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Weiss et al. (2017) conducted two experiments using batch cultures of the haptophyte Emiliania huxeyii (strain
CMP1516) todetermine 1) how alkalinity (separate from salinity) might impact hydrogen isotope ratios in alkenones
and 2) if high light conditions influence the previously reported salinity-fractionation relationship in alkenones. The
results indicate that the alkenone hydrogen isotope salinity-fractionation relationship is robust (and similar to
previously reported relationships) regardless of alkalinity and light level, which are useful and interesting findings. |
recommend this manuscript for publication but request that the authors address the following issues:1) more in-
formation aboutnatural light levels, 2) separate alkalinity as the sole variable as part of the analysis, 3) improve the
discussion about mechanisms (if possible include additional lipid isotopeand lipid concentration data to supportthe
lack of light effect), plus a handful of technical issues listed below.

We would like to thank the anonymous referee #1 for the constructive review of our manuscript. We will address the
comments below in italicsfollowing the original comments.

High light growth conditions in the world’s oceans: The idea that most alkenones are produced in the high light of
surface waters is mentioned in several places (abstract line 5; intro p.3 line19; discussion section 4.2 line 30;
conclusion line 26), butwithout references to supportthis claim. As satellite imagery clearly illustrates, major
coccolithophore blooms occur in highly productive (mainly coastal) areas that are seasonally growth-limited and
along the equator,and presumably bloom alkenones are produced in high light conditions near the surface (but surely
also deeper in the water column where light is limited due to self-shading from bloom turbidity?). As is stands, the
manuscript just states that high light alkenone production likely predominates. But to strengthen yourargument and
supportyourexperimental designand data interpretation, the predominance of high light alkenone production should
be illustrated with references that indicate

1) alkenones are mainly produced in high light at the surface,

2) how ocean surface water light level ranges compare to light ranges in your study,

3) how surface bloom productivity compares to non-bloom conditions/areas,and

4) that these “high light” bloom alkenones are indeed exported to the sediments (more so than “low light”
alkenones). Because in vast areas of the ocean, it seems the primary source of alkenones comes from fairly deep in
the water column where light levels are a fraction of surface values. For instance, this has been demonstrated at
BATS see Fig 1 in Krumhardt etal. 2016 (do0i:10.5194/bg-13-1163-2016), at ALOHA Table 3 Prahl et al. 2005
(d0i:10.1016/j.dsr.2004.12.001) and further afield Ohkouchi et al. 1999 (DOI:A"a10.1029/1998GB900024).

The vastareas of the ocean with potential deepwater/lowlight alkenone production should be
addressed/acknowledged with clarification of how alkenones produced in non-saturating light conditions do or do
not affect the alkenone dD paleosalinity proxy in some regions.

The same references used in van der Meer (2015) (in quoted text below) are helpful, and should again be used here —
and if possible, supplemented with additional references: “E. huxeyi, for instance, is thoughtto thrive underhigh
light conditions, at mixed layer depths generally <30 meter (Tyrrell and Merico, 2004; Harris et al., 2005). They
outcompete otheralgal species that suffer from photoinhibition under these conditions, a process that is apparently
absentin E. huxeyi (Nanninga and Tyrrell, 1996).”

Response: Yes, we agree thatthis would be a useful addition,and would add that although Krumhardt et al., 2016 do
indicate that haptophytes are abundant below surface water layers, they also explain that haptophyte indicative
pigments were abundant in the upper 30m, especially during spring as well as the observation that during the mid-
90s and over the last 6 years of the data set, that ““Chl anaptowas more concentrated especially in the upper 30m of
the watercolumn”, allowing usto infer that deep-dwelling haptophytes are perhapsnot the most dominant. We also
would like to point out that these blooms are not only occurring along the equator, but also occur in the high
latitudes (Holligan etal., 1993). Furthermore, based on UK’37 core-top calibration, we can be confident that
alkenones preserved in the sediments are largely reflecting surface water temperatures during the time of the year
thathaptophytesare known to bloom (Milleret al., 1998). Additionally, ocean surface water light levelsspan a
range from zero to over 800 PAR (over 1600 umol photonsm?s?) (Frouinand Murakami,2007),and haptophytes
are thought primarily to bloomat light intensities above 500 umol photonsm? s (Nanninga and Tyrrell, 1996), so
we feel thatthe light intensity used in our study accurately represents environmental conditions. Most culture studies
to date have been performed at light intensities much lower than 600, with Schouten etal., 2006 being one of the
higher light intensity studiesat 300 pmol photonsm s*. Culture studies already cover the low light range. Van der
Meer et al., 2015 suggested that at light intensities above 200 umol photons m? s a responds differently to changes



in light intensity than below. This and the observation that haptophytestend to bloomat light intensities above 500
umol photonsm? s warrantsthe study of hydrogen isotope fractionation in response to salinity at high light
intensity. We have incorporated thisdiscussion throughout the revised manuscript.

Alkalinity: Fig 2c clearly shows thatthere is nota relationship between total alkalinity and fractionation (alpha).
However, the discussion of the alkalinity results in the low light treatments is notentirely satisfying (p.6 lines 3-8),
and it can be confusing when plots include data with many changing variables that are known to influence the
isotopic composition of lipids. It would be useful (even if just in a supplement) to break up the different
environmental parameters. Looking only at the low light cultures grown at salinity _35 (12 cultures, salinity range
34.5-35.4, alkalinity range 1.39-4.58, growth rate range 0.69-0.93, alpha range 0.795-0.806) (ie, excluding the
cultures that have salinities of _26, 31, 37, or _42, nearly constantalkalinity _2.4, but growth rate range of 0.65-
0.93, and alpharange of 0.776-0.824) . .. It is noteworthy that for these 12 cultures there is a correlation between
total alkalinity and specific growth rate (=0.05(0.01) * AT +0.676(0.04), R2 =0.51, p = 0.0056) in addition to a
correlation between specific growth rate and fractionation (= 0.03(0.01) * + 0.776(0.01), R2 =0.47, p= 0.0081)
(figure attached as example). Although this is a very small range in growth rate (_.7 to .9) compare toa previous
study of the effect of growth rate on alkenones using a combination of chemostats and continuous cultures (Sachs
and Kawka, 2015), it is striking (and probably noteworthy)a) how well they are correlated and b) that it is in the
opposite sense of previous 2015 study. In the end, there is still nota significant

relationship between alpha and total alkalinity — could it be that the minor growth rate effect here is overwriting any
alkalinity effect? It is probable that you already considered all of this and decided it didn’t fit in the paper — but it
would be useful for the interested reader to be able to reference in at least the supplement.

Response: We agree thatthere appearsto be a correlation between specific growth rate and total alkalinity for the
batch cultures grown at constant salinity over a range of alkalinity. It cannot entirely be ruled out that the minor
growth rate effect could be overwriting a potential alkalinity effect, however, as the reviewer has already remarked,
the growth rate-a relationship is a positive one, which is opposite to what has been described previously, meaning
thatthe alkalinity effect would have to be negative to be counter acted by growth rate in thiscase. Since salinity and
alkalinity are usually positively correlated, thiswould suggest that alkalinity would also counter act the salinity
effect on a. We and Sachs et al., 2016 do not observe stronger positive correlations (steeper slope) when alkalinity is
removed as a variable between o and salinity, which is what would be expected. Looking at the plots and statistical
data generously provided by the reviewer, we feel that the correlationsare barely statistically relevant, especially
according to Johnson et al. (2013) who suggest a cut-off P-value of 0.005 for truly significantfindings.

Mechanisms: It is welcome thatsome effort is put forth to explain the cellular mechanisms of the salinity response at
both high and low light. However, this part of the discussion seems confused and needs some work by improving the
organization, offering introductory or concluding summaries to help identify your main points,supporting
hypotheses with literature, perhaps a schematic outlining your favorite mechanism (which oneis most likely here and
why?), and the issues below. A little bit of reorganization could help since it seems like the discussion tries to deal
with the high light and low light salinity response in both section 4.3 and 4.4. One way to improve this is if section
4.3 can just concentrated on salinity (regardless of light), then address why a different response at high light was
expected, and then finally address why there was nota strong light effect here (but more onthis below). The first
paragraph of section 4.3 is very long, and the main point of it is lost in the length. Maybe at the start let the reader
know how many mechanisms you will cover, then at the end summarize which one seems most likely. Can you rule
any outwith the results from your experiment? A lot of attention is given to metabolically reduced NADPH, such as
that generated through OPP. However, there are a few things to consider. NADPH can’t cross organelle membranes
—sop.8lines 17-21 doesn’tmake sense, unlessthe complete OPP pathway (and final steps to the alkenone synthesis
pathway?) were presentin this hypothetical closed compartment.

Response: We have reorganized and combined section 4.3 and 4.4 to be clearerand more focused, underthe
heading, ““4.3 Potential mechanisms for salinity and light responses’™. We were referring to the final steps of the
alkenone synthesis pathway, assuming alkenones are synthesized from fatty acids and short chain fatty acidsare
coming from the chloroplast and are elongated somewhere else with a potential change in NADPH source, possibly
the OPP pathway. Since it has been proven difficultto measure hydrogen isotopic composition ofsome of the key
players in biosynthesiswith high enough accuracy (intracellular water, NADPH from different sources, etc.), the
idea behind this discussion is to try and combine all the information we do have and try to reason what the possible
mechanism behind the salinity effect might be.



Alternatively you might invoke the import of alkenone precursors (fatty acids? Pyruvate?) used to build alkenones
that reflect proportional changes in photosynthetically vs metabolically reduced NADPH pools (and would have to
introduce them around p.7 linel18).

Response: Noted, alkenone precursors could be the reason that OPP-derived NADPH might end up in alkenones,
meaning that OPP-derived NADPH might be more of an influence for alkenonesthan photosynthetically derived
NADPH.

Lack of light effect: p.9 line3 states “we do notsee a clear relationship between hydrogen isotope fractionation and
light intensity.” But there is no mention of this lack of relationship in the results, where should the reader go to
visualize this lack of relationship? Do you mean between the 24 low light cultures compare to the 14 high light
cultures in this study? Therearen’t really cultures in the high light with the same growth rate and salinity as the
cultures in the low light (although 3 HL cultures at S=35.9 and 12 LL cultures at S=34.5-35.4 actually do showa
(very small) significant increase in alpha at the higher light level — however, that could in theory be due to the
slightly saltier HL media or theslightly lower HL growth rate rather than the higher light). More importantly, I am
not convinced that there is no light effect with only 2 light levels (75 and 600), especially considering the previously
observed non-linear relationship between high light in strain RCC1238 and the fact that different strains have shown
different responses (van der Meer et al. 2015). Is it possible that both the 75 and 600 light levels are above the range
where a response would be detected for this strain? After all, growth rate is lower in the higher light cultures. Even
though (it seems) the goal of the paper is not to characterize the light effect (but to test if the salinity effect holds at
high light), this part of the discussion should considerthe option that if batch cultures were grown at additional light
levels, then a light effect in this strain might be apparent.

Response: Based on van der Meer et al., 2015, we expected a significant decrease in fractionation between our high
light experiment and those performed at low light intensities. However, the a-salinity relationship athigh light
intensities plotson top of all of the other experiments. While we do understand that our results cannot necessarily be
extrapolated to all strains, we argue that a statistically similar a-salinity relationship isobserved independent ofall
the other parameters that were being tested in previous experiments, specifically with regardsto differences between
low (thisstudy, M’Boule et al., 2014), intermediate (Schouten etal.,2006; Sachset al., 2016) and high light (this
study) intensities.

p.9 line 4 — “At higher light intensities, we expect a larger pool of photosynthetically derived NADPH inside the
cell” — yes of course, butanotherthing to consideris this doesn’t necessarily mean thatthis NADPH is available for
alkenone synthesis.

Response: Yes, we considerand discuss this (p9 lines 12-15)

At high light levels cells might be working hard to dump this extra reductive power (into alkenones? or other
molecules types — is there literature on algae at different light levels you can turn to?), along with reducing light
harvesting capacity, which might be a reason for the lack of light effect (if there is truly a lack of light effect).

Response: There is literature about how other types of photoautotrophic microorganisms deal with different light
levels, for example, it has been observed in Synechococcus growing in microbial mats thatin order to avoid light,
they try to decrease the surface area exposed to light by “standing upright™, thereby reducing their surface area.
(Ramsing et al., 2000). However, haptophytes, specifically E. huxleyi, are not believed to be photoinhibited
organisms, especially notat the light levelswe are discussing (Nanninga and Tyrrell, 1996).Van der Meer et al.,
2015 did show thatthere is a light effect on fractionation between the range of 60-600umol photonsm? s, however,
here we are focusing on the a-salinity relationship under high light conditionsand how that compareswith previous
experiments under lower light intensities.

It seems like cells have many different options for dealing with high light situations. Were alkenone (and other lipid)
concentrations measured? Were there any large concentration differences at different light levels indicating strategies
for dumping excess NADPH? p.9 line 9 — why do you think that transhydrogenase activity is increased at high light?



Response: No, we did not compare the concentrationsat high and low light conditions. We think transhydrogenase
activity is increased at high light because excess reducing power is harmful to the cell and there is a good chance the
algaewill try to get rid of it either by biosynthesizing storage productsor turning itinto a less harmful product.

Can you provide a reference to demonstrate that this is a response to high light in haptophytes oreven just eukaryotic
(or even prokaryotic) algae? Rokitta et al. (2012) doi:10.1371/journal.pone.0052212 might be helpful here.

Revised to: “Ocean surface light levels span a range from zero to over 800 PAR (over 1600 pmol photonsm? s)
(Frouinand Murakami,2007),and haptophytesnot believed to be photoinhibited and primarily bloomat light
intensitiesabove 500 pmol photonsm st (Nanninga and Tyrrell, 1996). Furthermore, E. huxleyi hasbeen shown to
adaptto different light conditions by expressing different genesunder high and low light conditions (Rokittaetal.,
2012).”

Regarding the last paragraph of section 4.4 — is there any chance hydrogen isotopes were measured on other lipids
from these cultures (fatty acids, brassicasterol, phytol. . .except probably not phytol if you didn’t saponify)? This
information could be extremely helpful for illuminating cellular changes in response to environmental variables, and
the interplay between different pools of cellular hydrogen, as it was for Sachs et al. (2017) that found different
responses to different fatty acids, phytol, and a sterol, in a diatom grown underconstant salinity, temperature, and
growth rate at a range of light levels. In other words, just because there wasn’t a light effect in the combined C37:2
and C37:3 values doesn’t mean thatthe unique alkenones are notreacting to light differently, or that the hydrogen
isotope ratios of other cellular lipids (and lipid precursors) are not reacting to light.

Response: When compared to the results from van der Meer etal., 2015 in which the alkenoneswere measured in
the same manner, less fractionation was expected at high lightthan in the other experimentsat much lower light
intensities. This was not observed here, in that sense it lookslike light intensity does not affect the use of alkenones
as a possible paleo salinity indicator. We cannotexclude the possibility the light intensity might affect other
compounds, in fact van der Meer atal. 2015 showed that light intensity by itself does affect fractionationin
alkenoneswhen E. huxleyi was grown at a constant salinity. This manuscript shows it does not affect the a-salinity
relationship.

In this sense, measuring hydrogen isotopes in all possible lipids is a powerful tool for helping to understand these
cellular mechanisms and has tremendous value beyond validating paleoproxies.

Response: Yes, we agree that measuring other compounds could be useful in helping to understand cellular
mechanisms further, and thiswill be a topic of further study.

In the end — I am not sure you need to devote an entire section of the discussion to explaining the lack of light effect
with only two light levels (and only one lipid measurement) presented. It would be great if this section of the paper
could be extended with concentration data or additional lipid isotopes if that is available.

Response: In fact, we are comparing a few different experiments using E. huxleyi, taking into account different
strains, temperatures, experimental set-up, nutrients, growth rates, and light intensities. Given this, we find it
surprising that the responses of fractionation to salinity are all statistically similar. Thus, we argue thatit is not just
two lightintensities, butindeed a lot more. As mentioned above, we agree that other compounds could be helpful in
elucidating intracellular mechanisms, but our main emphasis with this paper is to discuss the a-salinity relationship
with regards to reconstructing paleosalinity based on the specific biomarker lipid C37 alkenones, and how there
does not appearto be a difference between the a-salinity relationship for high and low light levels.

Technical comments: Abstract:First sentence should read “Over the last decade, hydrogen
isotope ratios of long chained. . ..”

Response: This has been revised in the manuscript as suggested.

Line 18. It would be helpful to add “at low light” (or something along those lines) to the end of the sentence “...and
independently assess the effects of salinity and alkalinity”.



Revised to: “Batch cultures of the marine haptophyte E. huxeyi strain CCMP 1516 were grown to investigate the
hydrogen isotope fractionation response to salinity at high light intensity and independently assess the effects of
salinity and alkalinity under low light conditions.”

Intro: p.1 line 28: add the word “and” between UK37 and LDI

Response: This has been revised in the manuscript

.p.2 line 30: SPM has not yet been defined.

Response: We have revised this as suggested by anonymous referee #3.

p.3 line 2: growth phase should include also the Wolhowe et al. (2009) reference.
Response: This reference has been included.

p.3 line 7: “created media by evaporation” ... some culture studies did not use this method: note that salt was added
to ultrapure water in Sachs et al. 2017.

Sachset al. (2016) do not specify how they changed the salinity. We have revised the manuscript to say, “This factor
may be importantas the culture experiments (Schouten etal., 2006; M’Boule et al., 2014; Chivall et al., 2014)
investigating hydrogen isotopes from alkenones created media of different salinities by evaporation, which changed
alkalinity together with salinity in the culture media.”

p. 3 line 13. How would this work? Please explain why the capacity (of environmental water) to take up H+ would,
in theory, impact the hydrogen isotope composition of internal cell water and fractionation during synthesis.

Revised to: “Alkalinity isessentially the ability of water to neutralize acid, which is linked to the amount of H*. H* is
readily exchanged between extracellular and intracellular water, therefore, the amount of H" could potentially effect
the hydrogen isotope composition ofintracellular water which is a source of hydrogen for synthesis of organic
compounds.”

Methods: How was total alkalinity determined? How was salinity determined? What was the equation to calculate
growth rate based on how many cell count readings over how many days? What was the size of the growth vesselfor
batch cultures and how many liters of culture were maintained inside? Were growth chambers swirled to prevent
sedimentation? How many grams of Al203 were used and how many ml of solvents for purification? What were the
FID and IRMS instrument settings (column, oven temp, reactor temp, gas flow, etc)? Were external standards used to
correct/calibrate reported Isodat values referenced to H2 for each run? (you could cite a previous paper with this info
if the settings were the same).

Response: Different alkalinitieswere created by adding NaHCOs and Na>COs to increase and concentrated HCI to
decrease total alkalinity, which was measured by titration with 0.1 M HCI, and calculated using Gran plots.
Salinity wasmeasured using a VWR CO310 Portable Conductivity, Salinity and Temperature Instrument.

Growth rate was calculated asthe slope of the linear fit of the natural logarithmof cell density (In[cell density]) in
the exponential part ofthe growth curve.

Cells were counted daily over the experimental period of 10-12 dayswhich varied due to differences in growth rates.
600ml of media in triplicate for alkalinity/salinity experimentsand 150ml for high light experiments. Smaller
volumes were used for the high light experiments because we wanted to ensure thatall partsof the culturing vessel
would remain under the same constant high irradiance.

Yes, growth chambers were swirled to prevent sedimentation.

FID and IRMS settings are the same as described in M’Boule et al., 2014.

This information has beenincorporated in the methods section of the revised version of the manuscript.

p.5 line 10: “difference” (not “different”)



Response: This has been fixed.

Results: Several findings thatare brought up in the discussion are not mentioned in the results (butshould be)
including: constantalphaover a range of alkalinities, the weak negative correlation of growth rate and fractionation
for both experiments, the lack of light effect. Why notreport the uncertainty on the slope and intercept of the least
squares linear regressions? If you are using R for your stats, then thatis easy to getusing R’s “summary(Im(x_y))”.
Although only very slightly biased in this case, it is probably more responsible to report R’s Adjusted R-squared as
opposed to the Multiple R-squared.

In the first 2 lines of the results the ranges are reported with different dashes (“25 — 35” and then “26-42")

This has been revised to: “For the alkalinity/salinity experiment, acs7 remains relatively constant (0.799+0.003) over
the range of alkalinity, but coversa range of 0.776 — 0.824 at constant alkalinity (Table 1) [...] Growth rateis
weakly correlated with fractionation for both experiments (Figure 3).” Both are discussed further in the discussion
section. Adjusted R-squared values were used.

p.5 line 20 — *“in contrastto previous culture studies™. .. this isn’t true — salt was added to fresh water in Sachs et al.
2017.

Response: This has been revised accordingly; please see previouscomment above regarding this.

Discussion: p.6 line 19 — incorrect reference — Sachs and Kawka 2015 did not find a correlation between growth rate
and salinity since growth rate was held constant using continuous cultures —this reference would be more
appropriate in the proceeding sentence since they did find a correlation between growth rate and fractionation.

Revised to: “There is a weak negative correlation ofgrowth rate () with fractionation for both the
alkalinity/salinity and high light experiments, a= -0.0692 + 0.8557 (R?=0.25, n=24, p<0.05) and a=-0.1257p +
0.8776 (R?=0.35,n=14, p<0.05), respectively (Figure 2), which alignswith findings of Sachs and Kawka (2015)
who reporta negative correlation between growth rate and fractionation, albeit a more strongly correlated
relationship.”

p.7 line 6. — missing the word “to” — after the words “could be due”
Response: This has been fixed.

p. 7 lines 15-17 this doesn’tmake much sense—please rephrase — are you trying to say that cell water is the same as
extracellular water isotopically and NADPH is more important?

Revised to: “NADPH is associated with large isotope fractionation valueswhereasthere is less fractionation
between extracellularand intracellularwater, but both are used as sources of H for synthesis of organic compounds
(Schmidtet al., 2003).”

p.7 line 22 — missing important reference (Luo, Y.-H., Sternberg, L., Suda, S., Kumazawa, S., Mitsuli,
A., 1991. BExtremely low D/H ratios of photoproduced hydrogen by cyanobacteria. Plant

and Cell Physiology 32, 897-900) after “Photosynthetic production causes NADPH

to be depleted by _600%. in D when compared to intracellular water”

Response: Noted, reference has been added to the revised manuscript.

p.7 line 24 — missing the letter “s” in “OPP pathway cause_

Response: Has been changed.
p.7 line 32 — after the statement “A similar mechanism could be presentin E. huxeyi, causing the metabolically

reduced NADPH pool to increase relative to otherpools, and possibly become a more important source of NADPH
for biosynthesis” you might qualify that with something like “if the OPP pathway is presentin the same



compartment as alkenone production” (since NADPH doesn’t cross organelle membranes). p.8 line 2 — the better
reference here is Luo et al. 1991 (provided above)

Revised to: “A similar mechanism could be present in E. huxeyi, causingthe metabolically reduced NADPH pool to
increase relative to other pools, and possibly become a more important source of NADPH for biosynthesisif the
OPP pathway exists in the same location asthe site of alkenone synthesis.” The reference has also been added.

Figures: Please specify what the gray polygons are (95% confidence intervals?). Why

no error bars displaying analytical uncertainty on alpha or dD?

Fig.2c is useful for showing the (lack of) relationship between alkalinity and alpha — in this fashion, perhaps an
additional figure that displays the (lack of) relationship between light and alpha could also help.

In Fig.2c, does it make senseto include the regression line and confidence intervals here? — might be more useful to
use a dashed line or some other visual aid to highlight how 2c is different than 2a and 2b rather than (or in addition
to) leaving out the regression statistics.

Fig. 1 might notbe necessary, (useful to showthat culture water did not havea relationship b/t salinity and dDwater
butthat is a big figure for a very minor point). Why are a handful of cultures around S=35 15%. D-enriched relative
to the other cultures in the Fig.1a?

Response: Noted. The D-enrichment is likely due to how the media was created, as this was done separately for the
alkalinity/salinity and the high light experiments. We have revised all of the figures to include error bars, the same
axis intervalsand better captionsto more accurately illustrate our data.

References: p.10 line 12: Is there an extra “.”? Check this and otherreferences for common mistakes (superscripts
missing in some locations, middle initials incorrect in some locations, missing italics for species names in many
locations, too many words in title are capitalized in at least one reference).

Response: Noted, they have been fixed in the revised manuscript.



A. Sessions (Referee)

Received and published:22 September 2017

This study focuses on the relationship between salinity, alkalinity, and light intensity with H isotope fractionation.
The result is to showagain that salinity is an important factor, but that alkalinity and light intensity are not. | would
characterize this as an important, incremental advance in our understanding of this proxy. The result is not Earth-
shaking, but it is an important step forward. The results seem quite clear and unambiguous, and the data analysis and
interpretation is convincing. This is a nice study, with little to complain about.

We would like to thank Dr. Sessions for the comments on our manuscript, which we have taken into consideration
andwould like to address as ““Response:” following the original comment.

My only general comment is to question why the authors chose to describe culture conditions in terms of alkalinity
rather than pH. With [DIC] fixed by equilibrium with atmospheric PCO2, alkalinity and pH are in a sense
interchangeable (fixing one uniquely determines the other). Thus the same experiments could be described in terms
of either parameter. Alkalinity is probably more popular among oceanographers, but pH is much more widely used
among biologists. And I might argue that there is some reason to think that cellular H isotope fractionation depends
more onthe concentration of H+ (i.e., pH) than on the ability to consume H+ (i.e., alkalinity). So my suggestion is to
at least consider describing the first series of experiments as a pH series, rather than an alkalinity series. Or maybe
there is a way to gracefully do both.

Response: We understand that in the natural environmentalkalinityand pH are linked, however, in our experiment,
we kept pH constant (7.9 + 0.07) and only changed the alkalinity by adding NaHCOz and Na>.COs to increase and
concentrated HCI to decrease total alkalinity in our original media. Revised to: “For batcheswhere alkalinity was
changed, pH was kept constant (7.9 +0.07).”

I was curious why a non-calcifying strain of E. hux was chosen. Perhaps it simplifies controlling alkalinity? In any
case, it would be worth a few sentences of explanation about why you chose this strain, and how it might relate to
strains that are prevalent in the oceans. Is it likely to be representative of strains that produce alkenones in most
marine sediments?

Response: A non-calcifying strain was chosen because we wanted to avoid changesin the total alkalinity ofthe
media caused by the organisms themselves, which has been shown to be the case in the natural environment by
Hooliganet al., 1993 (Global Biogeochemical Cycles 7). We agree thata calcifying strain might be more
representative of the natural environment, butin order to geta handle on whether alkalinity has an effect on
hydrogen isotope fractionation or not, we chose a non-calcifying strain that has been used in previousstudies
(M’Bouleet al., 2014). Furthermore, all previous culture experiments were done with non-calcifying strains,
therefore, by using a non-calcifying strain we could better compare our results with those of previous studies. This
has been revised to: “A no longer calcifying strain of E. huxleyi, CCMP 1516, was used in these batch cultures.
Because the effects of alkalinity on hydrogen isotope fractionation were being assessed, a non-calcifying strain was
chosen to avoid changesto the alkalinity ofthe media caused by the organism; changesthat have previously been
shown to occur during large blooms of E. huxleyi (Holliganetal., 1993).”

Section 2.1. Please tell us how you measured (or calculated) alkalinity?

Response: Alkalinity was measured by titration with 0.1 M HCI, and calculated using Gran plots. (G. Gran:
Determination of the equivalence pointin potentiometrictitrations. Part Il, Analyst 1952,77, 661). This has been
revised to: “Alkalinity was determined by titration with 0.1 M HCI and calculated using Gran plots (Gran, 1952;
Johansson et al., 1983; Hansson and Jagner, 1973).”

Page 6, line 25. You say that you performed a statistical comparison, and then that " This showed a strong similarity
between slopes..". What does strong similarity mean in statistical terms? They are indistinguishable? Given that the
slopes differ between experiments by more than a factor of 2, this is probably more a statement about variability
between experiments rather than a constantslope. Seems like the discussion ofthis *similarity’ could be a bit more
nuanced. Differences of a factor of _2 would still make a huge difference in reconstructing seawater salinity, even if
they are statistically indistinguishable.



Response: True. We were referring to the fact that the slopeswere not statistically different because we wanted to
examine the data as a whole data set, but we realize that thismight not actually be useful for reconstructing salinity
because of the differences mentioned above. Furthermore, we believe that the individual experiments themselves
(i.e., conducted by different people in different labs using different techniques) do play a large role in the observed
differences between slopes, as well as different strains of E. huxeyi that were utilized. Revised to: “We performed a
statistical comparison using ANCOVA between the different acaz-salinity relationshipsfor previousE. huxeyi
cultivation experiments (Schoutenetal.,2006; M’Boule et al., 2014; Sachs et al., 2016; Table 2) and our
experiments. Sachs et al. (2016) report D values for individual alkenones, thus we used a weighted mean average of
the 6Dc37:3 and dDc3r:2 values to compare with other results reporting integrated 6Dcs7 values. The slopes of the
acs7-salinity relationships are not statistically different from each other (p > 0.05), with the exception of three
comparisons: Sachs et al. (2016) was statistically different (p < 0.05) from Schouten etal. (2006), M 'Boule et al.
(2014) and the Alkalinity/Salinity experiment (Table 2). A possible explanation for the statistical difference between
the acsz7-salinity relationship of Sachset al. (2016) and the other three experiments could be due to the fact that
Sachset al. (2016) conducted the experiment using chemostats, whereas, the other experiments were batch culture
experiments. Growth rate has been shown to effect hydrogen isotope fractionation ofalkenones (Schouten etal.,
2006; Wolhowe et al., 2009; Sachs and Kawka et al., 2015), therefore could account for the difference between
reported fractionation responsesto salinity. Although the slopesare statistically similar (p > 0.05), the individual
experiments themselves (i.e., conducted by different labsusing different techniques) do play a large role in the
observed differences between slopes, as well as different strains of E. huxeyi that were utilized. Furthermore, the
intercepts of the regression models applied to the aczz-salinity relationshipsfor the E. huxeyi culture data are all
significantly different (p < 0.05), i.e. the absolute fractionation differs between the different studies, except for the
relationship reported by M’Boule et al. (2014) and our high light experiment. These differences in intercept may be
explained by a number of potential factors. One explanation could be due to the different strainsof E. huxleyi used
in the cultivations,aseach strainwould respond in a similar fashion to salinity changes but fractionate to a different
extent. This could be due to differences in fractionation and intracellular sources of hydrogen or differences in lipid
synthesis rates”.

Page 7, line 6. The differences in intercepts amount to a range of nearly 78%o"~ That does not seem (to me, at least)
plausible to explain solely by interlaboratory differences. Maybe modify the text to say that "part of" the differences
could possibly be attributed to this.

We have revised thisto: “Another explanation for part of the discrepanciesin interceptscould be analytical
differences between laboratories, i.e. small offsets in measured absolute values of Ca7 alkenones. Inter-laboratory
comparison of measured hydrogen isotope valuesof an alkenone standard could help to eliminate thisuncertainty.”

Page 7, lines 20-35. The term "photosynthetically-derived NADPH" struck me as a little odd, especially in contrastto
the more precise "pentose-phosphate pathway". Photosynthesis both produces (in photosystem| of the light
reactions) and consumes (in CO2 fixation of the Calvin cycle reactions) NADPH. It would thus be more precise to
refer to NADPH from the "light reactions of photosynthesis", orto "ferredoxin-NADP+ reductase (FNR) in
photosystem1", etc.

Revised to: “Photosynthetic production causes NADPH to be depleted by ~600%. in D when compared to
intracellularwater (Luo et al., 1991), whereas NADPH produced via the OPP pathway is also depleted compared to
intracellularwater, but much less than NADPH derived via ferredoxin-NADP+ reductase (FNR) in photosystem1
(photosynthetically derived) (Schmidtetal.,2003; Maloneyet al., 2016).”

Page 7, line 30-33. | like this explanation, a lot. It is the best one | have heard yet.
Response: Thanks.

Page 9, line 4. "Athigher light intensities, we expect a larger pool of photosynthetically derived NADPH inside the
cell," Do you have direct evidence (either your own, or from a reference) to support this? Photosynthesis is pretty
tightly regulated, so my expectation would be that as soonas NADPH levels startto creep up, photons are shunted to
nonphotochemical quenching instead of to the photosystems and NADP reduction. In which case, NADPH levels
might not depend on light levels. There should be papers aboutthis in the biochemical literature.



Response: Due to balancing between ATP and NADPH production and consumption within the cell (Walkeret al.,
2014),NADPH formation dominatesathigh light levels, whereas ATP synthesis dominates at lower light levels
(Beardalletal.), leading to the idea of a larger pool of photosynthetically derived NADPH inside the cell. We have
added these references to our discussion of thistopic. It now reads: “Due to balancing between ATP and NADPH
production and consumption within the cell (Walkeret al., 2014), NADPH formation dominatesat high light levels,
whereas ATP synthesisdominates at lower light levels (Beardall et al., 2003), leading to the idea of a larger pool of
photosynthetically derived NADPH inside the cell, which could, inturn, cause differences in hydrogen isotope
fractionation during the synthesis of alkenones.”

Page 9, lines 5-10. Larger pool of reduced NADPH could also mean a longer lifetime, and greater D/H exchange.
Response: Yes, true. We agree.

Table 1. Can you at least include the initial alkalinity and/or pH for the high-light experiments? It is not essential,
just seems weird not to report them given the emphasis on that variable of the rest of the paper.

Response: Alkalinity and pHwere not measured for the high light experiments, since they were performed separately
and not originally considered to be discussed along-side the alkalinity/salinity experiment results, but we used
filtered North Sea water, so the alkalinity ispresumably around 2.3 (Brasse et al., 1999) Please see revised Table 1.



Anonymous Referee #3

Received and published:26 September 2017

The study “Effects of alkalinity and salinity at low and high light intensity on hydrogen isotope fractionation of
long-chain alkenones produced by Emiliania huxleyi” by Gabriella M.Weiss, Eva Y. Pfannerstill, Stefan Schouten,
Jaap S. Sinninghe DamsteiA , and Marcel T.J. van der Meer is an important step forward in the quest to understand
the environmental sensitivities of hydrogen isotope fractionation during lipid biosynthesis in unicellular
photoautotrophs. The experimental design, measurements, analysis and interpretations are all high quality, and | have
no major criticisms of the work. However, | do have a few suggestionsabout ways that the manuscript could be
improved, which I have outlined below. | recommend publication once the authors have had a chance to consider
these, and the input from the other reviewers.

We would like to thank Anonymous Referee #3 for the constructive comments, which we will take into consideration
andwould like to address below initalicsfollowing the original comment.

General comments:

| found the discussion on mechanisms of hydrogen isotope fractionation to be well thought out and referenced, but |
think thata slightly expanded discussion on the growth conditions that E.hux experiences in the environment,
seasonality of lipid production,and effects of growth rate, light, and nutrients, etc. on alkenone production might be
helpful to guide the discussion on alkenone H-isotope fractionation. This is a very well-studied organism after all,
and we benefit from decades of research on these factors due to the work that has been done for understanding Uk37
and 13C/pCO2 applications. | suspectthatthese lessonscould be applied to the presentwork a bit more thanthey are
currently.

Response: This has been revised to include: “Growth rate and irradiance have also been proven to influence total
carbon isotope fractionation of alkenones used asa pCOz proxy (Pagani, 2014 and references therein).Both of these
factors are related and seem to play a significant role for isotopic fractionation of alkenones, and the effects remain
to be completely understood.”

As well as, “The fact that the strong acs7-salinity response is also identified in E. huxeyi grown at high light
conditionsisimportant for understanding the influence of light and depth effects (i.e., van der Meer et al., 2015;
Wolhowe et al., 2015) on the acs7 of alkenones preserved in the sedimentary record. Van der Meer et al. (2015)
suggested that at light intensities above 200 pmol photonsm? s, acs7 responds differently to changesin light
intensity than below, with a larger reported range in fractionation values at light intensities below 200 umol photons
m2 s, Wolhowe et al. (2015) also show thistrend in acs7 measured on alkenones in suspended particulate matter
from the Gulf of California and Eastern Tropical North Pacific. Krumhardt et al. (2016) indicate that although
haptophyte indicative pigments were high below surface water layers in the subtropical North Atlantic, they were
also abundantin the upper 30 m of the water column, especially during spring. Based on these findings and the
UK’37 core-top calibration, we can be confidentthat alkenonespreserved in the sediments are largely reflecting
surface water temperatures during the time of the year that haptophytesare known to bloom (Mulleret al., 1998).
Furthermore, haptophytesare thought primarily to bloom at light intensities above 500 pmol photonsm? s in the
surface ocean (Nanningaand Tyrrell,1996), leading to the conclusion that the light and depth effects discussed
previously (van der Meer etal., 2015; Wolhowe et al., 2015) might not have such a large effect on the acz7-salinity
response as previously believed.”

In general the paper is careful to specify when discussing alkenones produced by E.Hux from those produced by
other haptophytes, but there are a few cases where this isn’t clear and I’d recommend clarifying these.

Response: We have revised this to clarify when discussing E. huxleyi or other species each time they are mentioned.

The quality of the writing is fine for the most part, although | do have a few suggestions and typos that I’ve outlined
below, so I would also justrecommend here that it gets read again with this in mind.

Detailed comments:

P.2L1-10 - I would notrefer to continental bodies of water as meteoric this way. Meteoric implies precipitation-
derived and thatdD = 8*d180 +10, and many continental bodies of water are enriched due to evaporation, making
them non-meteoric. Also, meteoric lakes and rivers are very fresh, making the statementabout “low salinity” a little
odd. I might rephrase this sentence to say something like “Therefore, most lakes and rivers thatare fed by



precipitation (i.e. meteoric waters) are characterized by a depleted isotopic signature. As these waters drain into the
ocean and mix with seawater the result is to lower both the seasurface salinity as well as the water isotope value, as
also occurs during direct precipitation onthe ocean.”

Response: Thank you for the suggestion, we have revised to: “Therefore, a depleted isotopic signature isfound for
most precipitation-fed rivers and lakes (i.e. meteoric waters). As these waters drain into the ocean and mix with
seawater, the sea surface salinity is lowered, as is the water isotope value.”

P2.L17 - It is a little confusing here to use alpha without really defining it, especially here in this context since the
sentence describes hydrogen isotope fractionation decreasing with increasing salinity, meaning an increase in the
fractionation factor in this case. | think you don’t need to define alpha right here anyway, so | might suggest leaving
it until later, at the first actual required use. When the first use and definition do come, I’d also recommend including
an equation at that point in line with the normal text because the definition of alpha is always application specific
depending on the nature of the isotope systemand product/substrate applications in any particular study.

Response: Noted, in the revised version, alpha hasbeen referred to as hydrogen isotope fractionation until section
2.3, at the end of which the equation for alpha was previously defined.

P2.1.21-27 - Leduc et al., EPSL, 2013 would be anotherreference that might be worth discussing here in example
applications.

This has been revised to: “Leduc et al. (2013) show a divergence in estimates of sea surface salinity between dDc37
dervied and planktonic foraminifera derived proxies (6*Oswand Ba/Ca ratios) across the Holocene in the Gulf of
Guinea, which are attributed to differences in the isotopic ratios of rainfall over the time period.”

General - Throughoutthe entire manuscript, delta values (of all types)would be betterused in the text with the word
“value” (e.g. “d180foram values from the same region. ...”, as opposed to “d180foram from the same region. . ..”)

Response: This has been corrected in the revised version.
P2. — Acronyms should be defined at first use or not used in my opinion, so on this page “LGM” and “SPM”.
Response: These acronyms have been removed in the revised version and replace with the full names.

P2-3 — This paragraph might cite Nelson and Sachs, OG, 2014 in the discussion offield studies,and Wolhowe et al.,
Biogeosciences, 2009, in the discussion of growth phase. Also be sure to be clear about which observations/studies
apply specifically to E.Hux and which don’t.

Revised to: “Nelson and Sachs (2014) also tested the use of dDc37 in North American lakescovering a salinity range
of 10-133.In the North American lakes, there is a relationship between dDn20 and dDc3z,but no trend between
fractionation and salinity (Nelson and Sachs,2014). These environmental datasets suggest that there are other
factors affecting hydrogen isotope fractionation, which complicate the use of 5Dca7 as a salinity proxy. Indeed,
culture studies have indicated that hydrogen isotope fractionation can be influenced by a number of parameters, i.e.,
growth rate (Schouten etal., 2006; Wolhowe et al., 2009), growth phase (Chivall etal., 2014), species composition
(M’Bouleet al., 2014; Chivall et al., 2014),and irradiance (van der Meer et al., 2015).”

P3.L7 — Reference needed for “the culture experiments”

Revised to: “This factor may be important as the culture experiments (Schouten etal., 2006; M’Boule et al., 2014;
Chivall et al., 2014) investigating hydrogen isotopes from alkenones created media of different salinities by
evaporation, which changed alkalinity together with salinity in the culture media.”

P3.L9 —change “on”to “by”

Response: This has been revised.



P3.L17 - Reference needed for “most of the culture studies”

Revised to: “However, some of the culture studies that reported a strong correlation between hydrogen isotope
fractionation and salinity were performed at relatively low light intensities (Wolhowe et al., 2009; M’Boule et al.,
2014;Chivall et al., 2014).”

P3.L.29 — Not necessarily here, but somewhere in the paper there should be a discussion about why a non-calcifying
strain was selected.

Response: Noted, see comment to Referee A. Sessions. Revised to: “A no longer calcifying strain of E. huxleyi,
CCMP 1516, was used in these batch cultures. Because the effects of alkalinity on hydrogen isotope fractionation
were being assessed, a non-calcifying strain was chosen to avoid changesto the alkalinity ofthe media caused by the
organisms, which has previously been shown to occur during large blooms of E. huxleyi (Holliganetal., 1993).”

P4.L1-5 — Somewhere in here it would be good to state the pH of the cultures too.

Response: Noted, see comment to Referee A. Sessions. Revised to: “For batcheswhere alkalinity waschanged, pH
was kept constant (7.9 £ 0.07).”

P5.L.19 -change “and therefore” to “and were therefore”

Response: This has been revised.

P5.L.20 - provide reference when making a comparison to “previous studies”; P5.L.21 - remind us here, as well as in
the caption for figure 1, why those dDwater values are so high in that one group of samples. Maybe different colors
for the modified alkalinity samples in the figure?

Revised to: “Since the salinity of the media of was not altered by evaporation but by addition of NaCl, in contrast to
previous culture studies (Schouten etal., 2006; M’Boule et al., 2014; Chivall et al., 2014), dDn20o valueswere not
correlated with salinity due to separate creation of the media (Figure 1).”

P5.L.24 - alpha values should also be discussed in the text using the word “value” so change “a37” to “a37 values”.
Response: This has been revised throughout the manuscript.

Section 3 - Results sound betterwhen consistently described in the pasttense in my opinion (e.g. P5.L.24-25 as: “A
strong linear relationship between _C37 values and salinity was observed in both experiments). Either way, be
consistent about tense use throughout.

Response: This has been revised throughout the manuscript.

P6.L10-15 - It would be useful here to provide a reference to what surface ocean light levels are and how these
dissipate with depth.

Revised to: “Ocean surface light levels span a range from zero to over 800 PAR (over 1600 pmol photonsm? s1)
(Frouinand Murakami,2007),and haptophytesnot believed to be photoinhibited and primarily bloomat light
intensitiesabove 500 pmol photonsm? s (Nanninga and Tyrrell, 1996).”

P6.L15 - “statistically similar” — be quantitative

Revised to: “The slope of the a-salinity correlation, or fractionation response per unit salinity, is statistically similar
(p>0.05) for both the alkalinity/salinity and the high light experiments, based on analysis of covariance (ANCOVA)
between the linear regression models fit to each dataset.”



P6.L.23-25 - Which individual C37 alkenone from the Sachs16 reference is being used to compare to the mixed C37
alkenone dD values reported in the otherstudies?

Response: We used a weighted mean average to compare the separated C37 alkenones measured by Sachset al.,
2016 to theintegrated alkenonesin our experiments and the previousexperiments of E. huxeyi.

Revised to: “Sachs et al. (2016) report oD valuesfor individual alkenones, thuswe used a weighted mean average of
the 6Dcar:3 and dDcar:2 valuesto compare with other results.”

P6.L.24 - Chivalll4 used a coastal producer, no? The equationis also not listed in table 2. Should this reference be
omitted from this list?

Response: Yes. This has been removed.

P6.L30 - I think thatthis issue of production depth/light exposure could benefit from a slightly expanded summary
and literature survey. This gets to one of my general comments at the beginning. It might also be useful to comment
on where in the ocean one might expect to find light levels that might causea large H-isotope effect (i.e. <100 umol,
based on the van der Meer, GCA, 2015 paper).

Response: See comment to Anonymous Referee #1. Revised to: “With the exception of the high light experiment, all
other culture experimentswith E. huxleyi being discussed here were grown between 50-300 pmol photonsm? s
(Schoutenetal., 2006; M’Boule et al., 2014; Sachs et al., 2016; alkalinity/salinity experiment). The fact that the
strong acs7-salinity response is also identified in E. huxleyi at high light conditionsisimportant for understanding
the influence of light and depth effects (i.e., van der Meer et al., 2015, Wolhowe et al., 2015) on the aca7 of alkenones
preserved in the sedimentary record. Van der Meer et al., 2015 suggested that at light intensitiesabove 200 umol
photonsm? s, a responds differently to changes in light intensity than below, with a larger reported range in
fractionation valuesat light intensities below 200 pmol photonsm? s, Wolhowe et al. (2015) also show this trend in
acs7 measured on alkenonesin suspended particulate matter from the Gulf of California and Eastern Tropical North
Pacific. Krumhardt et al. (2016) indicate that although haptophyte indicative pigmentswere high below surface
water layers in the subtropical North Atlantic, they were also abundantin the upper 30 m of the water column,
especially during spring. Based on the UK’37 core-top calibration, we can be confident that alkenonespreserved in
the sediments are largely reflecting surface water temperatures during the time of the year that haptophytesare
knownto bloom (Mulleret al., 1998),and haptophytes are thought primarily to bloomat light intensitiesabove 500
umol photonsm? st in the surface ocean (Nanninga and Tyrrell, 1996), leading to the conclusion that the lightand
depth effects discussed previously (van der Meer et al., 2015; Wolhowe et al., 2015) might not have such a large
effect on the acsr-salinity response as previously believed.”

Section 4.2 - Describe the statistical similarities in slopes and differences in intercepts in quantitative terms. What
thresholds were applied?

Revised to: “We performed a statistical comparison using ANCOVA between the different acs7-salinity relationships
for previousE. huxleyi cultivation experiments (Schouten etal.,2006; M’Boule etal., 2014; Sachs et al., 2016;
Table 2) and ourexperiments. Sachs et al. (2016) report 6D values for individual alkenones, thus we used a weighted
mean average of the 6Dc37:3 and dDc37:2 values to compare with other results reporting integrated dDc37 values. The
slopes of the acsr-salinity relationshipsare not statistically different from each other (p > 0.05), with the exception of
three comparisons: Sachs et al. (2016) was statistically different (p < 0.05) from Schouten etal. (2006), M’Boule et
al. (2014) and the Alkalinity/Salinity experiment (Table 2). A possible explanation for the statistical difference
between the aC37-salinity relationship of Sachset al. (2016) and the other three experiments could be due to the fact
thatSachs et al. (2016) conducted the experiment using chemostats, whereas, the other experiments were batch
culture experiments. Growth rate has been shown to effect hydrogen isotope fractionation ofalkenones (Schouten et

al., 2006; Wolhowe et al., 2009; Sachsand Kawkaet al., 2015), therefore could account for the difference between
reported fractionation responsesto salinity.

The intercepts of the regression models applied to the acs7-salinity relationshipsfor the E. huxleyi culture data are
all significantly different (p <0.05), i.e. the absolute fractionation differs between the different studies, except for the
relationship reported by M’Boule et al. (2014) and our high light experiment. These differences in intercept may be
explained by a number of potential factors. One explanation could be due to the different strains of E. huxleyi used in



the cultivations, aseach strain would respond in a similar fashion to salinity changes but fractionate to a different
extent. This could be due to differences in fractionation and intracellular sources of hydrogen or differences in lipid
synthesis rates. Another explanation for part of the discrepanciesin intercepts could be analytical differences
between laboratories, i.e. small offsets in measured absolute values of Cs7 alkenones. Inter-laboratory comparison of
measured hydrogen isotope values of an alkenone standard could help to eliminate this uncertainty.”

P7.L6 -change “due differences” to “due to differences”
Response: This has been fixed.

P7.L6 - As written, “different sources of hydrogen”is probably notthe best language. | gather that the implication
invokes biochemical mechanisms relating to the routing of hydrogen during biosynthesis, but the way it is currently
makes it sound like they are accessing different source water, which is probably not the intention.

Revised to: “This could be dueto differences in fractionation and intracellular sources of hydrogen or differences in
lipid synthesis rates.”

P7.L5-9 -what about chemostats vs. batch cultures? That probably deserves a mention somewhere in here in
comparing to Sachs16.

Revised to: “A possible explanation for the statistical difference between the acsr-salinity relationship ofSachset al.
(2016) and the other three experiments could be due to the fact thatthe Sachset al. (2016) experiment was
conducted using chemostats, whereas, the other experimentswere batch culture experiments.”

P7.L13-15 - Nelson and Sachs, GCA, 2014 would be worth including in this list of references
Response: Reference has been added. See next comment.

P7.L14 — I would specify “algal” or “unicellular” photoautotrophs, orinclude references to alpha-salinity
relationships in plants (Aichner et al., OG, 2017; Ladd and Sachs, OG, 2012).

Response: Revised to: “The effect of salinity on hydrogen isotope fractionation seems to be a general feature
recorded in alkenones, fatty acids, sterols, phytene and diploptene produced by algal photoautotrophs (Heinzelmann
etal., 2015; Schoutenetal., 2006; Sachse and Sachs,2008; Sachsand Schwab, 2011; Nelson and Sachs, 2014).”

P8.L22 - change “by OPP” to “by the OPP”
Response: This has been revised.

Figure 1 - | suggest labeling the panels directly on the graphs to allow them to be read without looking at the caption.
... ... I also would personally prefer if the graphs were the same width, and were aligned with each other. I’d also
usethe same x-axis scale for both, and would note the y-axis scale differences in the caption. . .. State clearly thatthe
gray shaded areas are confidence intervals (they are, right?) and provide the

threshold that was used to define these in the caption

Figure 2 - The font in the axis labels, as well as the plotted symbols look like they were compressed vertically. Can
this be fixed sothey don’tlook squished like this?. . .. . ... label the experimental design directly on panels aand b,
or consider adding this information using a legend to indicate symbol color. . .. .. seemy comment about confidence
intervals as related to figure 1 above.

Figure 3 - See my comment about confidence intervals as related to figure 1 above.

Response: Please see revised figures. Labels have been added to graphsthemselves and axis scales have been fixed.
Error bars have been added. Captionshave been fixed to give more detailed and accurate information about the
parameters illustrated in the graphs.



Anonymous Referee #4 Received and published: 17 October 2017

The paper by Weiss et al. presents new datafrom a laboratory experiment aiming to clarify whether and how strong
salinity and light intensity affect the hydrogen isotope fractionation during alkenone biosynthesis. Such results pave
the way towards an application of algal lipid biomarker hydrogen isotope ratios as a paleosalinity proxy. While
similar experiments have been conducted before and salinity and light intensity have been found to affect the
hydrogen isotope fractionation, results from the current study test in particular the effect of alkalinity (which can
change independently of salinity) on the isotope fractionation. It therefore adds to the understanding ofhow
representative the previous findings from laboratory cultures are for the natural environment. The study finds that
alkalinity does notaffect the isotope fractionation and finds similar relationships between isotope fractionation and
salinity as observed in previous studies. They also find that changes in light intensity do not change the relationship
between salinity and isotope fractionation. These results provide a more robust baseto use alkenone D/H ratios as a
paleosalinity proxy and may therefore help to identify the actual cellular mechanism responsible for the observed
changes in fractionation. While not representing groundbreaking new insights, the study adds to the growing body of
literature on this subject. The study is well designed and interpretations are supported by the data. | believe this study
should be published after some minor changes. In particular | suggestsome clarification of statistical data treatment
and a few more detailed descriptions of the experimental setup.

We would like to thank anonymous referee #4 for their constructive comments and will address them as “Response:”
following the original comment.

General comments: In the study anon calcifying strain of e.hux was used. The authors discuss this to some degree,
buta bit more detailed discussion, on how representative these results would be for the natural marine environment,
where mostly calcifying strains produce the alkenones, should be part of the discussion.

This has been revised to: “Because the effects of alkalinity on hydrogen isotope fractionation were being assessed, a
non-calcifying strain was chosen to avoid changesto the alkalinity ofthe media caused by the organisms, changes
that have previously been shown to occur during large blooms of E. huxleyi (Holliganetal., 1993).”

It appears that the statistical data treatment was done using the three replicate data points as individual datapoints — |
think it would make more sense to calculate the mean of the replicates and present the standard error of the mean for
each treatment. This applies to the actual slope and intercept calculations as well as for the figures and the estimation
of the error of the actual regressions (i.e. the shaded area around the regression lines in the figures), seealso below.

Response: Yes, we could combine the data pointsfor the statistical analyses, butwe keptthemas individual data
points because they were separate culture flasks (3 flasks for each variable) with slightly different growth rates. We
did average the duplicate isotope measurements.

The figures could need some more explanation, in thetext butalso the figure captions. See detailed comments below.

Detailed comments: P6 line 30-31: Can you separate this sentence into 2? It conveys important information, but
sounds abit awkward.



Revised to: “Since summer blooms occurring under high light conditionsin the surface ocean are the most probable
source of alkenones preserved in the sedimentary record, the light and depth effects discussed previously (van der
Meer et al., 2015; Wolhowe et al., 2015) might not have such a large effect on the aczz-salinity response as
previously believed.”

P7 line 3-4: Can you mention by how much the intercepts from the other studies vary? I believe it would be
instructive to present the datafrom the current study and previous data from the literature in one graph, see comment
below (Table 2).

Response: Yes, please see supplementary Figure 1.

P7 line 9: Header for this section does only mention salinity but the second half of the paragraph deals with light
intensity. Either separate the paragraph into 2 or mention light intensity in the headline.

Revised to “4.3 Potential mechanisms for salinity and light responses”

P7 line 14: In the cited studies notonly alkenones, fatty acids and sterols were analyzed, also alkanes and isoprenoids
if | remember correctly. | think it would be important to mention thatin all these compound classes similar salinity
effects have been observed. This is important to identify the underlying mechanism.

Response: Yes, Sachse and Sachs (2008) also measured phytene and diploptene. We have revised this to: “The effect
of salinity on hydrogen isotope fractionation seems to be a general feature recorded in alkenones, fatty acids,
sterols, phytene and diploptene produced by algal photoautotrophs (Heinzelmann etal., 2015; Schouten etal., 2006;
Sachse and Sachs, 2008; Sachsand Schwab,2011; Nelson and Sachs, 2014).”

P8 line 20-21: Interesting hypothesis. Would this hold some advantage for the cell, i.e. using more OPP derived
NADPH under higher salinity? Or could this be the result of less water exchange (extracellular with intracellular)?

Response: Danevéic¢ and Stopar (2011) found a more active pentose phosphate cycle at high salinityin Vibrio sp.,
and a 10-fold increase in production of L-proline, an osmoregulating amino acid. Up regulating the OPP derived
NADPH would be tied to thisincrease in L-proline, “the production of L-proline, therefore, increases the ratio of
intracellular NADP/NADPH, which regulatescarbon flux through the oxidative pentose phosphate pathway.”
(Danevcic¢ and Stopar, 2011). L-proline increases to help continue growth and biosynthesisat higher salinitiesin
Vibrio sp. We think something similar could also be happeningin E. huxeyi. Revised to: “Another explanation for
the observed significant correlation with salinity at both high and low light intensity could be that the cell
synthesizes alkenonesin a closed cell compartment, similar to the “‘coccolith vesicle-reticularbody’ in which
coccolithsare formed (Wilburet al., 1963; Sviben et al., 2016), where the amount of NADPH used for biosynthesisis
regulated and the fraction NADPH derived from the OPP pathway into the closed compartment increases with
increasing salinity. Danevcic and Stopar (2011) found a more active pentose phosphate cycle at high salinity in
Vibrio sp., and also thatintracellular production ofL-proline,an osmoregulating amino acid, increased. The
advantage of up regulating the OPP derived NADPH would be tied to this increase in L-proline, which helps



continue growth and biosynthesis at higher salinitiesin Vibrio sp. It is possible that something similar to this could
also be happeningin E. huxeyi.”

Page 8 in general: This is a good summary of the hypotheses being discussed forthe observed salinity-fractionation
relationship. Except a few points (see above) these have all been proposed in previous papers which have identified
the salinity-fractionation dependency. This could be mentioned more explicitly. Isuggestto give credit to these
papers here, for example in the section about osmolytes the first papers proposing this idea as a factor for the
observed change in fractionation, should be cited.

Response: We have added the references for the discussionsalready proposed in previous papers. It now reads: “In
addition to higherabundance of NADPH generated by the OPP pathway at higher salinities, cells also could
produce more D-depleted compounds, osmolytes for instance (Dicksonetal., 1982; Sachset al., 2016 and references
therein; Sachseet al., 2008), which would leave the intracellular NADPH pool more enriched, which would result in
D enrichment of other biosynthetic productssuch asalkenones.”

Figure 1a: Can you briefly explain, why the culture media water dD values at salinity of 35 are so different from the
rest?

Response: The difference has to do with the way the media were made, as the media were created separately for the
alkalinity/salinity and high light experiments. In the revised manuscript it now reads: ““Since the salinity of the media
of was not altered by evaporation but by addition of NaCl, in contrastto previous culture studies (Schouten etal.,
2006; M’Boule etal., 2014, Chivall et al., 2014), Dn20 valueswere not correlated with salinity (Figure 1).
Furthermore, the media was created separately for each experiment, causing differences between the original 0Dn20
valuesseen in Figure 1.”

Figure 1b: I suggesttousethe same scale on thex and y axis asin a) Figure 2: also here | suggestto use the same
scaling of the x and y axis (at least for salinity). | think that statistically it would make more senseto use the mean of
the replicates and their standard deviation for the plots and also to estimate the error of the regression line (standard
error of the mean).

Response: We have fixed the figures but prefer to keep the statistical analyses on the individual points as mentioned
above.

Figure 2c: Can you briefly explain the alpha variability at an alkalinity of 2.5?

Response: Yes, this is the salinity effect observed in previous culture studies with E. huxeyi, seen inour experiment
when alkalinity was constant but salinity wasvaried.



Figure 3: also here, | suggestto sue the same axis scaling (both for alpha and growth rate and salinity). Clearly, and
this is the main point of the paper, salinity has a much strongereffect on isotope fractionation compared to growth
rate and this would be easily visible in the graphs, when the same axis scaling is used. Also, if a regression line is
plotted through the data, you imply a statistically significant correlation. Is thatsoin all cases,and if so,then you
should present the statistical parameters (p value). If it is not statistically significant, no line should be plotted
through the data.

Response: Noted, we have fixed these figures.

Table 2: 1 think it would be useful to see these data compared to the datafrom the current study in a graph.

Response: We have plotted the data to give a more visual representation of the comparisonsas supplementary
Figure 1.
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Effects of alkalinity and salinity at low and high light intensity on
hydrogen isotope fractionation of long-chain alkenones produced by
Emiliania huxleyi
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Correspondence to: Gabriella M. Weiss (gabriella.weiss@nioz.nl)

Abstract. Over the last decade, hydrogen isotopes of long-chained alkenones have been shown to be a promising proxy for
reconstructing paleo sea surface salinity due to a strong hydrogen isotope fractionation response to salinity across different
environmental conditions. However, to date, the decoupling of the effects of alkalinity and salinity, parameters that co-vary
in the surface ocean, on hydrogen isotope fractionation of alkenones has not been assessed. Furthermore, as the alkenone-
producing haptophyte, Emiliania huxleyi, is known to grow in large blooms under high light intensities, the effect of salinity
on hydrogen isotope fractionation under these high irradiances is important to constrain before using dDc37 to reconstruct
paleosalinity. Batch cultures of the marine haptophyte E. huxleyi strain CCMP 1516 were grown to investigate the hydrogen
isotope fractionation response to salinity at high light intensity and independently assess the effects of salinity and alkalinity
under low light conditions. Our results suggest that alkalinity does not significantly influence hydrogen isotope fractionation
of alkenones, but salinity does have a strong effect. Additionally, no significant difference was observed between the
fractionation responses to salinity recorded in alkenones grown under both high and low light conditions. Comparison with
previous studies suggests that the fractionation response to salinity in culture is similar under different environmental

conditions, strengthening the use of hydrogen isotope fractionation as a paleosalinity proxy.

1 Introduction

Ocean circulation plays a strong role in global heat and moisture transport (Rahmstorf, 2002) and is controlled in part by
differences in temperature and salinity, known as thermohaline circulation. Therefore, knowing these parameters is
important to reconstruct ocean circulation in the geological past, which leads to a more robust understanding of our climate

system. A number of valuable proxies exist to reconstruct sea surface temperature, for example, 8'®Oforam (Emiliani, 1955),

Mg/Ca (Elderfield and Ganssen, 2000), TEXsgs (Schouten et al., 2002), U§7’ (Brassell et al., 1986), and LDI (Rampen et al.,

2012). However, there are currently very few proxies for reconstructing sea surface salinity (SSS).
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Evaporation, precipitation, continental runoff, and ice melt cause changes in seawater salinity, thereby influencing ocean
circulation. The isotopic ratios of oxygen (5'®0) and hydrogen (8D) of water are strongly tied to these environmental
parameters (Craig and Gordon, 1965). Increasing evaporation causes both enrichment in heavy isotopes (Clark and Fritz,
1997) and increase in surface water salinity. The resulting water vapor has a depleted isotopic signature (Clark and Fritz,
1997) and the longer the water stays in vapor form, the more depleted the isotopic signature of the vapor becomes as
relatively enriched water precipitates first. Therefore, a depleted isotopic signature is found for most precipitation-fed rivers
and lakes (i.e. meteoric waters). As these waters drain into the ocean and mix with seawater, the sea surface salinity is
lowered, as is the water isotope value. This leads to a strong linear correlation between 5'30yeer values and salinity in ocean
water and therefore the 3'30y.: is a suitable proxy for sea surface salinity. However, the slope of the correlation varies in
space (ocean region) and time (Duplessy et al., 1993; Mashiotta et al., 1999), severely complicating reconstructions of
ancient 8'®0yqe-S relationships and, thus, paleosalinity reconstructions. Therefore, constraining the correlation between
8"80yaeer values and S currently poses a challenge in attempts to extract reliable palaeosalinity estimates from inferred
8"80water values.

Over the last decade, culture studies have shown that the hydrogen isotopic ratios of long chain alkenones (6Dc37),
biomarkers of Haptophyte algae from the order Isochrysidales (Volkman et al., 1980), correlate with the hydrogen isotopic
ratios of the water in which the algae grow (6Dmu20) (Englebrecht and Sachs, 2005; Paul, 2002), which in turn is correlated
with salinity (Craig and Gordon, 1965). In addition to the observed relationship between dDc37 and 6Dmao values, biological
hydrogen isotope fractionation has been shown to decrease with increasing salinity, thereby amplifying the salinity to
seawater 6D relationship of alkenones grown in culture (Schouten et al., 2006; Wolhowe et al., 2009; M’Boule et al., 2014;
Chivall et al., 2014; Sachs et al., 2016). Therefore 6Dc37 has been proposed as an appropriate proxy for reconstructing sea
surface salinity (SSS) (Englebrecht and Sachs, 2005; Schouten et al., 2006). For example, 6Dc37 values measured on
alkenones extracted from Mediterranean sapropel S5 shows similar trends to 6'80 measured on planktonic foraminifera and
suggests a salinity decrease of 6 in the Eastern Mediterranean at the onset of sapropel formation (van der Meer et al., 2007).
0Dc37 values from Panama Basin sediments show changes in amount of runoff from the San Juan River, aligning well with
instrumental data and even tracking glacial to interglacial changes in salinity (Pahnke et al., 2007). Salinity changes in the
Agulhas Current system were also recorded by changes in D37 values during glacial termination I and II and from the last
glacial maximum into the Holocene, which align with 8'®QOforam values from the same region (Simon et al., 2015; Petrick et
al., 2015; Kasper et al., 2014). Leduc et al. (2013) show a divergence in estimates of sea surface salinity between dDc37
derived and planktonic foraminifera derived proxies (6'®0sy and Ba/Ca ratios) across the Holocene in the Gulf of Guinea,
which are attributed to differences in the isotopic ratios of rainfall over the time period.

Although a relationship between 6Dc37, Dm0 and fractionation with salinity has been observed in culture and some
paleostudies show promising results, this relationship is not always found in nature. Haggi et al. (2015) did not find a

significant relationship between 6Dc37 values and salinity in suspended particulate matter from the Amazon Plume. In the
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Chesapeake Bay Estuary (USA), 6Dc37 values in sediments relate to 8Dc37 values from suspended particulate matter filters
and 8D values, but fractionation does not show a relationship with salinity (Schwab and Sachs, 2011). Nelson and Sachs
(2014) also tested the use of dDc37in North American lakes covering a salinity range of 10-133. In these North American
lakes, there is a relationship between 6Dmo and dDc37, but no trend between fractionation and salinity (Nelson and Sachs,
2014). These environmental datasets suggest that there are other factors affecting hydrogen isotope fractionation, which
complicate the use of dDc37 as a salinity proxy. Indeed, culture studies have indicated that hydrogen isotope fractionation can
be influenced by a number of parameters, i.e., growth rate (Schouten et al., 2006; Wolhowe et al., 2009, Sachs and Kawka,
2015), growth phase (Chivall et al., 2014), species composition (M’Boule et al., 2014; Chivall et al., 2014), and irradiance
(van der Meer et al., 2015). When the hydrogen isotope ratios of both the C37:3 and C37:2 alkenones are integrated (van der
Meer et al., 2013), the effect of temperature on hydrogen isotope fractionation has been shown to be negligible on the dDc37
SSS proxy, eliminating one impeding factor (Schouten et al., 2006). Growth rate and irradiance have also been proven to
influence total carbon isotope fractionation of alkenones used as a pCO; proxy (Pagani, 2014 and references therein). Both
of these factors are related and seem to play a significant role for isotopic fractionation of alkenones, and the effects remain
to be completely understood.

The effect of alkalinity on hydrogen isotope ratios and fractionation has not yet been tested. The effect of alkalinity on
hydrogen isotope fractionation is unknown because some of the culture experiments (Schouten et al., 2006; M’Boule et al.,
2014; Chivall et al., 2014) investigating hydrogen isotopes from alkenones created media of different salinities by
evaporation, which changed alkalinity together with salinity in the culture media. In the natural environment, precipitation
and evaporation do not only influence salinity, but also affect the total alkalinity (Ar) of the surface ocean. In fact, a strong
positive linear correlation between At and salinity is observed in surface ocean waters (Millero et al., 1998; Lee et al., 2006),
and, on top of that, large coccolithophore blooms can bring about a significant decline in surface water At (Anning et al.,
1996). Alkalinity is essentially the ability of water to neutralize acid, which is linked to the amount of H*. H" is readily
exchanged between extracellular and intracellular water, therefore, the amount of H* could potentially effect the hydrogen
isotope composition of intracellular water, which is a source of hydrogen for synthesis of organic compounds. It is, therefore,
crucial to decouple the effects of salinity and alkalinity and assess how each effect hydrogen isotope fractionation
independently.

Furthermore, culture work has shown light intensity to have a strong effect on acs7 at light intensities below 200 pmol
photons ms”!, but not above (van der Meer et al., 2015). However, some of the culture studies that reported a strong
correlation between hydrogen isotope fractionation and salinity were performed at relatively low light intensities (Wolhowe
et al.,, 2009; M’Boule et al., 2014; Chivall et al., 2014). Since algal blooms occur under high light conditions in surface
waters across the globe (Nanninga and Tyrrell, 1996; Holligan et al., 1993), and hydrogen isotope fractionation is less
variable at high light conditions (van der Meer et al., 2015), the effect of salinity on hydrogen isotope fractionation at high

light intensity needs to be studied to better understand the potential effect of salinity on alkenones synthesized in nature.
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Here we addressed these two issues by using batch cultures of the haptophyte algaec Emiliania huxleyi in experiments where

alkalinity was varied independently of salinity and where salinity was varied under high light conditions.

2 Materials and Methods
2.1 Media and Culture Conditions

Two separate batch culture experiments were conducted: 1) to assess whether alkalinity affects hydrogen isotope
fractionation between alkenones and growth water (‘alkalinity/salinity’ experiment) and 2) to examine if the fractionation-
salinity relationship seen in previous culture experiments still holds under high light conditions (‘high light’ experiment). A
no longer calcifying strain of E. huxleyi, CCMP 1516, was used in these batch cultures. Because the effects of alkalinity on
hydrogen isotope fractionation were being assessed, a non-calcifying strain was chosen to avoid significant changes to the
alkalinity of the media caused by the organisms, changes that have previously been shown to occur during large blooms of E.
huxleyi (Holligan et al., 1993).

Media for all experiments was made using filtered North Sea water with added nutrients, trace metals and vitamins following
the method for F/2 medium (Guillard and Ryther, 1962). Medium was diluted with ultrapure water to a salinity of
approximately 25 and NaCl was added to achieve higher salinities. Salinity was measured using a VWR CO310 Portable
Conductivity, Salinity and Temperature Instrument.

The alkalinity/salinity experiments consisted of batch cultures with a salinity range of 26 — 42 and constant At of 2.44 mM
and batch cultures of salinity 34 and At between 1.44 and 4.6 mM. For batches where alkalinity was changed, pH was kept
constant (7.9 + 0.07). NaHCO; and Na,CO; were added to bring the medium to an Ar of 2.44 mM, an average value for
open ocean waters, which typically fall between 2.1 and 2.5 mM in the modern day ocean (Ilyina et al., 2009; Takahashi et
al., 1981). Concentrated HCI was added to reduce alkalinity of the medium to 1.44 mM, and bubbling with air for 48 h
allowed for equilibration of CO, with the atmosphere following the method of Keul et al. (2013). To increase alkalinity of
the medium, NaHCO3 and Na,CO3 were added to achieve At of 3.3 and 4.6 mM, respectively. Alkalinity was determined by
titration with 0.1 M HCI and calculated using Gran plots (Gran, 1952; Johansson et al., 1983; Hansson and Jagner, 1973).
Temperature was a constant 15°C and light intensity was consistently kept at 75 pumol photons m?2s! using cool white
fluorescent light, with a light:dark cycle of 16:8 h.

The high light experiment was performed at five different salinities, from 25 — 35, under a light intensity of 600 pmol
photons m2s™! using cool white fluorescent light, with a light:dark cycle of 16:8 h, and constant temperature of 18.5°C and
constant alkalinity. All batch culture experiments were performed in triplicate. Cultures were transferred to new medium five
times prior to starting the experiment to remove any possible memory effects from the original stock culture and adapt the
algae to the desired experimental conditions. An Accuri C6 flow cytometer was used to count cell concentrations daily to
calculate growth rate over the length of the experiment. Growth rate was calculated as the slope of the linear fit of the natural

logarithm of cell density (In[cell density]) in the exponential part of the growth curve. Cells were harvested during

4
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exponential growth when cell abundance reached >10° cells mL"! to prevent effects of shading or reduced nutrient content of
the medium by the haptophytes (10-12 days). Cultures (600 mL for alkalinity/salinity experiment and 150 mL for high light
experiment) were filtered over 0.7 um GF/F filters to collect organic material and medium was subsequently collected

following filtration to determine 8D of the growth water.

2.2 Water Isotope Analysis

Hydrogen isotopic ratios of the medium (6Dm20) were measured on water collected prior to the experiment and after the
experiment concluded. dDmo was measured using elemental analysis-thermal conversion-isotope ratio monitoring mass
spectrometry (EA/TC/irMS) (see Schouten et al., 2006). 1 puL of sample water was injected at least 10 times during a single
analytical run. dDm2o values were corrected to an in-house North Sea (5%o) standard, which was calibrated against VSMOW

and VSLAP.

2.3 Alkenone Analysis

Following filtration, filters were freeze-dried and extracted ultrasonically five times for 10 min each time using DCM/MeOH
(2:1) to obtain total lipid extracts (TLE). TLEs were then separated into three fractions over Al,Os column using
hexane/DCM 9:1 (v:v) to elute the apolar fraction, hexane/DCM 1:1 (v:v) to elute the ketone (alkenone) fraction, and
DCM/MeOH 1:1 (v:v) to elute the polar fraction. Ketone fractions were run on a gas chromatograph coupled to a flame
ionisation detector (GC-FID) to determine alkenone concentrations prior to running on GC/TC/irMS to measure compound
specific hydrogen isotope ratios (8Dc37). Both the GC-FID and the GC/TC/irMS were equipped with an Agilent CP-Sil 5
column (25 m x 0.32 mm internal diameter; film thickness = 0.4 pm). GC temperature programs were the same as discussed
in M’Boule et al. (2014). The Hs" factor was measured daily on the GC/TC/irMS prior to running samples; values ranged
between 2.8 and 2.9 ppm mV-! for the alkalinity/salinity experiments and 5.4 and 5.5 ppm mV-' for the high light
experiments. A Mix B standard (supplied by A. Schimmelmann, Indiana University) was run to assess machine accuracy on
a daily basis and samples were only run when standard deviation and error of the Mix B standard were less than 5%o.
Samples were measured in duplicate and squalane was co-injected with each analytical run to monitor quality of runs;
average value for squalane co-injected with high light experiment samples was -164.8%o with standard deviation of 2.2 and -
163.4%0 with standard deviation of 2.7 when co-injected with the alkalinity/salinity experiment samples. All C3; alkenone
peaks were integrated as a single peak and values are thus reported as the combined values of the C37:2 and C37:3
alkenones (van der Meer et al., 2013). The isotopic fractionation of alkenones compared to media is expressed as oc37 and

calculated using the equation:

8D¢37 + 1000

Eq. (1): ags7 = 8Dp20+1000
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2.4 Statistics

Analysis of covariance (ANCOVA) was applied to test if a significant difference exists between equations of the linear
regression models representative of the acs7-salinity relationship between this study and previous culture studies of E.

huxleyi. All statistical analyses were run in R using the R stats package.

3 Results

A no longer calcifying strain of E. huxleyi was grown under high light conditions over a salinity range from 25 — 35 with
constant alkalinity in our high light experiment, and low light conditions over a salinity range from 26 — 42 with an alkalinity
range of 1.4 — 4.6 mM in our alkalinity/salinity experiment. Changes in salinity, alkalinity and pH were relatively small over
the course of the batch culture experiments (Table 1). Changes in dDmuxo values of the culture media sampled prior to
beginning the experiments and at the end of the experiments were minimal, generally <0.4%o (Table 1). Slightly larger
changes in 6Duyo values occurred for media of the alkalinity/salinity experiments, but still <1.3%o. (Table 1) and were
therefore ignored. Since the salinity of the media of was not altered by evaporation but by addition of NaCl, in contrast to
previous culture studies (Schouten et al., 2006; M’Boule et al., 2014; Chivall et al., 2014), dDmu20 values were not correlated
with salinity due to different procedures for creating of the media (Figure 1). Furthermore, the media was created separately
for each experiment, causing differences between the original 6Dmo values (Figure 1). 6Dc37 values ranged from -230.9%o to
-197%o across all experiments, with more depleted values at lower salinities (Table 1). Growth rates (i) ranged from 0.65 —
0.93 d! for the alkalinity/salinity experiment and 0.54 — 0.67 d! for the high light experiment, with lower growth rates at
higher salinities (Table 1). Growth rate is weakly correlated with acs;7 for both experiments (Figure 3). Higher acs; values
occur at higher salinities for both the alkalinity/salinity and high light experiments. A strong linear relationship between ac37
values and salinity was observed in both experiments (Figure 2a,b): for the high light experiment, 0c37=0.002S + 0.7408 (R?
0.92, n=14; p<0.001), and for the alkalinity/salinity experiment, ac37=0.0026S +0.7098 (R? 0.85, n=24; p<0.001). For the
alkalinity/salinity experiment, ocs7 remains relatively constant (0.799+0.003) over the range of alkalinity, but covers a range

0f 0.776 — 0.824 at constant alkalinity (Table 1, Figure 2C).

4 Discussion
4.1 Impact of alkalinity and light

In the alkalinity/salinity experiment, acs7 values changed from 0.776 to 0.824 over a salinity range of 26 to 42 and constant
alkalinity, and remained constant at 0.799+0.003 at alkalinities ranging from 1.4 to 4.6 (Figure 2c). This shows that
alkalinity, in contrast to salinity, does not affect hydrogen isotope fractionation of non-calcifying E. huxleyi. We note,
however, that this experiment was performed with a no longer calcifying strain of E. huxleyi, and results might be different

when haptophytes are calcifying since calcification may be impacted by alkalinity, which in turn could have consequences
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for other intracellular processes. At constant alkalinity over a range of salinity, we see a 2.6%o change in fractionation per
salinity unit, confirming that salinity does indeed have an effect on hydrogen isotope fractionation between alkenones and
growth water (Schouten et al., 2006; M’Boule et al., 2014; Chivall et al., 2014; Sachs et al., 2016).

Alkenones synthesized by haptophytes growing at different salinities under high light (600 pumol photos m? s™') show a
strong correlation between ac37 values and salinity. This unambiguously shows that there is also a strong correlation between
salinity and hydrogen isotopic fractionation in alkenones at high light intensities, as encountered in the surface layers of the
ocean. Ocean surface light levels span a range from zero to over 800 PAR (over 1600 umol photons m? s!) (Frouin and
Murakami, 2007), and haptophytes not believed to be photoinhibited and primarily bloom at light intensities above 500 pmol
photons m™ s' (Nanninga and Tyrrell, 1996). Furthermore, E. huxleyi has been shown to adapt to different light conditions
by expressing different genes under high and low light conditions (Rokitta et al., 2012), showing that growth is possible
under different light regimes.

The slope of the a-salinity correlation, or fractionation response per unit salinity, is statistically similar (p < 0.05) for both
the alkalinity/salinity and the high light experiments, based on analysis of covariance (ANCOVA) between the linear
regression models fit to each dataset. There is a weak negative correlation of growth rate (i) with fractionation for both the
alkalinity/salinity and high light experiments, a = -0.0692u + 0.8557 (R?=0.25, n =24, p < 0.05) and a.= -0.1257u + 0.8776
(R?*=0.35, n = 14, p < 0.05), respectively (Figure 3), which aligns with findings of Sachs and Kawka (2015) who report a
negative correlation between growth rate and fractionation, albeit a stronger relationship. Growth rate is also negatively
correlated with salinity in both experiments (Table 1; Figure 3), which is consistent with earlier work of Schouten et al.
(2006). However, our results show a direct effect of salinity on both growth rate and fractionation, suggesting the correlation

between growth rate and fractionation might be largely indirect.
4.2 Comparison with previous studies

We performed a statistical comparison using ANCOVA between the different acs;-salinity relationships for previous E.
huxleyi cultivation experiments (Schouten et al., 2006; M’Boule et al., 2014; Sachs et al., 2016; Table 2) and our
experiments. Sachs et al. (2016) report 6D values for individual alkenones, thus we used a weighted mean average of the
6Dc37:3 and 6Dc37:2 values to compare with other results reporting integrated 6Dc37 values. The slopes of the ocs7-salinity
relationships are not statistically different from each other (p > 0.05), with the exception of three comparisons: Sachs et al.
(2016) was statistically different (p < 0.05) from Schouten et al. (2006), M’Boule et al. (2014) and the Alkalinity/Salinity
experiment (Table 2). A possible explanation for the statistical difference between the ocs7-salinity relationship of Sachs et
al. (2016) and the other three experiments could be due to the fact that the Sachs et al. (2016) experiment was conducted
using chemostats with a controlled growth rate, whereas, the other experiments were batch culture experiments where
growth rate varied. Growth rate has been shown to effect hydrogen isotope fractionation of alkenones (Schouten et al., 2006;

Wolhowe et al., 2009; Sachs and Kawka et al., 2015), and therefore could account for the difference between reported
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fractionation responses to salinity. Although the slopes are statistically similar (p > 0.05), different strains used in the
experiments, and the individual experiments themselves (i.e., conducted by different labs using different techniques) do
likely play a large role in the observed differences between slopes. Furthermore, the intercepts of the regression models
applied to the ocs7-salinity relationships for the E. huxleyi culture data are all significantly different (p < 0.05), i.e. the
absolute fractionation differs between the different studies, except for the relationship reported by M’Boule et al. (2014) and
our high light experiment. These differences in intercept may be explained by a number of potential factors. One explanation
could be due to the different strains of E. huxleyi used in the experiments, as each strain would respond in a similar fashion
to salinity changes, but fractionate to a different extent, similar to differences seen between species (Schouten et al., 2006;
Chivall et al., 2014; M’Boule et al., 2014). This could be due to differences in fractionation between intra- and extracellular
sources of hydrogen or differences in lipid synthesis rates. Another explanation for part of the discrepancies in intercepts
could be analytical differences between laboratories, i.e. small offsets in measured absolute values of Cs7 alkenones.

With the exception of the high light experiment, all other culture experiments with E. huxleyi being discussed here were
grown at light intensities between 50-300 pmol photons m? s™!' (Schouten et al., 2006; M’Boule et al., 2014; Sachs et al.,
2016; alkalinity/salinity experiment). The fact that the strong acsz-salinity response is also identified in E. huxleyi grown at
high light conditions is important for understanding the influence of light and depth effects (i.e., van der Meer et al., 2015;
Wolhowe et al., 2015) on the ocs7 of alkenones preserved in the sedimentary record. Van der Meer et al. (2015) suggested
that at light intensities above 200 pmol photons m? s™!, acs7 responds differently to changes in light intensity than below,
with a larger reported range in fractionation values at light intensities below 200 umol photons m? s-'. Wolhowe et al. (2015)
also show this trend in ac3; measured on alkenones in suspended particulate matter from the Gulf of California and Eastern
Tropical North Pacific. Krumhardt et al. (2016) indicate that although haptophyte indicative pigments were high below
surface water layers in the subtropical North Atlantic, they were also abundant in the upper 30 m of the water column,
especially during spring. Based on these findings and the UK’37 core-top calibration, we can be confident that alkenones
preserved in the sediments are largely reflecting surface water temperatures during the time of the year that haptophytes are
known to bloom (Miiller et al., 1998). Furthermore, haptophytes are thought primarily to bloom at light intensities above 500
pmol photons m? s! in the surface ocean (Nanninga and Tyrrell, 1996), leading to the conclusion that the light and depth
effects discussed previously (van der Meer et al., 2015; Wolhowe et al., 2015) might not have such a large effect on the oc37-

salinity response as previously believed.

4.3 Potential mechanisms for salinity and light responses

As mentioned above, our results show that the response in hydrogen isotopic fractionation of alkenones to salinity is
statistically similar across different E. huxleyi strains and under different growth conditions, including low and high light
conditions. How salinity affects hydrogen isotope fractionation is still unknown, although several possible mechanisms have
been proposed (e.g., Maloney et al., 2016 and references therein). The effect of salinity on hydrogen isotope fractionation

seems to be a general feature recorded in alkenones, fatty acids, sterols, phytene and diploptene produced by algal
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photoautotrophs (Heinzelmann et al., 2015; Schouten et al., 2006; Sachse and Sachs, 2008; Sachs and Schwab, 2011; Nelson
and Sachs, 2014). Nicotinamide adenine dinucleotide phosphate (NADPH) is associated with large isotope fractionation
values, larger than the fractionation between extracellular and intracellular water, but both are used as sources of H for
synthesis of organic compounds (Schmidt et al., 2003). NADPH has been proposed to supply around 50% of the H
eventually used for lipid production in the bacterium Escherichia coli (Kazuki et al., 1980), and it is presumed to be roughly
the same for photosynthetic algae (Zhang et al., 2009). The cell generates NADPH either photosynthetically or via the
oxidative portion of the pentose phosphate pathway (OPP pathway) (Schmidt et al., 2003; Wamelink et al., 2008). NADPH
derived via ferredoxin-NADP+ reductase (FNR) in photosystem 1 (photosynthetically derived) tends to be depleted by
~600%0 in D when compared to intracellular water (Luo et al., 1991), whereas NADPH produced via the OPP pathway is
also depleted compared to intracellular water, but much less than photosynthetically derived NADPH (Schmidt et al., 2003;
Maloney et al., 2016). Schmidt et al. (2003) suggested that a transfer of H from NADPH generated as part of the OPP
pathway causes depletion in D which is further enhanced during continued biosynthesis, meaning organic compounds
containing H largely derived from metabolically reduced NADPH are characterized by depletion in D. However, this
depletion is still less than what is observed for photosynthetically derived NADPH. Up or down regulation of the OPP
pathway relative to other NADPH generating pathways (FNR derived, for instance) could, therefore, cause differences in the
amount of D depletion of organic compounds. Up regulation of the pentose phosphate pathway observed in the bacterium
Vibrio sp. at high salinities led to an increase in NADPH generated by the pathway for use in biosynthesis (Danev¢i¢ and
Stopar, 2011). Danevci¢ and Stopar (2011) also found that intracellular production of L-proline, an osmoregulating amino
acid, increased. The advantage of up regulating the OPP derived NADPH would be tied to this increase in L-proline, which
helps continue growth and biosynthesis at higher salinities in Vibrio sp. A similar mechanism could be present in E. huxleyi,
causing the metabolically reduced NADPH pool to increase relative to other pools, and possibly become a more important
source of NADPH for biosynthesis if the OPP pathway exists in the same location as the site of alkenone synthesis.
However, in photoautotrophic organisms, the reduction of NADP* to NADPH is also directly linked to photosystem activity
(FNR) and, therefore, light intensity (Allen, 2002), and as previously mentioned, this initial reduction is characterized by a
very large fractionation step (Schmidt et al., 2003; Maloney et al., 2016; Luo et al., 1991). Because of this, we would expect
isotope ratios to change with different light intensities. Indeed, van der Meer et al. (2015) showed this to be the case for
irradiances between 15 and 200 pmol photons m™ s, but the effect of changing light intensity on hydrogen isotope
fractionation is much lower at light intensities >200 umol photons m?s™'. Furthermore, Sachs et al. (2017) showed a light
effect on hydrogen isotope fractionation of C14:0 fatty acid, but no effect of light was observed on hydrogen fractionation of
C16:0 and C16:1 fatty acids from the diatom Thalassiosira pseudonana grown over a low light range from 6 — 47 pmol m~
s'l. The lack of correlation with light intensity for the longer fatty acids is explained by enzymatic reprocessing that causes
further hydrogen fractionation and overwrites the light effect seen for the C14:0 (Sachs et al., 2017). This effect could also
apply to alkenones, since alkenone synthesis has been linked to fatty acid biosynthesis (Volkman et al., 1980; Marlowe et al.,

1984; Rontani et al., 2006). However, at high light conditions, where more photosynthetically derived NADPH is expected
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to be available (e.g. our high light experiment), the same fractionation response to salinity is observed as at low light
conditions (e.g. M’Boule et al., 2014; our alkalinity/salinity experiment), where less photosynthetically derived NADPH is
expected. This suggests that light intensity does not directly have an effect on the predominance of photosynthetically
derived versus metabolically derived, or enzymatically reprocessed NADPH used in biosynthesis, or that the up-regulation
of metabolically derived NADPH with increasing salinity exerts a stronger control on hydrogen isotope fractionation than
irradiance.

Another explanation for the observed significant correlation with salinity at both high and low light intensity could be that
the cell synthesizes alkenones in a closed cell compartment, similar to the ‘coccolith vesicle-reticular body’ in which
coccoliths are formed (Wilbur et al., 1963; Sviben et al., 2016), where the amount of NADPH used for biosynthesis is
regulated and the fraction NADPH derived from the OPP pathway into the closed compartment increases with increasing
salinity.

In addition to higher abundance of NADPH generated by the OPP pathway at higher salinities, cells could also produce more
D-depleted compounds, osmolytes for instance (Dickson et al., 1982; Sachs et al., 2016 and references therein; Sachse et al.,
2008; Danevc¢i¢ and Stopar, 2011), which would leave the intracellular NADPH pool more enriched, and would result in D
enrichment of other biosynthetic products such as alkenones. The production of DMSP, an osmolyte produced by marine
microalgae, is not coupled to light intensity (van Rijssel and Gieskes, 2002), therefore, osmolyte production could be a major
factor responsible for the salinity response observed over a range of light intensities. An added complication could be that
cells excrete more isotopically depleted osmolytes at high salinities than at low salinities (Demidchik et al., 2014), which
could leave the fraction of NADPH used for other organic compounds more isotopically enriched at high salinities. These
processes are correlated with salinity, however, if NADPH plays a central role in hydrogen isotope fractionation and the
reduction of NADP" to NADPH is directly coupled to photosystem activity and, therefore, light intensity, different slopes for

ac37-salinity are expected for cells grown at high light and low light conditions, which is in contrast to what our results show.

Based on the compilation of E. huxleyi culture data, a significant relationship between hydrogen isotope fractionation and
salinity is observed. However, we do not see a clear relationship between hydrogen isotope fractionation and light intensity.
Due to balancing between ATP and NADPH production and consumption within the cell (Walker et al., 2014), NADPH
formation dominates at high light levels, whereas ATP synthesis dominates at lower light levels (Beardall et al., 2003),
leading to the idea of a larger pool of photosynthetically derived NADPH inside the cell under high light conditions, would,
in turn, cause differences in hydrogen isotope fractionation during the synthesis of alkenones, but this is not what the data
shows. Transhydrogenase enzyme activity can remove NADPH when in excess by reducing NAD+ to NADH using NADPH
(Kim and Gadd, 2008; Zhang et al., 2009), which is associated with a large isotope fractionation effect of between 800-
3500%o (Zhang et al., 2009), leaving a relatively D enriched pool of NADPH behind. At high light conditions, an excess of
NADPH is expected, and therefore, increased transhydrogenase activity, something also seen with increasing salinity

(Danevcic and Stopar, 2011). However, if transhydrogenase enzyme activity is responsible for reducing the excess NADPH,
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we might expect to see a difference in isotope values and a different fractionation response to salinity at high and low light
conditions, which is not the case. There is, of course, the possibility that the cell could use excess NADPH for other
intracellular processes or synthesis of compounds that are not being investigated or measured in our experiments, which
could be light intensity dependent as well, similar to what was reported for different fatty acids by Sachs et al. (2017). This
would explain why having an abundance of NADPH at high light intensities does not seem to affect hydrogen isotope
fractionation of alkenones since this abundance of photosynthetically derived NADPH is being used for other processes or is
counteracted by enzymatic activity (Sachs et al., 2017). A better understanding of the hydrogen isotopic composition of
different relevant hydrogen pools and how the alkenone synthesis process works is required for more accurate

determinations of the mechanism responsible for the strong salinity response to hydrogen isotope fractionation of alkenones.

5 Conclusions

Our results show that salinity has a strong effect on hydrogen isotope fractionation of alkenones in cultivated E. huxleyi at
high light intensities. In contrast, alkalinity, although co-varying with salinity in environmental waters, does not affect
hydrogen isotope fractionation between alkenones and growth water. Interestingly, we see a similar effect of salinity on
hydrogen isotope fractionation at both high and low light conditions. Our present knowledge of biosynthetic mechanisms
does not allow us to explain the similarity of the fractionation response to salinity at high and low irradiance in absolute
terms. However, further investigation of intracellular sources and partitioning of intracellular hydrogen could allow us to
explain this mechanism more accurately. The fact that light intensity is a function of depth in the water column, and the
abundance of alkenones decreases with depth, the effect of lower light intensity on hydrogen isotope fractionation observed
in previous studies is likely minor for sedimentary alkenones. Our results show the consistency of the hydrogen isotope
fractionation response to salinity for multiple E. huxleyi strains grown under different conditions, and further supports the

use of ac37 for reconstructing paleo sea surface salinity.

Author Contribution
Gabriella Weiss, Marcel T.J. van der Meer and Eva Pfannerstill designed the experiments and Gabriella Weiss and Eva

Pfannerstill carried them out. Gabriella Weiss prepared the manuscript with contributions for all co-authors.

Competing Interests

Marcel T.J. van der Meer is an Associate Editor of Biogeosciences.
Acknowledgements

This study received funding from the Netherlands Earth System Science Center (NESSC) though a gravitation grant
(024.002.001) from the Dutch Ministry for Education, Culture and Science. The authors would like to thank Associate Editor

11



10

15

20

25

30

Markus Kienast as well as Alex Sessions and three other anonymous reviewers for their constructive comments which

helped to improve this manuscript.

References

Allen, J.F.: Photosynthesis of ATP—electrons, proton pumps, rotors, and poise, Cell, 110, 273-276, 2002.

Anning, T., Nimer, N., Merrett, M.J., Brownlee, C.: Costs and benefits of calcification in coccolithophorids, J] Marine Syst,
9, 45-56, 1996.

Beardall, J., Quigg, A., Raven, J.A.: Oxygen consumption: photorespiration and chlororespiration, in: Photosynthesis in
Algae: Advances in Photosynthesis and Respiration, vol. 14, Springer, New York City, 2003.

Brassell, S.C., Eglinton, G., Marlowe, [.T., Pflaumann, U., Sarnthein, M.: Molecular stratigraphy: a new tool for climatic
assessment, Nature, 320, 129-133, 1986.

Chivall, D., M’Boule, D., Sinke-Schoen, D., Sinninghe Damsté, J.S., Schouten, S., van der Meer, M.T.J.: The effects of
growth phase and salinity on the hydrogen isotopic composition of alkenones produced by coastal haptophyte algae,
Geochim Cosmochim Ac, 140, 381-390, 2014.

Clark, I.D. and Fritz, P.: Environmental isotopes in hydrogeology, CRC press, Boca Raton, FL, 1997.

Craig, H. and Gordon, L.I.: Deuterium and oxygen 18 variations in the ocean and the marine atmosphere, in: Stable Isotopes
in Oceanographic Studies and Paleotemperatures, Spoleto, 9-130, 1965.

Danev¢i¢, T. and Stopar, D.: Asymmetric response of carbon metabolism at high and low salt stress in Vibrio sp.
DSM14379, Microb Ecol, 62, 198-204, 2011.

Demidchik, V., Straltsova, D., Medvedev, S.S., Pozhvanov, G.A., Sokolik, A. and Yurin, V.: Stress-induced electrolyte
leakage: the role of K+-permeable channels and involvement in programmed cell death and metabolic adjustment, J Exp
Bot, 65, 1259-1270, 2014.

Dickson, D.M.J., Wyn Jones, R.G. and Davenport, J.: Osmotic adaptation in Ulva lactuca under fluctuating salinity
regimes, Planta, 155, 409-415, 1982.

Duplessy, J.C., Bard, E., Labeyrie, L., Duprat, J. and Moyes, J.: Oxygen isotope records and salinity changes in the
northeastern Atlantic Ocean during the last 18,000 years, Paleoceanography, 8, 341-350, 1993.

Elderfield, H. and Ganssen, G.: Past temperature and 8'%0 of surface ocean waters inferred from foraminiferal Mg/Ca ratios,
Nature, 405, 442-445, 2000.

Emiliani, C.: Pleistocene Temperatures, J Geol, 63, 538-578, 1955.

Englebrecht, A.C. and Sachs, J.P.: Determination of sediment provenance at drift sites using hydrogen isotopes and
unsaturation ratios in alkenones, Geochim Cosmochim Ac, 69, 4253-4265, 2005.

Frouin, R., Murakami, H.: Estimating photosynthetically available radiation at the ocean surface from ADEOS-II global
imager data, J Oceanogr 63, 493-503, 2007.

12



10

15

20

25

30

Gran, G.: Determination of the equivalence point in potentiometric titrations Part II, Analyst 77, 661, 1952.

Guillard, R.R. and Ryther, J.H.: Studies in marine planktonic diatoms, Can J Microbiol, 8, 229-239, 1962.

Higgi, C., Chiessi, C.M., Scheful3, E.: Testing the D/H ratio of alkenones and palmitic acid as salinity proxies in the Amazon
Plume, Biogeosciences ,12, 7239-7249, 2015.

Hansson, 1., Jagner, D.: Evaluation of the accuracy of gran plots by means of computer calculations. Anal Chim Acta, 65,
363-373, 1973.

Heinzelmann, S.M., Chivall, D., M’Boule, D., Sinke-Schoen, D., Villanueva, L., Sinninghe Damsté, J.S., Schouten, S., van
der Meer, M.T.J.: Comparison of the effect of salinity on the D/H ratio of fatty acids of heterotrophic and photoautotrophic
microorganisms, FEMS Microbiol Lett, 362, 2015.

Holligan, P.M., Fernandez, E., Aiken, J., Balch, W.M., Boyd, P., Burkhill, P.H., Finch, M., Groom, S.B., Malin, G., Muller,
K., Purdie, D.A., Robinson, C., Trees., C.C., Turner, S.M., van der Wal, P.: A biogeochemical study of the coccolithophore,
Emiliania huxleyi, in the North Atlantic, Global Biogeochem Cy 7, 879-900, 1993.

Ilyina, T., Zeebe, R.E., Maier-Reimer, E., Heinze, C.: Early detection of ocean acidification effects on marine calcification,
Global Biogeochem Cy, 23, 1-11, 2009.

Johansson, A., Johansson, S., Gran, G.: Automatic titration by stepwise addition of equal volumes of titrant Part VIII:
determination of alkalinity and total carbonate in sea water, Analyst 108, 1086, 1983

Kasper, S., van der Meer, M.T., Castafieda, 1.S., Tjallingii, R., Brummer, G.J.A., Damsté, J.S.S. and Schouten, S.: Testing
the alkenone D/H ratio as a paleo indicator of sea surface salinity in a coastal ocean margin (Mozambique Channel), Org
Geochem, 78, 62-68, 2015.

Kazuki, S., Akihiko, K., Shigenobu, O., Yousuke, S. and Tamio, Y.: Incorporation of hydrogen atoms from deuterated water
and stereospecifically deuterium-labeled nicotinamide nucleotides into fatty acids with the Escherichia coli fatty acid
synthetase system, BBA Lipid Lipid Met, 618, 202-213, 1980.

Keul, N., Langer, G., de Nooijer, L.J., Bijma, J.: Effect of ocean acidification on the benthic foraminifera Ammonia sp.
caused by a decrease in carbonate ion concentration, Biogeosciences, 10, 6185-6198, 2013.

Kim, B.H. and Gadd, G.M.: Bacterial physiology and metabolism, Cambridge university press, 2008.

Krumhardt, K.M., Lovenduski, N.S., Freeman, N.M., Bates, N.R.: Apparent increase in cocclithophore abundance in the
subtropical North Atlantic from 1990 to 2014, Biogeosciences 13, 1163-1177,2016.

Leduc, G., Sachs, J.P., Kawka, O.E., Schneider, R.R.: Holocene changes in eastern equatorial Atlantic salinity as estimated
by water isotopologues, Earth Planet Sc Lett 362, 151-162, 2013.

Lee, K., Tong, L.T., Millero, F.J., Sabine, C.L., Dickson, A.G., Goyet, C., Park, GH., Wanninkhof, R., Feely, R.A., Key,
R.M.: Global relationships of total alkalinity with salinity and temperature in surface waters of the world’s oceans, Geophys
Res Lett, 33, 2006.

Luo, Y., Steinberg, L., Suda, S., Kumazawa, S., Mitsui, A.: Extremely low D/H ratios of photoproduced hydrogen by
cyanobacteria, Plant Cell Physiol 32, 897-900, 1991.

13



10

15

20

25

30

Maloney, A.E., Shinneman, A.L.C., Hemeon, K., Sachs, J.P.: Exploring lipid 2H/!'H fractionation mechanisms in response to
salinity with continuous cultures of the diatom Thalassiosira pseudonana, Org Geochem, 101, 154-165, 2016.
M’Boule, D., Chivall, D., Sinke-Schoen, D., Sinninghe Damsté, J.S., Schouten, S., van der Meer, M.T.J.: Salinity dependent
hydrogen isotope fractionation in alkenones produced by coastal and open ocean haptophyte algae, Geochim Cosmochim
Ac, 130, 126-135, 2014.

Marlowe, I.T., Brassell, S.C., Eglinton, G., Green, J.C.: Long chain unsaturated ketones and esters in living algae and marine
sediments, Org Geochem, 6, 135-141, 1984.

Mashiota, T.A., Lea, D.W., Spero, H.J.: Glacial-interglacial changes in subantarctic sea surface temperature and 3'*O-water
using foraminiferal Mg, Earth Planet Sc Lett, 170, 417-432, 1999.

Millero, F.J., Lee, K., Roche, M.: Distribution of alkalinity in the surface waters of the major oceans, Mar Chem, 60, 111-
130, 1998.

Miiller, P.J., Kirst, G., Ruhland, G., Von Storch, ., Rosell-Mel¢, A.: Calibration of the alkenone paleotemperature index
UK’37 based on core-tops from the eastern South Atlantic and the global ocean (60°N — 60°S), Geochim Cosmochin Ac, 62,
1757-1772, 1998.

Nanninga, H.J., Tyrrell, T.: Importance of light for the formation of algal blooms by Emiliania huxleyi, Mar Ecol Prog Ser
136, 195-203, 1996.

Nelson, D. B., Sachs, J.P.: The influence of salinity on D/H fractionation in alkenones from saline and hypersaline lakes in
continental North America, Org Geochem 66, 38-47, 2014.

Pagani, M.: Biomarker-based inferences of past climate: The alkenone pCO, proxy, in: Treatise on Geochemistry, Elsevier,
Oxford, 361-378, 2014.

Pahnke, K., Sachs, J.P., Keigwin, L., Timmermann, A. and Xie, S.P.: Eastern tropical Pacific hydrologic changes during the
past 27,000 years from D/H ratios in alkenones, Paleoceanography 22, 2007.

Paul, H.: Application of novel stable isotope methods to reconstruct paleoenvironments, compound specific hydrogen
isotopes and pore-water oxygen isotopes, PhD thesis, Swiss Federal Institute of Technology, 2002.

Petrick, B. F., McClymont, E. L., Marret, F., & Meer, M. T.: Changing surface water conditions for the last 500 ka in the
Southeast Atlantic: implications for variable influences of Agulhas leakage and Benguela upwelling, Paleoceanography, 30,
1153-1167, 2015.

Rahmstorf, S.: Ocean circulation and climate during the past 120,000 years, Nature, 419, 207-217, 2002.

Rampen, S.W., Willmott, V., Kim, JH., Uliana, E., Mollenhauer, G., SchefuB, E., Sinninghe Damsté, J.S., Schouten, S.:
Long chain 1,13- and 1,15diols as a potential proxy for palacotemperature reconstruction, Geochim Cosmochim Ac, 84, 204-
216, 2012.

Rokitta, S.D., John, U., Rost, B.: Ocean acidification affects redox-balance and ion-homeostasis in the life-cycle stages of

Emiliania huxleyi, PLoS ONE, 7, 2012.

14



10

15

20

25

30

Rontani, JF., Prahl, F.G., Volkman, J.K.: Re-examination of the double bond positions in alkenones and derivatives:
biosynthetic implications, J Phycol, 42, 800-813, 2006.

Sachs, J.P. and Kawka, O.E.: The influence of growth rate on 2H/'H fractionation in continuous cultures of the
coccolithophorid Emiliania huxleyi and the diatom Thalassiosira pseudonana, PLoS ONE, 10, 2015.

Sachs, J.P., Maloney, A.P., Gregersen, J., Paschall, C.: Effect of salinity on 2H/'H fractionation in lipids from continuous
cultures of the coccolithophorid Emiliania huxleyi, Geochim Cosmochim Ac, 189, 96-109, 2016.

Sachs, J.P., Maloney, A.E. and Gregersen, J.: Effect of light on 2H/'H fractionation in lipids from continuous cultures of the
diatom Thalassiosira pseudonana, Geochim Cosmochim Ac, 209, 204-215, 2017.

Sachse, D., Sachs, J.P.: Inverse relationship between D/H fractionation in cyanobacterial lipids and salinity in Christmas
Island saline ponds, Geochim Cosmochim Ac, 72, 793-806, 2008.

Schmidt, H.L., Werner, R.A., Eisenreich, W.: Systematics of ?H patterns in natural compounds and its importance for the
elucidation of biosynthetic pathways, Phytochem Rev, 2, 61-85, 2003.

Schouten, S., Hopmans, E.C., Schefu3, E., Sinninghe Damsté, J.S.: Distributional variations in marine chrenarchaeotal
membrane lipids: a new tool for reconstructing ancient sea water temperature?, Earth Planet Sc Lett, 204, 265-274, 2002.
Schouten S., Ossebar, J., Shreiber, K., Kienhuis, M.V.M., Benthien, A., Bijma, J.: The effect of temperature, salinity and
growth rate on the stable hydrogen isotopic composition of long chain alkenones produced by Emiliania huxleyi and
Gephyrocapsa oceanica, Biogeosciences, 3, 113-119, 2006.

Schwab, V.F., and Sachs, J.P.: Hydrogen isotopes in individual alkenones from the Chesapeake Bay estuary, Geochim
Cosmochim Ac, 75, 7552-7565, 2011.

Simon, M.H., Gong, X., Hall, LR., Ziegler, M., Barker, S., Knorr, G., Meer, M.T., Kasper, S. and Schouten, S.: Salt
exchange in the IndianAtlantic Ocean Gateway since the Last Glacial Maximum: A compensating effect between Agulhas
Current changes and salinity variations?, Paleoceanography, 30, 1318-1327, 2015

Sviben, S., Gal, A., Hood, M.A., Bertinetti, L., Politi, Y., Bennet, M., Krishnamoorthy, P., Schertel, A., Wirth, R.,
Sorrentino, A., Pereiro, E., Faivre, D., Scheffel, A.: A vacuole-like compartment concentrates a disordered calcium phase in
a key coccolithophorid alga, Nat Commun, 7, 2016.

Takahashi, T., Broecker, W.S., Bainbridge, A.E.: The alkalinity and total carbon dioxide concentration in the world oceans,
Carbon Cycle Modelling, SCOPE 16.3078, 271-286, 1981.

van der Meer, M.T., Baas, M., Rijpstra, W.I.C., Marino, G., Rohling, E.J., Damsté, J.S.S. and Schouten, S.: Hydrogen
isotopic compositions of long-chain alkenones record freshwater flooding of the Eastern Mediterranean at the onset of
sapropel deposition, Earth Planet Sc Lett, 262, 594-600, 2007.

van der Meer, M.T.J., Benthien, A., Bijma, J., Schouten, S., Sinninghe Damsté, J.S.: Alkenone distribution impacts the
hydrogen isotopic composition of the Cs7. and Cs7.3 alkan-2-ones in Emiliania huxleyi, Geochim Cosmochim Ac, 111, 162-
166, 2013.

15



10

15

20

25

van der Meer, M.T.J., Benthien, A., French, K.L., Epping, E., Zondervan, 1., Reichart, GJ., Bijma, J., SInninghe Damsté,
J.S., Schouten, S.: Large effect of irradiance on hydrogen isotope fractionation of alkenones in Emiliania huxleyi, Geochim
Cosmochim Ac, 160, 16-24, 2015.

Van Rijssel, M. and Gieskes, W.W.: Temperature, light, and the dimethylsulfoniopropionate (DMSP) content of Emiliania
huxleyi (Prymnesiophyceae), J Sea Res, 48, 17-27, 2002.

Volkman, J.K., Eglinton, G., Corner, E.D.S., Sargent, J.R.: Novel unsaturated straight-chain C37-C39 methyl and ethyl
ketones in marine sediments and a coccolithophore Emiliania huxleyi, Phys Chem Earth, 12, 219-227, 1980.

Walker, B.J., Strand, D.D., Kramer, D.M., Cousins, A.B.: The response of cyclic electron flow around photosystem I to
changes in photorespiration and nitrate assimilation, Plant Physiol 165, 453-462, 2014.

Wamelink, M.M., Struys, E.A. and Jakobs, C.: The biochemistry, metabolism and inherited defects of the pentose phosphate
pathway: a review, J Inherit Metab Dis, 31, 703-717, 2008.

Wilbur, K.M. and Watabe, N.: Experimental studies on calcification in molluscs and the alga Coccolithus huxleyi, Ann NY
Acad Sci, 109, 82-112, 1963.

Wolhowe, M.D., Prahl, F.G., Probert, 1., Maldonado, M.: Growth phase dependent hydrogen isotopic fractionation in
alkenone-producing haptophytes, Biogeosciences, 6, 1681-1694, 2009.

Wolhowe, M.D., Prahl, F.G., Langer, G., Oviedo, A.M., Ziveri, P.: Alkenone 8D as an ecological indicator: A culture and
field study of physiologically-controlled chemical and hydrogen-isotopic variation in Cs; alkenones, Geochim Cosmochim
Ac, 162, 166-182, 2015.

Yakir, D., DeNiro, M.J.: Oxygen and hydrogen isotope fractionation during cellulose metabolism in Lemna gibba, Plant
Physiol, 93, 325-332, 1990.

Zhang, X., Gillespie, A.L., Sessions, A.L.: Large D/H variations in bacterial lipids reflect central
metabolic pathways, P Natl Acad Sci USA, 160, 12580-12586, 2009.

16



(a) High Light S | 51 (b) Alkalinity/Salinity A
-8.5- A

L X J
o

6DH20 (%0 VS VSMOVV)
®
®

5Dhao (%o Vs VSMOW)

@ @ '
-10.01 @ E ‘ L
[
25 30 35 40 25 30 35 40

Salinity Salinity

'
-
o

Figure 1 shows the lack of correlation between 6D, , and salinity of the culture media for both the
high light (a) and the alkalinity/salinity (b) experiments. The triangles in the alkalinity/salinity plot are
the 8D, values of the media covering a range in alkalinity, whereas the circles represent the 6D,
values for the constant alkalinity media.

17



(a) High Light

0.821

0.801 — S

Oca7
e

0.781

gc7=0.002S + 0.7408
R?=0.92, n=14, p < 0.001

27 30 33 36
Salinity
(b) Alkalinity/Salinity
0.821 /’
9 0.80 o o0
e
0.781 ’_-'- =
& ¢csr=0.0026S +0.7098
R®=0.86, n=24, p < 0.001
30 35 40
Salinity
(c) Alkalinity/Salinity
0.821 +
s A
0.80{ & A
S - 4a
F
T

2 4

3
Total Alkalinity (mM)

Figure 2: Hydrogen isotope fractionation factor «,. . plotted against salinity for the (a) high

€37

light experiment and (b) alkalinity/salinity experiment. The grey shading represents the
95% confidence interval for the linear regression model fit to the dataset. 2¢ shows hydro-
gen isotope fractionation factor @, plotted against total alkalinity for the alkalinity/salinity
experiment. The triangles represent the set of batch cultures grown at constant salinity (35)
over a range of alkalinity (1.4 - 4.6), and the circles represent the batch cultures grown at

constant alkalinity (2.4) over a range of salinity (26-42).

18




. : . i e
sl (a) High Light gl ® (b) Alkalinity/Salinity
0.811 e o ¢ 0.81

= b o [
5 — ~
Boso| ® . 30.80 ® — 09 go o°
o *_ 8
d ® o | & oo LD
0.791 . 0.791 z
3
@
0.781 0.781
L ©
054 057 0.60 063 0.65 0.70 0.75 0.80 0.85 0.90
nd™ p(d™)
1.01(c) High Light 1.01 (d) Alkalinity/Salinity
@ @
0.9 0.9 ¥ ]
s S e
- . @ R e
o3 08 b 0.8 L ] .
) ) )
Et X :
07 0.71 & Y
o
'3 = . J
06 © = L] 0.67
o b s
27 30 33 36 30 35 40
Salinity Salinity

Figure 3: Relationships of growth rate (u d') with hydrogen isotope fractionation factor «.,,and salinity. The grey shading represents the

95% confidence interval for the linear regression model applied to the data. (a) Growth rate and o, relationship for the high light experi-
ment shows a weak negative correlation (R*=0.35, n= 14, p <0.05). (b) Growth rate and v, relationship for the alkalinity/salinity experi-
ment also shows a weak negative correlation (R? = 0.25, n = 24, p < 0.05). (c) Salinity and growth rate for the high light experiment (R?> =
0.29, n = 14, p <0.05). (d) Salinity and growth rate for the alkalinity/salinity experiment (R> = 0.29, n = 24, p < 0.03).
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Table 1: Growth parameters and hydrogen isotope ratios of alkenones from Alkalinity/Salinity and High Light batch cultures of Emiliania huxleyi CCMP 1516,

D0 (%a 8Dyz0 (%o
Irradiance V. Vs Dcy7 (%o
Temperature (wmol photons ~ Growth  ygpmOW) VSMOW) V8. AymM  A; mM
Salinity (‘C) m’s?)  rate(d')  niial St dev. end  St.dev. VSMOW) Stdev. .,  Emor  iital  end pHinitial pHend
Alkalinity and Salinity Experiment Strain CCMP1516
26.0 15 75 0.82 -10.0 L1 &R 1.8 -230.9 18 0776 0002 239 249 8 8.8
26.0 15 75 0.87 -10.0 L1 96 1.6 311 14 076 0001 239 246 8 8.7
26.1 15 75 0.85 -10.0 L1 -85 20 2243 21 0783 0002 239 246 8 8.7
309 15 75 0.93 -10.8 1.7 -10.1 26 -209.1 07 0799 0001 238 242 79 78
311 15 75 0.93 -10.8 1.7 -107 0.9 2203 02 0788 0000 238 247 7.9 8.7
309 15 75 0.93 -108 1.7 96 11 216 I8 078 0002 238 246 79 8.6
36.5 15 75 0.86 87 11 -89 1.8 2078 05 0799 0001 242 248 78 8.7
372 15 75 0.83 -8.7 11 -1L1 1.5 2093 16 079 0002 242 249 78 8.8
36.4 15 75 0.86 -8.7 11 -89 1.4 2125 L1 0795 0001 242 245 78 8.6
422 15 75 0.69 -14 1.6 74 1.6 -183.1 29 0823 0003 238 246 7.9 8.6
422 15 75 0.65 74 1.6 -8.6 0.9 -182.8 23 084 0002 238 245 7.9 8.6
423 15 75 0.68 -14 1.6 73 1.0 -184.4 02 082 0000 238 245 79 8.7
35.4 15 75 0.7 3.6 1.2 35 1.6 -197.0 14 0800 0001 139 1.5 7.8 8
353 15 75 0.7 3.6 1.2 40 1.7 -201.8 02 0795 0000 139 145 78 8.5
35.0 15 75 0.69 3.6 1.2 56 2.1 2015 03 0795 0000 139 148 78 85
3438 15 75 0.86 44 1.2 50 Ll -198.7 22 0798 0002 232 242 7.9 8.6
34.6 15 75 0.87 44 1.2 38 1.0 -190.2 30 0806 0003 232 239 7.9 85
349 15 75 09 44 1.2 48 1.7 -1945 21 0802 0002 232 239 7.9 8.6
M7 15 75 0.82 23 L1 38 1.2 -197.1 10 0800 0001 332 345 8 8.6
345 15 75 08 23 L1 33 1.0 -199.8 07 0798 0001 332 3% 8 88
35 15 75 0.83 23 11 5.1 L1 -198.1 14 079 0001 332 369 8 8.7
350 15 75 0.93 41 1.5 42 13 -191.6 07 0805 0001 458 456 79 85
3438 15 75 0.89 41 1.5 1.7 L5 -197.5 06 0800 0001 458 463 79 8.6
4.7 15 75 0.87 41 L5 40 1.4 -197.0 08 0800 0001 458 463 7.9 85
High Light Experiment Strain CCMP1516

253 185 600 0.60 99 1.0 -10.1 09 2143 34 0794 0003

253 185 600 0.62 99 1.0 98 1.0 -2183 04 0789 0000

282 185 600 0.65 93 12 -10.0 08 2121 13 079 0000

282 185 600 0.62 93 1.2 92 1.0 2131 00 079 0001

282 18.5 600 0.64 93 65 9.1 11 2132 06 079 0001

304 185 600 0.63 -10.7 1.2 99 0.7 -204.9 0.5 0803 0001

304 185 600 0.54 -10.7 12 87 1.2 -205.6 08 0801 0001

304 185 600 0.63 -1.7 1.2 97 1.0 -203.1 08 0805 0001

3.1 18.5 600 0.56 9.0 1.5 9.7 13 -199.6 07 0808 0003

31 185 600 0.59 9.0 1.5 23 0.9 -196.8 29 0810 0000

31 18.5 600 0.59 9.0 1.3 9.0 15 22011 0.0 0806 0000

35.9 185 600 0.60 95 0.9 99 0.7 -197.2 00 0811 0001

35.9 18.5 600 0.55 95 0.9 9.0 13 41951 07 0812 0002

35.9 18.5 600 0.56 95 0.9 -84 13 -197.2 19 0810 0000
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Table 2: Linear regression equations for hydrogen isotope fractionation - salinity (a,.,,-salinity) relationship
for a compilation of culture experiments growing different strains of Emiliania huxleyi.

Number of
Reference Strain 0ac37-Salinity relationship R points
Schouten et al., 2006 E. huxleyi PML B92/11 oc37 = 0.0033S + 0.6928 0.74 11
M'Boule et al., 2014 E. huxleyi CCMP 1516 tesr = 0.0021S + 0.7401 0.80 20
Sachs et al,, 2016 E. huxleyi CCMP 374 Oc37 = 0.0015S +0.7770 0.88 9
Alkalinity and Salinity E. huxleyi CCMP 1516 (cy7 = 0.0026S + 0.7098 0.86 24
High Light E. huxleyi CCMP 1516 tc3;=0.0020S +0.7408  0.92 14
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