Final author comments on “Dimethylsulfide (DMS) production in polar ocean may be resilient to
ocean acidification” by F.E. Hopkins et al., manuscript number bg-2018-55

We thank both anonymous reviewers for their detailed, constructive, and positive reviews of our
manuscript — we greatly appreciate the care and detail that has gone into its assessment. Below we
respond to their comments point-by-point. It is worth noting that the related paper by Richier et al.
(2018) has now been accepted for publication in Global Change Biology (doi: 10.1111/gcb.14324),
providing further substantiation of many of the discussion points in this manuscript. The reviewers
comments are shown in italics, with our responses shown in bold. Line numbers in our response
refer to the revised version.

1. Response to Anonymous Referee #1

General comments

1.1 The paper describes experimental results examining the response of DMS and DMSP
concentration, synthesis & production rates to acidification in Southern Ocean & Arctic waters
and compares them with previously published results from the NW European shelves. The
authors report regional trends in responses, which they attribute to the variability in the
carbonate system and its influence on the plasticity of the phytoplankton community and
DMS/DMSP response. The analysis is somewhat limited to the carbonate system &
phytoplankton size class without consideration of other factors. The paper is clear and well-
written, and makes important points including regional variation in response to acidification, and
also that different processes occurring at different scales are responsible for the variable
responses reported over different timescales (as exemplified by comparison of microcosm versus
mesocosm responses). The paper is of publication standard if the points below relating to
interpretation & analysis can be addressed.

We thank the reviewer for their positive view of our paper, and we are confident that we have
addressed their concerns.

Specific comments

1.2 Title The comparison with the NW European Shelf results is an important part of this paper and
merits mention in the title

The title has been changed to:

“Dimethylsulfide (DMS) production in polar oceans may be insensitive to ocean acidification: a
meta-analysis of 18 microcosm experiments from temperate to polar waters”.

‘resilient’ has been replaced with ‘insensitive’ at the suggestion of reviewer #2, see point 2.8
below.

1.3 Introduction Line 122—-these microcosm experiments are not long enough to test adaptation.
Results from experiments on timescales of < 1 week may give insight into plasticity and
acclimation, but not “adaptive capacity”



We acknowledge this point while further noting that a key point we emphasise is that we
interpret the variable sensitivity to short term experimental conditions observed as potentially
corresponding to pre-existing adaptation to prevailing conditions across sampled
populations/systems. Text has been altered accordingly in three places (line numbers correspond

to revised version):

L124: “The focus is then on the effect of short-term CO, exposure on physiological processes, as
well as the extent of the variability in acclimation between communities”.

L126: “The capacity of organisms to acclimate to changing environmental conditions contributes to
the level of resilience of key ecosystem functions, such as DMS production”.

L132: “...our approach can provide insight into the physiological response of a variety of polar
surface ocean communities, as well as their potential level of sensitivity to future OA when
compared between environments that differ in carbonate chemistry...”.

1.4 Results Fig. 3 Error bars are relatively large at 96 hours in Arctic waters — this should be noted
and discussed

We feel that this observation does not add any additional insights to the results or discussion so
we have simply added into the results text:

L331: “Increased variability between triplicate incubations became apparent in all three Arctic
experiments by 96 h but no significant effects of elevated CO, on DMS concentrations were

observed”.

1.5 Line 304-305; Fig 4c Error - “DMSP concentrations were found to DEcrease significantly in
response to elevated CO2 AT 48 h for Barents Sea (Fig. 4 C)”. Also note that DMSP was not
significantly different at 96 hours.

Text has been altered accordingly.

1.6 Discussion 4.1 Regional differences in the response of DMS(P) to OA The interpretation of the
treatment effects would benefit from statistical analysis to support the interpretation in:

Line 375-376 “De novo DMSP synthesis and DMSP production rates show a similar relationship with
DIC/Alk (Fig. 7 A and B)” - is the difference between 0.91 > and < 0.91 significant? With the exclusion
of one station (DIC/Alk ~0.901) there looks to be no difference in Figure 7. Statistical confirmation
required.

Statistics have been confirmed and the text now reads:

“De novo DMSP synthesis and DMSP production rates show a similar relationship with C;/A; (Fig. 7
A and B), with a significant suppression of DMSP production rates in temperate waters compared
to polar waters (Fig. 7B, Kruskal-Wallis One Way ANOVA H =8.711, df = 1, p = 0.003). Although a
similar trend was seen for de novo DMSP synthesis, the difference between temperate and polar
waters was not statistically significant (Fig. 7A)".



Line 379-380. “At T1, Chl a showed little response to elevated CO2 at polar stations, whereas a
strong negative response was seen in temperate waters (Fig. 8A)” — again this description does
not really match the data in the figure. The polar stations show a smaller range of treatment
effect than temperate stations which show both larger positive and negative effects. Statistical
confirmation required

Line 380-382. “A slight positive response in Chl a was seen at most temperate stations by T2,
with generally little response at polar stations (Fig. 8 B).” Aren’t the highest treatment effects at
the polar stations? Statistical confirmation required

Statistics have been confirmed and the text now reads:

“At T,, a statistically significant difference in response was seen between temperate and polar
waters for Chl a (Kruskal-Wallis One Way ANOVA H = 20.577, df = 1, p<0.001), with minimal
response to elevated CO, at polar stations, and in general a strong negative response was seen in
temperate waters (Fig. 8A). By T,, no significant difference in response of Chl a between
temperate and polar waters was detectable (Fig. 8B), although a slight positive response in Chl a
was seen at some temperate stations, and polar stations showed a minimal response, with the
exception of Barents Sea which saw strongly enhanced Chl a at T, (Fig. 8 B)”.

1.7 The analysis is limited to considering the carbonate system & phytoplankton size class as the
factors determining regional response. Other factors will have differed between the polar waters
and NW European shelf and may have influenced DMS/DMSP response to ocean acidification
such as temperature, light, nutrients and phytoplankton community composition. For example,
the authors mention “slower microbial metabolism at low water temperatures”, so could this
explain the observed difference in regional response? Datasets for these variables are most likely
available, and a more comprehensive analysis that considers these would benefit the paper and
interpretation. This may have already been carried out by the authors, in which case it should be
noted that there are no relationships between response and these other variables.

Richier et al. (2018) provide a detailed overview of the role of other potential environmental
drivers for the differences in response between temperate and polar waters. This paper has now
been accepted for publication in Global Change Biology, so we will refer the reader to it for more
detailed analysis of this issue. To address the reviewers concerns, we have also added an
appropriate amount of discussion relating to this to the current manuscript.

Firstly, to address the reviewers comment on “slower microbial metabolism at low temperature
waters”: we failed to observe strong responses to high CO, in experiments performed in Arctic
waters (cruise JR271), therefore incubation times during the Southern Ocean experiments (cruise
JR274) were increased from 4 to 6 to 8 days, whilst including a higher CO, treatment (2000 patm).
However, the magnitudes of the responses were found to be independent of overall experimental
duration. As Richier et al. (2018) explain, net growth rates may be expected to be 2- to 3 —fold
higher in the warmest compared to the coldest waters (Eppley, 1972), and indeed maximum Chl a-
normalised photosynthesis rates were indeed 2- to 3-fold higher in polar waters — but the
response to experimentally-induced OA in polar waters remained insignificant despite the length
of incubation being up to twice the duration of temperate experiments, and up to 4x longer, than
the 48 h time point where strong responses were typically observed in temperate waters.

3



We have added the following to the methods section at L210:

“The magnitude of response was not related to incubation times, and expected differences in net
growth rates (2- to 3-fold higher in temperate compared to polar waters (Eppley 1972)) did not
account for the differences in response magnitude despite the increased incubation time in polar
waters (see Richier et al. (2018) for detailed discussion)”.

Secondly, to address the reviewers concerns regarding “other factors [that] will have differed
between polar waters and NW European shelf...” that may have influenced the response, we have
added the following to the Discussion:

L440: “Across all experiments, the response of net total community Chl a and net growth rates of
small phytoplankton (<10 um) scaled with pCO, treatment, and strongly correlated with in situ
carbonate chemistry, whilst no relationships were found with any of the other wide range of initial
physical, chemical or biological variables (Richier et al. 2018). Overall, the observed differences in
regional response to carbonate chemistry manipulation could not be attributed to any other
measured factor that varied systematically between temperate and polar waters. These include
ambient nutrient concentrations, which varied considerably but where direct manipulation had no
influence on the response, and initial community structure, which was not a significant predictor
of the response (Richier et al. 2018)".

1.8 A minor point here is that methodological differences should also be considering when assessing
response. For example, different light cycles were used on different voyages.

Different light cycles were used on different voyages to simulate the in situ light
conditions/light:dark cycles for the time of year of sampling. We don’t expect this to have affected
the response to OA, and it would have been inappropriate to have used the same light cycle on all
cruises.

1.9 They should also consider the degree to which the experimental manipulations alter the
carbonate system relative to the ambient mean. The magnitude of change upon acid/base
addition from the mean state of the carbonate system may be a more important factor than the
regional range. For example, a proportionally larger shift in pH or carbonate upon acid/base
addition may initiate a greater stress response and so DMS/DMSP production.

Ambient pCO, and pH for each sampling station are shown in Table 1. A large range of ambient
carbonate chemistry was observed across all waters, with no consistent relationship with location
(e.g. pCO,: NW Euro shelf 287 — 400 uatm, Arctic 289 — 304 uatm, Southern Ocean 272 - 510
uatm). Experimental manipulation of carbonate chemistry was accurately calculated and
implemented using the CO,SYS programme (see Richier et al. 2018 for methods, and Richier et al.
2014 Figure 3 for a comparison of target vs actual pCO, following experimental manipulation for
NW European shelf experiments). Our experiments provided no apparent evidence of a
relationship between the proportional shift in pH/carbonate chemistry and the magnitude of the
response as a function of the initial state of the carbonate system, rather, as emphasised, the
presence or absence of any observable response broadly correlated with the initial state of the
carbonate system (see also Richier et al. 2018), with subsequent response strength then scaling
with magnitude of manipulation in those experiments where any response could be observed.



1.10 Lines 431-434: “In the following section, we explore the causes of this apparent resilience in
terms of the environmental conditions to which the communities have presumably adapted.” It
should be noted that the variation in DIC/Alk reflects regional scale variation in single point
measurements at each station (Line 362 “...the sampled waters”), and not the DIC/Alk variation
at a particular site. Phytoplankton may experience greater or less variation at a single location
on a temporal basis, which may be a more important factor determining response. The role of
temporal variation in determining response should be discussed.

We agree with the reviewer that variation of carbonate chemistry on a temporal basis may be
important in determining the response to experimental OA, although, as discussed in Richier et al.
(2018), we also note that it is the range of variability experienced at the cellular level over
generation timescales (i.e. days) which is likely to be the most important. However, given the lack
of temporal data for each sampling station we acknowledge that we cannot make definitive
statements in this regard. We have acknowledged in the text that the amount of variation in
carbonate chemistry experienced by plankton communities at a single location on a temporal
basis should also be considered:

L495 onwards: “Although it might be expected that carbonate system variability on the level
‘experienced’ by the cells, i.e. ~daily cellular level variability, might be the most important factor
driving sensitivity (Flynn et al. 2012; Richier et al. 2018), our data represent only a snapshot (4 -6
weeks) of a year, and thus do not contain information on the range in variability over seasonal
cycles. For comparison with Arctic stations, Hagens and Middelburg (2016) report a seasonal pH
variability of up to 0.25 units from a single site in the open ocean surface waters in the Iceland
Sea, whilst Kapsenberg et al. (2015) report an annual variability of 0.3 — 0.4 units in the McMurdo
Sound, Antarctica. This implies that both polar open ocean and coastal/sea ice locations
experience equally large variations in carbonate chemistry over seasonal cycles. In open ocean
waters this is driven by enhanced drawdown of DIC and CO, during the productive spring and
summer months, countered by lower productivity and strong mixing in the winter (Hagens and
Middelburg 2016). In coastal and sea-ice affected regions, seasonal pH variability may be
enhanced further by tidal exchanges, and by dilution of T./T, caused by sea-ice melt (Kapsenberg
et al. 2015).”

1.11  Lines 451-457. The examples cited to support the authors contention that variability induces
plasticity are from coastal waters and under ice, where greater variability would be expected.
Would the variability be equally as large at the open ocean stations in this study?

The carbonate chemistry/pH variability may be as large in the open waters of the polar oceans, as
in coastal/sea-ice waters. The open waters of the polar oceans experience high levels of
productivity during the spring and summer, and given that these waters are less well-buffered
with respect to CO, uptake, this will lead to a greater range of both short-term cellular scale
variability (Flynn et al. 2012; Richier et al. 2018) and seasonal carbonate chemistry characteristics
in these waters (Sabine et al. 2004, Orr et al. 2005). Hagen and Middleburg (2016) assess the
factors that control seasonal pH variability in surface waters, using a station in the open waters of
the Iceland Sea as one of their examples. At this site, pH is shown to vary by up to 0.25 pH units
over a seasonal cycle. This is due to a strong drawdown of DIC and pCO, during the productive
spring months, and a rise in DIC and pCO, in winter as a result of reduced productivity and strong



mixing. This is of a similar magnitude to seasonal pH variability at a coastal, sea-ice dominated site
in the Antarctic (McMurdo Sound, Kapsenberg et al. 2015) where pH variability of 0.3 — 0.4 units is
observed — and this range is among the greatest observed in the ocean. Therefore, it is reasonable
to assume that the seasonal variability at open ocean polar stations may be of a similar order to
the variability observed in coastal/sea-ice stations.

The text has been edited and extended to take into account the information detailed above as for
point 1.10.

Line 462-463 The authors mention the mean state here. Although the inclusion of the Tynan et al
(2016) data is useful, this regional variation gives no indication of the local spatial & temporal
variation that phytoplankton would experience at each station. The argument would be stronger if
the responses were compared with mean local values for the carbonate system (from Tynan et al) for
each station, which will to some extent, integrate temporal & spatial variability, rather than using
just the values for the water sampled for the experiment (which | assume is what was done).

The DIC/Alk values used for comparison of the response magnitude are representative of the
“mean local values” for each station, and are also “the water sampled for the experiment”. We are
unclear what the reviewer would like to see here. Table 1 shows the pCO, and pH for each
sampling station and the DIC/Alk was derived from the other measurements of the carbonate
system made from these same samples. We do not believe these values integrate temporal and
spatial variability as they are discrete measurements made on the water sampled for the
incubations. Furthermore community composition is also transient, such that the phytoplankton
that were present in the sampled water would not necessarily have been present all the
time/everywhere. As emphasised above, our overall hypothesis is that cellular level variability is
likely to be the most significant driver of local adaption of communities and hence sensitivity to
manipulative forcing (Flynn et al. 2012; Richier et al. 2018).

Technical corrections

1.12  Line 55 chlorophyll-a maxima IN SURFACE WATERS

Text changed accordingly, now reads “...and have been linked to chlorophyll @ maxima in surface
waters and the presence of aerosols formed from DMS oxidation products such as
methanesulfonate (MSA)”.

1.13  Line 87 Sentence is a bit clunky

Sentence has been re-worded and now reads: “OA is occurring at a rate not seen on Earth for 300
Ma, and so the potential effects on marine organisms, communities and ecosystems could be
wide-ranging and severe”.

1.14 Line 130-133 Shorten sentence

The sentence has been shortened and now reads: “Nevertheless, our approach can provide insight
into the physiological response and level of acclimation to future OA of a variety of polar surface
ocean communities adapted to different in situ carbonate chemistry environments (Stillman and
Paganini 2015), alongside the implications this may have for DMS production”.



1.15  Line 145 — Clarify that the Hopkins & Archer (2014) is from the NW European Shelf

Text changed accordingly, now reads: “Data are combined with the results from an earlier study
on board the RRS Discovery (D366) described in Hopkins & Archer (2014) performed in the
temperate waters of the NW European shelf”.

1.16  Line 256 — What does E1E4/E5 refer to?

We assume the reviewer is referring to Line 265. E1-E4/ES describes the experiment identifiers for
the polar cruises - but incorrectly - so thank you for pointing this out. The text now refers the
reader to Table 1 for station identifiers.

1.17  Line 315 “Initial DMSP concentrations were higher AT THE SOUTHERN OCEAN STATIONS than
for Arctic stations...”

Text changed accordingly, now reads: “Initial DMSP concentrations were higher at the Southern
Ocean stations than for Arctic stations,...”

1.18 Line 317 “Net increases in DMSP occurred throughout, EXCEPT AT SOUTH GEORGIA...”

Text changed accordingly, now reads: “Net increases in DMSP occurred throughout, except at
South Georgia, and were on the order of between <10 nmol L - >30 nmol L over the course of
the incubations”.

1.19  Line 320 “the final time point at South Georgia (144 h) when a significantly LOWER DMSP
with increasing CO2 was observed”

Text changed accordingly, now reads: “Concentrations were not generally pCO,-treatment
dependent with the exception of the final time point at South Georgia (144 h) when a significantly
lower DMSP with increasing CO, was observed...”

1.20 Line 350. As the results from the 4 unpublished NW European microcosm experiments are
not presented in this paper, they should be identified as unpublished in Table 1

As stated in the text that the reviewer refers to, the data from the 4 previously unpublished NW
European microcosm experiments are included in the meta-analysis in this paper (Figures 6, 7, 8),
so it is reasonable to identify them as “This study” in Table 1.

Line 365; Table 1 legend should identify that the polar stations are the two JR voyages excluding
Station NS & IB.

Text added to Table 1 legend: “All polar stations were sampled for JR271 and JR274, with the
exception of NS and IB”.

1. Response to Anonymous Referee #2

General comments

2.1 Hopkins et al. Present a large dataset on DMS(P) production by phytoplankton in short term OA
experiments from the Arctic, the Southern Ocean and the North Atlantic. This is an interesting



and important dataset. | especially acknowledge the importance to publish ‘negative results’, i.e.
absence of significant effects of experimental treatments, which is often neglected in OA
research but should receive a lot more attention.

We thank the reviewer for their positive view of our work, and also agree that it is important to
publish ‘negative results’ to give the full picture on the effects of ocean acidification.

2.2 | find the hypothesis that then environmental history of organisms will determine their sensitivity
to environmental change very convincing. Currently, the data (or its presentation) is not really
suited to convincingly convey this message though. This does not mean that the hypothesis
should not be mentioned, but it should be clearly marked as a hypothesis rather than a finding.

We have changed “suggest” to “hypothesise” on L24.

We have changed “Our findings support the notion that,..” to “This supports our hypothesis
that...” on L524.

We have changed “However, results from our study indicate that the DMS response to OA...”, to
“However, we hypothesise that the DMS response to OA...” on L657.

2.3 Furthermore, | would argue that the significant OA effects observed in the two cited coastal
communities really question the validity of this hypothesis, as the degree of carbonate chemistry
variability is much more pronounced in coastal vs. open ocean compared to temperate vs. polar.
Therefore, your conclusions need to be more specific to the current study, and not towards polar
systems in general.

We would argue that pH variability over seasonal time scales in the open ocean polar waters is
comparable to coastal/sea ice dominated areas. Additionally, as noted elsewhere in our
responses, we hypothesise that cellular scale variations are likely to be the most relevant (Flynn et
al. 2012; Richier et al. 2018).

See response to reviewer #1, point 1.13.

2.4 One of my general methodological concerns that need to be addressed in the discussion is the
fact that especially in short-term experiments, 50% variation in the experiment duration can have
a huge impact on the outcome, especially if the phytoplankton initially show a lag phase as often
observed in such experiments with natural communities. It makes a huge difference if OA effects
are compared after 48h or 4d or 7d. While after 2 days, physiology most likely is not fully
acclimated to the treatment conditions yet, 4d or 7d duration most likely show acclimated
responses but potentially also reflect shifts in the composition of the communities. Also the
differences in the number of hours at T1 and T2 should be accounted for by always referring to
the number of hours rather than the time point throughout the manuscript.

For the NW European shelf cruise and the Arctic Cruise, all experiments were 96 h in duration,
with samples taken at 0 h, 48 h and 96 h. As we failed to observe strong responses within
experiments performed in the Arctic, incubation times were increased for a subset of experiments
on the Southern Ocean cruise. This was to investigate whether the lack of strong response in Artic
waters was related to slower microbial metabolism in the low temperature waters. To address



this, three experiments of increasingly longer duration from 96 h to 144 h to 168 h were
performed (Weddell Sea, South Georgia, South Sandwich), and with the inclusion of a higher
target pCO2 of 2000 patm. However, the magnitude of the response in both biological and DMS-
related variables were found to be independent of the experimental duration. See also Richier et
al. (2018). This is evidenced by the effect of CO, treatment on net growth rates. Net growth rates
may be expected to be 2- to 3 —fold higher in the warmest compared to the coldest waters
(Eppley, 1972), and indeed maximum Chl a-normalised photosynthesis rates were 2- to 3-fold
higher in polar waters — but the response to experimentally-induced OA in polar waters remained
insignificant despite the length of incubation being up to twice the duration of temperate
experiments, and up to 4x longer, than the 48 h time point where strong responses were typically
observed in temperate waters.

The following has been added at L210:

“The magnitude of response was not related to incubation times, and expected differences in net
growth rates (2- to 3-fold higher in temperate compared to polar waters (Eppley 1972)) did not
account for the differences in response magnitude despite the increased incubation time in polar
waters (see Richier et al. (2018) for detailed discussion)”.

2.5 It should also be included into the discussion that the significant impacts that Hussherr et al
(2017) observed were measured over a much larger pCO2 range (up to 3000 uatm).

We have added to the text at L606:

“It should be noted that this response was seen over a range of pCO, from 500 - 3000 patm, far
beyond the levels used in the present study”.

We do not feel this warrants any further discussion, as using a gradient of CO, treatment levels is
an accepted and useful technique in ocean acidification experiments. It allows the use of
regression statistics for assessment of possible CO, effects, and increases the chances of detecting
any threshold level for CO,/pH sensitive processes (Riebesell et al., 2013, Biogeosciences, 10,
1835-1847).

2.6 One major problem with this dataset is that the experimental carbonate chemistry was not well
controlled. For example, at the 1000uatm pCO2 level, T2 pCO2 levels vary between approx. 400
and 1000uatm (Table S2). Therefore, the data should be represented using the real carbonate
chemistry instead of the assigned values. | understand that this implies replotting and
reanalysing most of the data, but currently the levels that are tested against each other are
actually not separated when it comes to carbonate chemistry.

Although we acknowledge that our approach of allowing the carbonate system to vary as a result
of biological activity necessitated that some drift occurred following initial imposed conditions, we
would argue that our plotting/presentation of the data remains appropriate — and would not
agree that this is a “major problem”. In Figures 3, 4, 5, 6, 7 and 8 the legend clearly states the CO,
values shown are “nominal”, meaning they are representative of the initial target CO, treatments
used for each experiment. This is simpler and clearer than showing a complicated range of values
for each individual plot and experiment. However, we do concede that we could have presented



the actual treatment levels somewhere in the original submission, and we have now done so, with
the addition of a table to the supplementary information (see below).

For the NW European shelf cruise, a comprehensive comparison of the accuracy and precision of
the carbonate chemistry manipulation method, as well as an analysis of ‘actual’ vs ‘target’ pCO,
values and the variability in the former over the experimental duration has already been
presented in Figure 3, Richier et al. (2014), demonstrating that the achieved pCO, levels were well
matched to target values at T, for EO1 — E05, whilst acknowledging that differences in pCO,
between target and initial values were more pronounced in the higher-pCO, treatments, a
reflection of the lower buffer capacity of the carbonate system at higher pCO,.

We have added the following to the methods section (L181 onwards):

“Full details of the carbonate chemistry manipulations can be found in Richier et al. (2014) and
Richier et al. (2018). Broadly, achieved pCO, levels were well-matched to target values at T,
although differences in pCO, between target and initial values were greater in the higher pCO,
treatments, due to lowered carbonate system buffer capacity at higher pCO,. For all 18
experiments, actual attained pCO, values were on average around 89% * 12% (t 1 SD) of target
values. The attained pCO, values are presented in Table S1 on the Supplementary Information. For
simplicity, experimental data is presented against its target (‘nominal’) pCO, treatment
throughout the paper”.

And we have added this table to the Supplementary Information:

Table S1. Summary of pCO; (pnatm) and pHr (total scale) measured immediately following
carbonate chemistry manipulation of experimental bioassays (Time point 0, Ty).

pCO, (natm) at T, pHpat T,

Cruise ExptID | ambient 550 750 1000 2000 ambient 550 750 1000 2000
1D (nominal) | (nominal) | (nominal) | (nominal) (nominal) | (nominal) | (nominal) | (nominal)
D366 EO1 3423 564.1 746.4 969.6 8.1 7.9 7.8 7.7

E02 n.d. 533.4 n.d. 862.7 n.d. 7.9 n.d. 7.8

E02b n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

E03 3454 531.2 673.9 877.8 8.1 7.9 7.9 7.8

E04 395.4 533.4 691.4 936.6 8.1 7.9 7.8 7.7

EO04b n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

EO05 374.7 528.9 730.5 917.5 8.1 7.9 7.8 7.7

E05b n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

E06 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
JR271 NS 286.5 524.7 n.d. 620.1 8.2 7.9 n.d. 7.9

B 280.4 4343 583.3 673.1 8.2 8.0 7.9 7.9

GG 326.8 565.2 741.8 1012.2 8.1 7.9 7.8 7.7

GI 312.2 583.9 789.3 948.2 8.1 7.9 7.7 7.7

BS 310.6 535.1 649.1 683.6 8.1 7.9 7.9 7.8
JR274 DP 287.0 598.2 8.2 7.9

ws 275.1 533.8 8.2 7.9

SG 342.6 n.d. 823.4 1410.4 8.1 n.d. 7.7 7.5

SS 283.8 nd. 773.2 1557.5 8.2 n.d. 7.8 7.5

For figure 6, 7 and 8, the data is plotted against the carbonate chemistry (C;/A;) of the sampled
waters (i.e. measurements made before carbonate chemistry manipulation), not from the

incubations, so again the data does not require replotting.

2.7 In conclusion, | get the impression that the authors really try to tell a story that does not fit their
data. | think that the hypothesis (more variable carbonate chemistry causes organisms to be less
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sensitive) presented here makes a lot of sense, but for various reasons the data set is not suited
to prove or disprove it.

We hope that, given the changes we have now made to the manuscript and the clarification we
have provided on all the reviewers points, alongside the related analysis within Richier et al.
(2018), that the reviewer will now be satisfied that the dataset appropriately addresses the
hypothesis posed.

Specific comments

2.8 Title and throughout: To my knowledge, the term “resilience” refers to the ability of a system to
return to the initial state after disturbance. Therefore, | do not think that the experimental setup
and the response pattern (or its absence) in your study allows for statements on resilience. |

7

suggest to use “insensitivity”, “resistance” or something along these lines instead.
L481: “resilience” replaced with “insensitivity”
L507: “resilience” replaced with “the ability to resist”

L589: now reads: “The results of our microcosm experiments suggest insensitivity of de novo
DMSP production and net DMS production in the microbial communities of the polar open oceans
to short term changes in carbonate chemistry”.

2.9 L22-27: As you refer to the other studies conducted in the Arctic, you also need to include their
results in your statement, or be more specific that you only refer to the presented dataset and
not the polar evidence in general.

We have altered the text at L23-28 to take the reviewers comment into account, and emphasise
we are specifically referring to the presented dataset:

“Based on our findings, we hypothesise that the differences in DMS response between temperate
and polar waters reflect the natural variability in carbonate chemistry to which the respective
communities of each region may already be adapted. This implies that future temperate oceans
could be more sensitive to OA resulting in a change in DMS emissions to the atmosphere, whilst
perhaps surprisingly DMS emissions from the polar oceans may remain relatively unchanged”.

2.10 L24-31: Inthe discussion, you do not refer to “geographical” or “regional” differences but
compare temperate vs. polar systems. | would try to be more consistent here.

L23 - 25 now reads: “Based on our findings, we hypothesise that the differences in DMS response
between temperate and polar waters reflect the natural variability in carbonate chemistry to
which the respective communities of each region may already be adapted”.

At L32 we use “geographically distinct regions” and “regionally distinct” in reference to the
temperate vs polar waters, which we believe is appropriate.

2.11  Introduction: The introduction is quite long, especially DMS(P) biogeochemistry is described
in a lot of detail, even though most of this is not referred to in the discussion. | would suggest to
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shorten it. If your discussion does not focus at all on biogeochemistry, do you really need all this
detail here?

We disagree with the reviewer. It is important to set the scene, to convince the reader of the
importance of DMS, and justify why we are interested in the response of DMS to OA, both in
general biogeochemical terms, and specifically with regard to the polar regions of this study.

2.12  192-95: This is correct, but one shouldn’t forget that it is the coastal areas that are the most
productive and therefore important ones. In my opinion you do not even have to somehow
restrict the importance of these two previous studies, your study is a valuable contribution even
though two other ones exist.

We have re-worded the sentence at L96-97 at the reviewer’s recommendation:

“However, these two single studies provide limited information on the wider response of the open
Arctic or Southern Oceans”.

2.13 L118: Here and in a few other instances you refer to your incubations as being “identical”,
but in the methods you state that the day length was adapted to the respective in situ conditions.
Therefore, | would not use the term “identical”.

L20: “identical” has been replaced with “similar”

III

L120: “identical” changed to “near-identica
L411: “identical” has been deleted

2.14  L119-120: | think the differences in nutrients and incubation temperatures play a big role in
understanding the results, so they need to be shown in one of the tables. Referring to a paper
under review is not sufficient for such important information. Generally, the authors should
provide all relevant information (at least in the supplement) if the other manuscript is not
publically available yet.

As indicated above, the paper of Richier et al. (2018) has now been accepted for publication.

In situ temperatures at the time of sample collection are already shown in Table 1. Incubation
temperatures were maintained (11°C) at the in situ value.

Methods text has been adjusted so now reads:

L190: “Bottles were incubated inside a custom-designed temperature- and light-controlled
shipping container, set to match (1<1°C) the in situ water temperature at the time of water
collection (shown in Table 1) (see Richier et al. 2018)”.

The nutrients and incubation temperatures did not play a role in understanding the results. We
refer to Richier et al. (2018) for more detailed discussion of this, and have added the following to
the current manuscript:
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L440: “Across all experiments, the response of net total community Chl a and net growth rates of
small phytoplankton (<10 um) scaled with pCO, treatment, and strongly correlated with in situ
carbonate chemistry, whilst no relationships were found with any of the other wide range of initial
physical, chemical or biological variables (Richier et al. 2018). Overall, the observed differences in
regional response to carbonate chemistry manipulation could not be attributed to any other
measured factor that varied between temperate and polar waters. These include ambient nutrient
concentrations, which varied considerably but had no influence on the response, and initial
community structure, which was not a significant predictor of the response (Richier et al. 2018)".

2.15 L122-125, L130: While | do agree that differences in environmental variability most likely
have an impact on the adaptive capacity of communities, you cannot estimate this adaptive
capacity in short-term incubation experiments that run for several days only.

See response 1.3 to reviewer #1. Text has been altered accordingly.

2.16  L229-231: 1 am wondering if it wouldn’t make more sense to normalize DMSP concentrations
to biomass? This is especially the case if you want to test for “stress-induced algal processes”
(L135-136) rather than biomass-dependent effects.

We feel this is not necessary, as we present specific rates of DMSP synthesis. In vivo DMSP
synthesis is closely associated with photosynthesis within the cell, so determination of the rate of
this process gives an indication of the effects of stress-induced algal processes on DMSP
production. This is a much more useful parameter than biomass-normalised DMSP standing
stocks, as the DMSP pool is the net results of various and varying processes (see Stefels et al.
2009), with variable contributions to DMSP production by different groups of phytoplankton.

2.17  L252-259: | do not think that you can infer growth rates from the Chla measurements, given
that there was probably strong photoacclimatory processes happening in response to the change
in light fields (naturally varying to constantly high). You do not really need these rates for your
story, so | suggest to omit this parameter all together, i.e. also from results and discussion.

At the reviewer’s suggestion we have removed relative growth rates from the paper.

2.18 L278: The results from the Atlantic experiments are used a lot in the discussion, they should
therefore also be included in the results (and methods), especially but not exclusively the
previously unpublished ones.

We have now described the methods and results from the 6 previously unpublished experiments
in temperate waters.

Some minor adjustments have been made to the methods text to account for the temperate
experiments, but the reader is generally referred to the related studies for the full details (Hopkins
and Archer 2014, Richier et al. 2014, Richier et al. 2018):

L151: “Additionally, four previously unpublished experiments from D366 are also included (E02b,
EO4b, EO5b, E06) as well as two temperate experiments from JR271 (NS and IB) (see Table 1)”.

L197: “For Southern Ocean and all temperate water stations, an 18:6 light: dark cycle was used”.
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L202: “Experiments were generally run for 24 days (15 out of 18 experiments), with initial
sampling proceeded by two further time points. For three temperate experiments (E02b, E04b,
EO5b, see Table 1) a shorter 2 day incubation was performed, with a single sampling point at the
end. For EO6 (see Table 1) high time frequency sampling was performed (0, 1, 4, 14, 24, 48, 72, 96
h) although only the data at 48 h and 96 h is considered in this analysis”.

Figure 2 now includes depth profile data from all 18 sampling stations, and the results text now
includes full description of the data for all 18 stations:

L301: “At temperate sampling stations, sea surface temperatures ranged from 10.7°C for Iceland
Basin, to 15.3°C for Bay of Biscay, with surface salinity in the range 34.1 — 35.2, with the exception
of station EO5b which had a relatively low salinity of 30.5 (Figure 2 and Table 1)".

L312: “Chl a concentrations in temperate waters ranged from 0.3 pg L™ for two North Sea stations
(E05 and North Sea) up to 3.5 pg L™ for Irish Sea (Figure 2 and Table 1). Chl a was also variable in
polar waters, exceeding 4 pg L™ at South Sandwich and 2 pg L™ at Greenland Ice-edge, whilst the
remaining stations ranged from 0.2 pug L (Weddell Sea) to 1.5 pg L™ (Figure 2)”.

L318: “In temperate waters, maximum DMS concentrations were generally seen in near surface
measurements, ranging from 1.0 nM for E04 to 21.1 nM for E06, with rapidly decreasing
concentrations with depth (Figure 2 G). DMSP also generally peaked in the near surface waters,
ranging from 12.0 nM for E04 to 72.5 nM for E06, but the maximum overall DMSP concentration of
89.8 nM was observed at ~20 m for EO5b (Figure 2 H). Surface DMS concentrations in polar waters
were generally lower than temperate waters, ranging from 1 — 3 nmol L, with the exception of
South Sandwich where concentrations of ~12 nmol L™ were observed (Figure 2 G)”.

The DMS and DMSP results from the 6 previously unpublished temperate microcosm experiments
are now shown in the Supplementary Information, in Table S4 (E02b, E04b, EO5b, E06 from D366)
and Figure S2 (North Sea and Iceland Basin from JR271), and described in brief in the results
section:

L355: “Results from the previously unpublished experiments from temperate waters are in strong
agreement with the five experiments presented in Hopkins and Archer (2014), with consistently
decreased DMS concentrations and enhanced DMSP under elevated CO,. The data is presented in
the Supplementary Information, Table S4 and Figure S2, and included in the meta-analysis in
section 4.1 of this paper”.
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Table S4. DMS and DMSPt response (mean + SD, n = 3) to high CO, treatments during
previously unpublished small-scale experiments from the NW European shelf cruise D366.
For details of stations, see Table 1 in the main paper.

Oh 48 h 48 h 48 h
ambient ambient 550 patm 750 patm
DMS (nM)
E02b | 24+0.3 2.1£0.6 2.7+0.6
E04b 64+14 14.7£8.1
E05b 33£0.1 45+0.6
E06 | 18.7£0.5 18.1 24.2 25.2
DMSPt (nM)
E02b 49.5£2.0 264+£2.9
E04b 68.2+10.3 36.8+7.5
E05b 48.7+11.2 374+4.8
E06 | 76.7+5.7 114.6 98.43 108.5
North Sea
j A.DMS Z B. Total DMSP Z C. Particulate DMSP
:?E; z \_/ ‘; % z /
1 e-ambient =550 j \/ j
0 750 21000 o o
Iceland Basin
’ D. DMS I: E. Total DMSP i: F. Particulate DMSP

0 50 100 0 50 100

Time (hours)

Figure S2. DMS, total DMSP and particulate DMSP concentrations (nmol L") during
experimental microcosms performed in temperate waters at stations North Sea and Iceland
Basin from cruise JR271. Data shown is mean of triplicate incubations, and error bars show

standard error on the mean. Locations of water collection for microcosms are given in Table
1.

2.19 L284-287: Methods are missing for the nanoflagellate and bacteria abundances data,
The following has been added to the methods section (L278):

“2.8 Community composition

Composition of small phytoplankton and bacteria community composition was assessed by flow
cytometry. For details of methodology, see Richier et al. (2014)".
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2.20 L291: Methods for irradiance measurements are missing
Text has been added to the methods at L162:

“At each station, pre-dawn vertical profiles of temperature, salinity, oxygen, fluorescence,
turbidity and irradiance were used to choose and characterise the depth of experimental water
collection”.

2.21  L314: This is important information that really helps your line of argument, | would therefore
put stronger emphasis on this in the discussion.

It is slightly unclear but does the reviewer refer to the statement: “Significant differences ceased
to be detectable by the end of the incubations (168 h)”?

The section referred to describes the DMS response within the South Sandwich experiment which
showed a significant CO, treatment effect after 96 h of incubation, which then ceased to be
detectable by the end of the experiment (172 h). This single time point measurement out of the 7
polar experiments is an exception to the general overall trend of no DMS response — it was also
accompanied by almost identical mean DMSP concentrations under all CO, treatments (Figure 4
G). Therefore it is difficult to gauge the significance of this result. Once this data is combined into
the meta-analysis, it is clear this DMS response at South Sandwich is negligible compared to the
magnitude of responses we saw in temperate waters (Figure 6 A).

2.22  L328-335: This comparison of standing stocks is highly dependent on the time of sampling.
You therefore need to include information about and discussion on the timing of sampling
relative to bloom phenology. I.e. if the Arctic and Southern Ocean samples were taken in (macro
and/or micro) nutrient depleted waters after a bloom, can you really make such general
statements on polar vs. temperate waters? Was the temperate sampling also conducted in
similar phases of biomass dynamics? If not, you have a problematic bias towards low productivity
in the polar samples that needs to be taken into account.

Coherent responses to OA occurred regardless of initial conditions, in terms of both the general
biological response, and the DMS/P response. See Richier et al. (2018) for an assessment of the
observed responses in comparison to a range of initial environmental. Importantly, differences in
net phytoplankton growth rates as a function of pCO, treatment showed no correlation with any
of the other wide range of initial physical, chemical and biological variables tested, including
nutrient concentrations. Initial community structure was not an important factor in determining
responses to pCO2 treatment (Richier et al. 2018). Thus although it is likely that we sampled
waters that were at different stages of bloom phenology, this did not appear have an influence on
our findings. Indeed, we note that a wide range of initial chlorophyll standing stocks was sampled
on both high latitude cruises (Table 1). Overall, the most important factor influencing the
biological, and DMS/P response to elevated pCO,, was the carbonate chemistry characteristics of
the sampled waters. Thus, our findings suggest that both the organism and ecosystem level
response to OA is related to variability in the mean state of the carbonate chemistry system,
alongside the associated natural range of variability in carbonate chemistry experienced by
organisms (Flynn et al. 2012; Richier et al. 2018). Both these factors are likely linked to regional
variability in the buffering capacity of ocean waters.
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The lower rates of DMSP synthesis in polar waters compared to temperate waters is not
necessarily due to lower levels of productivity but rather ‘slower metabolic processes’ as we state
in this section. We compare our results to ‘non-bloom conditions’ from the Archer et al. (2013)
paper because although higher rates were observed during this study (10 — 15 nmol L d%), they
occurred following artificial addition of inorganic nutrients to the mesocosms, which is not
comparable to open ocean rates measured during the OA microcosm experiments.

We addressed the issue of ‘slower metabolic rates’ in colder polar waters in response 1.7 to
reviewer #1.

2.23  L340-342: This in a strong indication for the importance of other drivers (nutrients, species
composition, ...). You need to show these and check whether there are significant effects here.

Whilst we agree it would be interesting to attempt to unravel what is driving any differences in
DMSP production in polar waters, we feel that it is outside of the scope of this paper.

2.24  L360ff: I really like this way of presenting the data. You should, however, also show the same
plot with pCO2 instead of TA/DIC for comparison because | do not agree with you that this ratio
gives a full overview of the in situ carbonate chemistry.

We feel it would not be a useful exercise to replot all the data against pCO,, based on single
discrete measurements. The relevance of this value is unclear, as it can be so variable in space and
time.

We use DIC/Alk as it is the simplest way of representing the buffer capacity of the sampled waters.
We could also have plotted against the Revelle factor of the sampled waters, and the relationship
would have looked almost identical, as the Revelle factor is indeed a function of DIC/AIk, and
quantified the ocean’s sensitivity to an increase in CO,. Therefore we believe that DIC/Alk is the
simplest and more appropriate way of visualising our data in terms of its geographical location.

2.25 L3722 and throughout the entire manuscript: Report the time points in days or hours instead
of T1, T2 etc. because this is not consistently the same time point as well as for better readability
and consistency throughout the text.

Reporting the time points in hours throughout the manuscript would make the results text clunky
and confusing to read, as there is some variability. Therefore, we will keep the T,/T, notation, but
refer to the times broadly and refer the reader to Table 1 which outlines all the specific sampling
times.

Added at L201: “(T,, T,, see Table 1 for specific times for each experiment)”..,
L410 now reads: “...was minimal at all sampling points...”
L413 now reads: “...particularly at T, (48 — 96 h)...”

Figure 7 legend text has been altered: “T, =48 h, T2 = 96 h, except for Weddell Sea and South
Georgia (72 h, 144 h)”.
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Figure 8 legend text has been altered: “T,=48 h, T, =96 h, except for Weddell Sea and South
Georgia (72 h, 144 h) and South Sandwich (96 h, 168 h)”.

2.26  L377-282: This strongly suggests that, due to temperature-driven differences in metabolic
rates and their effects on how fast the communities can acclimate to changed conditions, the
experiments emerge out of measurement noise at different times.

If the differences were driven by temperature, rates would be expected to be higher in warmer
temperate waters and lower in cold polar waters — but this is not the case. Also see response 1.6
to reviewer 1.

To make our point more clearly, the text now reads (L413):

“De novo DMSP synthesis and DMSP production rates show a similar relationship with C;/A; (Fig. 7
A and B), with a significant suppression of DMSP production rates in temperate waters compared
to polar waters (Fig. 7B, Kruskal-Wallis One Way ANOVA H = 8.711, df = 1, p = 0.003). Although a
similar trend was seen for de novo DMSP synthesis, the difference between temperate and polar
waters was not statistically significant (Fig. 7A)”.

Therefore, this suppression of rates in temperate waters is likely related to the relative decreases
in net growth (Chl a accumulations, phytoplankton cell counts, community biomass) seen in
temperate waters (see also Richier et al. 2018).

2.27  Discussion: A discussion of stress vs. acclimated response is missing
The following text has been added to the discussion at L631:

“Our results imply that the phytoplankton communities of the temperate microcosms initially
responded to the rapid increase in pCO, via a stress-induced response, resulting in large and
significant increases in DMS concentrations occurring over the shortest timescales (2 days), with a
lessening of the treatment effect with an increase in incubation time (Hopkins and Archer 2014).
Within non-nutrient amended treatments such a reduction in response with time may also have
been driven by nutrient exhaustion, which could have lead the system to a similar state across all
CO, treatments, although we note that carbonate chemistry manipulation induced responses were
also similar within nutrient amended treatments (Richier et al. 2014, 2018). The dominance of
short response timescales in well-buffered temperate waters may also indicate rapid acclimation
of the phytoplankton populations following the initial stress response, which forced the small-
sized phytoplankton beyond their range of acclimative tolerance and lead to increased DMS
(Richier et al. 2018, Hopkins and Archer 2014).

This supports the hypothesis that populations from higher latitude, less well-buffered waters,
already possess a certain degree of physiological tolerance to variations in carbonate chemistry
environment. Although initial community size structure was not a significant predictor of the
response to high CO,, it is possible that a combination of both community composition and the
natural range in variability in carbonate chemistry — as a function of buffer capacity — may
influence the DMS/P response to OA over a range of timescales (Richier et al. 2018)”.
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2.28 L399: Everything until here reads more like results than like a discussion section. Please
consider rearranging.

The section the reviewer refers to describes the meta-analysis of all the data from the 3 cruises —
we believe this can be considered suitable content for the discussion and have left it unchanged. It
should be viewed as a synthesis rather than a simple description of results.

2.29 L410-412: The authors seem to imply that CO2 sensitivity is only occurring in form of
negative effects, even though there are many studies that show beneficial effects of increased
substrate availability for photosynthesis, which is particularly true for picoeukaryotes (e.g. Schulz
et al. 2017). Please take this aspect into account.

The section the reviewer refers to does not imply this. Rather, here we provide an explanation for
our observations.

2.30 L436-439:1do not agree that your data really shows this: Figure 9 indicates the Arctic Ocean
carbonate chemistry to be actually more similar to the Atlantic than to the Southern Ocean.

We disagree. The data show that the variability in carbonate chemistry in the polar oceans is much
larger than in temperate waters — as described in the text the reviewer refers to.

2.31  L444-448: Such a comparison only makes sense if the same geographical and temporal
ranges, and phases of biomass cycle (pre-bloom/ bloom/post-bloom, before/after winter
convection etc.) were covered in the different study areas. Please clarify if this was the case.

See response 1.12 to reviewer #1 with regard to accounting for the possible variability in pH over
seasonal scales.

2.32  L451-455: In the Southern Ocean, several studies have shown strong OA-effects on species
composition (e.g. Tortell et al. 2008, Feng et al. 2010, Hoppe et al. 2013, Trimborn et al. 2017).
L455-457: Similarly, you are missing previous work done in the Arctic (Coello-Camba et al. 2014,
Holding et al. 2015, Thoisen et al. 2015, Hoppe et al. 2017a,b) that need to be considered.

We have re-worded the suggested line so that it no longer implies that this is all the available
data.

L512:” A number of previous studies in polar waters have reported similar findings”. However, we
believe it would over-complicate this part of the discussion, and disrupt the flow, if we were to
bring in the other suggested references at this point in the paper.

L519: We have added in two recently published study which provides further substantiation for
our hypothesis, “Subarctic phytoplankton populations demonstrated a high level of resilience to
OA in short term experiments, suggesting a high level of physiological plasticity that was
attributed to the prevailing strong gradients in pCO, levels experienced in the sample region
(Hoppe et al. 2017). Furthermore, a recent study describing ten CO, manipulation experiments in
Arctic waters found that primary production was largely insensitive to OA over a large range of
light and temperature levels (Hoppe et al. 2018). This supports our hypothesis that, relative to
temperate communities, polar microbial communities may have a high capacity to compensate for
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environmental variability (Hoppe et al. 2018), and are thus already adapted to, and are able to
tolerate, large variations in carbonate chemistry”.

Therefore, we have made reference to these studies later in the paper at the end of section 4.4,
where we already provide evidence that the DMS response is likely to be variable over temporal
and spatial scales:

L611: “Furthermore, a number of other studies from both the Arctic e.g. (Coello-Camba et al. 2014;
Holding et al. 2015; Thoisen et al. 2015) and the Southern Ocean e.g. (Tortell et al. 2008; Hoppe et
al. 2013; Trimborn et al. 2017) suggest that polar phytoplankton communities can demonstrate
sensitivity to OA, in contrast to our findings. This emphasises the need to gain a more detailed
understanding of both the spatial and seasonal variability in the polar phytoplankton community
and associated DMS response to changing ocean acidity”.

2.33  L460: n=3 is not “highly” replicated
“Highly” has been omitted.

2.34  L469: Why are you comparing your data in detail with Archer et al. (2013) but not Hussherr
etal (2017)?

We use this section to highlight the differences between experimental approaches, as it is useful
for the reader to understand why we might see such different results between microcosm
experiments and mesocosm experiments. We have altered the text to make this point come
across more clearly to the reader:

“Experimental data clearly provide useful information on the potential future DMS response to
OA, but these data become most powerful when incorporated in Earth System Models (ESM) to
facilitate predictions of future climate. To date, two modelling studies have used ESM to assess
the potential climate feedback resulting from the DMS sensitivity to OA (Six et al. 2013; Schwinger
et al. 2017), and both have used results from mesocosm experiments. However, the DMS
responses to OA within our short term microcosm experiments contrast with the results of most
previous mesocosm experiments, and of particular relevance to this study, an earlier Arctic
mesocosm experiment (Archer et al. 2013). Whilst no response in DMS concentrations to OA was
generally seen in the microcosm experiments discussed here, a significant decrease in DMS with
increasing levels of CO, in the earlier mesocosm study was seen. Therefore, it is useful to consider
how the differences in experimental design between microcosms and mesocosms may result in
contrasting DMS responses to OA”.

As Hussherr et al. also used a microcosm approach, we include a short comparison at the end of
this section (L594 onwards) to emphasise that discrepancies can also occur even when using
similar experimental techniques.

2.35 L475: 1 would rather refer to the most common not the maximum duration.

“maximum of...” has been omitted.
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2.36  L482-488: Is this difference really due to different sensitivities, or differences in biological
rates, that lead to the fact that small physiological changes are detectable at different time
points?

It is unlikely that biological rates will vary significantly between mesocosms and microcosms, as
each experimental system should be a reasonable representation of the natural system which was
sampled. Although there is not total certainty that it is due to differences in sensitivities, this is a
hypothesis we put forward to help explain the differences in response to OA that we observe
between these experimental approaches.

2.37 L515-521: You first imply that the short duration of the experiments would render changes in
species composition rather unlikely, but then you report one case where you indeed observed
changes. | would say that this indicates that the timescales in general would have allowed for
changes in composition also in the other experiments.

Text has been altered and now reads (L589): “We did not generally see any broad-scale CO,-effects
on community structure in polar waters. This can be demonstrated by a lack of significant
differences in the mean ratio of >10 um Chl a to total Chl a (>10 um : total) between CO,
treatments, implying there were no broad changes in community composition (Table 2). South
Sandwich was an exception to this, where large and significant increases in the mean ratio of >10
um : total were observed at 750 patm and 2000 patm CO, relative to ambient CO, (ANOVA, F =
207.144, p<0.001, df = 3), demonstrated at even the short timescale of the microcosm
experiments, it is possible for some changes to community composition to occur”.

2.38 L543-550: | agree that it is an interesting finding that coastal DMS production seems to be
more sensitive to OA than that from the open ocean. This finding does, however, really hint
against the proposed mechanisms of insensitivity, because coastal systems are a lot more
variable in carbonate chemistry compared to the open ocean (e.g. Thoisen et al. 2015). Thus, the
interpretation of and conclusions from the dataset have to be reassessed.

Given the reviewers comments on this issue, we believe that the comparison between ‘coastal’
and ‘open ocean’ waters complicates this part of our discussion, so we have removed mention of
this comparison. We instead discuss the possibility that there is likely to be regional variability in
the response of DMS to OA. The key point is that the DMS response to OA in polar regions is
complex and likely to be influenced by a number of temporal and spatial factors. The main users
of our data are climate modellers, and we wish to emphasise that when trying to model the future
flux of DMS, it is important to take this variability into account. The section now reads (L623):

“Our findings contrast with two previous studies performed in Arctic waters (Archer et al. 2013,
Hussherr et al. 2017) which showed significant decreases in DMS in response to OA. These
discrepancies may be driven by differences in the sensitivity of microbial communities to changing
carbonate chemistry between different areas, or by variability in the response to OA depending on
the time of year, nutrient availability, and ambient levels of growth and productivity. This serves
to highlight the complex spatial and temporal variability in DMS response to OA which warrants
further investigation to improve model predictions”.
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2.39 Figures 3,4, 5, 7, 8, S3: Given the lack of control in carbonate chemistry in many experiments
(Table S2), this representation is misleading. The data needs to be presented accounted for the
real carbonate chemistry in the incubations.

We have addressed this above in point 2.6.

Technical Corrections

2.40 L11:1suggestreplacing “we increase” by “to increase”
Text changed accordingly.

2.41  L12:]suggest referring explicitly to climate change instead of environmental change.
Otherwise, the step to OA is kind of abrupt.

Done.

2.42  L28: Do you really mean “region may vary in response to OA” or rather “region may vary in
their response to OA”?

Text changed accordingly, now reads: “By demonstrating that DMS emissions from geographically
distinct regions may vary in their response to OA,...”

2.43  L190: replace “made” by “taken”
Done.

2.44  1207: omit “all” as in the caption of figure 5 you state that these data are not available for
two of the stations.

Text changed accordingly, now reads: “De novo DMSP synthesis and gross production rates were
determined for all microcosm experiments, except Barents Sea and South Sandwich,...”.

2.45 L237-238: According to the Journal style, it would be A_T and C_T for total alkalinity and
total dissolved inorganic carbon, respectively

We have changed T, to Arand DIC to C; throughout.

2.46  L372: Omit “identical” as irradiances and temperatures were not the same
Done.

2.47  L497-500: Something does not see correct in this sentence, please rephrase

This sentence has been rephrased (L571): “Moreover, the coastal Arctic mesocosms were enriched
with nutrients after 10 days, affording relief from nutrient limitation and allowing differences
between pCO, treatments to be exposed, including a strong DMS(P) response”.

2.48 L532: Insert “low and” between “periods of” and “stable productivity”

Done.
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2.49  L539: “js insensitive to OA during multiple short term microcosm” instead of “is resilient to
OA during multiple, highly replicated short term microcosm”

Done.
2.50 L542: add additional references mentioned above

We have instead removed reference to Davidson et al. (2016) as this was incorrectly cited here,
and only refer to the results from our own study (which was the intention).

2.51  L559: Replace “results from our study indicate” by a more honest “we hypothesise” or
something similar.

Done.

2.52  Table 1: Add macro nutrient (at least NO3) levels and incubation temperatures (will be more
variable than in situ). Also “Comment” should read “Reference”. Shouldn’t “Sample depth” read
“Sampling depth”?

The temperate of the incubation container was maintained at the in situ sampling temperature
(x<1°C) (see methods in Richier et al. 2014, Biogeosciences, doi:10.5194/bg-11-4733-2014).
Methods text (L191) has been altered to confirm this:

“Bottles were incubated inside a custom-designed temperature- and light-controlled shipping
container, set to match the in situ water temperature at the time of water collection (+<1°C, see
Richier et al. 2018)".

Nitrate concentrations have been added to the Table as suggested. And other suggested changes
have been made.

2.53  All Figures: Please indicate number of replicates and type of error estimate in the caption
Now included in figure captions for Figure 3 and Figure 4:
“Data shown is mean of triplicate incubations, and error bars show standard error on the mean”.

2.54  Figure 2: Replace “UE m-2 s-1” by “umol photons m-2 s-1” or “umol quanta m-2 s-1” in figure
and caption. Also, the panels are so close together that the top and bottom axis descriptions get
messy, please move them apart a bit.

Done.
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Abstract. Emissions of dimethylsulfide (DMS) from the polar oceans play a key role in
atmospheric processes and climate. Therefore, it is important we-to increase our
understanding of how DMS production in these regions may respond to envirenmentat
climate change. The polar oceans are particularly vulnerable to ocean acidification (OA).
However, our understanding of the polar DMS response is limited to two studies conducted
in Arctic waters, where in both cases DMS concentrations decreased with increasing acidity.
Here, we report on our findings from seven summertime shipboard microcosm experiments
undertaken in a variety of locations in the Arctic Ocean and Southern Ocean. These
experiments reveal no significant effects of short term OA on the net production of DMS by
planktonic communities. This is in contrast to identieal experiments from temperate NW
European shelf waters where surface ocean communities responded to OA with significant
increases in dissolved DMS concentrations. A meta-analysis of the findings from both
temperate and polar waters (n = 18 experiments) reveals clear regional differences in the

DMS response to OA. Based on our findings, Wwe suggest-hypothesise that these

regionalthe differences in DMS response between temperate and polar waters reflect the

natural variability in carbonate chemistry to which the respective communities_of each region
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may already be adapted. This implies that Efuture temperate oceans could be more sensitive
to OA resulting in a change in DMS emissions to the atmosphere, whilst perhaps surprisingly
DMS emissions from the polar oceans may remain relatively unchanged. By demonstrating
that DMS emissions from geographically distinct regions may vary in their response to OA,
our results may facilitate a better understanding of Earth’s future climate. Our study suggests
that the way in which processes that generate DMS respond to OA may be regionally distinct
and this should be taken into account in predicting future DMS emissions and their influence

on Earth’s climate.

1 Introduction

The trace gas dimethylsulfide (DMS) is a key ingredient in a cocktail of gases that exchange
between the ocean and atmosphere. Dissolved DMS is produced via the enzymatic
breakdown of dimethylsulfoniopropionate (DMSP), a secondary algal metabolite implicated
in a number of cellular roles, including the regulation of carbon and sulfur metabolism via an

overflow mechanism (Stefels 2000) and protection against oxidative stress (Sunda et al.

2002). Oceanic DMS emissions amount to 17 - 34 Tg Sy, representing 80 - 90% of all

marine biogenic S emissions, and up to 50% of global biogenic emissions (Lana et al. 2011).

DMS and its oxidation products play vital roles in atmospheric chemistry and climate
processes. These processes include aerosol formation pathways that influence the

concentration of cloud condensation nuclei (CCN) with implications for Earth’s albedo and

climate (Charlson et al. 1987; Korhonen et al. 2008), and the atmospheric oxidation pathways -
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of other key climate gases, including isoprene, ammonia and organohalogens (von Glasow

and Crutzen 2004; Johnson and Bell 2008; Chen and Jang 2012). Thus, our ability to predict

the climate into the future requires an understanding of how marine DMS production may

respond to global change (Carpenter et al. 2012; Woodhouse et al. 2013).
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The biologically-rich seas surrounding the Arctic pack ice are a strong source of DMS to the

Arctic atmosphere (Levasseur 2013). A seasonal cycle in CCN numbers can be related to

seasonality in the Arctic DMS flux (Chang et al. 2011). Indeed, observations confirm that

DMS oxidation products promote the growth of particles to produce aerosols that may

influence cloud processes and atmospheric albedo (Bigg and Leck 2001; Korhonen et al.

2008; Chang et al. 2011; Rempillo et al. 2011). Arctic new particle formation events and

peaks in aerosol optical depth (AOD) occur during summertime clean air periods (when
levels of anthropogenic black carbon diminish), and have been linked to chlorophyll a
maxima in surface waters and the presence of biegenie-aerosols formed from DMS oxidation
products such as methanesulfonate (MSA). The atmospheric oxidation products of DMS -
SO, and H,SOy - contribute to both the growth of existing particles and new particle

formation (NPF) in the Arctic atmosphere (Sharma et al. 2012; Leaitch et al. 2013; Gabric et

al. 2014). Thus, the ongoing and projected rapid loss of seasonal Arctic sea ice may influence
the Arctic radiation budget via changes to both the DMS flux and the associated formation

and growth of cloud-influencing particles (Sharma et al. 2012).

During its short but highly productive summer season, the Southern Ocean is a hotspot of
DMS flux to the atmosphere, influenced by the prevalence of intense blooms of DMSP-rich

Phaeocystis antarctica (Schoemann et al. 2005) and the presence of persistent high winds

particularly in regions north of the sub-Antarctic front (Jarnikova and Tortell 2016). Around

3.4 Tg of sulfur is released to the atmosphere between December and February, a flux that

represents ~15 % of global annual emissions of DMS (Jarnikova and Tortell 2016). Elevated

CCN numbers are seen in the most biologically active regions of the Southern Ocean, with a

significant contribution from DMS-driven secondary aerosol formation processes (Korhonen

et al. 2008; McCoy et al. 2015). DMS-derived aerosols from this region are estimated to

contribute 6 to 10 W m™ to reflected short wavelength radiation, similar to the influence of
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77 anthropogenic aerosols in the polluted Northern Hemisphere (McCoy et al. 2015). Given this [Field Code Changed

- [ Field Code Changed
78  important influence of polar DMS emissions on atmospheric processes and climate, it is vital
79 | we increase our understanding of the influence of future ocean acidification on DMS
80 | production.
81 | The polar oceans are characterised by high dissolved inorganic carbon (B£€Cy) ///[ Formatted: Font: Italic
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82  concentrations and a low carbonate system buffering capacity, mainly due to the increased

83  solubility of CO; in cold waters (Sabine et al. 2004; Orr et al. 2005). This makes these - [Fiem Code Changed
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84  regions particularly susceptible to the impacts of ocean acidification (OA). For example, [ Field Gode Changed

85 | extensive carbonate mineral undersaturation is expected to occur in Arctic waters within the
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95 | DMS emissions to atmospheric processes, our knowledge of the response of polar DMS

96 | production to OA is limited to a single mesocosm experiment performed in a coastal fjord in

97 | Svalbard (Archer et al. 2013; Riebesell et al. 2013) and one shipboard microcosm experiment | Field Code Changed
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may-notbe-fullyrepresentative-of the-wider response of the open Arctic or Southern Oceans

Mesocosm experiments are a critical tool for assessing OA effects on surface ocean

communities. Initial studies focused on the growth and decline of blooms with (Engel et al. | Field Code Changed
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2005; Kim et al. 2006; Engel et al. 2008; Schulz et al. 2008; Hopkins et al. 2010; Kim et al. { Field Code Changed
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mesocosm study in the coastal (sub) Arctic waters of Svalbard (Archer et al. 2013). { Field Code Changed
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Mesocosm enclosures, ranging in volume from ~11,000 — 50,000 L, allow the response of %F:Id C:d: Ch::::d
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surface ocean communities to a range of CO, treatments to be monitored under near-natural | | Fietd Code Changed
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light and temperature conditions over time scales (weeks - months) that allow a ‘winners vs [ Field Code Changed
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coverage, and leaving large gaps in our understanding of the response of open ocean

phytoplankton communities to OA.

Here, we adopt an alternative but complementary approach to explore the effects of OA on
the cycling of DMS with the use of short-term shipboard microcosm experiments. We build
on the previous temperate NW European shelf studies of Hopkins & Archer (2014) by
extending our experimental approach to the Arctic and Southern Oceans. Vessel-based

research enables multiple short term (days) near-identical incubations to be performed over

5



126 | extensive spatial scales, that encompass natural gradients in carbonate chemistry, temperature

127 | and nutrients (Richier et al. 2014; Richier et al. 2018). This allows an assessment to be made ( Field Code Changed
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132 | changing environmental conditions contributes to the resilience of key ecosystem functions,
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145  Communities of the NW European shelf consistently responded to acute OA with significant

146 | increases in net DMS production, likely a result of an increase in stress-induced algal

147 | processes (Hopkins and Archer 2014). Do polar phytoplankton communities, which are | [Field Code Changed
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polar oceans into a meta-analysis to advance our understanding of the regional variability and

drivers in the DMS response to OA.

2 Material and Methods

2.1 Sampling stations

This study presents new data from two sets of field experiments carried out as a part of the
UK Ocean Acidification Research Programme (UKOA) aboard the RRS James Clark Ross in
the sub-Arctic and Arctic in June-July 2012 (JR271) and in the Southern Ocean in January-
February 2013 (JR274). Data are combined with the results from an earlier study on board the

RRS Discovery (D366) described in Hopkins & Archer (2014) performed in the temperate

waters of the NW European shelf. Additionally, four previously unpublished experiments

from D366 are also included (E02b, E04b, EO5b, E06) as well as two temperate experiments

from JR271 (NS and IB) (see Table 1). In total, 18 incubations were performed; 11 in

temperate and sub-Arctic waters of the NW European shelf and North Atlantic, 3 in Arctic
waters and 4 in the Southern Ocean. Figure 1 shows the cruise tracks, surface concentrations
of DMS and total DMSP (DMSPt) at CTD sampling stations as well as the locations of

sampling for shipboard microcosms (See Table 1 for further details).

2.2 Shipboard microcosm experiments

The general design and implementation of the experimental microcosms for JR271 and
JR274 was essentially the same as for D366 and described in Richier et al. (2014), (2018) and
Hopkins & Archer (2014), but with the additional adoption of trace metal clean sampling and

incubation techniques in the low trace metal open ocean waters (see Richier et al. (2018)). At

—{ Field Code Changed

each station, pre-dawn vertical profiles of temperature, salinity, oxygen, fluorescence,

turbidity and irradiance were used to choose and characterise the depth of experimental water

collection. Ateach-station-wSubsequently, water was collected pre-dawn-within the mixed
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layer from three successive separate casts of a trace-metal clean titanium CTD rosette
comprising twenty-four 10 L Niskin bottles. Each cast was used to fill one of a triplicated set
of experimental bottles (locations and sample depths, Table 1). Bottles were sampled within a
class-100 filtered air environment within a trace metal clean container to avoid contamination
during the set up. The water was directly transferred into acid-cleaned 4.5 L polycarbonate

bottles using acid-cleaned silicon tubing, with no screening or filtration.

The carbonate chemistry within the experimental bottles was manipulated by addition of

equimolar HCIl and NaHCO5™ (1 mol L) to achieve a range of target CO, values (550, 750,

1000, 2000 patm) (Gattuso et al. 2010). For the sub-Arctic/Arctic microcosms, additions _— [Field Code Changed
~{ Field Code Changed

were used to attain three target CO; levels (550 patm, 750 patm and 1000 patm). For
Southern Ocean experiments, two experiments (Drake Passage and Weddell Sea) underwent
combined CO, and Fe additions (ambient, Fe (2 nM), high CO, (750 patm), Fe (2 nM) + high
CO; (750patm) (only high CO; treatments will be examined here; no response to Fe was
detected in DMS or DMSP concentrations). Three CO, treatments (750 patm, 1000 patm,
2000 patm) were tested in the last two experiments (South Georgia and South Sandwich).

Full details of the carbonate chemistry manipulations can be found in Richier et al. (2014)

and Richier et al. (2018). Broadly, achieved pCO, levels were well-matched to target values _—{ Formatted: Subscript

at Ty, although differences in pCO, between target and initial values were greater in the ///[ Formatted: Subscript

~
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higher pCO, treatments, due to lowered carbonate system buffer capacity at higher pCO,. For _——{ Formatted: Subscript

‘[ Formatted: Subscript

all 18 experiments, actual attained pCO, values were on average within 89% + 12% (£ 1 SD)

f’{ Formatted: Subscript

of target values. The attained pCO, values are presented in Table S1 on the Supplementary __—{ Formatted: subscript

) U U L N

Information. For simplicity, experimental data is presented against its target (‘nominal’)

pCO, treatment throughout the paper. After first ensuring the absence of bubbles or ///[ Formatted: Subscript

headspace, the bottles were sealed with high density polyethylene (HDPE) lids with silicone/

polytetrafluoroethylene (PTFE) septa and placed in the incubation container. Bottles were
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incubated inside a custom-designed temperature- and light-controlled shipping container, set
to match (£<1°C) the in situ water temperature at the time of water collection (shown in

Table 1) (£<t°C-see Richier et al. 2018). A constant light level (100 uE m? s'l) was

provided by daylight simulating LED panels (Powerpax, UK). The light period within the
microcosms was representative of in situ conditions. For the sub-Arctic/Arctic Ocean
stations, experimental bottles were subjected to continuous light representative of the 24 h

daylight of the Arctic summer. For Southern Ocean and all temperate water stations, an 18:6

light: dark cycle was used.- Each bottle belonged to a set of triplicates, and sacrificial
sampling of bottles was performed (see Table 1 for chosen time points). Use of three sets of
triplicates for each time point allowed for the sample requirements of the entire scientific

party (3 x 3 bottles, x 2 time points (T, T>_see Table 1 for specific times for each

experiment), x 4 CO, treatments = 72 bottles in total). Experiments were generally run for >4

days (15 out of 18 experiments), with initial sampling proceeded by two further time points.

For three temperate experiments (E02b, E04b, EQ5b, see Table 1) a shorter 2 day incubation

was performed, with a single sampling point at the end. For EQ6 (see Table 1) high time

frequency sampling was performed (0, 1, 4, 14, 24. 48, 72, 96 h) although only the data at 48

h and 96 h is considered in this analysis. Incubation times were extended for Southern Ocean

stations Weddell Sea, South Georgia and South Sandwich (see Table 1) as minimal CO,
response, attributed to slower microbial metabolism at low water temperatures, was observed

for Arctic stations and the first Southern Ocean station Drake Passage-ever96-h. The

magnitude of response was not related to incubation times, and expected differences in net

growth rates (2- to 3-fold higher in temperate compared to polar waters (Eppley 1972)) did _— [Field Code Changed
[ Field Code Changed

not account for the differences in response magnitude despite the increased incubation time in

polar waters (see alse-Richier et al. (2018) for detailed discussion). Samples for carbonate —— [Field Code Changed
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chemistry measurements were made-taken first, followed by sampling for DMS, DMSP and

related parameters.

2.3 Standing stocks of DMS and DMSP

Methods for the determination of seawater concentrations of DMS and DMSP are identical to
those described in Hopkins & Archer (2014) and will therefore be described in brief here.
Seawater DMS concentrations were determined by cryogenic purge and trap, with gas
chromatography and pulsed flame photometric detection (Archer et al., 2013). Samples for

total DMSP concentrations were fixed by addition of 35 ul of 50 % H,SO4 to 7 mL of

seawater (Kiene and Slezak 2006), and analysed within 2 months of collection (Archer et al. - [Field Code Changed
N\ [Field Code Changed

2013). Concentrations of DMSPp were determined at each time point by gravity filtering 7 "\ { Field Code Changed
[ Field Code Changed

0 U

ml of sample onto a 25 mm GF/F filter and preserving the filter in 7 ml of 35 mM H,SO4 in
MQ-water. DMSP concentrations were subsequently measured as DMS following alkaline
hydrolysis. DMS calibrations were performed using alkaline cold-hydrolysis (1 M NaOH) of
DMSP sequentially diluted three times in MilliQ water to give working standards in the range
0.03-3.3 ng S mL™". Five point calibrations were performed every 2 — 4 days throughout the

cruise.

2.4 De novo DMSP synthesis

De novo DMSP synthesis and gross production rates were determined for all microcosm

experiments, except Barents Sea and South Sandwich, at each experimental time point, using

methods based on the approach of Stefels et al. (2009) and described in detail in Archer et al.
(2013) and Hopkins and Archer (2014). Triplicate rate measurements were determined for
each CO; level. For each rate measurement three x 500 mL polycarbonate bottles were filled

by gently siphoning water from each replicate microcosm bottle. Trace amounts of

)

. . . . . . Formatted: Font: Italic
NaH"*CO;_equivalent to ~6 % of in situ dissolved inorganic carbon (B£ECy), were added to /{£

Formatted: Font: Italic, Subscript

)
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each 500 mL bottle. The bottles were incubated in the microcosm incubation container with
temperature and light levels as described earlier. Samples were taken at 0 h, then at two
further time points over a 6 - 9 h period. At each time point, 250 mL was gravity filtered in
the dark through a 47 mm GF/F filter, the filter gently folded and placed in a 20 mL serum
vial with 10 mL of Milli-Q and one NaOH pellet, and the vial was crimp-sealed. Samples
were stored at -20°C until analysis by proton transfer reaction-mass spectrometer (PTR-MS)

(Stefels et al. 2009).

The specific growth rate of DMSP (WDMSP) was calculated assuming exponential growth

from:

64 64 64 64
MP - MP MP - MP

-1 _ In eq t-1 In eq t
p(At ) =0, x AVG 64 64 > 64 64
' MPeq - MP, MPeq - MP_,

(Stefels et al. 2009) where 64MPt, 64MPH, 64MPH1 are the proportion of 1 x 13C labelled
DMSP relative to total DMSP at time t, at the preceding time point (t-1) and at the subsequent
time point (t+1), respectively. Values of *MP were calculated from the protonated masses of
DMS as: mass 64/(mass63+mass64+mass65), determined by PTR-MS. 64MPeq is the
theoretical equilibrium proportion of 1 x "*C based on a binomial distribution and the
proportion of tracer addition. An isotope fractionation factor oy of 1.06 is included, based on
laboratory culture experiments using Emiliania huxleyi (Stefels et al. 2009). Gross DMSP
production rates during the incubations (nmol L' h'l) were calculated from uDMSP and the

initial particulate DMSP (DMSPp) concentration of the incubations (shown in Figure 4).
2.5 Seawater carbonate chemistry analysis

The techniques and methods used to determine both the in sifu and experimental carbonate
chemistry parameters, and to manipulate seawater carbonate chemistry within the
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270 | microcosms, are described in Richier et al. (2014) and will be only given in brief here.

271 | Experimental Ty measurements were taken directly from CTD bottles, and immediately

272 | measured for total alkalinity (47Fa) (Apollo SciTech AS-Alk2 Alkalinity Titrator-Ct-analyser ///{ Formatted: Font: Italic, Not
Superscript/ Subscript
273 | (AS-C3)with LI-COR-70090) and dissolved inorganic carbon (C/BIE) (Apollo SciTech Cr Formatted: Font: Italic

\( Formatted: Font: Italic

o U

274 | analyser (AS-C3) with LICOR 7000)AS-AH2-AbkalinityFitrator). The CO2SYS programme Formatted: Font: Italic, Subscript
Formatted: Font: Italic
275  (version 1.05) (Lewis and Wallace 1998) was used to calculate the remaining carbonate ~ { Formatted: Font: Italic, Subscript
) ' ) " { Field Code Changed
276  chemistry parameters including pCOs. { Field Code Changed
277 | Measurements of F,-74 and CrDIE were made from each bottle at each experimental time __—{ Formatted: Font: Italic
\[ Formatted: Font: Italic, Subscript

278 | point and again used to calculate the corresponding values for pCO, and pHr. The carbonate Formatted: Font: Italic

Formatted: Font: Italic, Subscript

o

279 | chemistry data for each at-sampling time pointF;-and-F, effor each experiment and-each-€O,

280 | treatmentlevelare summarised in Supplementary Table S1, S2 and S3 and-Supplementary

281 | FableS2-(Fy-dataExperimental starting conditions are given in Table 1).

282 | 2.6 Chlorophyll a (Chl a) determinations

283 | Concentrations of Chl a were determined as described in Richier et al. (2014). Briefly, 100
284 | mL aliquots of seawater from the incubation bottles were filtered through either 25 mm GF/F
285 | (Whatman, 0.7 pm pore size) or polycarbonate filters (Whatman, 10 pm pore size) to yield
286 | total and >10 pm size fractions, with the <10 pum fraction calculated by difference. Filters

287 | were extracted in 6 mL HPLC-grade acetone (90%) overnight in a dark refrigerator.

288 | Fluorescence was measured using a Turner Designs Trilogy fluorometer, which was regularly

289 | calibrated with dilutions of pure Chl a (Sigma, UK) in acetone (90%).

290 | 27 Relative-growthrate (RGR)
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2.8 Community composition

/{ Formatted: Not Highlight
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Composition of small phytoplankton community compostion was assessed by flow

cytometry. For details of methodology, see Richier et al. (2014).,

//[ Formatted: Font: Bold

2.8-9 Data handling and statistical analyses

Permutational analysis of variance (PERMANOVA) was used to analyse the difference in
response of DMS and DMSP concentrations to OA, both between and within the two polar
cruises in this study. Both dependant variables were analysed separately using a nested
factorial design with three factors; (i) Cruise Location: Arctic and Southern Ocean, (ii)

Experiment location nested within Cruise location:—E—l——E4»4E§E (see Table 1 for station IDs)

and (iii) CO, level: 385, 550, 750, 1000 and 2000 patm. Main effects and pairwise
comparisons of the different factors were analysed through unrestricted permutations of raw
data. If a low number of permutations were generated then the p-value was obtained through

random sampling of the asymptotic permutation distribution, using Monte Carlo tests.

One-way analysis of variance was used to identify differences in ratio of >10 um Chl a to
total Chl a (chlsjoum : chlor, see Discussion). Initially, tests of normality were applied (»p<0.05

= not normal), and if data failed to fit the assumptions of the test, linearity transformations of
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the data were performed (logarithmic or square root), and the ANOVA proceeded from this
point. The results of ANOVA are given as follows: F = ratio of mean squares, df = degrees of
freedom, p = level of confidence. For those data still failing to display normality following
transformation, a rank-based Kruskal-Wallis test was applied (H = test statistic, df = degrees

of freedom, p = level of confidence).

3 Results

3.1 Sampling stations

At temperate sampling stations, sea surface temperatures ranged from 10.7°C for Jceland —{ Formatted: Font: Italic

Basin, to 15.3°C for Bay of Biscay, with surface salinity in the range 34.1 — 35.2, with the ///[ Formatted: Font: Italic

exception of station EQ5b which had a relatively low salinity of 30.5 (Figure 2 and Table 1).

Seawater temperatures at the polar microcosm sampling stations ranged from -1.5°C at sea-
ice influenced stations (Greenland Ice-edge and Weddell Sea) up to 6.5°C for Barents Sea
(Fig. 2 A). Salinity values at all the Southern Ocean stations were <34, whilst they were ~35
at all the Arctic stations with the exception of Greenland Ice-edge which had the lowest
salinity of 32.5 (Fig. 2 B). Phototrophic nanoflagellate abundances were variable, with >3 x
10* cells mL™" at Greenland Gyre, 1.5 x 10* cells mL™ at Barents Sea and <3 x 10* cells mL™'
for all other stations (Fig. 2 D). Total bacterial abundances ranged from 3 x 10’ cells mL" at

Greenland Ice-edge up to 3 x 10° cells mL™" at Barents Sea (Fig. 2 E).

Chl a concentrations in temperate waters ranged from 0.3 ug I for two North Sea stations | Formatted: Superscript

(E05 and North Sea) up to 3.5 ug L™ for Irish Sea (Figure 2 and Table 1). Chl a was also ///[ Formatted: Font: Italic

\[ Formatted: Font: Italic

were-simtlarly-variable in polar waters, exceeding 4 pg L™ at South Sandwich and 2 pg L™ at Formatted: Font: Italic

Formatted: Font: Not Italic

(N N N

Greenland Ice-edge, whilst the remaining stations ranged from 0.2 pg L™ (Weddell Sea) to

1.5 ug L (Figure: 2-F).
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The high Chl a concentrations at South Sandwich are reflected in low in-water irradiance

levels at this station (Fig. 2 C).

In temperate waters, maximum DMS concentrations were generally seen in near surface

measurements, ranging from 1.0 nM for £04 to 21.1 nM for £06, with rapidly decreasing _—{ Formatted: Font: Italic ]
{ Formatted: Font: Italic )

concentrations with depth (Figure 2 G). DMSP also generally peaked in the near surface

waters, ranging from 12.0 nM for E04 to 72.5 nM for £06, but the maximum overall DMSP //[ Formatted: Font: Italic ]

concentration of 89.8 nM was observed at ~20 m for £05b (Figure 2 H). Surface DMS //[ Formatted: Font: Italic ]

concentrations in polar waters were generally lower than temperate waters, ranginged from 1

— 3 ametEnM, with the exception of South Sandwich where concentrations of ~12 ame}

L£'nM were observed (Figure- 2 G). DMSP generally ranged from 12 — 20 ameH=nM ',

except Barents Sea where surface concentrations exceeded 60 ametE"nM (Figure- 2 H), //[ Formatted: Font: Not Bold, Not Italic ]

3.2 Response of DMS and DMSP to OA

The temporal trend in DMS concentrations showed a similar pattern for the three Arctic
Ocean experiments. Initial concentrations of 1 —2 nmol L™ remained relatively constant over
the first 48 h and then showed small increases of 1 - 4 nmol L over the incubation period

(Figure 3 A — C). Increased variability between triplicate incubations became apparent in all

three Arctic experiments by 96 h, but no significant effects of elevated CO, on DMS
concentrations were observed. Initial DMSP concentrations were more variable, from 6 nmol
L' at Greenland Ice-edge to 12 nmol L™ at Barents Sea, and either decreased slightly (net
loss 1 — 2 nmol L' GG), or increased slightly (net increase ~4 nmol L™ Greenland Ice-edge,
~3 nmol L™ Barents Sea) (Figure 4 A — C). DMSP concentrations were found to inerease
decrease significantly in response to elevated CO, after 48 h for Barents Sea (Fig. 4 C, t =

2.05, p = 0.025), whist no significant differences were seen after 96 h.-butrNo other

significant responses in DMSP were identified.
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The range of initial DMS concentrations was greater at Southern Ocean sampling stations
compared to the Arctic, from 1 nmol L™ at Drake Passage up to 13 nmol L™ at South
Sandwich (Figure 3 D — G). DMS concentrations showed little change over the course of 96 —
168 h incubations and no effect of elevated CO,, with the exception of South Sandwich (Fig.
3 G). Here, concentrations decreased sharply after 96 h by between 3 and 11 nmol L™.
Concentrations at 96 h were CO,-treatment dependent, with significant decreases in DMS
concentration occurring with increasing levels of CO, (PERMANOVA, 1 =2.61, p = 0.028).

Significant differences ceased to be detectable by the end of the incubations (168 h).

Initial DMSP concentrations were higher at the Southern Ocean stations than for Arctic

stations, ranging from 13 nmol L' for Weddell Sea to 40 nmol L™ for South Sandwich

(Figure 4 D — G). Net increases in DMSP occurred throughout, except at South Georgia, and

were on the order of between <10 nmol L - >30 nmol L™ over the course of the incubations.

Concentrations were not generally pCO,-treatment dependent with the exception of the final

time point at South Georgia (144 h) when a significant-deerease-insignificantly lower DMSP

with increasing CO; was observed (PERMANOVA, ¢ = -5.685, p<0.001).

Results from the previously unpublished experiments from temperate waters are in strong

agreement with the five experiments presented in Hopkins and Archer (2014), with

consistently decreased DMS concentrations and enhanced DMSP under elevated CO,. The

data is presented in the Supplementary Information, Table S4 and Figure S2. and included in

the meta-analysis in section 4.1 of this paper.

3.3 Response of de novo DMSP synthesis and production to OA

Rates of de novo DMSP synthesis (WDMSP) at initial time points (To) ranged from 0.13 d™'
(Weddell Sea, Fig. 5 G) to 0.23 d” (Greenland Ice-edge, Fig. 5 C), whilst DMSP production

ranged from 0.4 nmol L™ d' (Greenland Gyre, Fig. 5 B) to 2.27 nmol L™ d' (Drake Passage,
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Fig. 5 F). Maximum rates of uDMSP of 0.37 -0.38 d! were observed at Greenland Ice-edge
after 48 h of incubation in all CO, treatments (Fig. 5 C). The highest rates of DMSP
production were observed at South Georgia after 96 h of incubation, and ranged from 4.1 —
6.9 nmol L' d across CO, treatments (Fig. 5 J). Rates of DMSP synthesis and production

were generally lower than those measured in temperate waters (Hopkins and Archer 2014)

(Initial rates: uDMSP 0.33 - 0.96 d”', 7.1 — 37.3 nmol L™ d™), but were comparable to

measurements made during an Arctic mesocosm experiment (Archer et al. 2013) (0.1 — 0.25

d”,3 -5 nmol L d" in non-bloom conditions). The lower rates in cold polar waters likely
reflect slower metabolic processes and are reflected by standing stock DMSP concentrations
which were also lower than in temperate waters (5 — 40 nmol L polar, 8 — 60 nmol L™

temperate (Hopkins and Archer 2014)). No consistent evidence of CO, sensitivity was seen in

either DMSP synthesis or production, similar to findings for DMSP standing stocks. Some
notable but conflicting differences between CO, treatments were observed. There was a 36%
and 37% increase in pDMSP and DMSP production respectively at 750 patm for the Drake
Passage after 96 h (Figure 5 E, F), and a 38% and 44% decrease in both at 750 patm after
144 h for Weddell Sea (Figure 5 G, H). Nevertheless, no consistent and significant effects of
high CO, were observed for rates of de novo DMSP synthesis or DMSP production in polar

waters.

4 Discussion

4.1 Regional differences in the response of DMS(P) to OA

We combine our findings from the polar oceans with those from temperate waters into a
meta-analysis in order to assess the regional variability and drivers in the DMS(P) response to
OA. Figures 6 and 7 provide an overview of the results discussed so far in this current study,

together with the results from Hopkins & Archer (2014) as well as the results from 4
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previously unpublished microcosm experiments from the NW European shelf cruise and a
further 2 temperate water microcosm experiments from the Arctic cruise (North Sea and
Iceland Basin, Table 1). This gives a total of 18 microcosm experiments, each with between 1

and 3 high CO, treatments.

Hopkins & Archer (2014) reported consistent and significant increases in DMS concentration
in response to elevated CO, that were accompanied by significant decreases in DMSPt
concentrations. Bacterially-mediated DMS processes appeared to be insensitive to OA, with

no detectable effects on dark rates of DMS consumption and gross production, and no

consistent response seen in bacterial abundance (Hopkins and Archer 2014). In general, there - [Field Code Changed

{ Field Code Changed

were large short-term decreases in Chl a concentrations and phototrophic nanoflagellate

abundance in response to elevated CO, in these experiments (Richier et al. 2014). _— { Field Code Changed

[ Field Code Changed

The relative treatment effects ([x]highco2/[*]ambientcoz) for DMS and DMSP (Figure 6), Chl a

and; phototrophic nanoflagellate abundance and-relative-growthrates-(Figure 78) are plotted

against the ratio of Zo-BIC to T/Ty) of the sampled waters, in ///[ Formatted: Font: Italic
\[ Formatted: Font: Italic, Subscript
order to place our findings in context of the total experimental data set. The value of Cr/4r \{ Formatted: Font: Italic
L . X . . \\ Formatted: Font: Italic, Subscript
PES/ Alleranges from 0.84 — 0.95 within the mixed layer, and increases towards high latitude \ \x Formatted: Font: Ttalic
. . \| F tted: Font: Italic, Subscript
waters (Egleston et al. 2010). Thus, stations with C7/4, DIE/Alkabove ~0.91 represent the \ { Formatted: Fon: talic, Subscrip
\( Formatted: Font: Italic
seven polar stations (right of red dashed line Fig. 6 and 7). The surface waters of the polar ‘ [ Formatted: Font: Italic, Subscript
{ Formatted: Font: Italic
oceans have a reduced buffering capacity due to higher CO; solubility in colder waters, and [ Field Code Changed
[ Field Code Changed
so are less resistant to local variations in C/BIE and A4 Atk (Sabine et al. 2004). Thus, the |~ [ Field Code Changed
“““ [ Field Code Changed
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relationship between experimental response and Cr/4; PIG/Alkis a simple way of
demonstrating how the CO; sensitivity of different surface ocean communities relates to the
in situ carbonate chemistry. The effect of elevated CO, on DMS concentrations at polar

stations, relative to ambient controls, was minimal at beth-F,-and-F,all sampling points, and

is in strong contrast to the results from identieal-experiments performed on the NW European
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shelf. At temperate stations, DMSP displayed a clear negative treatment effect, whilst at polar

stations a positive effect was evident under high CO,, and particularly at T, (48 — 96 h) (Fig. /{ Formatted: Not Superscript/ Subscript]

6 C and D). De novo DMSP synthesis and DMSP production rates show a similar relationship

with Cr/4, DICHAH(Fig. 7 A and B), with a significant suppression of DMSP production /{ Formatted: Font: Italic

\[ Formatted: Font: Italic, Subscript

rates in temperate waters compared to polar waters (Fig. 7B, Kruskal-Wallis One Way Formatted: Font: Italic

Formatted: Font: Italic, Subscript
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ANOVA H=28.711,df=1, p=0.003). Although a similar trend was seen for de novo DMSP

synthesis, the difference between temperate and polar waters was not statistically significant

data-makes-the relationshipsless-definitive—At T (48 — 96 h, see Table 1), a statistically

significant difference in response was seen between temperate and polar waters for Chl a

(Kruskal-Wallis One Way ANOVA H=20.577.df=1, p<0.001), with shewedJittleminimal

response to elevated CO, at polar stations, and in general whereas-a strong negative response

was seen in temperate waters (Fig. 8A). By T5 (96 — 144 h, see Table 1), no significant

difference in response of Chl a between temperate and polar waters was detectable (Fig. 8B),

although Aa slight positive response in Chl a was seen at mest-some temperate stations-by-T,

and polar stations showed a minimal response, with the exception of Barents Sea which saw

strongly enhanced Chl a at T, (96 h) with-generally little response-atpelarstations-(Fig. 8 B).

In general, phototrophic nanoflagellates responded to high CO, with large decreases in
abundance in temperate waters (Richier et al. 2014), and increases in abundance in polar
waters (Fig. 8 C and D), with some exceptions: North Sea and South Sandwich gave the

opposite response. The impacts had lessened by T, (96 — 168 h, see Table 1)._In contrast,

bacterial abundance did not show the same regional differences in response to high CO; (see
Hopkins and Archer (2014) for temperate waters, and Figure S1, supplementary information,

for polar waters). Bacterial abundance in temperate waters gave variable and inconsistent
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responses to high CO,. For all Arctic stations, Drake Passage and Weddell Sea, no response
to high CO, was observed. For South Georgia and South Sandwich, bacterial abundance
increased at 1000 and 2000 patm, with significant increases for South Georgia after 144 h of

incubation (ANOVA F = 137.936, p<0.001). Additionally, at Arctic stations Greenland Gyre

and Greenland Ice-edge, no overall effect of increased CO» on rates of DOC release, total

carbon fixation or POC : DOC was observed (Poulton et al. 2016). _— ( Field Code Changed

~{ Field Code Changed

Across all experiments, the response of net total community Chl ¢ and net growth rates of

small phytoplankton (<10 um) scaled with pCO, treatment, and strongly correlated with in

situ carbonate chemistry, whilst no relationships were found with any of the other wide range

of initial physical, chemical or biological variables (Richier et al. 2018). Overall, the

observed differences in regional response to carbonate chemistry manipulation could not be

attributed to any other measured factor that varied between temperate and polar waters. These

include ambient nutrient concentrations, which varied considerably but had no influence on

the response, and initial community structure, which was not a significant predictor of the

response (Richier et al. 2018).
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In summary, the relative response in both DMS(P) and a range of biological parameters

(Richier et al. 2018) to CO; treatment in polar waters follows a distinctly different pattern to

experiments performed in temperate waters. In the following sections we explore the

possible drivers of the regional variability in response to OA.
4.2 Influence of community cell-size composition on DMS response

It has been proposed that variability in the concentrations of carbonate species (e.g. pCO»,
HCO5", CO3%¥) experienced by phytoplankton is related to cell size, such that smaller-celled
taxa (<10 pm) with a reduced diffusive boundary layer are naturally exposed to relatively less

variability compared to larger cells (Flynn et al. 2012). Thus, short-term and rapid changes in

carbonate chemistry, such as the kind imposed during our microcosm experiments, may have
a disproportionate effect on the physiology and growth of smaller celled species. Larger cells
may be better able to cope with variability as normal cellular metabolism results in significant

cell surface changes in carbonate chemistry parameters (Richier et al. 2014). Indeed, the

marked response in DMS concentrations to short term OA in temperate waters has been

attributed to this enhanced sensitivity of small phytoplankton (Hopkins and Archer 2014).

Was the lack of DMS response to OA in polar waters therefore a result of the target

communities being dominated by larger-celled, less carbonate-sensitive species?

Size-fractionated Chl ¢ measurements give an indication of the relative contribution of large
and small phytoplankton cells to the community. For experiments in temperate waters, the
mean ratio of >10 pm Chl a to total Chl a (hereafter >10 um : total) of 0.32 + 0.08 was lower
than the ratio for polar stations of 0.54 = 0.13 (Table 2). Although the difference was not
statistically significant, this might imply a tendency towards communities dominated by
larger cells in the polar oceans, which may partially explain the apparent lack of DMS

response to elevated CO,. However, this is not a consistent explanation for the observed
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responses. For example, the Arctic Barents Sea station had the lowest observed >10 um :
total of 0.04 = 0.01, suggesting a community comprised almost entirely of <10 pum cells; yet
the response to short term OA differed to the response seen in temperate waters. No
significant CO, effects on DMS or DMSP concentrations or production rates were observed
at this station, whilst total Chl a significantly increased under the highest CO, treatments
after 96 h (PERMANOVA F = 33.239, P<0.001). Thus, our cell size theory does not hold for
all polar waters, suggesting that regardless of the dominant cell size, polar communities are
more resilient to OA. In the following section, we explore the causes of this apparent

restlience-insensitivity to OA in terms of the environmental conditions to which the

communities have presumably adapted.

4.3 Adaptation to a variable carbonate chemistry environment

The variation in in situ surface ocean carbonate chemistry parameters for all three cruises (see
Tynan et al. 2016 for details), is summarised in Figure 9. These data demonstrate both the
latitudinal differences in surface ocean carbonate chemistry between temperate and polar
waters, as well as the within-region variability which is controlled by the respective buffer
capacities. Thus, a narrow range of values for all carbonate parameters was observed in the
NW European shelf waters relative to the less well-buffered Arctic and Southern Ocean
waters. The polar waters sampled during our study were characterised by pronounced
gradients in carbonate chemistry over small spatial scales, such that surface ocean

communities are more likely to have experienced fluctuations between high pH/Qaragonite and

low pH/Qaragonite OVer short time scales (Tynan et al. 2016). For example, pHr varied by only

{ Field Code Changed

0.15 units (8.20 - 8.05) in NW European shelf waters, compared to 0.35 units (8.05 - 7.7) in

the Arctic, and 0.40 units (8.25 - 7.85) in the Southern Ocean. Our data represent only a

snapshot (4 — 6 weeks) of a year, se-the-annual-variability in-carbonate-chemistry-islikelyto
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be-mueh-greaterwith a lack of information on the range in variability over seasonal cycles.

Blackford-and-Gilbert {2009 For comparison with Arctic stations, Hagens and Middelburg e [ Field Code Changed

o ‘[ Field Code Changed

(2016) report a seasonal pH variability of up to 0.25 units from a single site in the open ocean

surface waters in the Iceland Sea, whilst Kapsenberg et al. (2015) report an annual variability

0f 0.3 — 0.4 units in the McMurdo Sound, Antarctica. This implies that both polar open ocean

and coastal/sea ice locations experience equally large variations in carbonate chemistry over

seasonal cycles. In open ocean waters this is driven by enhanced drawdown of C/BI€ and /{ Formatted: Font: Italic

[ Formatted: Font: Italic, Subscript

CO» during the productive spring and summer months, countered by lower productivity and

strong mixing in the winter (Hagens and Middelburg 2016). In coastal and sea-ice affected e [ Field Code Changed

o ‘[ Field Code Changed

regions, seasonal pH variability may be enhanced further by tidal exchanges, and by dilution

of Ci/Arpiczs caused by sea-ice melt (Kapsenberg et al. 2015). Adaptation to such natural ___{ Formatted: Font: Italic
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biological community (Kapsenberg et al. 2015). This resilienee-is manifested here as
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negligible impacts on rates of de novo DMSP synthesis and net DMS production. Fhe-few [ Field Code Changed
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number of publishedprevious studies in polar waters have reported similar findings.
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minicosm experiments (650 L) in Antarctic coastal waters, with no effects on

nanophytoplankton abundance, and enhanced abundance of picophytoplankton and

prokaryotes (Davidson et al. 2016; Thomson et al. 2016). In experiments under the Arcticice, [ Field Code Changed

{ Formatted: Not Highlight
microbial communities demonstrated the capacity to respond either by selection or Formatted: Not Highlight
physiological plasticity to elevated CO, during short term experiments (Monier et al. 2014). [ Field Code Changed

Formatted: Not Highlight

e UL U

This supports our hypothesis thatOurfindings-support-the-notion-that, relative to temperate

communities, polar microbial communities are already adapted to, and are able to tolerate,
large variations in carbonate chemistry. Thus by performing multiple, highby-replicated

experiments over a broad geographic range, the findings of this study imply that the DMS
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response may be both a reflection of: (i) the level of sensitivity of the community to changes
in the mean state of carbonate chemistry, and (ii) the levels of regional variability in
carbonate chemistry experienced by different communities. This highlights the limitations

associated with simple extrapolation of results from a small number of geographically-limited

experiments e.g. Six et al. (2013). Such an approach lacks a mechanistic understanding that | Field Code Changed

would allow a model to capture the regional variability in response that is apparent from the

microcosms experiments presented here.

4.4 Comparison to an Arctic mesocosm experiment

Experimental data clearly provide useful information on the potential future DMS response to

OA, but these data become most powerful when incorporated in Earth System Models (ESM)

to facilitate predictions of future climate. To date, two modelling studies have used ESM to

assess the potential climate feedback resulting from the DMS sensitivity to OA (Six et al. _— [ Field Code Changed
~{ Field Code Changed
2013; Schwinger et al. 2017), and both have used results from mesocosm experiments. [ Field Code Changed

However, Fthe DMS responses to OA within our short term microcosm experiments contrast

with the results of most previous mesocosm experiments, and of particular relevance to this

study, an earlier Arctic mesocosm experiment (Archer et al. 2013). Whilst no response in _— [ Field Code Changed

T [ Field Code Changed

DMS concentrations to OA was generally seen in the microcosm experiments discussed here,
a-stgnifieanta significant decrease in DMS with increasing levels of CO, in the earlier

mesocosm study was repertedseen. Therefore, it is useful to consider how the differences in

experimental design between microcosms and mesocosms may result in contrasting DMS

responses to OA. ¥

The short duration of the microcosm experiments (maximum-of4 — 7 d) allows the
physiological (phenotypic) capacity of the community to changes in carbonate chemistry to
be assessed. In other words, how well is the community adapted to variable carbonate
chemistry and how does this influence its ability to acclimate to change? Although the
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mesocosm experiment considered a longer time period (4 weeks), the first few days can be
compared to the microcosms. No differences in DMS or DMSP concentrations were detected
for the first week of the mesocosm experiment, implying a certain level of insensitivity of
DMS production to the rapid changes in carbonate chemistry. In fact, when taking all
previous mesocosm experiments into consideration, differences in DMS concentrations have

consistently been undetectable during the first 5 — 10 days, implying there is a limited short-
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term physiological response by the in situ communities (Vogt et al. 2008; Hopkins et al. [ Field Code Changed
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2010; Kim et al. 2010; Avgoustidi et al. 2012; Park et al. 2014). This is in contrast to the [ Field Code Changed
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Archer 2014). However, all earlier mesocosm experiments have been performed in coastal N\ [ 1e’c ~oce thange
. { Field Code Changed
waters, which like polar waters, can experience a large natural range in carbonate chemistry. | Field Code Changed
In the case of coastal waters this is driven to a large extent by the influence of riverine
discharge and biological activity (Fassbender et al. 2016). Thus coastal communities may _— ( Field Code Changed
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also possess a higher level of adaptation to variable carbonate chemistry compared to the
open ocean communities of the temperate microcosms reperted-here(Fassbender et al. 2016). { Field Code Changed
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The later stages of mesocosm experiments address a different set of hypotheses, and are less
comparable to the microcosms reported here. With time, an increase in number of generations
leads to community structure changes and taxonomic shifts, driven by selection on the

standing genetic variation in response to the altered conditions. Moreover, the coastal Arctic

mesocosms were enriched with nutrients after 10 days. This resulting in relief from nutrient

limitation which allowed differences between pCO, treatments to be exposed, including a

strong DMS(P) response.Mereover-the-coastal- Aretic-mesocosms—were-enriched-with

(Archer etal | Field Code Changed
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increases drove changes which reflected both the physiological and genetic potential within
the community, and resulted in taxonomic shifts. The resultant population structure was
changed, with an increase in abundance of dinoflagellates, particularly Heterocapsa
rotundata. Increases in DMSP concentrations and DMSP synthesis rates were attributed to
the population shift towards dinoflagellates. The drivers of the reduced DMS concentrations
were less clear, but may have been linked to reduced DMSP-lyase capacity within the

dominant phytoplankton, a reduction in bacterial DMSP lysis, or an increase in bacterial

DMS consumption rates (Archer et al. 2013). Again, this is comparable to all other _— [Field Code Changed

[ Field Code Changed

mesocosm experiments, wherein changes to DMS concentrations can be associated with CO,-

driven shifts in community structure (Vogt et al. 2008; Hopkins et al. 2010; Kim et al. 2010; ( Field Code Changed
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Avgoustidi et al. 2012; Park et al. 2014; Webb et al. 2015). However, given the lack of [ Field Code Changed
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to OA in high latitude waters, | Formatted: Font: (Default) +Body

(Calibri), 11 pt

U

As-expeeted;given-the-shorter duration-of the-mierocosms;wWe did not generally see any

broad-scale CO,-effects on community structure in polar waters. This can be demonstrated by
a lack of significant differences in the mean ratio of >10 um Chl a to total Chl a (>10 um :
total) between CO; treatments, implying there were no broad changes in community
composition (Table 2). South Sandwich was an exception to this, where large and significant
increases in the mean ratio of >/70 um : total were observed at 750 patm and 2000 patm CO,

relative to ambient CO, (ANOVA, F'=207.144, p<0.001, df = 3), demonstrated at even the

short timescale of the microcosm experiments, it is possible for some changes to community

composition to occur. Interestingly, this was also the only polar station that exhibited any

significant effects on DMS after 96 h of incubation (Figure 3G). However, given the lack of

similar response at 1000 patm, it remains equivocal whether this was driven by a CO,-effect
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or some other factor. The results of our microcosm experiments suggest restlience
insensitivity #of de novo DMSP production and net DMS production in the microbial
communities of the polar open oceans ir+espense-to short term changes in carbonate
chemistry. This may be driven by a high level of adaptation within the targeted

phytoplankton communities to naturally varying carbonate chemistry.

In contrast to our findings, a recent single 9 day microcosm experiment (Hussherr et al.,
2017) performed in Baffin Bay (Canadian Arctic) saw a_linear 80% decrease in DMS

concentrations during spring bloom-like conditions. It should be noted that this response was

seen over a range of pCO, from 500 - 3000 patm, far beyond the levels used in the present

study. -Nevertheless, Fthis implies that polar DMS production may be sensitive to OA at

certain times of the year, such as during the highly productive spring bloom, but less sensitive

during periods of low and stable productivity, such as the summer months sampled during
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this study. Furthermore. a number of other studies from both the Arctic e.g. (Coello-Camba et -
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al. 2014; Holding et al. 2015; Thoisen et al. 2015) and the Southern Ocean e.g. (Tortell etal.
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2008; Hoppe et al. 2013; Trimborn et al. 2017) suggest that polar phytoplankton communities
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can demonstrate sensitivity to OA., in contrast to our findings. This emphasises the need to 9
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gain a more detailed understanding of both the spatial and seasonal variability in the polar
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phytoplankton community and associated DMS response to changing ocean acidity.

5 Conclusions

We have shown that net DMS production by summertime polar open ocean microbial
communities is restientinsensitive to OA during multiple, highly replicated short term

microcosm experiments. We provide further-evidence that, in contrast to temperate

communities (Hopkins and Archer 2014), the polar communities we sampled were relatively | Field Code Changed
o [ Field Code Changed

insensitive to variations in carbonate chemistry (Richier et al. 2018), manifested here as a | [ Field Code Changed
h [ Field Code Changed

o
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653  minimal effect on net DMS production. Our findings contrast with two previous studies

654 | performed in eeastal-Arctic waters (Archer et al. 2013, Hussherr et al. 2017) which showed
655 | significant decreases in DMS in response to OA. These discrepancies may be driven by

656 | differences in the sensitivity of microbial communities to changing carbonate chemistry

657 | between ceastal-and-epen-ocean-watersdifferent areas, or by variability in the response to OA
658 | depending on the time of year, nutrient availability, and ambient levels of growth and

659 | productivity. This serves to highlight the complex spatial and temporal variability in DMS

660 | response to OA which warrants further investigation to improve model predictions.

661 | Our results imply that the phytoplankton communities of the temperate microcosms initially Formatted: Font: (Default) Times
New Roman, 12 pt, Not Bold

662 | responded to the rapid increase in pCO» via a stress-induced response, resulting in large and Formatted: Line spacing: Double

663 | significant increases in DMS concentrations occurring over the shortest timescales (2 days),

664 | with a lessening of the treatment effect with an increase in incubation time (Hopkins and

665 | Archer 2014). This reduction in response with time may also have been driven by nutrient

666 | exhaustion, given the lack of nutrient enrichment to the microcosms, which could have lead

667 | the system to a similar state across all CO2 treatments (Richier et al. 2014, 2018). The

668 | dominance of short response timescales in well-buffered temperate waters may also indicate

669 | rapid acclimation of the phytoplankton populations following the initial stress response,

670 | which forced the small-sized phytoplankton beyond their range of acclimative tolerance and

671 | lead to increased DMS (Richier et al. 2018, Hopkins and Archer 2014).

672 | This supports the hypothesis that populations from higher latitude, less well-buffered waters,

673 | already possess a certain degree of acclimative tolerance to variations in carbonate chemistry

674 | environment. Although initial community size structure was not a significant predictor of the

675 | response to high CO,, it is possible that a combination of both community composition and

676 | the natural range in variability in carbonate chemistry — as a function of buffer capacity —

677 | may influence the DMS/P response to OA over a range of timescales (Richier et al. 2018).
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Our findings should be considered in the context of timescales of change (experimental vs
real world OA) and the potential of microbial communities to adapt to a gradually changing
environment. Microcosm experiments focus on the physiological response of microbial
communities to short term OA. Mesocosm experiments consider a timescale that allows the
response to be driven by community composition shifts, but are not long enough in duration
to incorporate an adaptive response. Neither approach is likely to accurately simulate the
response to the gradual changes in surface ocean pH that will occur over the next 50 — 100
years, nor the resulting changes in microbial community structure and distribution. However,
resultsfrom-our-study-indieatewe hypothesise that the DMS response to OA should be
considered not only in relation to experimental perturbations to carbonate chemistry, but also
in relation to the magnitude of background variability in carbonate chemistry experienced by
the DMS-producing organisms and communities. Our findings suggest a strong link between

the DMS response to OA and background regional variability in the carbonate chemistry.

Models suggest the climate may be sensitive to changes in the spatial distribution of DMS

emissions over global scales (Woodhouse et al. 2013). Such changes could be driven by both

physiological and adaptive responses to environmental change. Accepting the limitations of
experimental approaches, our findings suggest that net DMS production from polar oceans
may be resilient to OA in the context of its short term effects on microbial communities. The
oceans face a multitude of CO,-driven changes in the coming decades, including OA,

warming, deoxygenation and loss of sea ice (Gattuso et al. 2015). Our study addresses only

one aspect of these future ocean stressors, but contributes to our understanding of how DMS
emissions from the polar oceans may alter, facilitating a better understanding of Earth’s

future climate.
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1025  Table 1. Summary of the station locations and characteristic of the water sampled for the 18 microcosm experiments performed in temperate,
1026 | sub-polar and polar waters. All polar stations were sampled for JR271 and JR274, with the exception of NS and IB.
Cruise Station Location Sampling Sampling date  Samplin ~ SST Salinity ~ Nitrate Total chl g um : pCO, pH Experimental eﬁfﬁfﬁei‘{ Formatted Table
D location gedepth (°C) (uM) Chla chloar (patm)  (total) timepoints
(m) (ug L T, T, Ty, T, (hours)
D366 EO01 Mingulay Reef 56°47.688N 8 June 2011 6 113 343 L1 33 no data 3349 81 48,96 Hopkins & Archer (2014)
7°24.300W
E02 Irish Sea 52°28.237N 14 June 2011 5 118 34.4 03 35 0.80+0.03 3293 81 48,96 Hopkins & Archer (2014)
5°54.052W
E02b Bay of Biscay 46°29.794N 19 June 2011 5 14.5 35.6 0.9 1.8 no data 3403 81 48 This study
7°12.355W
E03 Bay of Biscay 46°12.137N 21 June 2011 10 153 35.8 0.6 038 0.43+0.03 3239 81 48,96 Hopkins & Archer (2014)
7°13.253W
E04 Southern North Sea  52°59.661N 26 June 2011 5 14.6 34.1 09 13 0.1940.02 3998 80 48,96 Hopkins & Archer (2014)
2°29.841E
E04b Mid North Sea 57°45.729N 29 June 2011 5 132 348 Nodata 0.5 0.14 % 0.003 3273 81 48 This study
4°35.434E
E05 Mid North Sea 56°30.293N 2 July 2011 12 14.0 35.0 02 03 0.23+0.01 3602 8.1 48,96 Hopkins & Archer (2014)
3°39.506E
E05b Atlantic Ocean 59°40.72IN 3 July 2011 4 13.4 30.7 03 0.7 0.12+0.01 3107 81 48 This study
4°07.633E
E06 Atlantic Ocean 59°59.011N 3 July 2011 4 12.5 34.9 04 1.1 0.14+0.01 2871 82 48 This study
2°30.896E
JR271 | NS Mid North Sea 56°15.59N 3 June 2012 15 10.8 35.1 0.04 03 0.52£0.05 3005 82 48,96 This study
2°37.59E
B Iceland Basin 60°35.39N 8 June 2012 7 10.7 352 5.0 1.8 0.2740.02 3097 8.1 48,96 This study
18°51.23W
GG-AO  Greenland Gyre 76°10.52 N 13 June 2012 5 1.7 34.9 93 1.0 034+ 0.001 2893 82 48,96 This study
2°32.96 W
GI-AO  Greenland ice edge ~ 78°2L.15N 18 June 2012 5 -1.6 326 42 27 0.78 4 0.03 3047 8.1 48,96 This study
3°39.85 W
BS-AO  Barents Sea 72°53.49 N 24 June 2012 5 6.6 35.0 54 13 0.04+0.01 3043 8.1 48,96 This study
26°00.09 W
JR274 | DP-SO  Drake Passage 58222.00 S 13 Jan 2013 8 1.9 332 220 24 1.00 +0.06 2793 82 48,96 This study
56°15.12 W
WS-SO  Weddell Sea 60°58.55 S 18 Jan 2013 6 1.4 33.6 24.9 0.6 0.67 £ 0.06 5105 7.9 72, 144 This study
48°05.19 W
SG-SO  South Georgia 52°4136 S 25 Jan 2013 5 22 33.9 24.1 0.7 035 +0.04 3426 81 72, 144 This study
36°37.28 W
SS-SO  South Sandwich 58°05.13 S 1 Feb 2013 7 05 337 18.5 46 0.57+0.02 2726 82 96, 168 This study
25°55.55 W
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1027 | Table 2. Mean (£ SD) ratio of >10um Chl a to total Chl a (chls oym :chliotar) for polar
1028 | microcosm sampling stations. * indicates significant difference from the response to ambient
1029 COs.
Station ambient 550 patm 750 patm 1000 patm 2000 patm
Time
GG
48h 03+£0.1 0.3+0.03 04+0.2 0.3+0.1 N/A
96h 1.0+0.02 09+0.2 0.8+0.1 0.7+0.2
GI
48h 1.0+0.1 1.0+0.1 0.8+0.1 1.0£0.0 N/A
9%h 1.0=0.1 1.1£0.1 0.8+0.1 0.8+0.1
BS
48h 0.02+0.01 0.04 +0.01 0.03+0.01 0.02 +0.01 N/A
96h 0.04+0.01 0.05 +0.04 0.05+0.04 0.04 +0.04
DP
48h 1.0+0.3 N/A 1.0+0.1 N/A N/A
9%6h 09+0.1 1.0+0.1
WS
72h 0.6+0.1 N/A 0.7+0.1 N/A N/A
144h 0.7+0.1 0.7+0.1
SG
72h 0.3+0.02 N/A 0.4=+0.1 0.3+0.1 0.4+0.03
144h 0.5+0.1 0.6 +0.04 0.5+0.1 0.4+0.03
SS
96h 0.7+0.04 N/A 1.5+0.1* 0.7+0.02 1.6+£0.1%
168h 0.9+0.2 1.4+0.02* 0.8 £0.004 1.4+0.2%

39



1030

1031
1032
1033
1034
1035
1036

Surface DMS[nM]

(A) oo (D)

Figure 1. Surface (<5 m) concentrations (nM) of DMS (A-C) and total DMSP (D-F) for
cruises in the NW European shelf (D366) (A,D), the sub-Arctic and Arctic Ocean (JR271)
(B,E) and the Southern Ocean (JR274) (C,F). Locations of sampling stations for microcosm
experiments shown in letters/numbers. EO1 — E05: see Hopkins & Archer 2014. NS = North
Sea, 1B = Iceland Basin, Gl = Greenland Ice-edge, GG = Greenland Gyre, BS = Barents Sea,
DP = Drake Passage, WS = Weddell Sea, SG = South Georgia, SS = South Sandwich.
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1039 | Figure 2. Depth profiles atthe-sevenpelarfor all 18 sampling-sampling stations showing A.
1040 | Temperature (°C), B. Salinity, C. Irradiance (ULE m™ s™"), D. phototrophic nanoflagellate
1041 | abundance (cells mL™"), E. total bacteria abundance (cells mL™), F. total Chl a (ug L), G.
1042 | [DMS] (nM), H. total [DMSP] (nM) and I. DMS/DMSPt from CTD casts at sampling

1043 | stations for microcosm experiments in temperate (green), Arctic (red) and Southern Ocean
1044 | (blue) waters. See Table 1 for station details. Data for irrandiance, phototrophic
1045 | nanoflagellates and total bacteria were not collected for temperate stations.GG—Greerntand
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Figure 6. Relationship between the ratio of dissolved inorganic carbon BY&-Cy to total ///[ Formatted: Subscript
alkalinity (BEE&/A4H#Cr/Ay) of the sampled water and the relative CO, treatment effect at ///[ Formatted: Font: Italic
([x]highco2/[xJambientco2) for concentrations of DMS at T (A) and T> (B), and for total DMSP [Formatted= Font: Italic, Subscript
concentrations at T; (C) and T, (D) for all microcosm experiments performed in NW Formatted: Font: Italic
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1088 | Georgia (72 h, 144 h). For discussion of the NW European shelf data, see Hopkins & Archer
1089 | (2014).
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Figure 8. Relationship between the ratio of dissolved inorganic carbon (C7)BHc to total
alkalinity (Cr/4 BHS/ALk) of the sampled water and the relative CO, treatment effect
([xInighco2/[*Jambientco2) for chlorophyll a concentrations at Ty (A) and T, (B).and ;
phototrophic nanoflagellate abundance at T1 (C) and T2 (D); and-relative-growthrate-at T,
E)and-F-F)-for all microcosm experiments performed in NW European waters, sub-Arctic
and Arctic waters, and the Southern Ocean. Grey solid line (= 1) indicates no effect of
elevated CO,. C/A PIEAH>0.91 = polar waters (indicated by red dashed line). T; =48 h,
T, =96 h, except for Weddell Sea and South Georgia (72 h, 144 h) and South Sandwich (96

h, 168 h).
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Figure 9. Variation in underway surface ocean carbonate chemistry parameters across the
NW European shelf, Arctic Ocean and Southern Ocean for each of the cruises in this study.
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