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Abstract

Increasing atmospheric CO2 is decreasing ocean pH most rapidly in colder regions
such as the Arctic. As a component of the EPOCA pelagic mesocosm experiment off
Spitzbergen in 2010, we examined the consequences of decreased pH and increased
pCO2 on the concentrations of dimethylsulphide (DMS). DMS is an important reac-5

tant and contributor to aerosol formation and growth in the Arctic troposphere. In the
nine mesocosms with initial pH 8.3 to 7.5, equivalent to pCO2 of 180 to 1420 µatm,
highly significant but inverse responses to acidity (hydrogen ion concentration [H+]) oc-
curred following nutrient addition. Compared to ambient [H+], average concentrations
of DMS during the most representative phase of the 30 d experiment were reduced10

by approximately 60 % at the highest [H+] and by 35 % at [H+] equivalent to 750 µatm
pCO2, as predicted for 2100. In contrast, concentrations of dimethylsulphoniopropi-
onate (DMSP), the precursor of DMS, were elevated by approximately 50 % at the
highest [H+] and by 30 % at [H+] corresponding to 750 µatm pCO2. Measurements of
the specific rate of synthesis of DMSP by phytoplankton indicate increased production15

at high [H+], in parallel to rates of inorganic carbon fixation. The elevated DMSP pro-
duction at high [H+] was largely a consequence of increased dinoflagellate biomass
and in particular, the increased abundance of the species Heterocapsa rotundata. We
discuss both phytoplankton and bacterial processes that may explain the reduced ra-
tios of DMS:DMSPt at higher [H+]. The experimental design of eight treatment levels20

provides comparatively robust empirical relationships of DMS and DMSP concentra-
tion, DMSP production and dinoflagellate biomass versus [H+] in Arctic waters.

1 Introduction

Globally, an estimated 18 to 34×106 t of dimethyl sulphide (DMS) are emitted from the
oceans to the atmosphere annually (Lana et al., 2011). Although there remains con-25

siderable uncertainty associated with this estimate, particularly at higher latitudes, this
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is the dominant natural source of sulphur to the atmosphere and plays an important
role in atmospheric chemistry. In the troposphere DMS follows a variety of oxidation re-
action pathways that influence the fate of other climate active gases, including ozone,
methane, ammonia and isoprene (Toumi, 1994; Johnson and Bell, 2008; Chen and
Jang, 2012). In addition, oxidation of DMS results in the formation of sulphuric acid5

(H2SO4) and methylsulphonic acid (MSA). Sulphuric acid is the primary vapour re-
sponsible for atmospheric nucleation, acting as the basis of new Aitken-mode aerosol
particles and cloud condensation nuclei (CCN) (Sipila et al., 2010; Kirkby et al., 2011),
whilst MSA often makes up a major component of the organic aerosol mass, contribut-
ing to the growth of existing aerosols (Rinaldi et al., 2009). The surface energy budget10

of the Arctic is heavily influenced by cloud formation processes (Curry et al., 1996;
Sedlar et al., 2011), which correspondingly play an important role in the melting and
freezing of the perennial sea-ice (Kay and Gettelman, 2009). The dominance in sum-
mer of small Aitken-mode aerosol particles has been correlated to concentrations of
MSA and atmospheric DMS, suggesting a link between the magnitude of DMS emis-15

sion and cloud albedo over the Arctic (Ferek et al., 1995; Quinn et al., 2002). Although
biogenic primary organic aerosols have been proposed as a source of new particles in
the Arctic atmosphere (Bigg and Leck, 2008; Orellana et al., 2011), recent direct mea-
surements of particle flux suggest they may make only a minor contribution to aerosol
abundance (Held et al., 2011) unless proposed mechanisms of particle fragmentation20

are substantiated (Karl et al., 2012). Further evidence of the potential importance of
DMS to Arctic albedo is provided by a chemical transport model with size-resolved
aerosol microphysics which illustrates the substantial contribution of sulphuric acid to
formation of CCN during the Arctic summer (Korhonen et al., 2008). Understanding
how DMS emissions are likely to alter in the future is therefore particularly important in25

relation to the rapidly changing Arctic climate.
The Arctic ocean is particularly susceptible to ocean acidification driven by in-

creasing atmospheric pCO2 (Steinacher et al., 2009). The present average surface
ocean pH of 8.2 is 0.1 pHunits lower than in pre-industrial times, representing a 30 %
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increase in the concentration of hydrogen ions [H+]. The largest pH changes world-
wide are predicted to occur in Arctic surface waters, where [H+] may increase by
185 % (∆pH=−0.45) by 2100 (Steinacher et al., 2009). Undersaturation of aragonite,
a mineral phase of CaCO3, is projected to occur locally in Arctic surface waters within
a decade (Steinacher et al., 2009). These levels and speeds of change are likely to5

impact on the physiology of pelagic organisms, with implications for the composition
and function of the pelagic ecosystem (Riebesell and Tortell, 2011).

Evidence that DMS concentrations and hence emissions are likely to alter signifi-
cantly in response to ocean acidification stem primarily from [H+] perturbation exper-
iments in natural waters (Wingenter et al., 2007; Vogt et al., 2008; Lee et al., 2009;10

Hopkins et al., 2010; Kim et al., 2010; Avgoustidi et al., 2012). However, conclusive
identification of the mechanisms involved in the altered DMS concentrations is lim-
ited, making it difficult to develop predictive models of the effects of ocean acidification
on DMS emissions. DMS is a product of the enzymatic cleavage of the S-containing
osmolyte, β-dimethylsulphoniopropionate (DMSP), synthesised by a variety of phyto-15

plankton (Reed, 1983; Keller et al., 1989). If ocean acidification results in changes in
phytoplankton primary production (Rost et al., 2008; Riebesell and Tortell, 2011) then
DMSP production may be altered as a consequence. Changes in primary production
may have a considerably larger influence on DMSP production if they are accompa-
nied by taxonomic changes in phytoplankton composition. Intracellular concentrations20

of DMSP vary from <0.1 mmol l−1 to over 400 mmol l−1 between phytoplankton taxa
(Keller et al., 1989). Recent laboratory-based studies found contrasting responses in
intracellular DMSP accumulation amongst three phytoplankton taxa exposed to var-
ied levels of pCO2 (Spielmeyer and Pohnert, 2012), possibly reflecting the variety
of physiological functions attributed to DMSP (Nishiguchi and Somero, 1992; Stefels,25

2000; Sunda et al., 2002). Phytoplankton DMSP is transformed to the dissolved phase
through active exudation, cell autolysis during senescence, viral lysis, and grazing
by zooplankton (Stefels et al., 2007). Once in the dissolved phase, pelagic bacteria
generally either cleave DMSP generating DMS, or demethylate/demethiolate DMSP
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to methyl-mercaptopropionate, methanethiol or inorganic sulphur (Kiene et al., 2000).
In addition, bacterial consumption competes with photochemical transformation as the
major loss process for DMS (Vila-Costa et al., 2008; Del Valle et al., 2009). A complex
network of enzymatic processes largely dictate DMS concentrations in surface waters
(Carpenter et al., 2012) some of which may be prone to alteration in activity in the face5

of changing [H+]. For instance, bacterial ectoenzyme activities have been shown to
be particularly sensitive to changes in [H+] (Piontek et al., 2010), with potential con-
sequences for the bacterial catabolism of DMSP and removal of DMS. Furthermore,
uncharacterised algal DMSP lyases, some of which may be extracellular, also show
a variety of [H+] optima between species and strains in in vitro assays (Steinke et al.,10

1998) and may alter activity in relation to changes in environmental [H+].
In light of the pressing need to predict how increasing levels of atmospheric CO2 are

going to alter the functioning of the Arctic Ocean ecosystem, we participated in a major
mesocosm experiment within the framework of the European Project on Ocean Acidifi-
cation (EPOCA). Our primary aim was to monitor how the concentration and hence po-15

tential emission of DMS responded over time in a series of mesocosms containing nat-
ural microbial populations exposed to a range of seawater pCO2 and [H+]. We aimed to
determine whether alterations in DMS concentration associated with increased ocean
acidification were a result of physiological or taxonomic changes in DMSP production.
The experimental design of a sequence of mesocosms of increasing acidity that mim-20

icked conditions predicted under increasing atmospheric pCO2, allowed us to establish
functional relationships relevant to the development of predictive models of DMS emis-
sion.
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2 Materials and methods

2.1 Location and experimental design

The experiment took place in Arctic waters in Kongsfjorden (78◦ 56.2′ N; 11◦ 53.6′ E),
on the west coast of Spitzbergen, in the Svalbard Archipelago, during early-mid sum-
mer from 31 May (t−7) to 7 July 2010 (t30). Nine large floating mesocosms ∼2 m in5

diameter and 17 m deep and containing approximately 50 m3, were moored in the fjord
within ∼100 m of each other offshore from the settlement of Ny-Ålesund. The meso-
cosm bags were constructed of thermoplastic polyurethane (TPU) and capped, but not
sealed, by a polyvinyl chloride (PVC) cover. Both the TPU and PVC transmitted ∼95 %
of the incoming photosynthetically active radiation (PAR). The mesocosms were filled10

with fjord water screened through 3 mm mesh to eliminate larger organisms. To ensure
consistency in the interpretation of results the 7 June was designated as t0.

Seven of the mesocosms received varying amounts of CO2-saturated seawater over
a period of 5 days (t1 to t4), resulting in an initial range of pCO2 levels, from ∼185
to 1420 µatm. Two control mesocosms received no CO2 addition, and maintained the15

initial ambient conditions of the fjord (175–180 µatm) throughout the experiment.
Nitrate, phosphate and silicate were added to all the mesocosms early on t13 in order

to stimulate phytoplankton growth. Full details of the experimental setup, evolution of
the carbonate systems in the mesocosms and nutrient additions are given in this issue
by Riebesell et al. (2012), Bellerby et al. (2012) and Schulz et al. (2012), respectively.20

2.2 Quantification of DMS and DMSP concentrations

Water was sampled from each mesocosm using a depth-integrating water sampler
(IWS) (Hydrobios, Kiel, Germany). The sampler was programmed to collect a 12 m in-
tegrated sample as it was gradually raised through the water column. Samples were
generally obtained from all mesocosms between 09:00 and 10:30 LT. Glass-stoppered25

bottles were gently filled from the sampler in order to avoid air-contact and bubbling.
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Samples were transported in a dark cool box back to the laboratory onshore and all
were analysed within 2 1/2 h of collection. For DMS concentrations, 4 ml samples were
gently filtered through a 25 mm GF/F filter and transferred to a purge tower, avoiding
any contact with air, and immediately analysed. For total DMSP (DMSPt) concentra-
tions, which includes particulate DMSP (DMSPp) and a minor fraction that comprises5

dissolved DMSP (DMSPd), 7 ml water samples were fixed using 35 µl of 50 % H2SO4
(Kiene and Slezak, 2006). On return to Plymouth Marine Laboratory, UK, the 7.035 ml
samples were hydrolysed for >6 h with a pellet of NaOH to convert DMSP to DMS.
One ml of the samples was then carefully transferred to a glass purge tower for extrac-
tion of DMS. DMS concentrations were measured using a purge system and cryogenic10

trap linked to a Varian 3800 gas chromatograph equipped with a pulsed flame photo-
metric detector (PFPD). When triplicate experimental samples were used to test for an-
alytical error, standard deviation was typically <10 % and <10 % of the mean for DMS
and DMSPt, respectively. DMS standards for calibration were prepared from DMSP
(>98 % purity, Centrum voor Analyse, Spectroscopie and Synthese, Rijksuniversiteit15

Groningen) in a 1.0 mol l−1 NaOH solution in Milli-Q water.

2.3 DMSP synthesis and production rates

On each experimental date 20 l of water from approximately 6 m depth was collected in
2×10 l acid-cleaned carboys from each of three mesocosms that spanned the range
of pCO2 concentrations. Trace amounts of NaH13CO3, equivalent to ∼6 % of in situ20

dissolved inorganic carbon (DIC), were added to each 10 l volume and following gen-
tle mixing, this was then used to fill 12×1.25 l acid-cleaned polycarbonate incubation
bottles for each mesocosm or “pCO2 treatment”.

The bottles were incubated at approximately 1 m depth close to the pier at Ny-
Ålesund. Photosynthetically active radiation (PAR) at the depth of the incubations av-25

eraged 53 % (range 23 to 85 %) of the surface irradiance on the 8 experimental dates
and was equivalent to an average depth of 2.3 m (range 0.5 and 9 m) in the mesocosm
bags. The 12 bottles provided 4 incubation time points in triplicate for each treatment.
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At each time point, 1 l was gravity filtered in the dark onto a 47 mm GF/F filter. Filters
were placed in 20 ml crimp-cap vials with 10 ml of 0.5 M NaOH. For storage, samples
were frozen at −20 ◦C.

Determination of de novo DMSP synthesis rates (µDMSP) was carried out accord-
ing to Stefels et al. (2009). Incorporation of 13C into DMSP was determined by proton-5

transfer-reaction mass spectrometry (PTR-MS) 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 data points, at a 1 s dwell interval, of the peak of
the DMS signal were used to calculate the mass ratio of 1× 13C-DMSP (64MP) at
each point. A weighted average approach that gives most weight to the initial points10

of the exponentially decreasing 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 calculate µDMSP. This applied information from
culture-based studies of Emiliania huxleyi to calculate the isotope fractionation fac-
tor (Stefels et al., 2009). The exact tracer addition was calculated from the weight of15

NaH13CO3 added and the daily measurements of DIC in the mesocosms. By incor-
porating shorter time intervals of ∼8 h within the ∼24 h incubations, uncertainty as-
sociated with turnover of the DMSP pool is reduced, ensuring µDMSP measurement
represent close to gross synthesis rates.

2.4 Inorganic carbon fixation rates20

Primary production was determined from the incorporation of 14C into particulate and
dissolved organic matter as described in Engel et al. (2012). Water samples from the
mesocosms were obtained at the same times and integrated depth as those used for
the determination of DMS and DMSP concentrations and for the incubations for DMSP
synthesis. The polycarbonate bottles used for 14C-incorporation were incubated at 1 m25

depth in the vicinity of the mesocosms.
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2.5 Variable fluorescence measurements

A fluorescence induction and relaxation (FIRe) fluorometer (Satlantic Inc., Halifax,
Nova Scotia, Canada) was used to acquire discrete measurements in dark-adapted
samples. Excitation was provided by a high luminosity, blue and green light emitting
diode (LED) array (450 and 500 nm peak heights). Filtered (0.2 µm) sample controls5

(blanks) were analysed at the gain chosen for the measurement on the sample and
subtracted from the sample fluorescence sequence at the time of fitting the KPF model.
Cell-free controls showed no soluble fluorescence. A detailed description of the proto-
col used is provided in (Ragni et al., 2008). The retrieved parameter used in the present
study is the maximum potential quantum efficiency of Photosystem II (Fv/Fm).10

2.6 Bacterial production rates

Bacterial protein production was estimated from the uptake of 14C-leucine that was
added to depth-integrated samples from the mesocosms at 40 nmol l−1 final concentra-
tion. Incubations were terminated by the addition of trichloroacetic acid (TCA) at a final
concentration of 5 % and processed by the microcentrifuge method. Briefly, samples15

were centrifuged at 14000×g to gain a cell pellet that was washed twice with 5 %
TCA. Incorporation into the TCA-insoluble fraction was measured by liquid scintillation
counting after suspension of the cell pellet in scintillation cocktail (Piontek et al., 2012).

2.7 Flow cytometry and group-specific DMSP cell content

Phytoplankton composition and abundance were determined by analysis of fresh sam-20

ples on a Becton Dickinson FACSort flow cytometer equipped with a 15 mW laser ex-
citing at 488 nm and with a standard filter set up. Samples were analysed at high flow
rate (∼70 µlmin−1), and specific phytoplankton groups were discriminated in bivariate
scatter plots by differences in side scatter and red-orange fluorescence (Tarran et al.,
2001).25
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In order to identify the phytoplankton responsible for DMSP production in the meso-
cosms, fluorescence activated cell sorting was used to determine group-specific intra-
cellular DMSP content (Archer et al., 2011). This was carried out using water sampled
from two contrasting mesocosms on two separate occasions towards the end of the
experiment (t18 and t21). The same water samples were also size-fractionated using5

a membrane filter to separate the <20 and >20 µm size particles. DMSP concentration
was measured in the filtrate and the >20 DMSP portion calculated by difference.

3 Results

Water initially enclosed within the mesocosms was characteristic of a post-spring
bloom environment. In particular, inorganic macronutrient concentrations were dimin-10

ished (0.12 µmol l−1 of NO3, 0.7 µmol l−1 NH4, 0.13 µmol l−1 PO4 and 0.25 µmol l−1 Si)
(Schulz et al., 2012), chlorophyll a concentrations were low (0.21 µgl−1) and the pCO2
concentration had been reduced to 170 µatm, equivalent to a pH of 8.3 (Bellerby et al.,
2012). Correspondingly, DMSP concentrations were low (10±2 nmol l−1) whilst ini-
tial DMS concentrations were relatively high (1.5±0.1 nmol l1); equivalent to a 15 %15

DMS:DMSP molar ratio. Water temperature gradually increased from an initial 2.0 ◦C
to a maximum of 5.5 ◦C towards the end of the experiment (Fig. 1). Despite the al-
most constant daylight, daily average and maximum levels of photosynthetically active
radiation (PAR) at the surface varied almost 3-fold but with no clear trend other than
a sustained period of lower irradiance at the end of the experiment (Fig. 1). The addi-20

tion of nutrients on the morning of t13 boosted concentrations to 5.6 µmol l−1 of NO3,
0.40 µmol l−1 PO4 and between 1.31 and 1.59 µmol l−1 Si. These concentrations rapidly
declined to reach levels as low as the initial conditions by t28.

As environmental conditions changed during the experiment the extent to which the
different levels of acidity in the mesocosms influenced biological processes is likely25

to have altered. Phytoplankton biomass (chlorophyll a) in the mesocosms peaked on
three occasions between t4 and t28 (Fig. 1). This pattern defined three distinct phases
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of the experiment (Schulz et al., 2012). In an initial “post-bloom” phase (PI) from t4 to
t12, chlorophyll a reached between 1.0 and 1.5 µgl−1 amongst the mesocosms, phy-
toplankton biomass appeared to be dominated by nanophytoplankton that varied in
maximum abundance from 1700 to 5800 cellsml−1 and primary production was par-
tially constrained by rates of nutrient remineralisation. A second phase (PII) from t135

to t21 was initiated by the addition of nutrients to non-limiting concentrations that stim-
ulated phytoplankton production; in particular, picoeukaryote populations increased to
maximum abundances of 44 to 143×103 cellsml−1 between the mesocosms. During
PII, chlorophyll a reached maximum values of between 0.7 and 2.1 µgl−1 amongst the
mesocosms. As primary productivity was unconstrained by nutrient availability during10

PII it may be argued that the differences between mesocosms were likely to be princi-
pally driven by the varied levels of acidity. Rapidly decreasing inorganic nutrient con-
centrations and the demise of the picoeukaryote populations marked the start of the
third phase (PIII), from t22 to t28; during which diatom and dinoflagellate populations
became increasingly dominant and the largest divergence in phytoplankton biomass15

occurred amongst the mesocosms. During PIII differences between mesocosms pos-
sibly reflected a complex combination of nutrient availability, acidity and community
succession inherited from PII.

In the present study, hydrogen ion equivalent concentration [H+] is used as the basis
to examine the response to ocean acidification, providing a linear scale against which20

to compare other parameters, as opposed to pH; and it arguably encapsulates a more
pervasive environmental forcing than pCO2 alone. However, [H+] and pCO2 are directly
related in this context.

3.1 Patterns of DMS and DMSP temporal progression

To facilitate interpretation of the data and in common with other studies in this issue, the25

nine mesocosms can be classified into three groups of low, medium and high acidity.
Linked broadly to the build-up of chlorophyll a, DMSPt concentrations increased dur-
ing the experiment in all mesocosms, with varied patterns evident in low, medium and
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particularly high acidity treatments (Fig. 2a). The patterns of DMS concentration varied
both between levels of acidity and from the patterns of DMSPt progression, particu-
larly amongst the mesocosms of low and medium acidity (Fig. 2b). The peak in DMS
concentrations in medium and low acidity treatments during PII and subsequent de-
cline during PIII, contrasts with the gradually accumulating DMSPt. Amongst the high5

acidity mesocosms the peaks in DMSPt concentrations during PII were not matched
by elevated DMS concentrations, which did not reach maximum values until PIII.

Differences in the response of DMSP and DMS concentration to levels of [H+] oc-
curred between the three phases of the experiment (Fig. 3). Although average values of
DMS and DMSP were lower at high [H+] during PI, this did not amount to a significant10

relationship when the full daily dataset of DMS and DMSP concentrations were tested
against [H+] by linear regression (Table 1). During PII, DMS and DMSPt show con-
trasting and highly significant responses to [H+] (Fig. 3; Table 1). Compared to ambient
[H+], average concentrations of DMS during PII were reduced by approximately 60 % at
the highest [H+] and by 35 % at [H+]=1.67×10−8 Eql−1; equivalent to 750 µatm pCO2.15

In contrast, DMSPt concentrations were elevated by approximately 50 % at the highest
[H+] and by 30 % at [H+]=1.67×10−8 Eql−1; corresponding to 750 µatm pCO2. During
PIII average DMS and DMSPt concentrations were again significantly related to [H+]
but to a lower degree than during PII (Fig. 3; Table 1). Both DMS and DMSPt average
concentrations were elevated with increased [H+] concentration during PIII. However,20

particularly in the case of DMS, the high values in mesocosm 9, at the highest [H+] con-
centration, had a disproportionate influence on the significance of the linear regression
(Fig. 3).

3.2 Synthesis and production of DMSP

In the 6 mesocosms from which measurements were made, specific rates of DMSP25

synthesis (µDMSP) decreased during PI from between 0.20 and 0.24 d−1, to values of
between 0.12 and 0.13 d−1, by t12 (Fig. 4). This is equivalent to a decrease in dou-
bling time of the DMSPt standing stocks of from 3 d to approaching 6 d. Following the
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addition of nutrients on t13, µDMSP gradually increased amongst the mesocosms dur-
ing PII and PIII to rates similar to those at the start of the experiment. No consistent
relationship between µDMSP and [H+] was apparent amongst the 6 mesocosms over
the full duration of the experiment (Fig. 4a).

The determinations of µDMSP rates are based on the change in the mass ratio of5
13C-labelled DMS versus the total DMS derived from the molar conversion of particu-
late DMSP (DMSPp) to DMS by alkaline hydrolysis (see methods). This determination
of µDMSP does not require a quantitative measure of DMSPp concentration, simply
the isotope ratio. In this study, the estimation of DMSP production uses the routinely
measured DMSPt values from the corresponding mesocosms in order to calculate a to-10

tal DMSPt production rate rather than values of DMSPp. This is done for two reasons:
(1) it links µDMSP values to what occurred in the mesocosms and (2) DMSPp con-
centrations are not required to be accurately determined in the PTR-MS analysis and
therefore the use of DMSPt provides a more robust estimate. This approach assumes
that the isotope fraction is not different between DMSPt and DMSPp. This is some-15

thing that could occur if the dissolved DMSP pool contained a different isotope ratio,
although in this case the error is likely to be small as the dissolved pool generally makes
up only a minor fraction of the total (Kiene and Slezak, 2006). Another potential error
is introduced if different pools of DMSPp contain both varied isotope ratio and vary in
their susceptibility to cell damage and leakage on filtration. This is of course, also true20

of many routinely used particulate-based measurements, including a variety of stable-
and radiotracer approaches to determine element fixation and production. Despite high
µDMSP, initial DMSPt production was low due to the low DMSPt concentrations, av-
eraging 5.2±0.8 (SD) nmol l−1 d−1 in the 6 mesocosms during PI (Fig. 4b). Following
nutrient addition and reflecting the higher DMSPt concentrations, DMSPt production25

increased and became more variable between the mesocosms, rising to an average of
14.0±2.2 (SD) nmol l−1 d−1 by t24 (Fig. 4b). This trend closely resembles the pattern of
14C-based carbon fixation rates (Fig. 4b).
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In order to explore the influence of acidity on rates of DMSPt and carbon production,
whilst minimising variations imposed by different environmental conditions on each day,
values from each experiment were normalised to the rate observed at the lowest [H+]
on each date. During PII, normalised µDMSP revealed no significant correlation with
[H+] (Fig. 5a). This lack of positive response in specific synthesis to increased [H+] is5

corroborated by the slight but significant decrease in Fv/Fm in relation to [H+] (Fig. 5d).
In contrast, both normalised DMSPt production and 14C fixation increased with [H+]
to similar proportions (Fig. 5b, c). For DMSPt production this was equivalent to an in-
crease of 38±18 (SD) % at [H+]=1.67×10−8 Eql−1; corresponding to 750 µatm pCO2;
whilst 14C fixation increased by 43±14 (SD) %. Although DMSPt production and 14C-10

based carbon fixation showed similar relationships to [H+], the carbon fixation invested
in DMSP by the phytoplankton communities was a minor fraction of the total (<1 %)
throughout the experiment.

3.3 Taxonomic basis of DMSP production

The difference in DMSPt production with [H+] during PII, despite no detectable in-15

crease in µDMSP, may reflect alterations in taxonomic composition of the phytoplank-
ton. A change in the proportion of phytoplankton that produced DMSP may be ap-
parent in the ratio of DMSPt to chlorophyll a. However, DMSPt:chl a was consistently
low amongst the mesocosms during all phases, averaging 35 nmolµg−1 during PI (not
shown), rising to 50 nmolµg−1 during PII, but with no relationship to [H+] (Fig. 6a);20

and decreasing on average to 38 nmolµg−1 in PIII (not shown). During PIII average
DMSPt:chl a in the mesocosms was significantly (P<0.05) related to [H+], driven to
a large extent by decreases at lower [H+] (not shown). The low DMSPt:chl a ratios are
consistent with the low proportion of carbon fixation invested in DMSP synthesis.

Although DMSP:chl a did not vary amongst the mesocosms in PII, specific marker25

pigments reveal changes in taxonomic composition that may be related to the different
DMSPt production. Concentrations of the dinoflagellate-specific pigment peridinin were
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consistently lower than 10 ngl−1 during PI, suggesting that dinoflagellate biomass was
low (not shown). However, values increased during PII, and the increased concentra-
tions were significantly related to [H+] (Fig. 6b). Considerably higher levels occurred at
the highest [H+], in mesocosm 9, than in any of the other mesocosms. The important
contribution by dinoflagellates to the higher DMSPt concentrations at higher [H+] dur-5

ing PII is supported by the strong relationship between each for mesocosm 9 (highest
[H+]) compared to mesocosm 3 (ambient [H+]) (Fig. 6c).

Picoeukaryotes were the numerically dominant phytoplankton during PII and
showed a significant positive response to [H+] (y =16.4x+38.7 (P<0.05); where
y =×106 cells l−1 and x = [H+], ×108 equivalents l−1). Flow cytometric sorting con-10

ducted on the last tof PII revealed differences in the DMSPt content of picoeukaryote
cells, with cells from mesocosm 9 ([H+]=2.42×108 equivalents l−1) having a DMSP
content of 0.011(±0.002) pgcell−1 and mesocosm 4 ([H+]=0.83×108 equivalents l−1)
cells containing 0.008(±0.003) pgcell−1 (Fig. 7a). When these values are used to cal-
culate the contribution to DMSPt at the height of picoeukaryote abundance on t18,15

they indicate a contribution of between 8 and 14 % to the total. The bulk of the re-
maining DMSPt was not accounted for by the flow cytometrically defined nanoeukary-
ote population or by cells of >20 µm (Fig. 7b). All three components combined to
contribute approximately 13 nmol l−1 in mesocosm 4 and 31 nmol l−1 in mesocosm 9.
The latter value is confirmed by the intercept of the regression between peridinin and20

DMSP for mesocosm 9 during PII (Fig. 6c). Instead, the remaining DMSPt is likely to
have been contained in cells of <20 µm that were not included in the nanoeukary-
ote population that was defined on the flow cytograms. A strong dependence be-
tween flow cytometric counts of the dinoflagellate Heterosigma rotundata (∼10µm in
length) and DMSPt indicates that the increased abundance of this species at higher25

[H+], for instance in mesocosm 5 ([H+]=1.90×108 equivalents l−1) and mesocosm 9
([H+]=2.42×108 equivalents l−1), was responsible for the differences in DMSPt be-
tween mesocosms during PII (Fig. 7c). If it is assumed that the temporal differences in
DMSPt within the mesocosms is due to H. rotundata abundance, then the slope of the
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regression provides an estimate of the DMSP content per cell of between 16 and 21
pg DMSP cell−1 (Fig. 7c).

3.4 Bacterial production and DMS

The proportion of DMSPt converted to DMS is in part, reliant on the yield of DMS
from bacterial metabolism of DMSPd. The dependence of the concentration of DMS5

on bacterial metabolism was investigated indirectly by comparing bacterial production
to the ratio of DMS:DMSPt. Over the course of the experiment bacterial production de-
termined from the incorporation rate of leucine appeared to be more closely related to
the DMS:DMSPt ratio at higher [H+] than at ambient [H+] (Fig. 8). This is reflected in
the increasing levels of correlation (r) between daily values of DMS:DMSPt and bac-10

terial production, with approximately 60 % of the variability in DMS:DMSPt explained
by bacterial production at the highest levels of [H+] (Table 2). A significant linear rela-
tionship between DMS:DMSPt and bacterial production occurred in the three high [H+]
mesocosms (Table 2); further indicating a greater regulatory role by bacteria on DMS
concentration at increased [H+].15

4 Discussion

The DMSP and DMS response during the EPOCA experiment showed broad simi-
larities to mesocosm and shipboard experiments carried out in temperate waters (Ta-
ble 3). In common with most mesocosm experiments in temperate waters, the addi-
tion of nutrients during the EPOCA-mesocosm experiment stimulated phytoplankton20

production, driving patterns of change in the microbial communities characteristic of
seasonal phytoplankton blooms and their succession. Stimulation of autotrophic and
heterotrophic production was accompanied by variations in DMS and DMSP concen-
trations of approximately an order of magnitude; similar to observations of seasonal
changes in Arctic waters (Leck and Persson, 1996; Bouillon et al., 2002). During PII of25
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the EPOCA mesocosm experiment, variations in composition and/or physiology of nat-
ural Arctic microbial communities resulted in daily average concentrations of DMS that
were 35±11 (SD) % lower at [H+] concentrations that are predicted to occur in 2100,
compared to present conditions. This response was largely the result of variations in
acidity. Similar levels of response have been observed in temperate waters, with similar5

variations in [H+] altering time-integrated or average concentrations of DMS by approx-
imately ±50 % (Table 3). At the very least, different levels of [H+] have changed the
temporal patterns of DMS concentration between mesocosms (Vogt et al., 2008). A re-
producible response of decreased DMS with increased [H+] appears to occur when
nutrient-stimulated blooms develop in mesocosms in Norwegian coastal waters (Hop-10

kins et al., 2010; Avgoustidi et al., 2012). The following section explores what drove
the variations in DMS and DMSP concentration during the Arctic experiment; whether
the underlying causes of the response can be generalised; and what inferences can
be drawn from these results in terms of aerosol formation and atmospheric chemistry
in the Arctic.15

During the EPOCA experiment, varied [H+] treatments had a more obvious influ-
ence on DMSP concentrations, phytoplankton composition and biomass following nu-
trient addition (PII) compared to the initial nutrient-deplete post-bloom environment
(PI). Phytoplankton compositional differences during PIII were driven in part by resid-
ual variations in nutrient availability following the different magnitude blooms during PII20

(Schulz et al., 2012). This made it difficult to confidently assign observed variations
in DMSP or DMS responses during PIII to [H+]. During PI (t4 to t12), pigment anal-
yses indicates that the nanoflagellate population that dominated cell abundance, was
composed primarily of haptophytes that contributed approximately 50 % of the chloro-
phyll a concentrations (Schulz et al., 2012). The haptophyte group includes species25

with sufficiently high DMSP cell content, of approximately 1pgDMSPcell−1 (Keller et al.,
1989), to explain the total DMSPt concentrations observed during PI (Fig. 7d). The
lack of a significant difference in DMSPt in relation to [H+] during PI is consistent
with observed patterns of nanoflagellate abundance and pigment-based estimates
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of haptophyte abundance that also showed no significant differences (Schulz et al.,
2012). Haptophytes possess the Type 1 form of RubisCO that has a higher affinity
for dissolved aqueous CO2 (CO2aq) and as a result, may be less susceptible to direct
enhancement of carbon fixation due to increased pCO2 (Reinfelder, 2011). However,
they vary markedly in the efficiency of the carbon concentrating mechanism (CCMs)5

that they employ and this is likely to reflect the extent to which increased pCO2 and
hence CO2aq availability enhances productivity (Rost et al., 2008), including DMSP
production. In mesocosms in Norwegian coastal waters the specific net growth rates
and calcification rates of the coccolithophorid haptophyte Emiliania huxleyi, which dom-
inated the phytoplankton, decreased with increased pCO2 (Engel et al., 2005). A similar10

negative response to raised pCO2 amongst the DMSP-producing phytoplankton may
have been responsible for reduced chlorophyll a, DMSP and DMS concentrations in
the similar experiment at the same location described by Hopkins et al. (2009).

In contrast, during PII (days 13 to 21), raised CO2aq availability appeared to stimulate
the net growth of autotrophic picoeukaryotes and dinoflagellates (Fig. 6). Although the15

DMSP content of picoeukaryotes showed an interesting variation between mesocosms
that warrants further investigation, they made only a minor contribution to total DM-
SPt (Fig. 7). The strong relationship between peridinin and DMSPt concentrations and
more specifically between the abundance of the dinoflagellate Heterocapsa rotundata
and DMSPt (Figs. 6c and 7c), indicates that dinoflagellates were responsible for the20

bulk (60–70 %) of the DMSP standing stock during PII (Fig. 7c) and for the differences in
DMSPt accumulation between levels of [H+]. Autotrophic dinoflagellates possess Type
II RubisCO, which has the lowest effective affinity for CO2aq amongst eukaryotic phy-
toplankton, giving dinoflagellates a disadvantage with respect to carbon fixation in the
high-O2, low-CO2 modern ocean (Reinfelder, 2011). Dinoflagellates possess a variety25

of CCM strategies, including their capacity to indirectly utilize HCO−
3 through acclima-

tion of carbonic anhydrase activity (Rost et al., 2006). Elevated CO2aq availability at high
[H+] may have decreased the metabolic costs associated with carbon concentration
sufficiently to enable dinoflagellates, and H. rotundata in particular, to grow at a higher
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rate and produce elevated DMSPt concentrations. Although the authors are aware of
no direct measurements of the DMSP cell content of H. rotundata, values for closely
related species do exist. Intracellular DMSP concentration amongst the genus Hetero-
capsa is typical of dinoflagellates, varying from 190 to 450 mmol l−1 in the four species
studied (Keller et al., 1989; Niki et al., 2000; Caruana, 2010). Assuming an average5

value of 320 mmol l−1 for H. rotundata and a cell volume between 130 and 340 µm−3

(Olenina et al., 2006) provides an estimated cell content of 6–15 pgDMSPcell−1. A sim-
ilar value of 16 to 25 pgDMSPcell−1 can be estimated from the regression analyses of
DMSPt versus H. rotundata abundance in two different mesocosms (Fig. 7c). This con-
firms the important, but not exclusive, contribution of this species to the [H+]-related10

variations in DMSPt.
Several explanations for the reduced DMS concentrations despite increased DMSPt

production at elevated [H+] during PII, can be considered. As stated previously, multi-
ple processes transform phytoplankton DMSP to the dissolved phase including active
exudation, cell lysis during senescence, viral lysis and grazing by zooplankton (Stefels15

et al., 2007). The proportion of DMS produced via these processes is in part a prod-
uct of the affinity of algal enzymes capable of cleaving DMSP to DMS and acrylate, or
DMSP-lyase activity (DLA) (Stefels et al., 1995; Steinke et al., 2002). How algal DLA
influences DMS production remains poorly understood but increasingly appears to be
an important factor governing seawater DMS concentrations (Archer, 2007; Gali et al.,20

2011). DLA activity measured in microalgal cell homogenates or in extracellular as-
says varies considerably between species (Niki et al., 2000; Franklin et al., 2010), and
even amongst laboratory isolates of single species (Steinke et al., 1998). No known
rates of the DMS-producing capacity of H. rotundata are available but separate studies
of the DLA activity in the closely related species Heterocapsa triquetra provide con-25

trasting evidence of either no detectable capacity (Caruana, 2010) or relatively high
DMS-producing potential (Niki et al., 2000). Different laboratory strains and different
DLA-assay methods were used in the two studies, possibly explaining the variation. As
H. rotundata abundance was largely responsible for the increased DMSPt present at
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high [H+], it is possible that it had low DLA activity compared to other taxa that con-
tributed to the DMSPt pool, partially accounting for the decreased DMS concentrations
at high [H+].

Production rates of DMS are partly dependent on the turnover of DMSPt. As µDMSP
rates did not vary significantly in relation to [H+] (Fig. 5a), the increased DMSPt concen-5

trations at elevated [H+] (Fig. 3) must have resulted from reduced loss rates of DMSPt.
Based on indirect evidence, Kim et al. (2010) suggested elevated grazing, possibly in
response to higher phytoplankton growth rates, may have raised DMS concentrations
at higher pCO2 in a mesocosm experiment conducted in Korean waters (Table 1). In
contrast, in Arctic waters, grazing or viral lysis of H. roundata may have been lower than10

on the picoeukaryote and nanoflagellate components of the DMSPt pool during PII. If
so, this may explain reduced turnover of the total DMSPt pool at higher [H+], resulting
in reduced transformation of phytoplankton DMSP to the dissolved phase, including
DMS production.

Bacterial metabolism may also have contributed to the differences in DMS concen-15

tration between levels of [H+]. Radiolabelled tracer studies have shown that pelagic
bacteria generally either cleave DMSP, generating DMS, or demethylate/demethiolate
DMSP to methylmercaptopropionate and methanethiol (Kiene et al., 2000). The for-
mer provides a 3C-compound for carbon or energy use, whilst the CH3-S group gener-
ated from demethylation may be an energetically efficient route for S-containing protein20

biosynthesis. The relative magnitude of these catabolic pathways determines the DMS
yield from dissolved DMSP consumption, which has been hypothesised to be a prod-
uct of the sulphur demand of the bacteria (Kiene et al., 2000). Conditions that en-
hance bacterial production may result in a decreased yield of DMS as the requirement
to synthesise S-containing proteins increases the demethylation of DMSP. Variations25

in bacterial protein production were directly related to differences in primary produc-
tion amongst the mesocosms during the EPOCA experiment (Piontek et al., 2012).
Increased primary production at higher [H+], including DMSPt production (Fig. 5), par-
tially stimulated bacterial protein production, potentially generating a greater demand
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for DMSP-sulphur and therefore, a reduced production of DMS. The suggestion of in-
creased DMSP-sulphur demand at high [H+] is supported by the stronger correlations
between DMS:DMSPt ratio and bacterial protein production (Table 2).

An additional factor, more difficult to ascertain without direct measurements, is the
contribution of bacterial DMS metabolism to decreased DMS concentrations at high5

[H+] during PII. Bacterial DMS consumption is likely to have been the major DMS
removal process in the mesocosms. Photolysis of DMS is primarily driven by UV-
wavelengths and therefore would have been minimal in the mesocosms as the walls
and covers were UV-opaque. Based on direct measurements of gas transfer velocities
in the mesocosms (Czerny et al., 2012), sea-to-air flux of DMS (not shown) averaged10

a loss of only 2 %d−1 of the DMS standing stocks and so had a minimal impact on
variations in DMS concentrations. Future ocean acidification studies that combine rate
measurements of DMSP and DMS metabolism with the increasing understanding of
the genetic basis of DMSP and DMS catabolism (Curson et al., 2011; Reisch et al.,
2011), are likely to throw more light on the role of bacteria in regulating DMS concen-15

trations.
To what extent DMS emissions contribute to the optically thin, low lying clouds that

are present for approximately 90 % of the time in summer in the Arctic (Curry, 1995),
is unclear. Cloud formation in this environment is limited by the availability of cloud
condensation nuclei, and is therefore sensitive to alterations in the source strength of20

aerosol particles (Mauritsen et al., 2011). The small Aitken mode particles that dom-
inate the aerosol composition during summer months are thought to be a product of
local sources of primary biogenic and secondary aerosol formation, including H2SO4
derived from DMS emissions; in addition to increased solar radiation that drives the
required photochemistry (Korhonen et al., 2008; Orellana et al., 2011). The net effect25

of low level cloud formation in the Arctic summer is warming at the surface (Intrieri
et al., 2002; Mauritsen et al., 2011). If reduced DMS emissions are a widespread con-
sequence of ocean acidification in the Arctic then it may contribute a negative feed-
back to the general warming. How the magnitude of this effect compares with the
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contrasting projected increases in primary biogenic and sea-salt aerosol sources as-
sociated with expanding areas of open water in summer months (Held et al., 2011;
Kay et al., 2011), constitutes an additional facet of the poorly understood and complex
ocean-atmosphere interactions and radiation budgets in the Arctic.

5 Conclusions5

Modelling studies vary substantially in predictions of the magnitude of change in DMS
emissions from polar waters; suggesting increases in DMS emission of 30 to >150 %
at the highest latitudes. (Gabric et al., 2005; Kloster et al., 2007; Cameron-Smith et al.,
2011). These increases are due to a combination of increased net primary production
and regional shifts in community composition that potentially result from sea-ice retreat10

and changes in temperature, mixing, nutrient availability and light levels. The present
study illustrates that alterations in concentration, and hence sea-to-air flux, of DMS
due to ocean acidification in the summer in Artic shelf-seas may be of a comparable
magnitude but opposing direction. This emphasises the need to incorporate ocean
acidification in future modelling assessments. Moreover, the experimental design of15

eight treatment levels provides comparatively robust empirical relationships of DMS
and DMSP concentration versus [H+]. These are likely to be of value to parameterise
or validate DMS-ocean acidification modelling studies.

Clearly, during the most representative phase of the experiment (PII), increased [H+]
and corresponding increases in CO2aq availability coincided with increased gross pri-20

mary production, a component of which was the raised net production of an autotrophic
dinoflagellate and elevated DMSP production and standing stocks. Why the increased
DMSP production was not transformed into higher DMS concentrations at increased
levels of [H+] is less clear. This may have been a function of both reduced algal DMSP-
cleavage capacity and increased bacterial demand for DMSP driven by elevated bac-25

terial production associated with the raised primary production at increased [H+]. Un-
derstanding how representative the decreases in DMS concentrations observed during
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PII are of ocean acidification-driven changes in the Arctic requires further investigation.
Additional experimental studies, aimed at unravelling the ecophysiological factors re-
sponsible for changes in the composition of microbial populations that impact on the
production and cycling of DMSP and DMS, are now required.
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Table 1. Significance of the linear regressions between DMSPt concentration (nmol l−1) and
[H+] (×10−8 Eql−1) and between DMS concentration (nmol l−1) and [H+] (×10−8 Eql−1) during
each phase of the experiment.

Variable Phase I Phase II Phase III

DMSPt:
a n/s 9.82±1.98 9.32±2.95
b 29.9±1.5 32.9±2.6 48.4±3.4
P (0.077) (3.9×10−6) (0.0024)
n (67) (80) (61)

DMS:
a n/s −2.2±0.3 2.3±0.6
b 2.5±0.2 8.4±0.3 3.9±0.9
P (0.083) (1.9×10−13) (0.0002)
n (72) (81) (63)

Values are the coefficient (±SE) of the slope
(nmol(×10−8 Eq)−1), P is the significance of the F value of the
ANOVA of the regression, and n is the number of observations.
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Table 2. Significance of the relationship between bacterial production and the DMS:DMSPt ratio
during the experiment for each mesocosm and corresponding [H+]. Values are the Pearson
Correlation coefficient (r), the coefficient of determination (r2) and the significance of the linear
relationship: F -ratio of the ANOVA of the linear regression (significance: ∗ P <0.05, ∗∗∗P <0.001)
(n=16).

Mesocosm # [H+] r r2 Significance of F

3 0.46 0.29 0.09 0.27
7 0.47 0.00 0.00 0.99
2 0.63 0.28 0.08 0.30
4 0.83 0.21 0.04 0.44
8 1.01 0.22 0.05 0.42
1 1.36 −0.47 0.22 0.07
6 1.53 0.59∗∗∗ 0.34 0.02∗

5 1.90 0.78∗∗∗ 0.61 0.00∗∗∗

9 2.42 0.75∗∗∗ 0.57 0.00∗∗∗
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Table 3. Summary of responses of DMS and DMSP to altered pCO2 in natural waters.

Location pCO2 range
(and temperature)

% DMS change
from present

% DMSP change
from present

Study

Norwegian
coastal
mesocosm

300 vs 750 µatm ∼40 % lower
(P < 0.05)1

40 % lower
(P < 0.05)1

(Avgoustidi et al.,
2012)

Norwegian
coastal
mesocosm

300 vs 750 vs
1050 µatm

not significantly
different at
P <0.051

not significantly
different at
P <0.051

(Vogt et al.,
2008)2

Norwegian
coastal
mesocosm

350 vs 750 µatm 54 % lower3 24 % lower3 (Hopkins et al.,
2010)

Korean
coastal
mesocosm

400 µatm vs
900 µatm vs
900 µatm+3 ◦C

80 % higher1

60 % higher1
increased
DMSP : POC

(Kim et al.,
2010)

North Atlantic
Ecostat
approach

390 µatm vs
690 µatm vs
690 µatm+4 ◦C

No data
No data

No effect
2–4 fold higher

(Lee et al.,
2009)

Arctic coastal
pelagic
mesocosms

190 to 750 µatm 35(±11) % lower4

(P <0.005)
30(±3) % higher4

(P <0.005)
This study

1 Time-integrated values over the course of the experiment.
2 Significant differences in DMS concentrations reported from the same study at P <0.10 level (Wingenter
et al., 2007).
3 Average concentration during the peak of the phytoplankton bloom.
4 Time-integrated concentrations following nutrient addition (PII); note the values are restricted to the change
over pCO2 190 to 750 µatm range, not the full 190 to 1400 µatm range of the experiments.
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Figures and Tables 

Figure 1. Temporal change in environmental variables: (A) Surface irradiance (PAR 400-750 
nm) and water temperature during the mesocosm experiment. The shaded area spans the 
range of minimum and maximum irradiance on each day and the dotted grey line represents 
the daily average value. The dashed line is the average water temperature in the mesocosm 
bags. (B) The grey shaded area spans the range of chlorophyll a concentrations measured in 
the nine mesocosms on each day. The vertical lines show the assigned phases (PI to PIII); 
nutrient addition occurred on t13. 

 

  

Fig. 1. Temporal change in environmental variables: (A) surface irradiance (PAR 400–750 nm)
and water temperature during the mesocosm experiment. The shaded area spans the range of
minimum and maximum irradiance on each day and the dotted grey line represents the daily
average value. The dashed line is the average water temperature in the mesocosm bags. (B)
The grey shaded area spans the range of chlorophyll a concentrations measured in the nine
mesocosms on each day. The vertical lines show the assigned phases (PI to PIII); nutrient
addition occurred on t13.
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Figure 2.Temporal progression of (A) DMSPt concentration and (B) DMS concentration in 
the three Low pCO2 mesocosms (initial [H+]: 0.5 to 0.7 x 10-8 Eq L-1; initial pCO2: 185 to 270 
µmol kg-1), three Medium pCO2 mesocosms (initial [H+]: 0.9 to 1.5 x 10-8 Eq L-1; pCO2: 375 
to 685 µmol kg-1) and three High pCO2 mesocosms (initial [H+]: 1.8 to 3.1 x 10-8 Eq L-1; 
pCO2: 820 to 1420 µmol kg-1). Bold lines represent the average value and the shaded area 
illustrates the range for the three mesocosms. In order to illustrate the general patterns of 
change rather than daily variability, the lines are loess-smoothed fits to the data. The vertical 
lines mark the division into the three phases. 

 

 

 

  

Fig. 2. Temporal progression of (A) DMSPt concentration and (B) DMS concentration in
the three low pCO2 mesocosms (initial [H+]: 0.5 to 0.7×10−8 Eql−1; initial pCO2: 185 to
270 µmolkg−1), three medium pCO2 mesocosms (initial [H+]: 0.9 to 1.5×10−8 Eql−1; pCO2:
375 to 685 µmolkg−1) and three high pCO2 mesocosms (initial [H+]: 1.8 to 3.1×10−8 Eql−1;
pCO2: 820 to 1420 µmolkg−1). Bold lines represent the average value and the shaded area
illustrates the range for the three mesocosms. In order to illustrate the general patterns of
change rather than daily variability, the lines are loess-smoothed fits to the data. The vertical
lines mark the division into the three phases.
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Figure 3. Relationships between (A) DMS and (B) DMSPt and H+ concentration ([H+]) 
during each phase (I – III) of the experiment. Values are the mean over the duration of each 
phase in the nine mesocosms. Error bars show the range. Significant linear regressions based 
on the full dataset of daily values are shown; details of which are given in Table 1. Note [H+] 
decreases over the duration of the experiment in the mesocosms with higher initial 
concentration. 

  
Fig. 3. Relationships between (A) DMS and (B) DMSPt and H+ concentration ([H+]) during
each phase (I–III) of the experiment. Values are the mean over the duration of each phase in
the nine mesocosms. Error bars show the range. Significant linear regressions based on the
full dataset of daily values are shown; details of which are given in Table 1. Note [H+] decreases
over the duration of the experiment in the mesocosms with higher initial concentration.
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Figure 4. Synthesis and production of DMSP in six mesocosms during the experiment: (A) 
specific synthesis rate (µDMSP); and (B) production of DMSPt measured over approximately 
24 h. The average [H+] for each mesocosm is shown in the legend. The pattern of carbon 
fixation based on 14C-incorporation over 24 hours is shown as minimum and maximum 
values on each day amongst the nine mesocosms.  

 

 

 

 

 

 

  

Fig. 4. Synthesis and production of DMSP in six mesocosms during the experiment: (A) specific
synthesis rate (µDMSP); and (B) production of DMSPt measured over approximately 24 h.
The average [H+] for each mesocosm is shown in the legend. The pattern of carbon fixation
based on 14C-incorporation over 24 h is shown as minimum and maximum values on each day
amongst the nine mesocosms.
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Figure 5. Phytoplankton production in relation to [H+] during PII for: (A) µDMSP, measured 
in water from 3 mesocosms on 3 dates; rates were normalised to the rate measured at the 
lowest [H+] concentration on each date. Error bars show the estimated SD taking into account 
the precision in DMSPp concentrations and the ratio of mass 64-DMS; and SD of [H+] and 
(B) normalised DMSPt production. Coefficients of the linear regression (y =a + bx) are: a = 
0.77(±0.16 SE); b = 0.35 (±0.10 SE) (P = 0.011) (n = 9). (C) inorganic carbon fixation 
measured in water from 9 mesocosms on 4 dates during PII. Rates are normalised to the rate 
measured in mesocosm 3, (initially at ambient [H+]). Regression coefficients are: a = 0.51 
(±0.12 SE); b = 0.39 (±0.09 SE) (P = 0.0001) (n = 36). Note values measured in mesocosm 7, 
also at close to ambient [H+], were consistently lower than in mesocosm 3. Error bars show 
the SD of carbon incorporation and of [H+]. (D) maximum potential quantum efficiency of 
Photosystem II (Fv/Fm). The bars represent the SD of individual measurements accounting for 
uncertainty in estimates of Fo and Fm. Regression coefficients are: a = 0.68 (±0.01 SE); b = -
0.016 (±0.005 SE) (P = 0.004) (n = 72).  

 

  Fig. 5. Phytoplankton production in relation to [H+] during PII for: (A) µDMSP, measured in
water from 3 mesocosms on 3 dates; rates were normalised to the rate measured at the
lowest [H+] concentration on each date. Error bars show the estimated SD taking into ac-
count the precision in DMSPp concentrations and the ratio of mass 64−DMS; and SD of
[H+] and (B) normalised DMSPt production. Coefficients of the linear regression (y = a+bx)
are: a = 0.77(±0.16SE); b = 0.35(±0.10SE) (P = 0.011) (n = 9). (C) inorganic carbon fixa-
tion measured in water from 9 mesocosms on 4 dates during PII. Rates are normalised to
the rate measured in mesocosm 3, (initially at ambient [H+]). Regression coefficients are:
a = 0.51(±0.12SE); b = 0.39(±0.09SE) (P = 0.0001) (n = 36). Note values measured in meso-
cosm 7, also at close to ambient [H+], were consistently lower than in mesocosm 3. Error bars
show the SD of carbon incorporation and of [H+]. (D) maximum potential quantum efficiency
of Photosystem II (Fv/Fm). The bars represent the SD of individual measurements account-
ing for uncertainty in estimates of Fo and Fm. Regression coefficients are: a = 0.68(±0.01SE);
b = −0.016(±0.005SE) (P = 0.004) (n = 72).
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Figure 6. Pigment concentrations in relation to DMSPt and acidification during PII: (A) 
DMSPt:chl a ratio versus [H+]. Values for DMSPt:chl a are the mean during PII in each 
mesocosm, bars show the range. Values for [H+] are the mean ± SD. (B) Peridinin versus 
[H+]. Values for peridinin and [H+] are mean ± SD. Coefficients of the linear regression (y = 
a + bx) based on the full dataset (n = 63):  a  = 7.7 (± 2.9 SE), b = 7.3 (± 2.6 SE), (P = 0.007). 
Note values from the highest [H+] are not included in the regression. (C) DMSPt versus 
peridinin concentrations in mesocosm 3 (not significant) and mesocosm 9, coefficients of the 
linear regression: a = 34 (± 6 SE), b = 0.44 (± 0.08 SE); (P = 0.001). The dotted lines show 
the 95 % confident intervals in each case. 

 

  

Fig. 6. Pigment concentrations in relation to DMSPt and acidification during PII: (A) DM-
SPt:chl a ratio versus [H+]. Values for DMSPt:chl a are the mean during PII in each mesocosm,
bars show the range. Values for [H+] are the mean ±SD. (B) Peridinin versus [H+]. Values
for peridinin and [H+] are mean ±SD. Coefficients of the linear regression (y = a+bx) based
on the full dataset (n = 63): a = 7.7(±2.9SE), b = 7.3(±2.6SE), (P = 0.007). Note values from
the highest [H+] are not included in the regression. (C) DMSPt versus peridinin concentra-
tions in mesocosm 3 (not significant) and mesocosm 9, coefficients of the linear regression:
a = 34(±6SE), b = 0.44(±0.08SE); (P = 0.001). The dotted lines show the 95 % confident in-
tervals in each case.
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Figure 7.   Contributors to DMSP production: (A) differences in the DMSP content of 
picoeukaryote phytoplankton sorted by flow cytometry collected from mesocosm 4 and 
mesocosm 9 on t21. Coefficients (± SD) of the linear regression are M4: y = 340 (± 190) + 
0.008(± 0.003)x; M9: y = 390 (± 130) + 0.011(± 0.002)x. (B) Components of DMSP during 
PII on t18 in mesocosm 4 and mesocosm 9  when picoeukaryote abundance was highest; 
Peuk: picoeukaryote; Nano: nanoeukaryote; >20 µm: component retained by a 20 µm filter. 
The Peuk component was based on abundance and cell-specific DMSP-content measured on 
t21; the Nano component was based on abundance and the range of values obtained in North 
Atlantic waters (Archer et al. 2011). (C) Abundance of Heterocapsa rotundata versus DMSPt 
concentration in mesocosms 5 and 9 during PII. The fitted regressions are M9: y = 2.85(± 
1.11) + 0.016(± 0.003)x; and M5: : y = 3.12(± 0.90) + 0.021(± 0.005)x. (D) Estimated 
contribution of nanoeukaryotes (Nano) to DMSP during PI. Values for total DMSP are the 
mean and range during PI, values for Nano DMSP are based on the mean and range of cell-
specific values (0.96 (0.5-1.6) pg DMSP cell-1) measured in North Atlantic waters (Archer et 
al. 2011). The dotted lines mark the 95% confidence intervals for each linear regression. 
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Figure 8. Temporal trends in the molar ratio of DMS:DMSPt and bacterial production (BP) 
measured in mesocosm 3 (close to ambient [H+]) and mesocosm 9 (highest [H+]). 
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