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Abstract
In vitro DMSP-lyase activity (DLA) measurements were made during an Atlantic Meridional Transect (AMT) cruise in May 2004, which travelled through the southern and northern oligotrophic gyres.  Along the transect, twice-daily measurements were taken from the surface (0.5 – 8.0 m) and the chlorophyll maximum (chl max; 47 – 150 m).  Surface samples showed a large variation in DLA (0 – 58.6 nmol L-1 h-1), while values for the chl max were lower and less variable (0 – 8.7 nmol L-1 h-1).  A negative correlation was observed between DLA:TChl a and primary production (carbon fixation rate) in surface samples (Spearman’s ρ = -0.57, p < 0.05, n = 17).  Nitracline depth and the ratio of photo-protective to photosynthetic accessory pigments indicate that, as expected, surface phytoplankton communities in the gyres experience low nutrient concentrations and high light levels in comparison to communities from the chl max.  Comparing pre-dawn and late-morning surface DLA values provides a pseudo time-series for each day and, in areas with elevated DLA, values for the late-morning samples were consistently higher than those taken at pre-dawn.  Our field data set covers a geographically extensive area and includes the first DLA analyses from the oligotrophic South Atlantic gyre.
Introduction

Enzymatic cleavage of the algal secondary metabolite dimethylsulphoniopropionate (DMSP) is a dominant pathway for production of the climate-cooling biogenic trace gas dimethylsulphide (DMS).  The DMSP-lyase enzymes that catalyse this reaction have been found in a wide range of marine organisms including phytoplankton (Stefels and van Boekel, 1993; Steinke et al., 1998; Niki et al., 2000), fungi (Bacic and Yoch, 1998), bacteria (de Souza and Yoch, 1995; Gonzalez et al., 1999) and macroalgae (Van Alstyne and Houser, 2003).
The role of DMSP-lyase activity (DLA) in the ecophysiology of marine organisms is uncertain but several functions for this process have been described, including the production of chemosensory attractant and deterrent compounds (Steinke et al., 2002a, and references therein).  It has also been suggested that the production of DMSP and its oxidation products help phytoplankton cells combat oxidative stress resulting from the production of harmful levels of reactive oxygen species, especially hydroxyl radicals (Sunda et al., 2002); DLA is central to such an anti-oxidative stress mechanism.  When taken together, DMSP and its breakdown products (DMS, acrylate, dimethylsulphoxide, and methane sulphinic acid) comprise an effective cascade mechanism that protects against harmful hydroxyl radicals, with DMS in particular more effective than other well-recognised anti-oxidants such as ascorbate and glutathione.  Although DMSP is fundamental to this anti-oxidant system, the rate constants for the reaction of DMS and acrylate with hydroxyl radicals (•OH) are 1−2 orders of magnitude greater than for DMSP (Sunda et al., 2002).  Furthermore, intracellular DMSP concentrations have been shown to increase under conditions of oxidative stress (e.g. UV radiation, nutrient limitation, CO2 limitation) in laboratory cultures of the diatom Thalassiosira pseudonana and the coccolithophore Emiliania huxleyi (Sunda et al., 2002; Bucciarelli and Sunda, 2003).
During an Emiliania huxleyi bloom study in the North Atlantic in 1998, Steinke et al. (2002b) demonstrated that the coccolithophore contribution to DLA was approximately 26 %, with the remaining activity attributed to particles larger than 10 µm.  This information, combined with a significant correlation with peridinin (r2 = 0.88, p < 0.02), a chemotaxonomic marker for dinophytes, linked DLA with phototrophic dinoflagellates found in the surface waters.  Further analysis of the same data set revealed a significant relationship between DLA and the photo-protective pigment diadinoxanthin (r2 = 0.96, p < 0.01), with highest concentrations of both at the surface.  Fieldwork conducted a year later in the North Sea (Steinke et al., 2002c) also produced a significant relationship with diadinoxanthin (r2 = 0.63, p < 0.01).  More recently, research from the oligotrophic waters of the Sargasso Sea demonstrated similar results, with DLA (normalised to chlorophyll a) highest at the surface and closely following the depth profile of diadinoxanthin (Harada et al., 2004).  These studies provide further evidence for the role of DLA in producing anti-oxidants under conditions of photo-oxidative stress.
DMSP is chemically stable in seawater with a half-life of ~8 years at 10°C (Dacey and Blough, 1987).  Consequently, DMS production from DMSP is thought to be dependent on DLA.  DMS is oxidised in the atmosphere to acidic sulphate aerosols which attract moisture and form cloud condensation nuclei (CCN).  Both sulphate aerosol, CCN and clouds influence climate by reflecting and refracting incoming solar radiation, leading to the hypothesis that phytoplankton may play a role in global climate regulation (Charlson et al., 1987).  Despite many years of productive research, the biology and ecological consequences of DMSP and DMS production in selected phytoplankton groups is still poorly understood.  The processes governing the synthesis of DMSP through to its conversion to DMS are complex and biologically-mediated.  Furthermore, several sinks for the surface seawater DMS pool exist (e.g. photo-oxidation, biological consumption, sea-air flux) and consequently it is currently difficult to predict DMS concentrations for any given natural situation.

In order to progress towards an improved understanding of the controls on DMS concentrations for modelling purposes we decided to make DLA/DMS/DMSP measurements over a large spatial scale.  Our study was conducted as part of the Atlantic Meridional Transect programme (AMT; http://www.amt-uk.org), which focuses on the Atlantic Ocean between the Falkland Islands and the United Kingdom, covering a wide range of biogeochemical provinces.  Surface DMS measurements collected during the AMT programme have already been used to investigate predictive algorithms for DMS and these results are described elsewhere (Bell et al., 2006).  The AMT-14 cruise in May 2004 provided the opportunity to focus on DLA and related sulphur compounds in the southern and northern gyres (Fig. 1).  These central gyres are characterised by high light intensities and low nutrient concentrations – conditions that have the potential to induce oxidative stress in phytoplankton in the euphotic zone.  We hypothesised that DLA would increase in these areas and predicted that samples taken close to the surface would demonstrate high DLA relative to those at lower light levels in the chlorophyll maximum (chl max).
Materials and methods

Seawater sampling

All sampling was conducted during cruise 14 of the AMT programme in May 2004 (Fig. 1).  Samples from the surface and chlorophyll maximum (chl max) were collected with a CTD system (Sea-Bird 9/11 plus) fitted with a sampling rosette of 20 L Niskin bottles at pre-dawn (approx. 0300 hrs local time) and late-morning (approx. 1100 hrs local time).  Water samples were transferred using a length of polyvinylchloride (PVC) tubing into 750 mL amber glass bottles fitted with gas-tight stoppers.  For surface samples, Niskin bottles were closed as near as possible to the ocean’s surface.  The depth of the surface bottle varied depending on the sea-state; the mean depth was 3.1 m and the range was 0.5 – 8.0 m (n = 44).  In the regions sampled, the chl max was chosen as representative of low-light conditions because it was located either on or close to the 1% light level.  The mean chl max depth was 105.3 m (n = 44) while the depth range was greater than for the surface bottles (47 – 150 m) because of the shallower chl max in equatorial upwelling waters.
Sampling and quantification of DMS and DMSP
Every effort was made to minimise de-gassing during sampling and water samples were stored at ambient sea surface temperature prior to analysis.  Samples were processed within 3 hours of collection and all DMS analyses carried out using a ‘purge and trap’ system; see Bell et al. (2006) for details.  Before purging each seawater sample of DMS, particulate DMSP (DMSPp) was gently removed; this procedure involved very gentle syringe filtration through a 25 mm diameter glass-fibre filter (Whatman GF/F, Kent, UK; nominal retention size 0.7 µm) using a Swinnex filter holder (Millipore, Bedford, MA, USA).  The filters were placed in sealed 4 ml vials with 3 ml of 500 mmol L-1 sodium hydroxide (NaOH) to hydrolyse DMSPp to DMS; the resulting DMS in the headspace was analysed 24 hours later (see method described below).  5 mL sub-samples of purged filtrate were transferred to 20 mL vials with excess NaOH (1 mL of 10 mol L-1 concentration) to cleave dissolved DMSP (DMSPd) to DMS.  These were then filled with distilled water to eliminate any headspace, sealed and stored until the next day for analysis following cryogenic enrichment of DMS using purge and trap.
Purge and trap analysis for DMS involved bubbling carrier gas (oxygen-free nitrogen, purge time = 15 min, flow rate = 60 mL min-1) through a 20 mL sample to strip it of volatile gases.  These gases then passed through a trap, which consisted of a 30 cm section of chromatographic material (Tenax-TA, Scientific Instrument Services Inc., New Jersey, USA) enclosed in 1/8th inch (approximately 3.2 mm) Teflon tubing.  The trap was cooled to approximately 0°C in a salt-ice-water dewar to trap and concentrate DMS, before being desorbed and flushed into the gas chromatograph by heating with boiling water.

Headspace analysis for DMSPp (as DMS) involved piercing the PTFE septum and removing 250 µL of gas from the headspace for direct injection into the GC.  The in-vial detection limit for this headspace method is approximately 25 nmol L-1.  For oligotrophic waters, this meant that the volume of seawater filtered had to be approximately 50 mL, at least double the volume used for an equivalent sample run using the purge and trap method.  However, tests showed that this increase in filtration volume had little effect on the ratio of particulate to dissolved DMSP (data not shown).
All samples were quantified using a gas chromatograph (GC 2010; Shimadzu, Milton Keynes, UK) equipped with a 30 m x 0.53 mm CP-Sil 5CB column (Varian Inc., Oxford, UK) and a flame photometric detector (FPD).  The calibration of the system was checked daily using standards prepared by hydrolysing a solution of commercial DMSP (Centre for Analysis, Spectroscopy and Synthesis (CASS), University of Groningen Laboratories, The Netherlands) with excess concentrated NaOH (10 mol L-1 for purge and trap analysis, or 500 mmol L-1 for headspace analysis).  The analytical error of these procedures was 5 %, 20 % and 20 % relative standard deviation for DMS, DMSPd and DMSPp, respectively.

Sampling and quantification of DLA

The sampling and analysis protocol used for in vitro DLA was an adaptation of the methods described by Steinke et al. (2000) and Harada et al. (2004).  Briefly, immediately after collection approximately 1 L of seawater sample was filtered using low vacuum (< 20 Pa pressure) onto 25 mm glass-fibre filters (Whatman GF/F).  Filtration volumes were adjusted to complete filtering within 30 min and filtration vacuum was released immediately after the sample had passed the filter to avoid exposure of collected particles to air.  The filters were immediately folded in half and placed in a cryovial in a −80°C freezer.  All samples were analysed 5 months after their return to the onshore laboratory.  Due to the sampling logistics of the campaign it was not possible to directly test for the loss of activity in the AMT samples.  Previous measurements with samples from the North Sea have shown that the process of freezing and storage leads to a loss of ~35 % activity, with little variation due to the length of storage time over a period of 9–22 months (Steinke et al., 2002c).  Assuming that this is true for these samples, it will not affect the outcome of our study as the relative changes in DLA are more important than the absolute numbers for our assessment presented here.  However, the values presented are likely to be an underestimate of the true in vitro DLA in situ.
In the laboratory, the frozen filters were placed into 4 ml glass vials containing 3 ml of 0.2 µm sterile-filtered buffer solution (200 mmol L-1 TRIS buffer prepared in 500 mmol L-1 NaCl solution, pH adjusted to 8.0 with HCl), which renders the cells permeable to DMSP (Harada et al., 2004).  Vials were incubated at 30°C, and 50 µl of 1.2 mol L-1 DMSP solution added (final concentration = 20 mmol L-1).  The few substrate kinetics experiments carried out to date indicate that this level of DMSP provides saturating concentrations for natural samples (Steinke et al., this issue).  Following addition of substrate DMSP, at least four headspace measurements (volume of each = 8 µl) for DMS were made every 10 min using an autosampler system (AOC 20i+s; Shimadzu, Milton Keynes, UK).  Resulting DMS concentrations were used to calculate the DMS production rate and this rate is considered representative of in vitro DLA.  Blank samples (buffer solution + blank filter + 50 µl DMSP solution) were run in parallel to correct for abiotic DMS release.
With the methods used here, the water-column DLA measured is nominally representative of the size fraction greater than 0.7 µm.  As a result, the data are unlikely to include DLA for all unattached bacteria, although some may have been retained as filtration proceeded.  An experiment in 1999 in the St. Lawrence estuary found that free-living bacteria and free enzymes accounted for only a small (< 10%) proportion of the overall DMS production, corroborating previous findings (Scarratt et al., 2000, and references therein).  Our samples were collected in more oligotrophic waters and the DLA could relate to a combination of phytoplankton DLA, particle-attached bacterial DLA and the activity of some unattached bacteria that may have been retained on the filter.  An inherent problem with the methods currently used to determine DLA is that there is a possibility that variable proportions of free-living and particle-attached bacteria contribute to observed variations in surface DLA. 

Ancillary data measurements
When comparing ancillary data with DMS/DMSP/DLA measurements, samples were mostly taken from the same CTD bottle or, when this was not possible, from the same depth and CTD cast.  Nitrate concentrations were determined on board the research ship within 3 hours of collection (see Woodward and Rees, 2001), while HPLC pigment samples were filtered and the filters kept frozen (−80°C) prior to analysis in the laboratory once on shore (for methods see Poulton et al. (2006)).  For 3 samples (of a total of 34) where no HPLC pigment information was available, additional data from acetone extracted and fluorometrically analysed chlorophyll a samples were used (for methods see Holm-Hansen et al., 1965).  Discrete Fv/Fm measurements were made on board ship using a fast repetition rate fluorometer as per the method of Moore et al. (2006) and phytoplankton carbon fixation rates were ascertained using radiolabelled 14C-uptake incubations (see Poulton et al., 2006, for further details).
Results and discussion

Field measurements of DLA have been made previously in a number of locations and significant variations in activity have been observed in the North Atlantic, 0.1 − 142.3 nmol L-1 h-1 (Steinke et al., 2002b); the North Sea, 4.0 − 207.0 nmol L-1 h-1 (Steinke et al., 2002c); and the oligotrophic Sargasso Sea, 60 – 300 nmol L-1 h-1 (approximated data from Fig. 3 in Harada et al., 2004).  Our AMT-14 cruise track passed through predominantly oligotrophic waters and DLA was lower, covering a range from 0 (no activity detected) to 58.6 nmol L-1 h-1.  Samples were taken for DMS, DMSP and DLA in the southern gyre, equatorial upwelling and northern gyre, from 35°S to 40°N (Fig. 1).  In vitro DLA in the chl max (Fig. 2a) was consistently low throughout the cruise (0 to 8.7 nmol L-1 h-1; mean = 2.1 nmol L-1 h-1).  In comparison, the surface DLA showed relatively high variability (Fig. 2a).  These variations in surface DLA, and their spatial distribution over a more geographically extensive transect than previously studied, are the focus of this paper.
The AMT-14 transect can be divided into sections I to IV based on the ratio of DLA to total chlorophyll a (DLA:TChl a; Fig. 2c), where TChl a (Fig. 2b) represents the sum of chlorophyll a and divinyl chlorophyll a for HPLC, or Chl a for fluorometric measurements.  Sections I and III show elevated surface DLA:TChl a (approximately > 100 nmol h-1 µg-1 TChl a while in sections II and IV surface DLA:TChl a is generally low (approximately < 100 nmol h-1 µg-1 TChl a; Fig. 2c).  Sections I and III are thus considered ‘high’ surface DLA while sections II and IV are considered ‘low’ surface DLA.  It is important to note that the majority of DLA:TChl a variability is driven by changes in DLA rather than changes in TChl a.
The well-recognised Longhurst classification of the world oceans in terms of biogeochemical regions (Longhurst, 1995) describes the northern limit of the South Atlantic sub-tropical gyre (SATL) to be approximately 7°S.  However, the distinction between section I (high DLA) and section II (low DLA) in the southern hemisphere is observed at approximately 20°S.  In contrast, the region of elevated DLA in the northern hemisphere (section III; 13°N to 36°N) fits reasonably well with two of the Longhurst (1995) provinces – the North Atlantic tropical region (NATR; 12°N to 25°N) and North Atlantic sub-tropical gyre (NAST; 26°N to 43°N).
Given that the regions of elevated DLA did not show a perfect fit with established biogeochemical provinces, we decided to explore the data set for any relationships with ancillary data.  In particular, parameters were investigated that relate directly to DLA (DMS and DMSP concentrations) and those that may be indirectly related (nutrient concentrations, 14C-fixation rates, accessory pigment concentrations, light intensity).  We recognise that our samples were analysed for in vitro DLA rather than in vivo DLA.  However, new information on the substrate kinetics of in vitro and in vivo DLA during a mesocosm experiment suggest that in vitro data are similar to in vivo activities in some natural populations (Steinke et al., (Kieber et al., 1996)this issue).  It is instructive to make comparisons with ambient DMS and DMSP concentrations in the water column.  As would be expected, surface DMS concentrations vary throughout the AMT-14 transect, but the pattern observed in DLA:TChl a for sections I/III and sections II/IV is not repeated in the surface DMS concentrations (Fig. 3a).  This is of no particular surprise as several factors including biological turnover, sea-air gas flux, and photo-oxidation have been shown to be dominant but variable loss terms for DMS in oligotrophic surface waters .
On the basis of laboratory studies with phytoplankton cultures, it has been suggested that oxidative stress produces a protective response leading to elevated DMS and DMSPp production (Sunda et al., 2002).  Ambient DMS concentrations increased as the transect progresses northwards and this is most likely due to the onset of spring in the northern hemisphere (Fig. 3a).  Surface DMSPd (Fig. 3b) and DMSPp (Fig. 3c) concentrations follow the same general pattern as DMS, although there is greater variability in the DMSPp concentrations.  None of the DMS, DMSPd or DMSPp concentrations demonstrate the more distinct pattern observed for DLA.  This is highlighted when DLA is normalised to DMSPp (Fig. 3d) because sections I and III can still be clearly distinguished.  It is worth noting at this stage that ambient concentrations of DMS or DMSP may not correlate well with DLA because additional factors influence their turnover time (e.g. sea-air flux and biological production and consumption processes).
Harada et al. (2004) use their DLA and DMSPp values to calculate a potential turnover time for the DMSPp pool, presenting a 5 min turnover time on average for their oligotrophic Sargasso Sea samples.  Equivalent turnover times for this study range between 1 and 211 min, with an average of 13 min for sections I/III and 23 min for sections II/IV.  If total DMSP is used in our calculations, the average turnover time for DMSP increases to 24 min for sections I/III and 41 min for sections II/IV.  As pointed out by Harada et al. (2004), such calculations can substantially overestimate actual in situ turnover rates as they assume that all DMSP has free access to all DMSP lyase enzymes.  In addition, the calculation assumes that true DMSP-lyase enzyme activity is always operating at near saturation levels.  This is unlikely given that recent estimates using Michaelis-Menten type enzyme kinetic data suggest longer turnover times during a mesocosm experiment, from 310 d at the beginning to 1 d at the end (Steinke et al, this issue).
Plotting DLA:TChl a against phytoplankton carbon fixation provides an insight into the DLA:TChl a data that is not immediately obvious when these data are plotted against latitude (Fig. 4).  The horizontal and vertical lines on this plot represent the mean values for each parameter.  While DLA:TChl a shows variability at most 14C-fixation rates, we note that only two above-average DLA:TChl a samples (i.e. > 131.7 nmol h-1 µg-1 TChl a) were observed at carbon fixation rates greater than 0.28 mmol C m-3 d-1.  In addition, the surface data demonstrates a negative correlation between DLA:TChl a and carbon fixation rate (Spearman’s ρ = -0.57, p < 0.05, n = 17).  These findings suggest that in regions of higher carbon fixation (i.e. higher production), DLA:TChl a is unlikely to be high because conditions are more amenable for phytoplankton growth (i.e. nutrient-sufficient, appropriate light levels, etc.).  This is in agreement with the proposed role of DLA in a DMSP-based anti-oxidant cascade (Sunda et al., 2002).
Nutrient limitation is one of a number of possible causes of oxidative stress in phytoplankton cells in oligotrophic surface waters.  The ambient nutrient concentrations (nitrate, NO3-, Fig. 5a) clearly demonstrate that cells at the surface are, as expected, nutrient limited relative to those at the chl max.  However, the depth of the nitracline (defined as the depth of the 1 µmol L-1 NO3- isopleth, Fig. 5a) provides a better indication of nutrient availability as a deep nitracline indicates a low nutrient supply to the surface.  In the northern hemisphere, the deepening of the nitracline clearly coincides with section III where DLA:TChl a increases (Fig. 5d), while in the southern hemisphere the elevated DLA:TChl a values were also measured when the nitracline was deep (section I).  In section II, the equatorial region exhibits low DLA and a correspondingly shallow nitracline (i.e. greater nutrient supply).  However, south of approximately 5°S in section II, the nitracline deepens while surface DLA stays low.  With the exception of this region, most of the higher DLA values appear to be associated with a low inorganic nutrient supply.  Even when section II is included, a weak but significant correlation exists between DLA:TChl a and nitracline depth (Spearman’s ρ = 0.46; p < 0.01; n = 34).  Seasonal differences between the Atlantic gyres (i.e. autumn in the North vs. spring in the South) may have driven some of the observed variations in DLA.  However, whilst the oligotrophic gyres can be considered relatively constant throughout the year, evidence exists for changes in community primary production between spring and autumn (Claustre and Marty, 1995).
Fast repetition rate fluorometry facilitates the calculation of the Fv (variable fluorescence) to Fm (maximum fluorescence) ratio, which represents photochemical efficiency and has often been used as a general indicator of photosynthetic health for natural phytoplankton assemblages and cultures (Falkowski and Raven, 1997).  Throughout AMT-14, Fv/Fm values were lower in surface waters relative to chl max values (Fig. 5b); calculated mean values (± 1 S.D.) for surface and chl max waters are 0.33 (± 0.1) and 0.48 (± 0.08) respectively.  This could be due to light stress (Falkowski and Raven, 1997), nutrient limitation (Parkhill et al., 2001), taxonomic variability (Moore et al., 2006) or a combination of all three.  Although the data suggests that cells at the surface are potentially in a more stressful environment, the surface values do not demonstrate obvious co-variation with DLA.
If DLA increases due to light stress then variations in photo-protective pigment concentrations might also be expected to co-vary with DLA values.  Indeed, previous studies from a range of environments have found significant relationships between DLA and accessory pigment concentrations (Steinke et al., 2002b; 2002c; Harada et al., 2004).  Whilst different phytoplankton groups dominate in different ocean regions and seas, these studies have all described a significant correlation between DLA and the commonly occurring photo-protective pigment, diadinoxanthin.  This pigment is part of the diadinoxanthin-diatoxanthin xanthophyll cycle, a photo-protective mechanism found in major phytoplankton groups, including diatoms, dinoflagellates and haptophytes (Porra et al., 1997).  However, our data demonstrate no such correlation between DLA and diadinoxanthin (Spearman’s ρ = -0.11, p > 0.05, n = 68) or any other xanthophyll cycle pigment.  Further, no significant positive correlation was observed between DLA and any other accessory pigments that could have helped identify the dominant taxa responsible for the majority of DLA in oligotrophic surface waters.
We classified the phytoplankton community using an approach similar to that used by Gibb et al. (2000), which identifies the relative investment in photo-protective (PP) versus photosynthetic (PS) pigments.  This index divides the molar concentrations of the major PP accessory pigments (diadinoxanthin, zeaxanthin and alloxanthin) by the major PS accessory pigments (peridinin, 19′-butanoyloxyfucoxanthin, fucoxanthin, 19′-hexanoyloxyfucoxanthin and prasinoxanthin) along the AMT cruise track.  The PP:PS ratio (Fig. 5c) is consistently higher at the surface relative to the chl max (i.e. a greater relative investment in PP pigments in surface waters) and correlates significantly and positively with DLA (Spearman’s ρ = 0.53, p < 0.01, n = 68).  However, this correlation is not exceptionally strong because, as with Fv/Fm, the pattern of the surface data does not follow that of surface DLA.  Photo-protective pigment production is designed to help the cell in redistributing energy, protecting photosystem II from over excitation in high light conditions whilst maintaining photosynthetic rates (Falkowski and Raven, 1997).  In contrast, it has been suggested that DLA is part of a process designed to protect the cell against excess harmful oxidative radicals formed due to numerous stressors, not just elevated light (Sunda et al., 2002).  It therefore should not be expected that photo-protective pigments display exactly the same patterns as DLA, because other factors such as nutrient limitation (e.g. by nitrogen or iron) and intracellular CO2 shortage contribute to the potential for oxidative stress and may also influence DLA.
Our starting hypothesis for this study was that DLA would increase with factors that cause oxidative stress.  Therefore, if DLA is related to the level of oxidative stress experienced, it might vary with the length of light exposure to the water column over recent hours.  The late-morning CTD data were investigated for the surface light history of the local region using average photosynthetically active radiation (400-700 nm) received during the 2−4 hr period prior to sampling, but this revealed no clear pattern (data not shown).  However, it is interesting that the high surface DLA samples (i.e. sections I and III) from the late-morning CTD had higher activity than those surface samples from the pre-dawn cast, with the exception of two days in section III (Table 1).  A statistical test (independent samples t-test) would strengthen the argument above, but the substantially negative anomalous day (20th May) bucks the trend of the rest of the dataset and skews the mean values for the high and low regions, rendering the t-test result significant only at the 93% level.  Whilst these samples were spatially distinct and therefore only represent a pseudo time-series, the regions covered by sections I and III are large oligotrophic gyres and the biological, chemical and physical conditions can be expected to remain relatively constant over the distance travelled between the pre-dawn and late-morning casts.  These results are in agreement with other results from somewhat similar waters, which suggest a link between the reduced sulphur cycle and light exposure (Toole and Siegel, 2004); elevated DMS concentrations are observed every summer in the Sargasso Sea and demonstrate a strong, significant correlation with photosynthetically active radiation and UV.
Summary
The novel data set presented here was collected over a wide geographic range covering the oligotrophic northern and southern gyres of the Atlantic.  Considerable variability in surface DLA was observed, but these variations did not relate particularly well with observed DMS and DMSP concentrations.  Oxidative stress is less likely for phytoplankton cells in nutrient-replete, high productivity waters and elevated DLA:TChl a values were not observed when the nitracline was shallow or when carbon fixation rates were greater than 0.28 mmol C m-3 d-1.  However, surface waters with low 14C-fixation and a deep nitracline did not always display elevated DLA.  At the surface, Fv/Fm values were lower and the PP:PS accessory pigment ratio was higher, which may be due to generally more stressful conditions at the surface.  However, neither of these parameters correlate well with surface DLA.  Comparison between pre-dawn and late-morning CTD casts suggests that the DLA response to changes in light conditions is relatively rapid, although no correlation could be found between recent light history and DLA.  The relationship between oxidative stress and DLA in open ocean waters deserves further attention in order to fully understand what causes the variations in surface DLA observed during this study; this is essential to improve understanding of how DLA may influence ambient DMS concentrations and the subsequent ocean-atmosphere flux of this climate-cooling trace gas.
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Table 1:

Surface DLA values from pre-dawn (PD) and late-morning (LM) CTD casts.  Each PD and LM sample pair was selected from the same day and was from the same section (sections described in Fig. 1).  The final column represents the difference between LM and PD.  Sections I and III demonstrate elevated DLA in the LM cast relative to the same day’s PD cast, with the exception of two days in section III (20 May ’04 and 23 May ’04).

	Section
	Date
(May '04)
	Pre-Dawn DLA (PD) (nmol L-1 h-1)
	Late-Morning DLA (LM) (nmol L-1 h-1)
	LM – PD

	I
	5th
	17.2
	36.1
	18.9

	I
	6th
	23.9
	55.3
	31.4

	I
	7th
	10.8
	49.7
	38.9

	II
	11th
	5.9
	3.2
	−2.7

	II
	12th
	2.9
	1.0
	−2.0

	II
	13th
	5.3
	9.7
	4.4

	II
	14th
	4.8
	0.0
	−4.8

	II
	16th
	3.1
	3.9
	0.8

	III
	18th
	8.2
	30.2
	22.0

	III
	19th
	1.2
	4.2
	3.0

	III
	20th
	32.0
	7.6
	−24.4

	III
	21st
	7.2
	13.0
	5.7

	III
	22nd
	13.5
	29.5
	15.9

	III
	23rd
	20.2
	19.1
	−1.1

	IV
	26th
	3.8
	1.6
	−2.3


Figure 1:
Cruise track and sample locations for AMT-14 cruise northbound from the Falkland Islands to the UK (May 2004).  Samples were divided into four geographical sections (I-IV) as part of the data analysis (see text).  In addition, the season for each hemisphere is indicated.  Plot produced using the freely-available Ocean Data View (http://odv.awi-bremerhaven.de/home.html).
Figure 2:
Latitudinal distribution of data for (a) DLA (nmol L-1); (b) Total Chl a (µg L-1); and (c) DLA:TChl a (nmol h-1 µg-1 TChl a).  Open circles (HPLC chlorophyll) and squares (acetone-extracted chlorophyll) denote surface samples and samples from the chlorophyll maximum are represented by filled squares.  In this and subsequent figures, sections I to IV (see text) are labelled along the top of the figure and indicated by solid vertical lines.
Figure 3:
Latitudinal distribution of data for (a) DMS (nmol L-1), (b) DMSPd (nmol L-1), (c) DMSPp (nmol L-1) and (d) DLA:DMSPp (h-1).  Open circles denote surface samples and samples from the chlorophyll maximum are represented by filled squares.
Figure 4:
Plot of phytoplankton carbon fixation (mmol C m-3 d-1) versus DLA:TChl a (nmol h-1 µg-1 TChl a).  Open circles denote surface samples and samples from the chlorophyll maximum are represented by filled squares.  The mean concentrations for carbon fixation (0.28 mmol C m-3 d-1) and DLA:TChl a (131.7 nmol h-1 µg-1 TChl a) are plotted as solid lines on the vertical and horizontal axes.

Figure 5:
Latitudinal distribution of (a) nitrate concentration, NO3− (nmol L-1), and depth of nitracline (defined as depth of 1 µmol L-1 NO3− isopleth); (b) Fv/Fm; (c) photoprotective pigment (PP) to photosynthetic pigment (PS) ratio (mol/mol), and (d) DLA:TChl a (nmol h-1 µg-1 TChl a).  For ease of comparability, (d) shows the same data as Figure 2c. Open circles (HPLC chlorophyll) and squares (acetone-extracted chlorophyll) denote surface samples and samples from the chlorophyll maximum are represented by filled squares.  Dashed line in (a) represents nitracline depth (m).  See text for definitions of PP:PS and Fv/Fm.
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