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Abstract

Sea surface salinity is an essential environmental parameter necessary to understand past changes in global climate. How-
ever, reconstructing absolute salinity of the surface ocean with high enough accuracy and precision remains a complicated
task. Hydrogen isotope ratios of long-chain alkenones (8?°Hcs7) have been shown to reflect salinity in culture studies and have
been proposed as a tool to reconstruct sea surface salinity in the geologic record. The correlation between 8°Hcs — salinity in
culture is prominently caused by the relationship between 8*Hypoo and salinity, as well as the increase in fractionation factor o
with increasing salinity. The §°Hcs; — salinity relationship in the natural environment is poorly understood. Here, surface sed-
iments from a variety of environments covering a wide range of salinities were analyzed to constrain the environmental rela-
tionship between salinity and hydrogen isotopes of alkenones. 5°Hcs; correlates significantly (r = 0.75, p < 0.0001) with
annual mean salinity. Interestingly, the biological hydrogen isotope fractionation (o.c37) seems independent of salinity. These
findings are different from what has previously been observed in culture experiments, but align with other environmental data-
sets and suggest that the salinity effect on biological hydrogen isotope fractionation observed in culture is not apparent in
sediments. The absence of a correlation between o037 and salinity for marine surface sediments might be best explained by
a mixing of multiple alkenone-producing species contributing to the sedimentary alkenone signal that fractionate in distinct
ways. Nevertheless, sedimentary 8°Hcs; ratios still correlate with salinity and 8*Hyyoo, suggesting that 8*Hcs; ratios are useful
for paleosalinity reconstructions. Our surface sediment calibration presented here can be used when different species con-
tribute to the sedimentary alkenone pool and substantial changes in salinity are expected.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Understanding changes in surface ocean salinity in the
past would greatly increase knowledge about ocean circula-
tion and heat transport around the globe with respect to glo-
bal climate changes. A reliable tool to reconstruct sea
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0016-7037/© 2019 The Authors. Published by Elsevier Ltd.

surface salinity has long been sought after by the paleo-
ceanographic community. A number of possibilities have
been explored, but the reconstruction of sea surface salinity
changes can be quite complicated (Rohling, 2007 and refer-
ences therein). Thus, no direct proxy to reconstruct absolute
paleosalinities exists to date. Attempts to understand past
salinity changes have employed dinoflagellate (dinocysts)
(Wall and Dale, 1968) and diatom assemblages in combina-
tion with transfer functions (Fritz et al., 1991; Wilson et al.,

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1994), but these are qualitative rather than quantitative.
Both oxygen and hydrogen isotopes of water have been
shown to have a strong quantitative relationship with salin-
ity (Craig and Gordon, 1965). After a correction for calcifi-
cation temperature using Mg/Ca ratios, oxygen isotope
ratios of foraminiferal calcite can be used to reconstruct
water oxygen isotope ratios and in turn salinity (e.g.
Duplessy et al., 1991; Rohling, 2000). This method is not
without issue since temporal changes in the salinity-water
isotope ratio relationship occur through time, causing large
uncertainties to be associated with these paleosalinity esti-
mates (Rohling, 2007, and references cited therein). Hydro-
gen isotope ratios can be used to estimate salinity in
complement to oxygen isotope ratios since the two are
strongly correlated to one another, most commonly evi-
denced by the global meteoric water line (Craig and
Gordon, 1965). Hydrogen isotope ratios of biomarker lipids
have been shown to relate to the hydrogen isotope ratios of
water, both in culture and natural waters (i.c., lakes), albeit
with a large biological fractionation effect (Sachse et al.,
2012 and references cited therein). Thus, organic molecules
could potentially be valuable proxy carriers for reconstruct-
ing the hydrogen isotopic composition of paleo water once
the effect of biological fractionation is constrained.

For the marine environment, hydrogen isotope ratios
measured on long-chain alkenones have been proposed as
a tool to reconstruct changes in salinity (e.g. Schouten
et al., 2006; van der Meer et al., 2007; Wolhowe et al.,
2009; Leduc et al., 2013; Kasper et al., 2014; Sachs et al.,
2016). Long-chain alkenones are produced exclusively by
haptophyte algae of the order Isochrysidales (de Leeuw
et al., 1980; Volkman et al., 1980). Alkenones are an attrac-
tive compound of interest due to their species specificity and
the fact that the hydrogen they contain is non-exchangeable.
Culture experiments, most prominently with the common
modern-day marine alkenone-producing haptophyte,
Emiliania huxleyi, show a strong linear trend between
hydrogen isotope ratios of Cs; alkenones (5°Hcs;) and
salinity (Schouten et al., 2006; Wolhowe et al., 2009;
M’Boule et al., 2014; Sachs et al., 2016; Weiss et al., 2017).
The relationship between 3°Hcs; and salinity has a steeper
slope than the 3°Hypo.salinity relationship showing that
biological hydrogen isotope fractionation between alke-
nones and growth water is decreasing and the fractionation
factor ac37 is increasing with salinity (Schouten et al., 20006;
Wolhowe et al., 2009; M’Boule et al., 2014; Sachs et al.,
2016; Weiss et al., 2017). As a result, the correlation between
8°Hcs, ratios and salinity in culture studies is the effect of
both the hydrogen isotopic composition of the water and
biological hydrogen isotope fractionation. Previous culture
experiments have focused on the effects of different environ-
mental parameters on oc3; values (Schouten et al., 2006;
Wolhowe et al., 2009; Chivall et al., 2014; M’Boule et al.,
2014; Sachs and Kawka, 2015; Sachs et al., 2016; Weiss
et al., 2017). Several variables have been highlighted that
appear to have an influence on acs3; values, e.g., salinity,
growth rate, growth phase, light intensity, and species
(Schouten et al., 2006; Wolhowe et al., 2009; Chivall et al.,
2014; M’Boule et al., 2014; van der Meer et al., 2015). Alka-
linity and temperature have been shown to have a negligible

effect on ac37 values (Schouten et al., 2006; Weiss et al.,
2017). However, the influence of these parameters on oc3;
values, and therefore 5°Hcs7 ratios, in the natural environ-
ment is poorly understood.

Despite this, there have been several paleo reconstruc-
tions of salinity using 8?Hcs, ratios. These reconstructions
all show reasonable relative changes in salinity suggesting
that 8°Hcs, ratios are a suitable paleoceanographic tool
(van der Meer et al.,, 2007; Pahnke et al., 2007; Leduc
et al., 2013; Kasper et al.,, 2014; Petrick et al., 2015;
Simon et al., 2015). Nevertheless, an environmental calibra-
tion for the §°Hcsy-salinity relationship is necessary to
bridge the gap between culture studies and paleo recon-
structions. 8°Hcs; ratios from surface sediments in the Che-
sapeake Bay Estuary, USA, were analyzed for hydrogen
isotope ratios of alkenones (Schwab and Sachs, 2011). A
positive linear correlation between 8*Hyjxenone and salinity
is observed, but there is no relationship between o jkenone
and salinity, in contrast to culture results (Schouten et al.,
2006; M’Boule et al., 2014; Sachs et al., 2016; Weiss
et al., 2017). One explanation proposed by Schwab and
Sachs (2011) for the lack of correlation between o xenone
and salinity is the presence of different alkenone-
producing species in the Chesapeake Bay Estuary. Indeed,
coastal alkenone-producing haptophyte species are charac-
terized by more enriched 8*Hcs; ratios and higher takenone
values (less fractionation) compared to marine alkenone-
producing haptophytes (Chivall et al., 2014; M’Boule
et al., 2014). Therefore, contributions from both groups
of alkenone-producers can mute the correlation between
Olaikenone and salinity. Suspended particulate matter (SPM)
was also analyzed for 8°Hcs; ratios along a transect in
the North Atlantic and shows that both 8°Hcs; ratios
and oc3; values correlate with salinity, but only for SPM
with an alkenone concentration >10ng L~' (Higgi et al.,
2015). The correlation with higher alkenone concentrations
suggests that alkenones have been produced predominantly
in situ when concentrations are higher. No correlation is
observed for concentrations <10 ng L' because the alke-
nones potentially represent a recalcitrant alkenone pool
transported from elsewhere. Alkenones are known to be rel-
atively recalcitrant and can therefore be transported later-
ally over rather long distances (Ohkouchi et al., 2002).

Here we test the relationship between hydrogen isotope
ratios of alkenones and salinity by measuring hydrogen iso-
tope ratios of alkenones preserved in surface sediments
from four marine environments covering an annual mean
sea surface salinity range from 7 to 39. Because these sedi-
ments are from areas covering a large salinity gradient, they
also cover a range of temperature and light conditions, as
well as differences in nutrient composition, evaporation
and precipitation and species composition. This allows us
to test if these variables affect the relationship between
hydrogen isotopic composition of alkenones and salinity
in the natural marine environment.

2. METHODS

Surface sediments (0—1 cm) were collected in triplicate
using a multicorer aboard the RV Pelagia during six
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separate cruises: (1) to the Southeast North Atlantic (North
Atlantic), (2) the Mediterranean Sea (in two legs) from
Cyprus to Cadiz, Spain (Mediterranean), (3) the North
Sea through the Skaggerak, Kattegat and into the Baltic
Sea (Baltic), and the (4) the two campaigns in the Black
Sea (Fig. 1). The surface sediments were freeze-dried and
lipids were extracted via Accelerated Solvent Extraction
(Dionex ASE 200) using dichloromethane:methanol (9:1,
v/v) at 100 °C with a pressure of 7.6 x 10° Pa. Total lipid
extracts were separated into apolar, ketone and polar frac-
tions using a small aluminum oxide column following Weiss
et al. (2017).

2.1. North Atlantic

Alkenones from North Atlantic surface sediments were
quantified using an Agilent 6890 gas chromatograph cou-
pled to a flame ionization detector (GC-FID) with helium
as a carrier gas. Hydrogen isotope measurements were con-
ducted using Thermo Finnigan DELTA V GC/TC/irMS.
Both GCs were equipped with a CPSil5 column (Agilent,

25m x 0.32 mm x 0.4 um), using the same temperature
program as M’Boule et al. (2014). Prior to running samples
for isotope ratios each day, the H3 factor was measured and
ranged between 4.4 and 5.4 ppm V™!, with a variation of less
than 0.2 ppm V™! from day to day. An external standard,
Mix B (supplied by A. Schimmelmann, Indiana University),
was run each day prior to running samples. Samples were
only analyzed when the average difference from the offline
values and standard deviation of the Mix B were less than
5%o. Squalane and a Cs( n-alkane were co-injected with each
hydrogen isotope run, and values had an average 8°H ratio
of —158.7 + 5.8 (squalane) and —77.9 + 8.0 (C;¢ n-alkane);
standard deviations are relatively high for this sample set
due to the comparatively high and variable background with
co-eluting compounds in these samples at or close to the
time squalane and Cjq elute from the column. Ketone frac-
tions from the same sampling station were combined prior
to hydrogen isotope measurement when alkenone abun-
dance was too low (based on GC-FID quantification). The
reported isotope ratios and standard deviations are the aver-
age of duplicate measurements. Due to the lack of baseline

50°wW 40w

30°E

30°W ° 0° 10°E 20°E

Fig. 1. Global map of annual mean salinity values from the World Ocean Atlas 2013 with 0.25° grid resolution with locations of transects. (1)
North Atlantic transect (North Atlantic) into Amazon River outflow with annual mean salinity from 33 to 36.5. (2) Mediterranean Sea
(Mediterranean) transect covering annual mean salinity of 36.5-39 (Mediterranean). (3) Black Sea with an annual mean salinity of 18. (4)
North Sea into the Baltic Sea transect (Baltic) covering annual mean salinity from 30 (N. Sea) to 7 (Baltic). Previously published data for
North Sea into the Baltic Sea (Kaiser et al., 2017) and Chesapeake Bay Estuary (Schwab and Sachs, 2011) also included. Specific sampling

locations shown in lower panel.
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separation with the CPSil5 GC column, we report only the
isotope ratios of combined Cj; alkenones for these samples
(following van der Meer et al., 2013).

2.2. Mediterranean Sea, Baltic Sea and Black Sea

For alkenone quantification of the Mediterranean Sea,
Baltic Sea and Black Sea sediments, ketone fractions were
run on an Agilent 6890 GC-FID equipped with an RTX-
200 column (Restek, 60 m x 0.32 mm x 0.5 um), which
allowed improved separation of alkenones with different
chain lengths and degrees of unsaturation, similar to
Longo et al. (2013), but with slightly different column
dimensions (see Supplementary Fig. 1 for comparison of
separated and integrated 5°H ratios). The GC temperature
program was as follows: 70 °C to 250 at 18 °C/min, 250—
320 °C at 1.5 °C/min, then 320 °C for 25 °C/min at a flow
rate of 1.5 mL/min.

For additional cleanup of the alkenones prior to §°H
measurements, we separated the ketone fractions over a sil-
ver nitrate impregnated silica column using the following
solvents: 100% dichloromethane, dichloromethane/ethyl
acetate (1:1, v/v) and 100% ethyl acetate, with the alke-
nones ending up in the dichloromethane/ethyl acetate frac-
tion. This clean-up step was especially necessary for the
Mediterranean samples which contained high and variable
backgrounds.

Alkenone quantification (Supplementary Table 1) was
sufficient for determination of the U%, index (Fig. 2, Supple-
mentary Table 2), but was often too low for duplicate 5°H
measurements. For this reason, ketone fractions from the
same sampling station were combined when necessary prior
to measurements of isotope ratios. Ketone fractions from
Mediterranean Sea sediment extracts were run on GC-
FID using both CPSil5 and RTX-200 columns to determine
whether significant differences occur for calculation of the
UY index between columns (Supplementary Table 3).

1.00
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®BAYSPLINE
N. Atlantic
®Mediterranean
Black Sea
®Baltic

<
<) 0.50

0.25

0.00

10 20 30
BAYSPLINE Temperature (°C)

Fig. 2. U¥ index calculated for our dataset calibrated to temper-
ature using BAYSPLINE (Tierney and Tingley, 2018), and colored
by transect. U values for our dataset are plotted with core-top
values from the BAYSPLINE calibration. The fact that our values
align well with the BAYSPLINE compilation confirms that our
dataset strongly reflects surface water conditions. (For interpreta-
tion of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Hydrogen isotope ratios of alkenones were measured on
a Thermo Finnigan DELTA V GC/TC/irMS with an RTX-
200 column using the same GC temperature program as
described above for GC-FID. The H7 factor varied from
42 to 52ppm V™' for the Mediterranecan Sea, 2.9-
3.0 ppm V™! for the Black Sea, and 2.4-4.5 for the Baltic
Sea. The larger ranges are due to cleaning and tuning of
the ion source in between analyzing sample batches while
day to day variation was <0.2 ppm V™. As with the North
Atlantic samples, an external Mix B standard was run each
day before measuring samples, and we only proceeded with
running samples once the average difference from the offline
values and standard deviation of the Mix B were less than
5%o. An in house alkenone mix was run periodically to fur-
ther assess machine stability. Squalane and a C;¢ n-alkane
were co-injected with each run; 3°H values for the Mediter-
ranean sample series had an average of —171.9 + 3.9 (squa-
lane) and —78.0 £ 4.6 (C5p n-alkane), the Baltic Sea sample
series had an average of —166.2 £2.9 (squalane) and
—71.3 + 2.5 (C3g n-alkane), and the Black Sea sample series
had an average of —165.8 £+ 1.9 (squalane) and —69.2 + 1.4
(C3p n-alkane). Isotope ratios for the individual alkenones
are reported (Table 1, Supplementary Fig. 1), but we use
the values of the integrated C;; alkenones for statistical
comparisons with the North Atlantic samples and previ-
ously published Baltic Sea data (Kaiser et al., 2017).
Reported isotope ratios and standard deviations are the
average of duplicate analytical runs.

2.3. Sea surface water isotopes, salinity and temperature

Water samples were collected from surface waters at the
same location that the sediment samples were taken, and
salinity, temperature and 8°Hy,o ratios were measured.
8?Hypp0 ratios were measured using TC/EA/irMS following
methods of M’Boule et al. (2014). Water was not collected
for isotopic analyses along the North Atlantic transect,
therefore, we estimated 8°Hpao ratios using the Schmidt
et al. (1999) Global Seawater Oxygen isotope database
and the global meteoric waterline equation following
Craig and Gordon (1965):

62HH2O: 8 x 618OH20+10 (1)

Hydrogen isotope fractionation factor ocz; was calcu-
lated for all samples using the equation:

8*Hca7+1000

e 2
8?Hyao+1000 @

Oc37=
Seasonal and annual mean sea surface temperatures and
salinity were taken from the World Ocean Atlas (Antonov
et al., 2010; Locarnini et al., 2010).
3. RESULTS
3.1. Sea water
8°Hypao ratios, temperature, and salinity of surface

waters were measured at each sampling station where sedi-
ment was collected, except for the North Atlantic transect



Table 1

Hydrogen isotope ratios of surface water and long-chain alkenones and surface water parameters for North Atlantic, Mediterranean, Black and Baltic Sea transects.

Location Station Sample Latitude Longitude 8*Hes7 S.  8Hciyo S.  Combined S.  Measured Measured 5°Hio S. oacz3y S.E. WOA S.
(°N) (°E) (%o vs. D. (%o vs. D. &Hcsyy (% D. salinity temperature (%o Vs. D. annual E.
VSMOW) VSMOW) Vvs. VSMOW) mean
VSMOW) salinity
North 1 la 15.0 —30.6 - - - - —178 0 364 27.1 10 - 0.806 - 36.3 0.0
Atlantic
1b - - - - —186 1 - 0814 - 36.3 0.0
3 3a 13.2 —36.2 - - - - —180 0 364 27.3 10 - 0812 - 36.3 0.1
5 Sa 10.8 —40.5 - - - - =179 0 360 28.0 10 - 0813 - 359 0.1
5b - - - - =195 4 - 0797 - 359 0.1
7 Ta 7.5 —44.3 - - - - =173 1 326 29.2 6 - 0822 - 35.6 0.1
7b - - - - =159 2 - 0836 - 35.6 0.1
8 8a 6.5 —454 - - - - —lo4 0 319 29.2 6 - 0832 - 35.0 0.4
8b - - - - =176 5 - 082 - 35.0 0.4
9 9a 5.6 —46.4 - - - - =170 7 314 28.9 6 - 0825 - 35.7 0.2
9b - - - - =178 2 - 0817 - 35.7 0.2
10 10a 6.7 —47.5 - - - - —182 7 313 29.4 6 - 0814 - 35.4 0.1
10b - - - - =179 0 - 0817 - 354 0.1
13 13a 7.6 —53.0 - - - - —188 0 328 28.0 6 - 0807 - 34.3 0.3
13b - - - - =182 1 - 0813 - 34.3 0.3
13¢c - - - - —189 2 - 0807 - 34.3 0.3
14 14a 9.5 —51.3 - - - - =185 0 316 28.5 6 - 0814 - 35.0 0.2
14b - - - - =181 2 - 081 - 35.0 0.2
16 16a 10.2 —51.9 - - - - —183 2 339 29.2 6 - 0812 - 35.1 0.1
17 17a 9.9 —533 - - - - —181 1 316 29.0 6 - 0814 - 349 0.3
17b - - - - =175 2 - 082 - 349 0.3
20 20a 11.3 —54.2 - - - - =155 2 339 29.2 6 - 0811 - 35.0 0.4
20b - - - - —184 1 - 084 - 35.0 0.4
21 2la 11.3 —54.2 - - - - =157 2 338 28.9 6 - 0838 - 35.0 0.4
Mediterranean  406-1 E la 33.3 334 —178 2 —180 2 —181 5 39.0 19.0 14 2 0.807 0.003 39.1 0.0
406-2 E 2a 33.7 30.6 —156 9 -170 1 -173 3390 18.0 12 4 0.817 0.003 39.0 0.0
406-5 E_Sa 35.0 20.6 —175 1 -176 3 —177 2 39.1 17.0 9 2 0.815 0.002 38.6 0.0
E 5b —146 14 —155 7 =157 10 2 0.835 0.004 38.6 0.0
407-1 W_la 3438 14.2 —176 6 —186 3 —184 2 378 17.0 15 3 0.804 0.002 37.9 0.1
4072  W_2a 370 13.5 —184 8 —177 1 —183 6 382 15.2 11 2 0.808 0.003 37.3 0.0
W_2b —183 1 177 6 —182 5 2 0.809 0.003 37.3 0.0
W_2¢ —180 3 —183 4 —182 4 2 0.809 0.003 37.3 0.0
407-3  W_3a 380 11.5 —180 4 —179 1 -176 1 38.0 15.0 10 2 0.816 0.002 37.6 0.0
W_3b —186 3 —180 2 —183 3 2 0.809 0.002 37.6 0.0
407-4  W_4a 385 9.0 —186 5 =170 7 —184 5 382 14.6 11 3 0.807 0.003 37.7 0.0
W_4b —166 5 =170 5 —167 4 3 0.824 0.003 37.7 0.0
407-6  W_6a  38.8 3.8 —177 5 =177 3 —177 5 372 15.5 9 2 0.816 0.003 37.3 0.0
4077  W_7a  38.0 0.7 —194 1 —194 2 —193 1 373 15.5 11 2 0.799 0.002 37.5 0.0
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where only temperature and salinity were measured.
Temperature ranged from 27.1 to 29.4 °C for the North
Atlantic, 14.0-19.0 °C for the Mediterranean, 8.3 °C for
the Black Sea, and 10.6-11.9 °C for the Baltic; salinity ran-
ged from 31.1 to 36.4 for the North Atlantic, 36-39 for the
Mediterranean, 18.5 for the Black Sea and 7-30 for the Bal-
tic; 8*Hpao ratios ranged from 6 to 10%o for the North
Atlantic, 7-14%o for the Mediterranean, —18%o for the
Black Sea, and —51 to —9%o for the Baltic Sea (Table 1).
As mentioned in the introduction, a strong correlation
between 8°Hyyoo and salinity is expected for surface ocean
waters, as both are impacted in a similar fashion by the
hydrological cycle (Craig and Gordon, 1965; Frohlich
et al., 1988). Indeed, for the combined Mediterranean,
Black Sea, and Baltic Sea transects, where we measured
both 8*Hyao and salinity at each sampling location, there
is a strong significant relationship between measured salin-
ity and °Hipo (r=0.99, p <0.001; Fig. 3a). When using
the Schmidt et al. (1999) database to estimate dDy»o for
the North Atlantic transect (where only salinity was mea-
sured at each sampling location), the correlation still
remains highly significant (r = 0.98, p <0.001).

3.2. UY values

UY index values were determined on a standard CPSil5
25 m as well as on a 60 m RTX-200 GC column, which we
also used for compound specific hydrogen isotope analysis.
To determine if the U% index values measured on the two
GC columns were different, we ran all Mediterranean sam-
ples on both columns (Supplementary Table 3). Using the
student t-test, we determined that the differences between
the UY index calculated based on analyses from both col-
umns are not statistically different. Therefore, we can com-
pare the UY index from the North Atlantic (measured on
the CPSil5 column) with those from the other transects
(measured on the RTX-200 column). The UY index ranges
from 0.74 to 0.99 for the North Atlantic, from 0.50 to 0.76
for the Mediterranean from 0.45 to 0.53 for the Black Sea,
and 0.07-0.52 for the Baltic Sea (Supplementary Table 2).
UY index was converted to temperatures using the BAYS-
PLINE calibration (Tierney and Tingley, 2018). Tempera-
tures range from 20.3°C to 30.0°C for the North
Atlantic, 11.1-20.7 °C for the Mediterranean, 11.8-14.1 °C
for the Black Sea and 0.6-13.8 °C for the Baltic Sea (Fig. 2).
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Fig. 3. Surface water salinity measured during sampling plotted against hydrogen isotope ratios of surface water also collected during
sampling for all transects are shown in (A), with estimated water isotope values for the North Atlantic Transect from Schmidt et al. (1999). (B)
Shows water isotope ratios of surface water plotted against hydrogen isotope ratios of alkenones extracted from surface sediments for all
transects. Results for the correlation between annual mean salinity and 8*Hcs; for the Baltic Sea transect are shown in (C) and o7 is plotted
against annual mean salinity for the Baltic Sea transect in (D). Annual mean salinity values were taken from the World Ocean Atlas (Antonov
et al., 2010; Locarnini et al., 2010). Y-axis errors are the standard deviations of duplicate analyses and X-axis errors are the standard errors of
the statistical mean for the 0.25° gridded WOA annual mean salinity dataset.
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3.3. Correlations of hydrogen isotope ratios and fractionation
with salinity

Correlations between 8*Hc;- ratios and salinity for indi-
vidual transects are all poor with p values that are not sig-
nificant (Table 2). The relationships between oc3; and
salinity are likewise not statistically significant for the indi-
vidual transects. The Baltic Sea is an exception, probably as
a result of the larger salinity gradient covered by this tran-
sect. There is a significant positive correlation between
8°Hes; ratios with annual mean salinity (r = 0.83,
p <0.001). When previously published marine surface sed-
iment data from the Chesapeake Bay Estuary, USA (trans-
formed to the weighted mean C;; value by using reported
UX and individual 8°Hcs; ratios from Schwab and Sachs,
2011) and the Baltic Sea (Kaiser et al., 2017) are included
(n = 18), there remains a significant correlation with annual
mean salinity (r = 0.75, p < 0.001). The correlation between
8°Hcs7 — annual mean salinity is characterized by the linear
regression equation:

Table 2

Heyr = 1.3 x S —227(R> = 0.55, p < 0.001,
n = 95; Fig. 4(a) (3)

For the combined dataset, there is a weak negative cor-
relation between oc3; and annual mean salinity (r = —0.27,
p <0.05; Fig. 4(b).

4. DISCUSSION
4.1. U§7 temperatures

The UY index is a well-known and well-studied proxy
for sea surface temperature (SST) (Brassell et al., 1986;
Miiller et al., 1998; Tierney and Tingley, 2018). Although
UY is shown to vary with depth of alkenone production,
alkenones preserved in sediments are strongly reflecting sur-
face mixed layer conditions (Prahl et al., 2005). To calibrate
U§ values to SSTs, we used the BAYSPLINE regression
model, which is more accurate than previous calibrations
for temperatures above 24 °C (Tierney and Tingley, 2018).

Pearson’s correlation coefficient (r) and p-values for strongest correlations between 8*Hcs; and a3, with annual mean and seasonal salinity
for individual transects. Correlations between 8°Hcs; and ocs; with annual mean and seasonal salinity, temperature, and nutrients for
combined dataset, including previously published data from Schwab and Sachs (2011) and Kaiser et al. (2017). Table 2 also shows r and
p-values for UY values correlated to annual mean and seasonal temperatures.

Parameters R p value
North Altantic 8?Hcs7 vs. spring salinity -0.17 >0.05
olc37 Vs. spring salinity —0.20 >0.05
Mediterranean 8%Hcs7 vs. summer salinity 0.27 >0.05
olc37 VS. spring salinity 0.15 >0.05
olc37 vs. summer salinity 0.15 >0.05
Black Sea 8?Hcs7 vs. fall salinity 0.35 >0.05
8?Hcs7 vs. winter salinity 0.35 >0.05
olc37 vs. fall salinity 0.44 >0.05
olc37 vs. winter salinity 0.44 >0.05
Baltic Sea 8?Hcs7 vs. spring salinity 0.52 <0.05
olc37 vs. fall salinity —0.63 <0.01
This study and previously published results from 8*Hca7 vs. annual mean salinity 0.75 <0.001
Schwab and Sachs (2011) & Kaiser et al. (2017) 8?Hesy vs. spring salinity 0.75 <0.001
8%Hcs7 vs. summer salinity 0.75 <0.001
8*Hcay vs. fall salinity 0.71 <0.001
8?Hcs7 vs. winter salinity 0.70 <0.001
oc37 vs. annual mean salinity —0.27 <0.05
olc37 vs. spring salinity —0.28 <0.05
olc37 vs. summer salinity —-0.27 <0.05
037 vs. fall salinity -0.31 <0.05
olc37 vs. winter salinity —0.31 <0.05
Temperature 82Hcs7 vs. fall temperature 0.75 <0.001
8”Hcs vs. winter temperature 0.74 <0.001
oc37 vs. fall temperature 0.32 <0.01
olc37 VS. winter temperature 0.34 <0.01
Nutrients 8’Hcs, vs. annual mean N -0.5 <0.001
8?Hcs; vs. annual mean P —0.8 <0.001
037 vs. annual mean N —0.1 >0.05
olc37 vs. annual mean P —0.1 >0.05
Annual mean S vs. annual mean P -0.8 <0.001
U37' U§7 vs. annual mean temperature 0.89 p <0.001
U§(7’ vs. spring temperature 0.92 p <0.001
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The U%-SST relationship for this dataset aligns nicely with
the compilation of global core-top U%; SST values (Tierney
and Tingley, 2018; Fig. 2), which leads to the conclusion
that alkenones along these transects are also recording sur-
face water values. In general, nannoplankton blooms,
which include haptophytes, occur during the spring, follow-
ing a bloom of diatoms (Lochte et al., 1993). In the Eastern
Mediterranean, coccolithophore production reaches a max-
imum between late winter and early spring (Ziveri et al.,
2000) and the largest haptophyte blooms in the Western
Mediterranean occur in fall (Knappertsbusch, 1993;
Cacho et al., 1999). To determine if the sedimentary alke-
nones from the compiled dataset are affected by differences
in seasonality due to the seasonal production of alkenones,
we tested how well the U% index correlates with annual
mean and seasonal mean surface water temperatures from
the World Ocean Atlas. UY values correlate positively to
both spring and annual mean temperatures (r =0.89 for
annual and r =0.92 for spring), allowing us to conclude
that alkenones preserved along these transects are reflecting
surface water conditions and 8*Hcs7 ratios do not contain a
strong seasonality signal.

4.2. Hydrogen isotope ratios of alkenones

To test how accurately 8°Hcs; ratios are tracking sur-
face water isotope ratios, we first compared the 5°Hesy
ratios of the sediments with the 8’Hyo ratios measured
in surface water at the sampling locations. Sedimentary
alkenones represent possible lateral transport (Ohkouchi
et al., 2002) and accumulation over several decades to cen-
turies, while the water signal covers several weeks to
months. Nonetheless, there is a positive linear correlation
(r=0.80, p<0.001) between surface water isotope ratios
and 8”Hcsy, represented by the linear regression equation:

8Hes; = 0.84 x 8°Hppo — —186 (R? = 0.64,
p < 0.001, n = 75; Fig. 3(b) (4)

This confirms that our 8°Hcs, ratios are plausibly
recording surface water conditions. Since the 8*Hcs ratios
of alkenones seem to be recording the 8?Hipao ratios of sur-
face water, which itself is strongly correlated to salinity, a
strong correlation between 8*Hcs; ratios and salinity is
expected. Rather than using measured salinity from each
sampling station, we used the seasonal mean and annual
mean salinities from the World Ocean Atlas to better align
with an integrated sedimentary signal (Antonov et al., 2010;
Locarnini et al., 2010). Because each transect covers a rela-
tively small range of salinities, we focus on the combined
transect. Our U% values suggest that there is not a strong
seasonal signal recorded by the alkenones for the combined
dataset, and we observed the same for 5°Hcs; ratios
(Table 2). The Baltic Sea transect covers a relatively large
salinity range from approximately 7-30, and the §*Hcs;
ratios from the Baltic Sea transect correlate best with spring
salinity (r =0.52, p <0.05; Fig. 3c). However, at lower
salinities this overall positive correlation deviates from
what is observed in culture studies (Schouten et al., 2006;
M’Boule et al., 2014; Sachs et al., 2016). 62HC37 ratios are

more enriched at lowest salinities, hinting that 8*Hcs- ratios
might be influenced by some other variable. As mentioned
above, we combined new data presented here with previ-
ously published data to extend the salinity gradient from
7 to 39. For the combined dataset, there is a significant,
positive linear correlation between 8?Hces, ratios with
annual mean salinity (see Eq. (3), Table 2, Fig. 4).

In cultures, a strong correlation between hydrogen iso-
tope fractionation factor ac37 values and salinity is reported
(Schouten et al., 2006; Chivall et al., 2014; M’Boule et al.,
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Fig. 4. Annual mean salinity plotted against (A) 8*Hcs; and (B)
olc37 for all surface sediments (this study combined with previously
published data from Schwab and Sachs, 2011; Kaiser et al., 2017)
with linear regression equations from culture experiments with
marine haptophyte alkenone-producers denoted by the dashed line
(compiled in Weiss et al., 2017; includes data from Schouten et al.,
2006, M’Boule et al., 2014, Sachs et al.,, 2016) and coastal
haptophyte alkenone-producers designated by the dotted line
(Chivall et al., 2014; M’Boule et al., 2014). Y-axis errors are the
standard deviations of duplicate analyses and X-axis errors are the
standard errors of the statistical mean for the 0.25° gridded WOA
annual mean salinity dataset. North Atlantic and Mediterranean
8?Hcs; ratios fit with marine haptophyte culture data, and the
lower salinity Baltic Sea and Chesapeake Bay Estuary 8°Hcs;
ratios fit with coastal haptophyte culture values. 5°Hcs; and annual
mean salinity for the World Ocean Atlas are strongly positively
correlated (r = 0.75, p <0.001). The linear regression equation that
best fits the combined surface sediment data is: °Hes; = 1.3 S —
227 (R*=0.55, p<0.001, n =95). There is no significant corre-
lation between salinity and oc37.
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Fig. 5. Light intensity plotted against o037 from cultures (van der
Meer et al., 2015), suspended particulate matter (Wolhowe et al.,
2015) and surface sediments (A). Annual mean phosphate is plotted
against 8°Hcss (B) and annual mean salinity (C). Annual mean
phosphate and salinity values were taken from the World Ocean
Atlas (Antonov et al., 2010, Locarnini et al., 2010; Garcia et al.,
2010).

2014; Sachs et al., 2016; Weiss et al., 2017). Calculating oic37
values from sediment data is difficult as we do not have the
8°Hyao ratios over multiple years to decades. As a substi-
tute, we used the 8?Hppao ratios of surface waters taken at
the surface sediment sampling locations to roughly estimate
olcs7. Surprisingly, we do not find a significant correlation
between ac37 and annual mean or seasonal salinity (Table 2,
Fig. 4b); seasonal correlations can be found in Table 2). A
lack of correlation between o 37 and salinity has also been

observed for alkenones in surface sediments of hypersaline
lakes (Nelson and Sachs, 2014), and in the Chesapeake Bay
Estuary (Schwab and Sachs, 2011) as well as in suspended
particulate organic matter (SPOM) from a combined Atlan-
tic and Pacific Ocean survey (Gould et al., 2019). The latter
dataset includes alkenones produced by the two main open
ocean haptophytes, G. oceanica and E. huxleyi, which are
both shown to fractionate differently (Schouten et al.,
2006). For the surface sediment datasets, the lack of corre-
lation between o037 and salinity is attributed to mixing of
alkenones produced by haptophyte species from both mar-
ine and marginal marine environments. We explore the
potential species effect on our dataset in Section 4.4.

4.3. Environmental factors impacting 5’H of alkenones

Based on the UY index, we infer that our dataset is
reflecting surface water conditions. Indeed, we see a signif-
icant correlation between 8?Hcs; ratios and sea surface
salinity, but no such correlation is observed between oc37
and salinity, a thought-provoking observation warranting
further investigation. The North Atlantic surface sediments
appear to have a much larger range in both 8°Hcs; ratios
and oc3; values than expected based on the small range
of annual mean salinity (34.8-36.5). In fact, the measured
surface salinity is much larger (31-36.5) than annual mean
salinity and captures the effect of the Amazon river outflow
at the time of sampling. Freshwater from the Amazon river
not only lowers surface salinities, but also likely transports
haptophytes and the alkenones they produce from else-
where. This may explain the >20%o variation in 8*Hcss
ratios observed for the North Atlantic transect. A similar
range in 8*Hcs; ratios was identified in suspended particu-
late matter along a nearby transect (Héggi et al., 2015). The
large range in 8°Hcs, ratios and ocs; values might be a
regional artefact and the result of lateral transport. Fur-
thermore, as already noted, Baltic Sea sediments from
lower salinities have more enriched 8*Hcs; ratios and devi-
ate from the 8*°Hesy — salinity trend. As a consequence, fac-
tors other than salinity are conceivably affecting 8*Hcss
ratios and o037 values and obscuring correlations. There-
fore, we compared 8?Hcs- ratios and o3, values with other
environmental factors, like mean annual and seasonal tem-
peratures and nutrients derived from the World Ocean
Atlas (Antonov et al., 2010; Garcia et al., 2010; Locarnini
et al., 2010) to determine the impacts of other environmen-
tal parameters on 8*Hcs; ratios and a3 values.

In the natural environment, higher nutrient concentra-
tions provide the potential for higher growth rates. To
assess whether growth rate has an influence on our dataset,
we tested the correlation between our 8°Hcs; ratios and
olc37 values with annual mean nitrate (N) and phosphate
(P) from the World Ocean Atlas (Antonov et al., 2010;
Garcia et al., 2010). For our dataset, there is no correlation
between ocz; values and either annual mean N or P, but
there is a negative correlation between 8°Hcs; ratios and
both annual mean N and P (Table 2). Higher nutrient val-
ues correspond to more depleted isotope ratios (Fig. 5),
prompting further investigation about how growth rate
effects might influence our dataset. Similar effects have been
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noted in chemostats of E. huxleyi via a correlation between
higher nutrient composition and more depleted isotope
ratios (Sachs and Kawka, 2015). To better understand the
correlation between 8*Hcs; ratios and annual mean P, we
examined the relationship between annual mean P and
annual mean salinity. There is a strong negative correlation
between annual mean salinity and annual mean P
(r=-0.84, p<0.001; Fig. 5), implying that the relation-
ship between 8°Hcs; ratios and annual mean P is probably
controlled by salinity. The correlation between annual
mean salinity and annual mean P is anti-correlated to the
8’Hcs--annual mean salinity correlation. Because of this,
we propose that growth rate probably does not strongly
influence the 8*Hcs; ratios for our dataset, and we suggest
that this cannot explain the apparent lack of correlation
between o3 values and salinity.

Interestingly, there is a positive linear correlation with
8?Hcs- ratios and temperature, with more enriched values
corresponding to higher temperatures (Table 2). The best
correlations are with fall and winter temperature (fall:
r=0.75, p <0.0001, winter: r = 0.74, p < 0.0001; Table 2).
A moderate correlation is observed between ocz; values
and temperature (Table 2). In culture, the effect of temper-
ature is not well constrained. Some results suggest no effect
of temperature on either 8°Hcs; ratios or oy, values
(Schouten et al., 2006). For other batch cultures, a negative
correlation between temperature and both 8°Hcs, ratios
and o,c37 values is reported, meaning more enriched isotope
ratios and less fractionation correspond to lower tempera-
tures (Wolhowe et al., 2009). Because the culture results
on the temperature effect are contradictory to one another
and to what is observed in the field, it is difficult to confi-
dently conclude that the temperature effect observed for
our sample set is a true temperature effect. Furthermore,
temperature and salinity are correlated with each other
(r=0.75, p <0.001). The warmer regions have higher salin-
ities and vice versa. Differences between evaporation and
precipitation for the separate environments, for example
between the evaporative Mediterranean Sea and the other
transects, could be the cause of the strong correlation
between 8*Hc ratios and temperature. Thus, the observed
temperature relationship could possibly be an indirect cor-
relation and not actually a temperature effect.

Light intensity has been shown to influence both 8*Hcs;
ratios and oc3; values in culture and in the water column
(van der Meer et al., 2015; Wolhowe et al., 2015).
Wolhowe et al. (2015) report 8*Hcs ratios and o3 values
from suspended particulate matter from the Gulf of Cali-
fornia and Eastern Tropical North Pacific, and results show
a depth effect on 0,37 values, with lower depths correspond-
ing to higher fractionation (lower ac37). This depth effect is
actually in all likelihood the effect of light intensity, since
light intensities are lower at deeper depths. The trend
between oc3; and depth in suspended particulate matter
reported by Wolhowe et al. (2015) agrees with culture data
assessing the effect of light intensity on ac37 values (van der
Meer et al., 2015). oc37 values from our samples fall in the
higher light range, above 200 pmols photons m 2 s~
where there is a negligible effect of light intensity (Fig. 5).
We cannot completely rule out the effects of light and water

depth on our sample set, but because acz; values for our
dataset align with oc3; values from higher light intensities
(>200 pmol photons m~2 s'), we assume that the light
and depth effects are minimal. Recent results from SPM
in the North Pacific also suggest that light availability
and nutrient limitation have a smaller effect on both
8?Hc, ratios and oc3; values than has been shown in cul-
ture (Wolfshorndl et al., 2019), aligning with our conclu-
sions that light and growth rate effects are negligible for
the data presented here.

4.4. Species effect on 5’H of alkenones

As mentioned above, it has been suggested that contri-
butions from different alkenone-producing species caused
the lack of correlation between ac37 and salinity in the Che-
sapeake Bay Estuary (Schwab and Sachs, 2011). Data from
hypersaline lakes also show diminished sensitivity due to
differences between lacustrine and marine alkenone produc-
ers (Nelson and Sachs, 214). Our findings are quite similar
to these two datasets, i.e. a strong correlation of 5°Hesr
with salinity, but not of a3 with salinity. The combination
of data presented in this study and previous published
results (Fig. 4) show that at higher salinities both 5°Hesr
ratios and oc37 values are similar to those found in E. hux-
leyi and G. oceanica culture experiments (Schouten et al.,
2006; M’Boule et al., 2014; Sachs et al., 2016; Weiss
et al., 2017). At the lowest salinities, 8?Hcs, ratios and
oc37 values fit with culture experiments of I galbana and
R. lamellosa (Chivall et al., 2014; M’Boule et al., 2014),
implying that differences between alkenone-producing hap-
tophyte species could be important for our surface sediment
dataset.

The Mediterranean and North Atlantic are character-
ized by high salinity (~34-39) and the presence of E. hux-
leyi and G. oceanica (McIntyre and B¢, 1967;
Knappertsbusch, 1993; Lomas and Bates, 2004), explaining
why Mediterranean and North Atlantic §°Hcs; ratios are in
good agreement with E. huxleyi and G. oceanica culture
data. For the modern day Black Sea, E. huxleyi is the only
reported alkenone-producer (Moncheva et al., 2001), but
both E. huxleyi and G. oceanica are absent from the
present-day Baltic Sea (Tyrrell et al., 2008). Haptophytes
have been reported to live in the Baltic Sea (Vepsildinen
et al., 2005). Previously reported alkenone patterns resem-
ble those produced by Ruttnera and Isochrysis species
(Conte et al., 1994; Schulz et al., 2000), and 18S rRNA
analyses confirm the presence of both marine and coastal
haptophyte groups in the Baltic Sea (Kaiser et al., 2019).
Additionally, Baltic Sea alkenone distributions have a
reported absence of Csg methyl alkenones, which are gener-
ally present in E. huxleyi and G. oceanica (Schulz et al.,
2000). We also observe the absence of C;g methyl alkenones
in some of our Gotland Basin sediments, suggesting a
source other than E. huxleyi or G. oceanica. Indeed, the
observed environmental salinity range for E. huxleyi is
11-41 (Brand, 1994; Schulz et al., 2000), and G. oceanica
does not reproduce in salinities below 15 (Brand, 1984),
so it is expected that E. huxleyi and G. oceanica will not live
in the Baltic Sea. Moreover, the Csq, alkenone was
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Fig. 6. Reconstructed salinities for the Agulhas Leakage (8*Hcs; ratios published in Kasper et al., 2014) using the linear regression equation
from the combined surface sediment dataset presented here. The surface sediment calibration results in a salinity shift of 9 psu across

Termination I and 5 psu across Termination II.

detected in surface sediments from the Arkona basin in the
Baltic Sea, as well as in Black Sea sediments. While the ori-
gin of the C;¢., alkenone is not known, its presence always
coincides with lower salinities, and is hypothesized to be
from either 1. galbana or a low salinity strain of E. huxleyi
(Xu et al., 2001; Coolen and Gibson, 2009; Warden et al.,
2016). Based on the presence of the Csg., alkenone and
the absence of Cs;g methyl alkenones, we can conclude that
different haptophyte species are contributing to the sedi-
mentary alkenones in the Baltic Sea.

4.5. Implications

Our results show that oc37 values in marine surface sed-
iments are not sensitive to salinity, opposite to observations
from culture studies (Schouten et al., 2006; M’Boule et al.,
2014; Sachs et al., 2016; Weiss et al., 2017) and some paleo
settings (e.g. van der Meer et al., 2007). It appears that mix-
ing of alkenones produced by different species is responsible
for the lack of correlation between 037 and salinity across
our dataset. Alternatively, 8°Hcs; ratios from marine sur-
face sediments compliment what has been observed in cul-
ture studies, and correlate significantly with sea surface
salinity. Indeed, 8*Hcs; ratios have been used to track
salinity changes for a number of paleo records (Pahnke
et al., 2007; Leduc et al., 2013; Kasper et al., 2014;
Kasper et al., 2015; Petrick et al., 2015; Simon et al.,
2015). For these records, salinity is most commonly recon-
structed using the slope of the §°Hcsr-salinity relationship
from Schouten et al. (2006) of 4.8 for E. huxleyi and 4.2
for G. oceanica, which are both much larger than the slope
of 1.3 obtained for this dataset. To test the applicability of
our surface sediment calibration for paleo settings, we have
applied our calibration of §*Hcsy-salinity to the §*Hcss
record generated from a sediment core in the Agulhas leak-
age area (Kasper et al., 2014). As the amount of ice in ice
sheets and glaciers around the globe varies (characterized
by isotopically depleted values), the isotopic composition

of the ocean (typically isotopically enriched) changes as a
result (Chappell and Shackleton, 1986). Thus, in order to
use 8°Hcs; ratios to calculate salinity values, the 8*Hcsy
ratios must be corrected for global ice volume at the partic-
ular time period of interest. Kasper et al. (2014) corrected
their 8°Hcs, ratios for global ice volume and calculated
salinity changes using the slope of 4.8 from Schouten
et al. (2006) to get a salinity change of 1.9 for Termination
I and 1.7 for Termination II, which fits with salinity recon-
structed from 8'30yyum and Mg/Ca ratios measured on the
same core. If we apply the slope of 1.3 from our surface sed-
iment calibration, we obtain a salinity change of 9 across
Termination I and 5 across Termination II (Fig. 6), much
higher than reported values and 3800 ram and Mg/Ca
reconstructions (Kasper et al., 2014). Not only does the sur-
face sediment calibration result in large changes in salinity,
but the propagated error for the calibration is 4.7, making it
difficult to reconstruct the small changes in salinity expected
for open ocean settings. This shows that our surface sedi-
ment calibration is substantially over-estimating changes
in salinity. The surface sediment calibration presented here
likely captures the effect of different haptophyte species, and
therefore over-estimates paleo salinity shifts in open ocean
settings where only marine haptophytes are presumed to
contribute to the sedimentary alkenone record.

5. CONCLUSIONS

Based on the compilation of surface sediments from a
range of environmental settings, we have shown that
8?Hs7 ratios have a strong positive linear correlation with
annual mean sea surface salinity. However, ac3; values do
not correlate with sea surface salinity, in contrast to previous
findings from culture experiments. Other environmental fac-
tors, like temperature and nutrients, correlate with 5Hesy
ratios, but also with salinity, implying an indirect relation-
ship between these parameters and 8*Hcs7 ratios, and possi-
bly no effect on &*Hcs; ratios. The most plausible
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explanation for the lack of correlation between o.c37 and sea
surface salinity is the difference in alkenone-producing hap-
tophytes present in different locations. The 8*Hcs; ratios
corresponding to lower salinities align nicely with culture
data from coastal haptophyte species which are also
reported to live in the low salinity environments along the
different transects. The &°Hcs; ratios corresponding to
higher salinities fit nicely with the reported values for marine
alkenone-producing species. Our results suggest that 8°Hcs7
ratios might be a suitable proxy for sea surface salinity, espe-
cially in marginal marine environments where large ranges of
salinity and mixing of alkenones from different alkenone-
producing species is common. However, when applying
8°Hcs, ratios to estimate salinity for down-core records
from open marine sites where smaller shifts in salinity and
a stable alkenone-producing population are anticipated,
the slope from our calibration provides salinity changes that
are much larger than expected. While 8?H s ratios can pro-
vide valuable information about past shifts in salinity, we
emphasize that it can presently only be used to obtain qual-
itative estimates of salinity, rather than quantitative.
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