1996). In addition, DMSP has been proposed to have

a role as a grazing deterrent when ingestion or digestion of

phytoplankton by grazers results in its enzymatic cleavage to

DMS and acrylate (Dacey and Wakeham 1986; Wolfe and

Steinke 1996), although DMSP has also been shown to be a

chemoattractant for a variety of planktonic microbes (Sey-

mour et al. 2010). Successfully modeling DMSP production in

the ocean may require understanding how the environment

affects which physiological roles drive synthesis and the cost

vs. benefits of resource allocation to produce DMSP.

There is a growing appreciation of the benefits in under-

standing photosynthetic resource allocation in phytoplankton

in order to explain elemental and energetic stoichiometry and

their impacts on community structure and ecosystem produc-

tivity (reviewed in Halsey and Jones 2015). This study

expands this theme to how resource allocation by phyto-

plankton has implications for the atmosphere-ocean exchange

of trace gases that influence atmospheric chemistry. Under-

standing how physiology and environmental variables affect

the allocation of resources to metabolic pathways that result

in the production of these volatile products may improve the

capability of mechanistic models aimed at predicting ocean-

atmosphere exchange rates. One of the hurdles to under-

standing what drives the allocation of resources to DMSP pro-

duction, and how rapidly DMSP is transformed, is the lack of

direct estimates of DMSP synthesis rates. The introduction of

a stable-isotope approach to determine in vivo DMSP produc-

tion rates enables us to investigate how environmental factors

drive DMSP production in natural and culture-based systems

(Stefels et al. 2009). Without this key measurement, it has

proven challenging to link DMS production to DMSP physio-

logical function.

Phytoplankton DMSP content and the rates at which it

turns over, meaning synthesis vs. metabolism and release

from cells, are key underlying factors that influence the sea-

sonal and regional patterns of DMS in the ocean. This study

investigated DMSP synthesis rates by natural phytoplankton

communities in the high light, low nutrient environment of

the subtropical and Tropical Atlantic Ocean. The resource

allocation to DMSP was investigated by comparing directly

measured rates of DMSP synthesis to rates of carbon fixation.

The study aimed to also understand the physiological role of

DMSP production by examining the influence of diel pat-

terns of exposure to photosynthetically active radiation

(PAR) and ultraviolet radiation (UVR) and the consequence

of high light-induced photooxidative stress on DMSP synthe-

sis compared to carbon fixation. The response of DMSP syn-

thesis to photooxidative stress was also compared to the

synthesis of pigments involved in the xanthophyll cycle, an

established photoprotective mechanism. The study is an

advance on previous assessments of the physiological role of

DMSP because it examines specific rates of DMSP synthesis

in relation to phytoplankton physiology and environmental

factors, as opposed to examining net changes in DMSP con-

centration. By doing so, the study provides a more direct

assessment of DMSP function that is less influenced by the

many processes that control concentrations of DMSP in nat-

ural planktonic communities.

Methods

Study area and experimental set-up

The experiments were conducted aboard the RRS Discov-

ery, during cruise D326, in the northeastern Tropical Atlantic

(12.5–26.68 N and 23.7–35.88 W) at nine different locations

between 15th January 2008 and 2nd February 2008 (Fig. 1;

Table 1). On each experimental date, a single 96 L volume of

seawater was collected pre-dawn from twelve 10-liter Niskin

bottles closed simultaneously at 5–8 m depth. The seawater

was transferred gently and in the dark to 2 L, UVR-

transparent, Whirl-pakVR bags and incubated at in situ tem-

peratures for the full daylight period in one of two flow-

through incubators to which different natural light treat-

ments were applied.
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Natural planktonic communities were exposed to two

light treatments, one consisting of the full light spectrum of

PAR1UV and a second PAR-UV treatment in which the UV

was removed. A UV radiometer (UV-507) and a multispectral

visible radiometer (OCI-200) (SAtlantic, Halifax, Nova Scotia,

Canada) were used to monitor incoming irradiance at

305 nm, 325 nm, 340 nm, and 380 nm, and 411 nm, 442

nm, 490 nm, 510 nm, 620 nm, 665 nm, and 683 nm, respec-

tively. These were integrated to calculate ultraviolet B (UVB),

ultraviolet A (UVA), UVR (UVA 1 UVB), and PAR during

incubations. PerspexVR screens were used to remove UVR in

one of the two sets of incubations and open-weave plastic

mesh was used to adjust total levels of irradiance. In order to

incorporate attenuation by the polyethylene Whirl-pakVR

bags, the radiometers were located immediately below the

layer of bags during incubations. The PAR-UV incubations

received 41–96% PAR; 7–36% UVA, and<0.05% UVB present

in the full spectrum, PAR1UV treatment. At each of five

time points during the approximately 12 h incubations,

whole 2 L bags were removed and sub-sampled for a suite of

measurements.

Photophysiological measurements

Variable fluorescence measurements were performed to

quantify the influence of incubation light treatments on the

extent of photoinhibition (Ragni et al. 2008). A fluorescence

induction and relaxation (FIRe) fluorometer (SAtlantic, Hali-

fax, Nova Scotia, Canada) was used to acquire discrete meas-

urements in samples adapted to the dark for >30 min, to

ensure that modifications in photophysiology were a result of

photoinhibition rather than nonphotochemical quenching

(NPQ). Three mL samples in a cylindrical 1 cm path length

cuvette were placed into the FIRe fluorometer. At each time

point, samples from three separate 2 L bags were analyzed for

each treatment. Excitation was provided by a high luminosity

blue and green LED array (450 nm and 500 nm peak heights).

The two-step protocol consisted of (1) single turnover (ST)

excitation from a 100 ls pulse, and (2) ST relaxation from a

weak modulated light over 500 ms. Blank measurements were

performed on 0.2 lm filtered seawater. The biophysical model

of Kolber et al. (1998) was applied to fit the data using the soft-

ware FIREPRO (v.1.20, Satlantic). The retrieved parameters

used in this study are the minimum (F0) and maximum (Fm)

fluorescence yields and the maximum photochemical effi-

ciency of photosystem II (PSII) (Fv/Fm). The net rate of photo-

inhibition (NPiR) was calculated from the rate of decrease in

Fv/Fm (Ragni et al. 2008).

Quantification of DMS and DMSP concentrations

At each time point, samples from two or three separate

2 L bags were analyzed immediately for DMS and preserved

for DMSP analysis. For DMS concentrations, 10 mL samples

Fig. 1. Ocean Data View (Schlitzer 2015) chart of the D326 cruise track. The cruise started and finished in Tenerife, Canary Islands. The dots show
Chl a (lg L21) concentrations measured from the underway water supply (� 5 m depth). Stations from which experiments are reported (Table 1) are
shown as black diamonds; the station numbers refer to day of the year. Biomass Proportion refers to an estimate of the proportion of total phytoplank-

ton biomass composed of picoplankton, nanoplankton, and microplankton based on diagnostic pigment concentrations for each size class (Vidussi
et al. 2001). No diagnostic pigment data was available for day 33.
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from a 2 L bag were gently filtered through a GF/F filter prior

to injection into the purge system. For determination of

total DMSP (DMSPt) concentrations, which includes particu-

late DMSP (DMSPp) and a minor dissolved DMSP (DMSPd)

fraction, samples were fixed by addition of 35 lL of 50%

H2SO4 to 7 mL of seawater (Kiene and Slezak 2006). This

procedure oxidizes >98% of any DMS present in the sample

to nonvolatile products within 24 h (Kiene and Slezak 2006).

Samples for DMSPt were analyzed at Plymouth Marine Labo-

ratory, several months after the cruise. The samples were

hydrolyzed for >6 h with a pellet of NaOH to convert DMSP

to DMS. Two milliliter of the sample was then transferred,

with care taken to minimize gas exchange, to a glass purge

tower for extraction of DMS. Calibration for DMS in seawater

used 10–100 lL additions of a DMS standard dissolved in

methanol to 10 mL of MilliQ water. Standard DMS concen-

trations covered a range equivalent to 0.2–2.0 nmol L21. Cal-

ibration for DMSPt used the same DMS standards in 2 mL

purge volumes covering a range of concentrations equivalent

to 7–70 nmol L21.

DMS concentrations were measured using a purge system

and liquid-nitrogen cryogenic trap linked to a Varian 3800

gas chromatograph equipped with a pulsed flame photomet-

ric detector and Varian 30 m 3 0.53 mm CP Sil 5CB column

(Archer et al. 2013). When triplicate experimental samples

were used to test for analytical error, standard deviation was

typically<10% of the mean for both DMS and DMSPt.

Quantification of phytoplankton pigment concentrations

Pigment concentration and composition, in particular

that of the photoprotective xanthophyll pigments diadinox-

anthin (Dd) and diatoxanthin (Dt), were determined at three

time-points during the incubation experiments (0 h, � 6 h,

and � 12 h). For each measurement, two bags were used to

obtain a 4 L sample from the incubations, that was filtered

onto 47 mm GF/F filters, flash frozen in liquid nitrogen and

stored at 2808C until analyzed.

Pigments were extracted from GF=F filters into 2 mL of

100% acetone containing an internal standard (apocarote-

noate; Sigma, Poole, Dorset, UK) using an ultrasonic probe

(30 s, 50 W). Extracts were centrifuged to remove filter and

cell debris (5 min at 2000 g) and analyzed by HPLC using a

reversed-phase C8 column and gradient elution (Barlow

et al. 1997) on an Agilent 1100 Series high performance liq-

uid chromatograph (HPLC) system with chilled autosampler

and photodiode array detection (Agilent Technologies, South

Queensferry, West Lothian, UK). The HPLC was calibrated

using a suite of standards (Danish Hydraulic Institute, Den-

mark) and pigments identified in the samples from retention

time and spectral match (Jeffrey et al. 1997).

Determination of phytoplankton abundance

At each station, the initial nano- and picophytoplankton

composition and abundance were determined in the incuba-

tion water by analysis of fresh samples on a Becton Dickin-

son FACSort flow cytometer equipped with a 15 mW laser

exciting at 488 nm and with a standard filter set up. The

flow rate was calculated by adding known concentrations of

0.5 lm yellow-green fluorescent latex beads (Polysciences,

Eppelheim, Germany) as an internal standard (Zubkov and

Burkill 2006). Specific phytoplankton groups were discrimi-

nated in bivariate scatter plots by differences in side scatter

and red-orange fluorescence, using CellQuest software (Bec-

ton Dickinson, Oxford, UK).

DMSP synthesis rates

De novo DMSP synthesis rate (lDMSP) was determined

from the rate of incorporation of dissolved inorganic 13C

into DMSPp (Stefels et al. 2009). Trace (< 2% of in situ dis-

solved inorganic carbon [DIC]) stable isotope concentrations

were added to the 96 L volume of seawater before it was dis-

pensed into the Whirl-PakVR bags. The exact tracer addition

Table 1. Sample times and depths and initial characteristics of the water used for the nine experiments. DMSPt refers to total
DMSP concentration, largely composed of particulate DMSP but includes a small (generally<5%) component of dissolved DMSP.
Chl a is chlorophyll a and Dd 1 Dt is the combined concentration of xanthophyll pigments diadinoxanthin (Dd) and diatoxanthin
(Dt). Concentrations are the average of duplicate samples from the water collected for the experimental incubations. nd, no data.

Date

(day of year)

Depth

(m) Time

Water

temp (8C)

DMS

(nmol L21)

DMSPt

(nmol L21)

Chl a

(lg L21)

Dd1Dt

(ng L21)

DMSP : Chl a

(nmol lg21)

15 Jan 2008 (15) 8 05:36 22.3 1.2 21 0.28 13.0 75

16 Jan 2008 (16) 8 05:41 23.1 1.4 15 0.34 9.8 44

17 Jan 2008 (17) 8 05:40 24.5 1.5 12 0.21 5.4 57

21 Jan 2008 (21) 7 05:40 24.9 1.4 10 0.20 6.1 50

22 Jan 2008 (22) 8 05:42 24.6 0.8 10 0.19 4.2 53

25 Jan 2008 (25) 8 05:43 23.5 0.7 13 0.14 4.9 93

26 Jan 2008 (26) 7 05:40 23.4 nd 12 0.13 4.2 92

27 Jan 2008 (27) 6 05:40 23.4 1.2 11 0.13 3.8 85

02 Feb 2008 (33) 6 06:34 21.0 0.5 8 0.21 nd 38
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was subsequently calculated from the weight of NaH13CO3

added and daily measurements of in situ DIC concentration

measured in water collected at the same depth and time as

the 96 L used for the incubation experiments. At 4 or 5 time

points during the � 12 h incubations, duplicate 1 L volumes

from each treatment were gravity filtered in the dark onto a

47 mm GF/F filter. Filters were placed in a 20 mL crimp-cap

vial to which 10 mL of 0.5 M NaOH was added. For storage,

the samples were frozen at 2208C.

Incorporation of 13C into DMSP was determined by proton-

transfer-reaction mass spectrometry (PTR-MS, Ionicon GmbH,

Innsbruck, Austria) of DMS swept from the 20 mL vials and

recorded as mass 63, 64, and 65 of protonated forms of 12C-

DMS, 13C-DMS, 34S-DMS, respectively. The masses from 30
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data points, at a 1 s dwell interval, of the peak of the DMS sig-

nal were used to calculate the mass ratio of 1 3 13C-DMSP

(64MP) at each point. A weighted average approach that gives

most weight to the initial points of the exponentially decreas-

ing DMS peak was used to calculate the mass ratio 64MPt for

each sample at each time point. The mass ratio progress

method described by Stefels et al. (2009) was applied to calcu-

late lDMSP. To account for uncertainty due to isotope-

fractionation, the isotope fractionation factor from culture-

based studies of Emiliania huxleyi was applied (Stefels et al.

2009). By incorporating shorter time intervals of�6 h within

the � 12 h incubations, uncertainty associated with turnover

of the DMSP pool is reduced, ensuring that the lDMSP mea-

surement is close to the gross synthesis rate. DMSP production

was calculated from the initial DMSPt concentration, mea-

sured by purge-and-trap gas chromatography, and lDMSP.

This assumes that the isotope fraction is not different between

DMSPt, which includes a minor dissolved component, and the

particulate DMSP sample analyzed by PTR-MS, the filtration of

which may have caused loss of a portion of the particulate

component.

Carbon fixation rates

Inorganic carbon fixation (lPOC) was determined from

the incorporation of 13C, added as NaH13CO3, into particu-

late organic carbon (POC). From the same incubation bags

used for determination of lDMSP, duplicate 1 L samples

were filtered using<5 mm Hg vacuum, onto 25 mm GF/F fil-

ters, rinsed with unlabeled, filtered seawater, flash frozen in

liquid nitrogen and stored at 2808C until analyzed. On

return to the laboratory, filters were acid fumed, dried

overnight at 508C and analyzed for POC concentration and

the ratios of 13CO2 to 12CO2 (mass 45/44) by continuous

flow analysis-mass spectrometry using a PDZ Europa ANCA-

GSL elemental analyser interfaced to a PDZ Europa 20–20

isotope ratio mass spectrometer (Sercon, Cheshire, UK). The

mass ratio progress method described by Stefels et al. (2009)

was applied to calculate lPOC.

Results

Experimental setting

The experiments were conducted using waters that varied

threefold in initial chlorophyll a concentration from 0.13 lg

L21 to 0.34 lg L21, typical of the northeastern Tropical

Atlantic (Fig. 1; Table 1). Based on diagnostic pigment con-

centrations (Vidussi et al. 2001), the phytoplankton commu-

nities were dominated by picoplankton and nanoplankton,

with microplankton making up an estimated<10% of the

total biomass (Table 1; Fig. 1). Initial abundances of nano-

phytoplankton in the experimental water ranged from 2.7 3

106 cells L21 at more westerly stations, to 7.7 3 106 cells L21

in proximity to Cape Verde. Picoeukaryote and Synechococcus

abundance showed a similar distribution pattern and varied

in abundance from 0.4 3 106 cells L21 to 2.7 3 106 cells L21

and 4 3 106 cells L21 to 54 3 106 cells L21, respectively. In

contrast, the abundance of Prochlorococcus was highest in

lower Chl a waters to the south and west of Cape Verde,

varying from 74 3 106 cells L21 to 210 3 106 cells L21.

Initial DMSPt concentrations were 8–21 nmol L21, with

an average DMSPt : Chl a ratio of 65 (range 38–93) nmol

lg21 amongst the stations (Table 1) indicating moderately

Table 2. Light levels in the flow-through incubators and in the water column at each station. The attenuation coefficient of PAR
(Kd) was determined from linear regression of the natural logarithm of downwelling irradiance vs. depth. Mixed layer depth (MLD)
was determined as the depth of a 0.18C change in temperature from the surface value. The photoactive depth for UVR, Z10%
320 nm, was calculated from Kd 320 nm (Z10% 5 2.3/Kd) (Tedetti and Semp�er�e 2006). Comparison of the average light levels in the
incubations, through the mixed layer and in the upper 10 m of the water column are shown as percentages of the irradiance just
below the surface.

Day of the year

15 16 17 21 22 25 26 27 33

PAR1UV treatment daily integral (mol photons m22 d21)

PAR 12.7 15.9 11.8 23.0 26.0 20.1 22.1 22.0 9.6

UVA 0.62 0.73 0.45 1.09 1.20 0.89 0.95 0.94 0.62

UVB 0.020 0.045 0.024 0.064 0.070 0.050 0.054 0.054 0.034

In situ light environment

Kd PAR (m21) 20.067 20.079 20.058 20.049 20.062 20.052 20.030 20.049 20.038

MLD (m) 69 38 48 68 60 39 34 68 146

Photoactive zone (Z10% 320 nm) (m) 21 19 25 24 24 25 36 32 25

Daily integral as % of surface irradiance

PAR1UV incubation 81 79 69 86 83 85 91 86 86

Mixed layer average 20 33 36 27 29 46 57 49 14

Upper 10 m average 70 73 82 83 81 86 77 80 85
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DMSP-rich phytoplankton communities. In a global context,

a median value of 99 nmol lg21 was calculated from the

Global Surface Seawater DMS database (http://saga.pmel.

noaa.gov/dms/) that includes � 4600 measurements of

DMSPt (Gal�ı and Sim�o 2015). DMS concentrations varied

between 0.5 nmol L21 and 1.5 nmol L21 (Table 1), consistent

with the low DMS values reported for January and February

in the climatology compiled for the North Atlantic Tropical

Gyral Province (Lana et al. 2011).

Light during incubations followed a typical diel pattern in

near-surface waters (Fig. 2A). The daily integrals of PAR,

UVA, and UVB in the PAR1UV treatments varied more than

twofold between experiments as a result of differences in

daily irradiance and the mesh screens used in some of the

experiments (Table 2). The varied amounts of mesh used in

the experiments attenuated solar radiation in the PAR1UV

treatment by 62–100% for PAR, 51–100% for UVA, and 47–

100% for UVB. The PAR1UV treatments received PAR at lev-

els equivalent to 69–91% of the light immediately below the

surface. This was generally approximately double the average

level of downwelling irradiance in the mixed layer of the

related water column but comparable to average light levels

in the upper 10 m (Table 2). The PAR-UV incubations

received 41–96% of PAR; 7–36% of UVA, and<0.05% of

UVB present in the PAR1UV treatment (Fig. 2B). The depth

of UVR penetration in the water column, the photoactive

zone (Z10% 320 nm), varied between 19 m and 36 m at the

experimental stations (Table 2).

Photophysiological response

Initial values of Fv/Fm in dark-adapted samples ranged

from an average of 0.49–0.56 in the nine experiments. All

the phytoplankton communities exhibited increased photo-

inhibition during the middle of the day, evident as a

decrease in Fv/Fm, as shown for the experiment on day 26

(Fig. 3). This is typical of phytoplankton populations in low

nutrient, low biomass open ocean environments (e.g.,

Mackey et al. 2008). In all experiments, Fv/Fm recovered to

close to initial values by the end of the incubations (Fig. 3),

indicating that the phytoplankton communities were able to

employ effective photoprotective strategies to prevent per-

manent damage to photosystems. The levels of photoinhibi-

tion (NPiR) were typically higher in PAR1UV than in PAR-

UV treatments (Fig. 3B).

DMSP synthesis and carbon fixation

An example of the incorporation rate of 13C into DMSP

during the incubations on day 26 is shown in Fig. 4A. Spe-

cific DMSP synthesis rates [lDMSP (h21)] were determined

for each of the time intervals (Fig. 4C) and can be integrated

to determine a daily rate over the full incubation period.

For instance on day 26, this gave a daily lDMSP rate (6 SD)

of 0.22 6 0.03 d21 and 0.21 6 0.04 d21 for PAR-UV and

PAR1UV treatments, respectively (Table 3). This daily rate

assumes no incorporation of 13C into DMSP in the dark.

From the same incubations, the rate of 13C incorporation

into POC is illustrated in Fig. 4B, from which a specific rate

of POC synthesis [lPOC (h21)] was obtained (Fig. 4D). Corre-

sponding daily rates of lPOC were 0.029 6 0.009 d21 and

0.032 6 0.008 d21 for PAR-UV and PAR1UV treatments,

respectively (Table 3).

For the six stations at which lPOC was determined, daily

rates from the PAR1UV incubations were significantly

related to Chl a concentration (Fig. 5A). An even more sig-

nificant relationship, in part due to the greater number of
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Fig. 3. Photophysiological response to the incubation treatments. (A)

Change in maximum photochemical efficiency (Fv/Fm) during the experi-
ment on 26th January 2008 for PAR1UV and PAR-UV treatments. Dotted
lines show the 95% confidence intervals for the fitted polynomial curves.

For each light treatment, NPiR was calculated from the fitted curve from
values for the initial Fv/Fm (Fv/Fm(T0)) and minimum Fv/Fm (Fv/Fm(Tmin))

[NPiR 5 2Ln (Fv/Fm(Tmin)/Fv/Fm(T0))/(Tmin 2 T0)], In this case, values of
NPiR were 0.067 h21 and 0.027 h21 for PAR1UV and PAR-UV treat-
ments, respectively. (B) Rates of NPiR in PAR1UV and PAR-UV treat-

ments for each experiment. The uncertainty in NPiR was calculated from
the upper 95% Fv/Fm(T0) value to the lower 95% Fv/Fm(Tmin) value and

vice versa, illustrated in (A).
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data points available, was observed between lDMSP in the

PAR1UV incubations and Chl a concentration (Fig. 5B). The

daily rates of lDMSP were consistently higher than lPOC

among the different phytoplankton communities, with

lPOC on average 20% 6 4% of lDMSP for all six comparable

experiments and both treatment incubations.
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Fig. 4. DMSP and POC specific synthesis rates on 26th January in parallel incubations under PAR1UV and PAR-UV irradiance. (A) Incorporation of 13C
into DMSP quantified as the percentage of DMS of mass 64/(mass 63 1 mass64 1 mass 65); (B) incorporation of 13C into POC expressed as the per-
centage of CO2 mass 45/(mass 44 1 mass 45); (C) specific synthesis rate of DMSP (lDMSP); and (D) specific rate of incorporation of inorganic carbon

into POC (lPOC) during each incubation time interval. Times shown in (C) and (D) are the mid-point of each incubation period. Bars are the SD.

Table 3. Daily values of lDMSP and lPOC and estimates of daily production. Daily values were calculated from integrated lDMSP
and lPOC for each time interval over the � 12 h incubations. Errors are the propagated SD. Production rates were calculated from
the initial DMSPt or POC value on each day and daily lDMSP and lPOC. nd, no data.

Experiment

(DoY)

lDMSP lPOC DMSP

production

PAR1UV

(nmol L21 d21)

Carbon

fixation

PAR1UV

(lg C L21 d21)

Proportion

of DMSP

production

(% carbon fixation)

PAR-UV

(d21)

PAR1UV

(d21)

PAR-UV

(d21)

PAR1UV

(d21)

15 0.28 6 0.01 0.29 6 0.02 nd nd 7.0 nd nd

16 0.45 6 0.07 0.38 6 0.05 nd nd 7.5 nd nd

17 0.31 6 0.01 0.24 6 0.05 nd nd 3.2 nd nd

21 0.32 6 0.03 0.23 6 0.05 0.052 6 0.004 0.049 6 0.005 3.7 3.8 5.8

22 0.31 6 0.11 0.20 6 0.09 0.082 6 0.005 0.044 6 0.006 3.0 3.4 5.2

25 0.21 6 0.05 0.15 6 0.03 0.043 6 0.008 0.030 6 0.005 2.9 2.4 7.3

26 0.22 6 0.03 0.21 6 0.04 0.029 6 0.009 0.032 6 0.008 3.9 2.4 9.7

27 0.19 6 0.05 0.22 6 0.08 0.041 6 0.009 0.037 6 0.007 3.4 2.9 6.8

33 0.22 6 0.02 0.20 6 0.05 0.036 6 0.004 0.043 6 0.005 2.5 3.5 4.2
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Irradiance dependence of synthesis rates

Comparison between lDMSP and lPOC and the influ-

ence of PAR-UV vs. PAR1UV treatments was investigated

through photosynthesis vs. irradiance curves (P vs. E)

(Fig. 6; Table 4). The relatively short incubation time inter-

vals over the changing diel pattern of irradiance were used

to generate light response curves for lDMSP and lPOC by

combining data from all experiments. To avoid the influ-

ence of light history on photosynthetic physiology, this

analysis is restricted to morning and midday incubation

time intervals, prior to the point of maximum photoinhibi-

tion (Fig. 3).

At both light-limiting and saturated light levels, lPOC

was considerably lower than lDMSP (Fig. 6), reflecting the

higher daily rates of lDMSP than lPOC, described earlier. At

light-limited irradiance the maximum light utilization coeffi-

cient a, was fivefold to sevenfold higher for lDMSP com-

pared to lPOC (Table 4). The P vs. E fit indicates that PAR

saturation of lDMSP (Ek) occurs at 184 6 11 lmol photons

m22 s21, which was slightly higher for lPOC at 233 6 19

lmol photons m22 s21 (Fig. 6; Table 4).

Separate P vs. E curves for PAR-UV and PAR1UV incuba-

tions illustrate substantial UVR-mediated inhibition of

lDMSP and lPOC (Fig. 6). From the difference between P vs.

E relationships for PAR-UV and PAR1UV, the UVR-

dependent proportional inhibition of lDMSP was estab-

lished. During the middle of the day, natural levels of UVR

averaging�40 lmol photon m22 s21 (PAR 5 890 lmol pho-

ton m22 s21) resulted in approximately 60% inhibition of

lDMSP. A similar inhibition of approximately 55% occurred

in lPOC.

Response to photoinhibition of DMSP synthesis vs. NPQ

capacity

To examine whether DMSP metabolism responded to

short-term photooxidative stress, we compared it to that of a

recognized photoprotective mechanism, the xanthophyll

cycle. Over the course of the � 12 h incubations, the pool

size of DMSPt increased by on average (6 SD) 5% 6 12% in

the nine experiments, with no significant difference (paired

T-test, p 5 0.35, two-tailed, n 5 9) between PAR1UV and

PAR-UV treatments. Dissolved DMS concentrations showed

on average, a 16% 6 13% increase during the incubations

and were also not significantly different between PAR1UV

and PAR-UV treatments (paired T-test, p 5 0.11, two-tailed,

n 5 8). In contrast, phytoplankton increased their capacity

for NPQ in response to increasing irradiance during the day

by de novo synthesis of xanthophyll pigments, evident as

60–200% increases in Dd 1 Dt over the first � 6 h of the

incubations; considerably larger than changes in DMSP and

DMS pools. The proportional increase in Dd 1 Dt was signifi-

cantly higher in PAR1UV (average 160%) compared to PAR-

UV treatments (average 110%) (paired T-test, p 5 0.006,

n 5 8). Prior to the point of maximum photoinhibition,

Fig. 5. Relationship between: (A) daily POC synthesis (lPOC) and Chl

a concentration, values for the linear regression are: y 5 0.18x 1 0.009,
r2 5 0.75, p of the F statistic 5 0.029; (B) daily DMSP synthesis (lDMSP)
and Chl a, values for the linear regression are: y 5 0.84x 1 0.063,

r2 5 0.79, p of the F statistic 5 0.0012; and (C) lDMSP and lPOC, the
linear regression is not significant, p of the F statistic 5 0.15. Error bars

are the propagated SD for lDMSP and lPOC and the range for Chl a.
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specific rates of net Dd 1 Dt synthesis ranged from 0.08 h21

to 0.18 h21 and 0.11 h21 to 0.20 h21 in PAR-UV and

PAR1UV treatments, respectively. In contrast to Dd 1 Dt,

Chl a concentrations changed by on average, only 3% 6 9%

over the first � 6 h of the incubations, with no significant

difference between treatments. As a result of the preferential

synthesis of xanthophyll pigments, the ratios of

Dd 1 Dt : Chl a increased on average by 2.5-fold and 2.1-fold

and were significantly different (paired T-test, p 5 0.38, two-

tailed, n 5 8) over the first � 6 h of the incubations in

PAR1UV and PAR-UV treatments, respectively.

When the difference in DMSP production between

PAR1UV and PAR-UV treatments was compared to the dif-

ference in the NPiR, higher NPiR was associated with a

decrease in DMSP production (Fig. 7A). In contrast, higher

NPiR was associated with elevated production of Dd 1 Dt in

PAR1UV treatments compared to PAR-UV treatments (Fig.

7B). Higher irradiance, including exposure to UVR, increased

the rate of photoinhibition, depressed the rate of DMSP syn-

thesis, and stimulated the rate of synthesis of xanthophyll-

cycle pigments.

Discussion

This study presents some of the very few direct measure-

ments of DMSP synthesis rates in natural planktonic com-

munities. These measurements allow us to address several

aspects of the physiological basis of DMSP production and

provide new insights into the extent of primary production

invested in production of this important single compound

and the extent to which natural phytoplankton alter that

resource allocation on a diel basis. The results presented are

from a variety of oceanic locations with phytoplankton com-

munities that had chlorophyll concentrations ranging from

0.13 lg L21 in the central Atlantic to 0.34 lg L21 close to

the islands of Cape Verde, and DMSPt : Chl a ratios ranging

from 38 nmol lg21 to 93 nmol lg21. Although similar

experiments could have been carried out on single strains of

microalgae under more controlled conditions in the labora-

tory, the results from this study are more representative of

the response of tropical and subtropical communities in

their natural environment.

DMSP synthesis among natural communities

A subset of species that make up natural phytoplankton

communities synthesize DMSP; as a result, values of lDMSP

are a function of the combination of their varied specific

growth rates, relative contributions to the total DMSP pool,

and the rate of intracellular turnover of DMSP. Although

carbon : Chl a ratios and therefore DMSP : Chl a, can vary

in relation to light levels and photoacclimation, the almost

threefold difference in DMSPt : Chl a ratio between stations

indicates that DMSP-producing phytoplankton made-up a

variable component of the phytoplankton biomass in the

present study. Despite this, the strong correlation between

lDMSP and Chl a (Fig. 5) suggests DMSP synthesis is closely

coupled to photosynthesis. This assumes Chl a concentra-

tions are an approximate index of the extent of light absorp-

tion by the respective phytoplankton communities; an

assumption supported by the significant relationship

between lPOC and Chl a (Fig. 5). Whether the observed rela-

tionship between lDMSP synthesis and Chl a, and by proxy

community photosynthesis, extends beyond the region and

time of the present study remains to be established. How

closely coupled lDMSP is to photosynthesis is discussed fur-

ther in the following sections.

Fig. 6. Irradiance dependence of (A) DMSP synthesis (lDMSP), and

(B) inorganic carbon fixation (lPOC) in phytoplankton communities of
the northeastern Tropical Atlantic. The figures are compiled from experi-

ments on different dates and locations (Fig. 1; Table 1). Phytoplankton
were incubated in parallel under two different light regimes: PAR1UV
and PAR-UV. Data points represent lDMSP or lPOC vs. the average PAR

over the duration of each time interval during on-deck incubations. Data
is restricted to the time intervals prior to the point of maximum photoin-
hibition (Fig. 3) in order to avoid the influence of light history on physi-

ology. Coefficients and significance of the P vs. E relationships for
lDMSP and lPOC are shown in Table 4.
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Several studies have now been carried out that directly

quantified DMSP synthesis using the stable-isotope approach

of Stefels et al. (2009), allowing comparison between a small

number of regions and communities. In the northeastern

Tropical Atlantic, lDMSP varied from 0.15 d21 to 0.38 d21, in

the full spectrum PAR1UV incubation experiments (Table 3).

The differences between stations may be partly explained by

light levels that varied from 44% to 96% of the surface irradi-

ance (Fig. 2). These values of lDMSP are generally higher than

comparable measurements that averaged 0.14 d21 in four

experiments carried out in the low Chl a (0.042 lg L21 to

0.064 lg L21) but high DMSPp : Chl a (average 136 nmol

lg21) waters of the Sargasso Sea (Stefels et al. 2009). A larger

variation in lDMSP of 0.25–0.74 d21 was observed between

phytoplankton communities sampled in the summer from

four locations in the shelf seas around the British Isles, when

incubated under consistent light levels (Hopkins and Archer

2014). These communities varied 10-fold in Chl a concentra-

tion (0.3–3.5 lg L21) and between 30 nmol lg21 and 150

nmol lg21 in DMSPt : Chl a ratio. In a separate large pelagic

mesocosm experiment in Arctic waters, initial rates of lDMSP

were 0.20–0.25 d21 and showed similar temporal trends to car-

bon fixation during the month-long experiment, with nano-

eukaryote phytoplankton, particularly dinoflagellates,

dominating the DMSP production (Archer et al. 2013). In

incubation experiments with under-ice algal communities, in

situ conditions resulted in lDMSP rates of 0.08–0.2 d21, possi-

bly depending on community composition and nutrient sta-

tus (Galindo et al. 2016). Unsurprisingly, large regional

variations in lDMSP are apparent in these studies but under-

standing how this variability is linked to photosynthetic car-

bon fixation may help in developing spatially and temporally

broader models of DMSP production.

The direct measurements of lDMSP and lPOC provide an

indication of the allocation of photosynthetic resources to

DMSP production by natural communities. In the northeast-

ern Tropical Atlantic, phytoplankton communities invested

between 4.2% and 9.7% of carbon fixation in DMSP produc-

tion during daylight in the near-surface environment of the

experimental incubations (Table 3). Similar levels of allocation

of fixed carbon to DMSP production have been observed using

less direct approaches. For instance, in an E. huxleyi bloom in

the northern North Sea, DMSP production estimated from

dilution experiments averaged 4.8–9.1% of carbon fixation

determined from 14C-incubations (Archer et al. 2001). An

approximation of the global oceanic DMSP production has

been derived from satellite-based estimates of chlorophyll

converted to DMSPt concentrations, to which a fixed turnover

rate of DMSPt was applied (Gal�ı et al. 2015). This analysis pro-

vided an estimate of 3.8 Pg C yr21 invested in DMSP produc-

tion by phytoplankton in the upper ocean that was equivalent

to between 5% and 9% of estimates of gross carbon produc-

tion. The similarity between this satellite-derived approxima-

tion of photosynthesis invested in DMSP and the direct

measurements from the northeastern Tropical Atlantic and

northern North Sea emphasizes the importance of DMSP as a

component of carbon biogeochemistry. In contrast, a much

lower percentage allocation to DMSP production was observed

during the mesocosm experiment in Arctic waters;<1% of

carbon fixation was invested in DMSP synthesis, when 13C-

based lDMSP rates are compared to 14C-based estimates of car-

bon fixation (Archer et al. 2013). A similar, relatively low pro-

portion of 1.5% of water-column integrated carbon fixation

can be calculated from rates of 35SO22
4 incorporation into non-

protein reduced-sulfur products, assumed to be DMSP, relative

to 14C-based estimates of carbon fixation (Bates et al. 1994).

What dictates this order-of-magnitude difference in resource

allocation is still unclear but understanding the physiological

roles of DMSP is likely to hold the answers.

DMSP synthesis and photoinhibition

Comparisons of the P vs. E relationships for DMSP synthesis

and carbon fixation, allow the physiological basis of DMSP pro-

duction to be explored. If DMSP production is regulated in the

short term as a photoprotective antioxidant, we expected

DMSP synthesis to be elevated at high light intensities includ-

ing UVR, compared to photosynthetic carbon fixation. The

irradiance dependence for the specific rates of inorganic carbon

Table 4. Irradiance dependence of DMSP synthesis (lDMSP) and inorganic carbon fixation (lPOC) shown in Fig. 6. The P vs. E
relationships were calculated as: l 5 ls *(1 – exp[2a * PAR/Ps]) * exp(2b * PAR/Ps) (Platt et al. 1980). Where Ps represents the light-
saturated maximum lDMSP or lPOC; a is the maximum light utilization coefficient; b is the photoinhibition parameter; Ek is the light
saturation index (5 Ps/a); p the level of significance (one way ANOVA) between observed and predicted values; and n is the number
of observations.

ls (3 1023)

(h21)

a (3 1025) ([l h21]

[lmol m22 s21]21)

b (3 1025) ([l h21]

[lmol m22 s21]21)

Ek

(lmol m22 s21)

Significance

p (n)

A. lDMSP

PAR-UV 35 6 4 19 6 4 0.0 184 6 11 0.0002 (16)

PAR1UV 34 6 23 22 6 9 3 6 5 155 6 97 0.50 (16)

B. lPOC

PAR-UV 9.2 6 1.6 3.9 6 0.9 0.0 233 6 19 0.0003 (13)

PAR1UV 3.9 6 2.2 3.2 6 1.7 20.021 6 0.25 123 6 74 0.031 (13)
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fixation into particulate organic carbon (lPOC vs. E) deter-

mined in parallel incubations, yielded considerably lower

lPOC than lDMSP at all irradiances, both light-limiting and

light saturating (Fig. 6; Table 3). This is expected since a sub-

stantial proportion of POC may comprise detrital and hetero-

trophic biomass, while most DMSP is contained in

phytoplankton. This does not affect comparison of Ek; which

was slightly higher for lPOC at 233 6 19 lmol photons m22

s21 vs. 184 6 11 lmol photons m22 s21 for lDMSP, in PAR-UV

incubations (Fig. 6; Table 4). The Ek value for lPOC is consis-

tent with an average Ek of 238 lmol photon m22 s21 for carbon

fixation compiled from multiple studies in the tropical and

Sub-tropical Atlantic and Pacific (Uitz et al. 2008), and compa-

rable to an Ek of 228 6 16 lmol photons m22 s21 for photosyn-

thetic electron transport measured in the northern Tropical

Atlantic (Suggett et al. 2006); both studies excluded the influ-

ence of UVR in their measurements. The comparable Ek values

for lDMSP and lPOC indicate that DMSP synthesis is closely

coupled to carbon fixation rather than being stimulated at high

irradiance, as would be expected if regulated as a photoprotec-

tive antioxidant. This does not exclude the potential intracellu-

lar reaction of DMSP and its breakdown products with reactive

oxygen species (ROS) (Sunda et al. 2002), but it does indicate

that regulation of DMSP production on a diel timescale is not

linked to photooxidative stress in the natural communities

that we examined.

In the short-term light-manipulation experiments of the

present study, where changes in taxonomic composition are

considered not to be a factor, lDMSP is also a function of

any physiological response that alters the allocation of pho-

tosynthetic production to DMSP between treatments. To fur-

ther examine whether DMSP production responds to short-

term photooxidative stress, we compared it to that of a rec-

ognized photoprotective mechanism. To minimize ROS pro-

duction, many photosynthetic organisms dissipate excess

excitation energy in the form of heat (NPQ) through the

xanthophyll cycle. In members of the Bacillariophyceae,

Xanthophyceae, Haptophyceae, and Dinophyceae microalgal

classes, rapid photoregulatory NPQ responses stimulated by

raised proton (H1) concentration in the thylakoid lumen,

involve the enzymatic de-epoxidation of Dd to Dt. (Goss

and Jakob 2010). A slower photoacclimatory response to

high light and photoinhibition, over hours or days, involves

increased de novo synthesis of the xanthophyll pigment

pool (van de Poll and Buma 2009). This photoacclimatory

response was compared to production rates of DMSP. In the

incubations of this study, the phytoplankton communities

exhibited increased photoinhibition during the middle of

the day (Fig. 3). This is typical of phytoplankton populations

in low nutrient, low biomass open ocean environments

(Mackey et al. 2008). The levels of photoinhibition were typ-

ically higher in PAR1UV than in PAR-UV treatments. This

photoinhibition most likely stemmed from both direct

photo-damage of the reaction centers of PSII triggered by

singlet oxygen production and the inhibition of protein syn-

thesis and PSII repair through the activity of elevated concen-

trations of ROS (Krieger-Liszkay et al. 2008, Takahashi and

Murata 2008, Roach and Krieger-Liszkay 2014). Contrary to

expectations, we found that in response to increased photoox-

idative stress in PAR1UV treatments DMSP production was

generally inhibited compared to PAR-UV treatments (Fig. 7).

In contrast, phytoplankton increased their capacity for NPQ

Fig. 7. Physiological response to irradiance-mediated photoinhibition in
phytoplankton communities of the northeastern Tropical Atlantic. (A) Dif-
ference in DMSP production (D DMSP production) related to differences

in photoinhibition (D net photoinhibition rate) between incubation treat-
ments (PAR1UV – PAR-UV). DMSP production was calculated from lDMSP

and initial DMSP concentration. (B) Difference in xanthophyll pigment
production (D dx/dt Dd 1 Dt) and D net photoinhibition rate between
incubation treatments (PAR1UV – PAR-UV). D DMSP production and D dx/

dt Dd 1 Dt were calculated over the time intervals prior to the point of
maximum photoinhibition (Fig. 3). Error bars are the propagated SD.
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in response to increasing irradiance during the day by de novo

synthesis of xanthophyll pigments, evident as 60–200%

increases in Dd 1 Dt; considerably larger than changes in

DMSP and DMS pools. Moreover, and in contrast to DMSP

production, increased rates of photoinhibition in PAR1UV

treatments were associated with net production of xantho-

phyll pigments of between 10% and 100% above PAR-UV

incubations (Fig. 7). This up-regulation of NPQ capacity can

most likely be assigned to the main DMSP-producing compo-

nents of the phytoplankton, as the Haptophyceae and Dino-

phyceae which were present in these waters, are typically high

DMSP-producers and specifically employ the Dd 1 Dt form of

xanthophyll cycle. High ratios of the pigment markers hexa-

noyloxyfucoxanthin to fucoxanthin (data not shown) of 3–7,

supports the presence of Haptophyceae in the waters used for

the experiments. Unlike the xanthophyll cycle pigments,

DMSP production appears not to be regulated in the short

term by the necessity to control increasing photooxidative

stress as irradiance increases during the day.

From the difference between P vs. E relationships for PAR-UV

and PAR1UV an UVR-dependent, proportional inhibition of

lPOC and lDMSP can be established. During the middle of the

day, natural levels of UVR averaging�40 lmol photon m22 s21

(PAR 5 890 lmol photon m22 s21) resulted in approximately

60% inhibition of lDMSP in the near-surface environment of

the incubations. A similar inhibition of approximately 55%

occurred in lPOC (Fig. 6). The single simulated depth of the

incubations in the present study does not take into account the

dynamic light environment that a vertically mixed particle in

the surface ocean might encounter, although the incubations

do accommodate the physiological adjustments that phyto-

plankton make to the diel patterns of irradiance. Photoinhibi-

tion due to high light and UVR can be enhanced or depressed

due to vertical mixing, depending on a combination of the

depth of the mixing layer, rates of mixing and the extent of

light attenuation (Neale et al. 1998, MacIntyre et al. 2000). The

response to high light and UVR and levels of photoinhibition

observed in the incubations may have been influenced by the

light history experienced by phytoplankton isolated from the

dynamic mixing regime of the considerably deeper mixed layer

(Table 2). The incubations of the PAR1UV treatments approxi-

mated the light environment of a particle that remained in the

top 10 m of the water column during the daylight period (Table

2). To minimize light history affects, interpretation of the physi-

ological responses were limited to approximately the first 6 h of

the day in each experiment (Figs. 6, 7; Table 4).

The levels of UVR-induced inhibition observed in the pre-

sent study are consistent with the extent of inhibition of car-

bon fixation previously observed in low-nutrient tropical and

sub-tropical waters. For instance, in tropical oceanic waters of

the South China Sea, rates of carbon fixation measured over

6 h during the middle of the day were inhibited by 20% to

30% by a combination of UVA and UVB (Li et al. 2011). Inhibi-

tion by 16–55% of hourly rates of carbon fixation due to a

combination of UVA and UVB was observed in the shallow

waters (1–8 m) of a tropical coral reef lagoon (Conan et al.

2008). In short-term incubations (200 min) of water from the

oligotrophic southeastern Indian Ocean, differences in P vs. E

relationships between UV-opaque and UV-transparent incuba-

tions illustrated up to 49% inhibition of carbon fixation due

to UVR-exposure at the highest levels of irradiance (Fuentes-

Lema et al. 2015). This combination of studies indicate that

resource allocation to photoprotective mechanisms by phyto-

plankton adapted to the high-light environments of the tropi-

cal and subtropical ocean, is finely balanced and does not

prevent UVR-induced photoinhibition during the middle of

the day in near-surface waters. How and why this balance

varies between different components of phytoplankton com-

munities largely remains to be explored.

The close coupling between lDMSP and lPOC observed in

this study contrasts with the response of single strains of the

prymnesiophyte E. huxleyi in laboratory experiments. In gen-

eral, exposure to high light and UVR stimulate the cell-specific

production of DMSP in E. huxleyi cultures suggesting that UVR

induces increased synthesis of DMSP relative to carbon fixa-

tion in E. huxleyi. However, variations in the response were

associated with light levels to which the cells were acclimated,

different strains, and duration and intensity of the UVR expo-

sure (Sunda et al. 2002; van Rijssel and Buma 2002, Slezak and

Herndl 2003, Archer et al. 2010, Darroch et al. 2015). More-

over, these studies measured changes in DMSP concentrations

rather than lDMSP rates and therefore, may not be fully com-

parable with our data. A challenging aspect of such laboratory

studies is to incorporate the capacity of cells to acclimate to

diel and mixing-driven variability in irradiance and high levels

of UVR to which they are exposed in nature.

A common feature of the response to UVR among strains

of E. huxleyi is increased release of DMSP to the dissolved

phase (Archer et al. 2010, Darroch et al. 2015) and this was

not examined in this study. Enhanced production of dis-

solved organic carbon (DOC) has been quantified in natural

oceanic communities when exposed to enhanced levels of

UVR (Fuentes-Lema et al. 2015). If DMSP is released from

cells exposed to UVR in common with other components of

the DOC, the resulting increased dissolved DMSP availability

potentially boosts DMS production. Several studies con-

ducted in high-light oceanic waters have shown enhanced

DMS production in incubations exposed to near surface lev-

els of PAR and UVR (Toole et al. 2006, Gal�ı et al. 2013).

Although, these studies also showed that UVR enhancement

of DMS production is to some extent balanced by increased

rates of DMS photolysis. One possible but challenging means

to examine whether UVR-induced release of DMSP drives

DMS production would be extension of the tracer approach

and experimental design used in this study to directly track

the release of intracellular DMSP to the dissolved phase and

to DMS production. Introducing direct measurements of

rates of DMSP synthesis and intracellular turnover to
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recently isolated, single strain, culture based physiological

studies on appropriate tropical phytoplankton taxa may be

the most tractable approach initially.

Conclusion

In conclusion, several lines of evidence from this study indi-

cate that on a diel basis DMSP synthesis is not enhanced when

tropical and subtropical phytoplankton communities are

exposed to natural high light levels that cause reversible photo-

xidative stress. Firstly, P vs. E relationships based on lDMSP and

lPOC and irradiance measured over discrete time intervals dur-

ing the course of the day, showed similar values of PAR satura-

tion (Ek). This demonstrates that DMSP synthesis was not up-

regulated at high light levels and was closely coupled to carbon

fixation. Second, enhanced photooxidative stress due to UVR

exposure clearly stimulated de novo synthesis of photoprotec-

tive xanthophyll-cycle pigments (Dd 1 Dt), above levels

induced by high PAR alone. In contrast, DMSP production was

inhibited by exposure to UVR. Synthesis of DMSP does not

appear to be involved in the acclimatory response of phyto-

plankton to changing light levels including UVR exposure on

the timescale of vertical mixing or diel variation. Although

both eukaryotic and prokaryotic phytoplankton are known to

possess a suite of photoprotective mechanisms, community

level carbon fixation and DMSP synthesis appear to be inhibited

by UVR exposure during the middle of the day in near-surface

waters of the tropical ocean. Strong evidence that DMSP synthe-

sis is associated with an antioxidant role (Sunda et al. 2002) or

acts as an overflow product of excess photosynthetic produc-

tion (Stefels 2000) in high-light, oceanic environments of the

tropical and subtropical oceans, remains to be established.
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