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Abstract

Salinity, growth rate, growth stage, nutrient limitation and temperature have all been shown to influence the magnitude of
D/H fractionation in algal lipids through laboratory and field studies. Of these factors, salinity has been studied most exten-
sively in the field, but to date all such investigations have focused on transect studies within specific and isolated environments.
Here we test the relationship between salinity and the magnitude of D/H fractionation in algal lipids through paired analyses
of sedimentary and particulate lipid and water hydrogen isotope values at a wide range of continental and coastal lake sites
spanning salinities from 0 to 117 ppt. Our results demonstrate broad consistency between D/H fractionations in dinosterol
and brassicasterol with those obtained from previous work, with salinity changes of 1 ppt resulting in lipid 8D changes of
0.7-1%,. Although our results also show variability in D/H fractionation between sites that is not related to salinity, the fact
that any relationship emerges above the influences of other factors suggests that the salinity effect is dominant for some lipids
in the majority of saline to hypersaline environments. This improved understanding of D/H fractionation in dinosterol and
brassicasterol synthesis supports the use of these compounds as paleohydrologic indicators. When combined with D/H mea-
surements from a second lipid or oxygen isotope measurements from carbonate, quantitative reconstructions of salinity and
lake water isotope changes are possible. Extending the number of algal lipids within which a consistent relationship between
D/H fractionation and salinity has been identified also supports the notion that the relationship is widespread among unicel-
lular photoautotrophs.
© 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The hydrogen isotopic composition of organic com-
pounds offers unique insights on a variety of processes in
the natural world, including biosynthetic pathways and
paleohydrology. Paleohydrologic applications target organ-
ic compounds that are well preserved in sediments and can
be traced to a particular biologic source. But typical lipid
extracts from sediments contain a diverse assortment of
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compounds that vary by environment and the significance
of the hydrogen isotope signal preserved in most
compounds is only beginning to be understood. Calibration
efforts have routinely demonstrated that in most environ-
ments the hydrogen isotopic composition, or D/H ratio
(D and H stand for deuterium and protium, respectively)
of lipids from terrestrial and aquatic autotrophic organisms
tracks the hydrogen isotopic composition of environmental
water (Sachse et al., 2012 for a review). However, sediment
based records that seek to exploit this relationship through
measurements of changing biomarker hydrogen isotope
values over time are limited to qualitative interpretations
due to an incomplete understanding of the degree to which
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various additional factors act to modulate the magnitude of
isotopic fractionation between source water and lipid
hydrogen isotope values. For higher plant lipids these in-
clude humidity, evapotranspiration rates, salinity, timing
of leaf wax production, and vegetation assemblage (Smith
and Freeman, 2006; Hou et al., 2008; Liu and Yang,
2008; Sachse et al., 2009; Yang et al., 2009; Polissar and
Freeman, 2010; Mclnerney et al., 2011; Zhou et al., 2011;
Douglas et al., 2012; Ladd and Sachs, 2012; Kahmen
et al., 2013; Nelson et al., 2013; Tipple et al., 2013). Factors
known to influence D/H fractionation in lipids from aqua-
tic photoautotrophs include salinity, nitrogen-limited
growth rate, growth phase, and temperature (Schouten
et al., 2006; Zhang and Sachs, 2007; Sachse and Sachs,
2008; Wolhowe et al., 2009; Zhang et al., 2009; Sachs and
Schwab, 2011; van der Meer et al., 2013).

While the variety of secondary effects on the hydrogen
isotope signal preserved in lipids may be complex and
numerous, there are also numerous lipids preserved in
any given sediment sample, all of which incorporate hydro-
gen from the same external pool of environmental water.
Since many lipids are essentially recording the same envi-
ronmental signal, continued study of the secondary influ-
ences on hydrogen isotope fractionation in biomarkers
should lead to improved paleohydrologic applications,
either by making quantitative paleoprecipitation recon-
structions possible through the use of multiple calibrated
biomarkers, or at a minimum by helping to confirm that
the most appropriate biomarkers are targeted for qualita-
tive applications.

An increase in the salinity of environmental water has
been shown to correlate with decreasing D/H fractionation
(increasing o values; o = [D/Hjipiq)/[D/Hyater)) for algal lip-
ids in laboratory culture experiments (Schouten et al.,
2006), and in field calibration studies (Sachse and Sachs,
2008; Sachs and Schwab, 2011). Sachs and Schwab (2011)
observed that the relationship between dinosterol o values
and salinity in the Chesapeake Bay displayed a near identi-
cal slope, but a different intercept, from the relationships
observed for hydrocarbons from hypersaline ponds on
Christmas Island (Sachse and Sachs, 2008). This result led
to the suggestion that the influence of salinity on o values
may be universal among unicellular photoautotrophs.
Notably, these observations differed in magnitude, but
not sign, from a series of batch culture experiments with
Emiliania huxleyi and Gephyrocapsa oceanica, both marine
haptophytes, whose alkenone o values were also shown to
increase with increasing salinity (Schouten et al., 2006;
van der Meer et al., 2013). However, alkenone o values
from the Chesapeake Bay (Schwab and Sachs, 2011) and
lakes in North America (Nelson and Sachs, 2014) showed
no relationship with salinity. Recent analysis of a 60-year
sediment record from a hypersaline lake in Mexico docu-
mented 3D values of a 1,15-C;, diol thought to be produced
by algae from the class Eustigmatophyta, that are inversely
correlated with precipitation, and presumably salinity as
well (Romero-Viana et al., 2013). Although 6D values of
water were not measured directly, the results strongly
imply a decrease in D/H fractionation with decreasing
salinity (8D = [(D/Hgumpte/D/Hstandara) — 1]). The authors

interpreted this relationship as a growth rate effect, and ar-
gued that increasing salinity in this system plays a key role
in limiting carbon solubility leading to carbon limited
growth rates during dry periods. If so, this would indicate
that in certain environments such effects may be more
important than salinity in determining the magnitude of
D/H fractionation, or that the sensitivity of fractionation
to salinity can be lipid- or organism-specific.

In the present study we sought to evaluate the relation-
ship between ipig-water and salinity through paired analyses
of 8Dyater Values and 8Dyipiq values from surface sediments
and suspended particles in saline and hypersaline lakes. The
environments that we targeted encompassed salinities from
0 to 117 ppt, and 6Dy, values from —81.19, to +13.2%,
and span a latitudes from 1°S to 53°N (Fig. 1 and Table 1).
By examining such a variety of aquatic systems we aimed to
incorporate a wide range of algal species, growth rates, and
temperatures, all of which have been identified as additional
factors that can influence the magnitude of D/H fraction-
ation during lipid synthesis (Schouten et al., 2006; Zhang
and Sachs, 2007; Sachse and Sachs, 2008; Wolhowe et al.,
2009; Zhang et al., 2009; Sachs and Schwab, 2011; Romero-
Viana et al., 2013). At the scale of our sample set such com-
peting factors should be uncorrelated with salinity, so this
approach provides an effective means to evaluate its
importance relative to other influences on the magnitude
of D/H fractionation in the targeted compounds. We
focused on D/H fractionation in dinosterol (4o, 23,
24-trimethyl-5a-cholest-22E-en-3B-0l) and brassicasterol
(24-methyl cholest-5, 22-dien-3f8-ol). By targeting two
algal biomarkers we also hoped to evaluate whether 8D
values of sterols from separate classes of algae record
similar environmental variability, and therefore whether
any possible signal is unique or more common among algal
sources.

Dinosterol is primarily produced by dinoflagellates,
although it has also been shown to occur in some diatoms
(Volkman et al., 1998; Volkman, 2003; Rampen et al.,
2010). Dinosterol 38D values have been the focus of both
calibration (Sachs and Schwab, 2011), and paleoclimate
studies (Sachs et al., 2009; Smittenberg et al., 2011). Brass-
icasterol is a commonly used diatom biomarker, and has
been referred to as ‘diatomsterol’ although it has been re-
ported in many algal classes (Volkman et al., 1998; Volk-
man, 2003; Rampen et al, 2010). Although applied
extensively as a sedimentary biomarker for diatoms, it is
also found in other plant sources including some plant oils
(Zarrouk et al., 2009). While this may add to the complexity
associated with interpreting a sedimentary record using 8D
values of this compound, it should at least be exclusively
reflective of photoautotrophic sources and the dominant
source should still be from diatoms in aquatic environ-
ments. To our knowledge, this is the first report of brassi-
casterol 6D values so the sensitivity to climate variability
is presently untested.

Dinosterol and brassicasterol were selected for study due
to their relatively high degree of source specificity and wide-
spread distribution among the lacustrine environments that
were sampled. We report only on those locations where
these compounds were found (Fig. 1 and Table 1), which
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Fig. 1. Base map showing the collection locations for all samples used in the present study. The Canadian, Cargill, Galapagos, and Palau
lakes, as well as the Aral Sea sites each contained more than one sample location (Table 1), but these regions are represented by only one point

on the map for clarity.

was approximately 37% of sites for dinosterol and 72% of
sites for brassicasterol. A complete list of sites, including
those where neither compound was found, is available in
the Electronic Annex. In addition to our measurements
we include all published dinosterol data from contemporary
samples where D/H fractionation could be calculated
(Sauer et al., 2001; Sachs and Schwab, 2011; Smittenberg
et al., 2011).

2. METHODS
2.1. Sediment and water sampling

Samples discussed in the present study are divided into
broad categories based on provenance and sample collec-
tion techniques. Surface sediment samples from tropical Pa-
cific island lakes were taken from sediment cores at each
site, recovered with either a universal corer (Aquatic
Research, Hope, ID), or a modified Livingstone-type corer
(Geocore, Columbus, OH). Sediment cores were sectioned
in the field at 1 cm intervals. Suspended particle samples
were collected from the water column at sites in the tropical
Pacific by filtering lake water through 0.7 pm glass fiber fil-
ters (Whatman GF/F). Surface sediment samples from the
Cargill salt ponds were collected from the Cargill Salt
Works facility in the San Francisco Bay area in June of
2008 using a hand sampler deployed in shallow water.
Sediments from remaining continental interior lakes were
sampled by Van Veen dredge-type recovery or by hand
sampler deployed in shallow water. Sediment samples col-
lected by dredge typically resulted in the recovery of large
volumes of material from sediment depths approaching
20 cm. Many of the sediment samples from the continental
interior lake sites were sampled during the fieldwork
described in Bowman and Sachs (2008). All sediment and
particle samples were frozen at —20°C shortly after
collection.

Lake water conductivity was measured at most sites at
the time of sampling with a hand held conductivity sensor,
and salinities were calculated based on the relationship be-
tween conductivity and salinity in seawater. The specific
sensor type used was either from Hydrolab (Hach,
Loveland, CO), YSI (YSI Inc., Yellow Springs, OH), or
Eureka (Geo Scientific Ltd., Vancouver, BC), depending
on when the samples were collected. Given the routine nat-
ure of conductivity measurements and the accuracy and
precision of commercially available sensors it is unlikely
the sensor type used at any particular site is an issue. In
all cases, lake water samples were collected for 6Dy, mea-
surements in screw cap glass vials that were sealed with
electrical tape on site at the time of sediment recovery.

2.2. 8Dy,¢er Measurements

Two separate measurement techniques were used to
measure 6Dy, Values depending on the time of collection
and processing. Some were determined at the University of
Washington using a Thermal Conversion Elemental Ana-
lyzer (TCEA) interfaced with a Delta V Plus Isotope Ratio
Mass Spectrometer (IRMS) (Thermo Scientific, Waltham,
MA). The H7 factor was evaluated at the beginning of each
sample sequence and was stable between 5 and 6 ppm/mV
over the duration of the measurements (Sessions et al.,
2001). Each sample was analyzed over six consecutive injec-
tions with the first three omitted from reported values due
to memory effects from the previous sample. 3D values were
determined in the Isodat 2.0 software platform relative to
monitoring gas hydrogen, and then post-processed using
measured values of two standards (0%,, and —189.59%,,) ana-
lyzed in the same sequence to reference the data to the
VSMOW scale (Vienna Standard Mean Ocean Water).
Additional water samples were analyzed at the University
of Hawalii in the laboratory of Dr. Brian Popp by Cavity



Table 1

Location and salinity information for the lakes used in this study. Salinity error estimates are based on inferred historical changes (see text; Electronic Annex). Sample coordinates, water depth

from which sample was collected, and sampling technique is also given.

Site

Salinity (ppt)

Estimated
salinity error +

Estimated
salinity error -

Latitude
(decimal degrees)

Longitude
(decimal degrees)

Sample water depth (m)

Sampling technique

Tropical Pacific Island lakes
Suspended particles
Poza del Diablo, Galapagos
Poza Escondida, Galapagos
Flamingo Lagoon, Galapagos
Poza Verdes, Galapagos

Surface sediments
El Junco Lake, Galapagos
Clipperton Lagoon
Poza del Diablo, Galapagos
Clear Lake, Palau
Lib Pond, Marshall Islands
Spooky Lake, Palau
Poza Escondida, Galdpagos
Flamingo Lagoon, Galdpagos
Poza Verdes, Galapagos

Continental lakes

Great Pond, USA

Small Aral Sea

Redberry Lake, Canada
Manito Lake, Canada

Salton Sea, USA

Big Quill Lake, Canada
Chappice Lake, Canada
Large Aral Sea

Great Salt Lake (South), USA

21
20
24
35
43
49
55
117

S o oo

LN O

0
9
15
10
5
20
57
25
17

Cargill Salt Ponds, San Francisco Bay, California, USA

Cargill Salt Pond 2
Cargill Salt Pond 3
Cargill Salt Pond 1
Cargill Salt Pond 12
Cargill Salt Pond 7

32
40
58
78
117

10
10
10
10
10

S o oo

LN b O

15
10
10
20
15
25
34

10
10
10
10
10

0.953
0.959
1.228
0.959

0.896
10.304
0.953
7.153
8.315
7.152
0.959
1.228
0.959

41.973
45.500
52.707
52.788
33.300
51.782
50.163
45.500
41.061

37.563
37.546
37.566
37.477
37.512

»nwnunwn

nwuwnZZZnZn

2222222727277

2272272727

90.991
90.993
90.429
90.991

89.480
109.219
90.991
134.359
167.381
134.363
90.993
90.429
90.991

70.031
58.500
107.208
109.777
115.800
104.323
110.370
59.500
112.238

122.129
122.093
122.109
122.026
122.109

£2%

sssmmEmEs=

sWmEssgT =

f£2<

Surface
Surface
Surface
Surface

32

15

13
1.5
0.5

Unknown
Unknown
10

6

13

33

<1
Unknown
1.3

<1
<l
<1
<1
<1

Filter
Filter
Filter
Filter

Core top
Core top
Core top
Core top
Core top
Core top
Core top
Core top
Core top

Unknown
Unknown
Dredge-type
Dredge-type
Dredge-type
Dredge-type
Hand sampler
Unknown
Dredge-type

Hand sampler
Hand sampler
Hand sampler
Hand sampler
Hand sampler

8C¢
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Ring Down Spectroscopy (CRDS) (Picarro, Inc., Santa
Clara, CA), and are also reported in 8D notation. Average
analytical precision for all water samples was less than 19,
but individual standard deviations of replicate analyses
were calculated for each (Table 2).

2.3. Lipid extraction, saponification and column
chromatography

Sediment samples were freeze dried and extracted in a
9:1 mixture of dichloromethane (DCM) and methanol
(MeOH) on an accelerated solvent extractor (ASE) Dionex
200 operated at 100 °C and 1500 psi with three five-minute
static phases. Excess solvent was evaporated under N, from
the total lipid extract (TLE) on a Turbo-vap system (Cali-
per, Hopkinton, MA, USA). Subsequent TLE purification
methods varied slightly between samples depending on
the number of additional compounds that were targeted
for other applications. These are described below in detail,
but generally, TLEs were saponified, then separated into
neutral and acid fractions using aminopropyl silica gel
(NH>,) columns, and the neutral fraction was then separated
into hydrocarbon, ketone/ester, alcohol, and polar frac-
tions using silica gel columns. Some of these steps were
omitted when the complexity of the sample matrix permit-
ted less rigorous purification protocols.

Saponifications were performed by reacting the TLE
with 1 N potassium hydroxide (KOH) in MeOH and Nano-
pure water (Barnstead nanopure infinity water system) at
70 °C overnight. The saponified TLE was then acidified to
pH ~2 with HCI and recovered from the aqueous MeOH
using a series of hexane liquid-liquid extractions. The hex-
ane was then rinsed once with Nanopure water and dried
over sodium sulfate.

Neutral and acid compounds in the saponified TLE were
separated from each other using 0.5 g of 5% aminopropyl
silica gel (Supelco/Sigma Aldrich, St. Louis, MO, USA,
45 um, 60 A, Part # 5-7205) in hand packed glass solid
phase extraction (SPE)-type columns. Neutral compounds
were eluted with 8 mL of DCM/isopropyl alcohol (IPA)
(3:1), acids were eluted with 6 mL of 4% acetic acid in
diethyl ether, and a polar fraction was eluted with 6 mL
MeOH. Neutral fractions or TLEs were further separated
into class fractions using the same type of glass hand
packed column with 1 g of silica gel 60 (5% deactivated
by weight; EMD chemicals, Rockland, MA, USA,
35-75 um, 60 /o\). Hydrocarbon fractions were eluted with
10 mL of hexane, ketones/esters with 6 mL DCM/hexane
(1:1), alcohols with 8 mL ethyl acetate (EtOAc)/hexane
(1:4), followed by a polar fraction with 6 mL methanol.

2.4. HPLC-MS purification of dinosterol and brassicasterol

HPLC-MS purifications of initial dinosterol samples
used in this study were performed using the methods de-
scribed in Atwood and Sachs (2012). Briefly, alcohol frac-
tions from silica gel columns were injected on an Agilent
1100 series HPLC using an Agilent ZORBAX Eclipse
XDB Cis column (4.6 mm x 250 mm X 5 um) equipped
with matching guard column operated at a constant

temperature of 30 °C. Dinosterol was eluted with 5%
MeOH in water at a flow rate of 1.5 mL/min (Atwood
and Sachs, 2012). HPLC-purified dinosterol was then acet-
ylated at 70 °C for 30 min in a mixture of 20 uL acetic
anhydride and 20 pL pyridine. No underivatized dinosterol
was detected following this acetylation procedure, ensuring
the efficacy of the method. This purification procedure was
modified during the course of the present study in favor of a
more streamlined approach, which also enabled the concur-
rent purification of brassicasterol (Nelson and Sachs, 2013).
For these samples, alcohol fractions from silica gel, or
neutral fractions from aminopropyl columns were acety-
lated as described above prior to injection on the HPLC.
The same HPLC configuration was used, but eluting
acetylated-brassicasterol and -dinosterol required a mobile
phase composition of 5% MeOH, 10% EtOAc, and 85%
acetonitrile (ACN).

2.5. Gas chromatography—mass spectrometry

At each purification stage and prior to hydrogen isotope
analysis, sample aliquots were analyzed by gas chromatog-
raphy-mass spectrometry (GC-MS) to identify compounds
of interest, assess the efficacy of separation procedures, and
to determine subsequent handling steps. Samples were in-
jected in splitless mode at 300 °C using helium carrier gas
at 1.5mL/min on an Agilent 6890N GC with 5975 inert
mass selective detector. Optimal sterol GC separation was
achieved with an Agilent (formerly Varian) VF-17ms col-
umn (60 m x 0.32 mm x 0.25 um). Initial sample screening
was performed with an oven temperature program that be-
gan at 110 °C for 3 min after sample injection, then in-
creased to 170 °C at 15°C/min, then to 325°C at 5°C/
min where it was held for 24 min. For purified dinosterol
and brassicasterol samples the GC oven was held at an ini-
tial temperature of 120 °C for 10 min, then increased to
260 °C at 20 °C/min, then to 300 °C at 1 °C/min, then to
325 °C at 20 °C/min and held for 8 min. All samples were
run in full scan mode (m/z 50-700). Sample dilution re-
quired for isotope analysis was determined by quantifica-
tion estimates based on the relative areas of unknown
peaks to that of a Sa-cholestane internal standard of known
concentration that was added to each sample prior to GC-
MS analysis.

2.6. Gas chromatography—isotope ratio mass spectrometry

Purified dinosterol and brassicasterol 8D values were
measured by gas chromatography—isotope ratio mass spec-
trometry (GC-IRMS) using a Thermo Delta V Plus isotope
ratio mass spectrometer and Thermo Trace GC Ultra cou-
pled to a gas chromatography combustion/thermal conver-
sion interface III. Samples were injected in splitless mode at
330 °C using helium carrier gas at 1.5 mL/min. The GC was
equipped with either an identical column to the GC-MS,
or a similar VF-17ms with slightly narrower diameter
(60 m x 0.25 mm x 0.25 um). The GC-IRMS oven pro-
gram was identical to the GC-MS program for purified
sterols with the exception of the initial oven temperature
and hold time of 120 °C for 2 min. GC column effluent



Table 2

reflect the analytical uncertainty only, and do not incorporate the inferred historic changes in 8Dy, that were used to produce the error bars in Figs. 2-5. Uncertainties for salinity are based on

historical changes in at continental interior sites, and probable variability at other locations (see text).

Site

Salinity (ppt) Estimated
salinity error + salinity error —

Estimated

dD-water (%,) © (%, OD-dino (%,) © (%, n

Odino-water O

dD-brass (%0) G(%o) N Oprass-water O

Tropical Pacific Island lakes
Suspended particles
Poza del Diablo, Galapagos
Poza Escondida, Galapagos
Flamingo Lagoon, Galdpagos
Poza Verdes, Galapagos

Surface sediments
El Junco Lake, Galdpagos®
Clipperton Lagoon®
Poza del Diablo, Galapagos
Clear Lake, Palau®
Lib Pond, Marshall Islands
Spooky Lake, Palau®
Poza Escondida, Galapagos
Flamingo Lagoon, Galdpagos
Poza Verdes, Galapagos

Continental lakes

Great Pond, USA®

Small Aral Sea

Redberry Lake, Canada
Manito Lake, Canada

Salton Sea, USA

Big Quill Lake, Canada
Chappice Lake, Canada
Large Aral Sea

Great Salt Lake (South), USA

Cargill Salt Ponds, San Francisco
Cargill Salt Pond 2
Cargill Salt Pond 3
Cargill Salt Pond 1
Cargill Salt Pond 12
Cargill Salt Pond 7

7 0
33 0
40 0
43 0
0 0
5 5
7 5
22 5
27 5
27 5
33 5
40 5
43 5
0 0
21 9
20 15
24 10
35 5
43 20
49 57
55 25
117 17
Bay, California, USA
32 10
40 10
58 10
78 10
117 10

[=NeNeN=]

DN L L D b b O

15
10
10
20
15
25
34

10
10
10
10
10

13.2
4.5
5.5

10.5

7.66

0.04
13.2
—12.1
3.0
—7.6
4.5
5.5
10.5

—24
3.6
—81.1
—78.5
—25.0
-99.7
—75.2
—8.9
—60.7

-3.0
6.3
-7.3
7.2
20.5

0.6
0.6
0.5
0.3

1.0
1.1
0.6
1.0
0.4
1.0
0.6
0.5
0.3

2.0
0.7
1.2
0.6
1.0
0.2
0.6
0.3
1.2

0.4
0.4
0.4
0.4
0.4

—250

—256
-307
—263
—280
—277
—291
—292
—268
—261

—222
=316
—372

—323

—281
—269

—295
-310
—271
—265

DR WRWOLDAOUO

W

10

10
10

LW N W WL

0.740

0.739
0.693
0.727
0.726
0.720
0.718
0.705
0.728
0.732

0.797
0.682
0.684

0.695

0.726
0.778

0.707
0.686
0.734
0.730

0.004

0.005
0.005
0.004
0.005
0.003
0.004
0.003
0.004
0.004

0.006
0.003
0.010

0.004

0.003
0.006

0.010
0.008
0.010
0.010

—263
—237
—241
—240

—228

—322
—328

-301
-259

—246

—216
—231
—193
—169

N W =

D= WA

0.728
0.760
0.755
0.753

0.768

0.737
0.729

0.776
0.802

0.803

0.779
0.775
0.801
0.814

0.002
0.010
0.003
0.006

0.004

0.012
0.003

0.003
0.005

0.002

0.005
0.003
0.010
0.003

& Provided by A. Atwood.
® Provided by I. Miigler.

¢ Provided by J. Richey.

d Smittenberg et al. (2011).
¢ Sauer et al. (2001).
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was pyrolized in the thermal conversion interface to convert
organic column effluents to H, gas prior to introduction to
the mass spectrometer. The H7 factor was measured prior
to every sample sequence (Sessions et al., 2001), and was
stable and less than 5 ppm/mV.

All samples were analyzed with a mix of co-injection
standards of known isotopic composition, which included
a combination of nC,;, nCss3, nCyg, nCs, and nCs, alkanes
(standards from Arndt Schimmelmann at Indiana Univer-
sity, Bloomington, IN, USA). Most samples were also ana-
lyzed in sequences that included an external standard with
nCsg, nCsg, and nCy; alkanes (standards from Arndt Schim-
melmann at Indiana University, Bloomington, IN, USA).
Initial isotopic evaluations of all peaks were performed
within the Isodat 2.0 software relative to a calibrated refer-
ence gas. Secondary corrections were performed based on
the regression of Isodat-reported 8D values of n-alkane
standards and their accepted values in order to maintain
similar treatments of samples and standards, as well as to
correct for potential scale compression or stretching as a re-
sult of the one-point referencing to VSMOW performed by
the Isodat software. Most samples were analyzed at least
three times over at least two separate sample sequences
on different days, and measurement precision calculated
as the standard deviation of multiple analyses was typically
4-69,,. For some samples only one injection was possible so
uncertainties of 109, were assigned, which is near the max-
imum error reported for any sample with multiple injec-
tions. Peak areas less than 15 V-s were below the cutoff
identified on this GC-IRMS to avoid size dependent 6D ef-
fects, and were not considered (Polissar et al., 2009).

The 3D value of the acetic anhydride used to derivatize
the dinosterol and brassicasterol samples was determined
by using acetic anhydride of known isotopic composition
(purchased from Arndt Schimmelmann at Indiana Univer-
sity, Bloomington, IN, USA) to acetylate samples of 1,4-
dihydroxybenzene, and 1,3,5-trihydroxybenzene. The 3D
values for these phenols were then determined by a mass
balance calculation based on the number of total hydrogen
atoms per compound and the weighted 8D value contribu-
tion of the hydrogen of known isotopic composition in the
acetyl groups to the measured 3D value. Additional phenol
samples were then acetylated with the stock acetic anhy-
dride used to acetylate the dinosterol and brassicasterol
samples, and the 6D value of the unknown acetic anhydride
was also determined by a mass balance calculation using
the mean measured 3D values of the non-exchangeable
hydrogen in the phenols. The calculated 8D value of the
stock acetic anhydride was then used to correct the mea-
sured 0D values of acetylated dinosterol and brassicasterol
samples for the 8D value of the added hydrogen.

3. SAMPLE LOCATIONS AND SETTING

The sites comprising the present study were selected for
the very large range of salinities and water 6D values they
encompass, and the diversity of limnologies, catchments,
and ecologies they represent (Table 1). Unfortunately,
many individual sites are also known to have experienced
large changes in salinity over the past several decades,

and likely changes in 8Dy, values. In cases where the
sampling technique recovered sediment spanning the upper
10-20 cm, the measured oD value of either dinosterol or
brassicasterol purified from these materials is unlikely to
represent the salinity or 8Dy values that were measured
at the time of sample collection. In order to accommodate
this non-analytical uncertainty we used either historical
average values or seasonal ranges of variability in salinity
or dDyaer values to produce what are likely to be more
accurate, less precise, and more realistic estimates than
the measured values of those parameters. In the following
section we describe these estimates in detail by sample site.
The Cargill salt ponds and the tropical Pacific island sur-
face sediment samples are unlikely to be impacted to the
same degree because the sample collection techniques used
at these sites penetrated only one to a few cm into the sed-
iment. These materials are therefore more likely to reflect
conditions of the past few years, which should also be more
consistent with salinity and 8D, values measured at the
time of sample collection.

3.1. Salinity

The preferred modern oceanographic method for deter-
mining the salinity of water is by measuring electrical con-
ductivity and applying an empirically determined
calibration equation to convert these values to salinity on
the practical salinity scale (Fofonoff, 1985). This proxy
measurement has proven accurate and reliable in seawater
because the relative abundances of the major ions do not
change with respect to one another. In continental interior
lake settings this assumption is invalid, and salinity is often
measured in g/L or ppt determined by alternate methods
(Anati, 1999). Although g/L and ppt are not directly com-
parable owing to the influence of salinity and temperature
on water density, in most cases in our sample set g/L and
ppt values are virtually identical to within the uncertainty
required for our purposes of ~ =+ 5¢g/L or ppt (Bowman
and Sachs, 2008). We therefore use these values inter-
changeably where appropriate unless otherwise specified.
For the Cargill and tropical Pacific sites we use the salinity
derived from conductivity measurements.

3.2. Historical salinity changes

Historical time series records of salinity were compiled
for each continental interior lake site by assembling all
available measurements. These time series were then used
to calculate a time-weighted average salinity at each site
(Electronic Annex). Where possible we also incorporated
estimates of sedimentation rates to determine the appropri-
ate time over which to determine the average salinity (S). In
cases where sediment accumulation rates were not avail-
able, we estimated this parameter based on data from other
lakes.

The Large and Small Aral Sea salinities were both 10 g/
L in 1960, but by 1989 they had risen to 30 g/L due to diver-
sion of inflowing waters, and by 2006 the large Aral Sea
salinity was as high as 80 g/L while the Small Aral Sea
salinity had decreased to 12 g/L due to a restoration project
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(Micklin, 2007). Sedimentation rates in the Aral Sea over
the past 1.3m of deposition are estimated at 3 mm/yr
(Nourgaliev et al., 2003). Although the known salinity
changes in the Aral Sea have been large, the quantity of
recovered material was relatively low as compared to other
continental interior lakes (sample collected by Hedi Obe-
rhinsli, Freie Universitidt Berlin), and likely encompasses
only the most recent ~20 years of deposition or the upper
~5 cm of material. Given the large changes in salinity and
lack of constraint on the depth of recovered material, we re-
port our measurements using the 1989-2006 average salin-
ity in the Large and Small Aral Seas, and use an uncertainty
range to include the 1989 and 2006 extremes, or 55 4 25 ppt
and 21 + 9 ppt, respectively.

The Salton Sea was formed in 1905-1907 by accidental
flooding of the Colorado River. Following this event, more
than 23 cm of sediment have accumulated at a rate of
~2.3 mm/yr, while over the same interval salinity increased
from 0 to ~40 g/L by ~1930, and has remained relatively
constant at these levels since that time (Schroeder et al.,
2002). The dredged sample recovered from this site (sample
collected by Robert Baskin, USGS) probably incorporated
most of the lacustrine sediment package. We therefore use
the mean 20th century value S = 35 ppt (+5, —10).

Manito and Redberry Lake salinities were less variable
over the 20th century than the Salton or Aral Seas, and also
benefit from extensive historical data (Hammer, 1978; Bow-
man and Sachs, 2008). We use the time-weighted average
for each site, and symmetric uncertainty envelopes around
these values that encompass most of the time series data
since the samples were collected using a dredge. This results
in salinity estimates of 24 + 10 ppt for Manito Lake, and
20 4+ 15 ppt for Redberry Lake. Using the same approach
and data sources, we report our measurements from Big
Quill Lake relative to time-weighted average salinity of
43 + 20 ppt because 20th century variability was from 16
to 71 ppt (Hammer, 1978; Bowman and Sachs, 2008).

Chappice Lake absolute salinity was 163.6 ppt in 2007
(Bowman and Sachs, 2008). This is a more accurate indica-
tor of salinity than conductivity estimates in lakes where the
relative ion abundances differ significantly from seawater
(Anati, 1999). Although conductivity-based salinity esti-
mates, total dissolved solids (TDS), and absolute salinity
measurements were determined at every site from the con-
tinental interior lakes described by Bowman and Sachs
(2008), of the sites within that sample set discussed in the
present study only Chappice Lake TDS and absolute salin-
ity differed from one another significantly. In order to com-
pare to the historical record of conductivity (Vance et al.,
1993 and references therein), we use the ratio between abso-
lute salinity and conductivity measured in 2007 (Bowman
and Sachs, 2008) to convert the pre-1990 conductivity re-
cord to absolute salinity. Chappice Lake is known to have
become significantly saltier after the installation of a nearby
weir in 1976 that diverted inflow. Prior to this, available
conductivity data are low (~18 mS/cm; 27 ppt) and show
minimal variability (Vance et al., 1993). We therefore as-
sume pre-weir conductivity prior to the 1950s in order to
calculate a time-weighted 20th century average salinity va-
lue of 49 ppt. We assign uncertainties to this estimate at

half the range between this value and the minimum and
maximum extremes, or 49 (+57, —15) ppt.

The Great Salt Lake was divided into north and south
sections after construction of a causeway in 1959 (Arnow
and Stephens, 1990). Since the inception of the current
southern section of the Great Salt Lake it has experienced
large changes in salinity, ranging from 50 ppt in 1986 to
270 ppt in 1961 (Arnow and Stephens, 1990; USGS,
2013). Salinity in the north section was greater than
250 ppt until the mid-1980s, and has never decreased below
150 ppt (Arnow and Stephens, 1990; USGS, 2013). Dinos-
terol and brassicasterol were not found in the sediments
from the northern section so we assume that all production
in the south section occurred at salinities lower than 150 ppt
after the basins were separated. After the causeway was
constructed salinity steadily fell and crossed the 150 ppt
threshold in approximately 1971. We therefore use the
post-1971 time-weighted average salinity of 117 ppt, and in-
clude uncertainty estimates spanning half the range between
this average value and the 50 ppt and 150 ppt extremes, or
117 (+17, —34) ppt.

We are unaware of extensive published records of histor-
ical salinity changes from the Cargill salt ponds or the trop-
ical island lakes used in this study where conductivity-based
salinity measurements were used, but we also note that
these samples were collected from sediment cores, or with
a hand-sampler, and therefore are more representative of
the upper 1-2 cm of sediment than the continental interior
lake samples. Nevertheless it is likely that the snapshot
measurements of salinity do not capture the range of condi-
tions under which the sediments were deposited. We at-
tempt to address this by assigning uncertainties of
410 ppt to each of the Cargill salinity values, and +5 ppt
to each of the tropical Pacific salinity values. While this ap-
proach may be somewhat arbitrary, it is still likely to be
better than simply using the analytical error from the salin-
ity measurement.

In all cases it is not clear that the average salinity of lake
water as defined here is truly representative of the average
conditions during biomarker formation represented in the
sediment samples. Production of a particular compound
may be more active under certain salinities as compared
to others. More tightly constrained salinity values would
provide opportunity for reducing the range of possible con-
ditions during which the compounds were produced, and
permit a more accurate determination of the influence of
salinity on D/H fractionation. However, without such
knowledge the use of large error bars to encompass a wide
range of possible formation conditions is the most conser-
vative approach.

3.3. Historical 8D, changes

As is the case for salinity of the lake waters at our sam-
ple sites, the 6D q¢er Values measured during the sample col-
lection are unlikely to be representative of the average
conditions that existed during deposition of the sediments.
Unfortunately, extensive historic measurements of 6Dyaer
values are not available from any of the locations sampled.
In order to provide some estimate of the variation of
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0D yater Values during the timespan of sterol sample produc-
tion, we use the 2006 range from the Great Salt Lake of
15%, (Nielson and Bowen, 2010). The seasonal variability
should provide an indicator of the extent to which mean
values might have been expected to vary over time at the
continental interior lake sites. Since the values are poorly
constrained, we conservatively double the 15%, value from
the Great Salt Lake and plot uncertainties using +159%, for
all continental interior sites on figures showing 3D, and
o values, but still report the analytical error of our measure-
ments in Table 2.

An uncertainty of 309, for our continental interior site
O0Dyater Values is further supported through comparison
with more detailed isotope hydrology and modeling work
that has been performed on analogous lake systems using
oxygen isotopes. Pyramid and Walker Lakes in Nevada,
USA, are both sensitive to evaporation and have varied be-
tween closed and open hydrologic conditions over the 20th
century (Benson and Paillet, 2002). In sensitivity experi-
ments designed to evaluate the response of lake water to
changes in freshwater input of up to 30% the modeled oxy-
gen isotopic composition of lake water never varied by
more than 49, (Benson and Paillet, 2002). Simulations of
lake water changes over the 20th century that included four
decadal-scale drought events also resulted in shifts that
were never greater than 49, (Benson and Paillet, 2002).
Using the equation for the global meteoric water line
(Craig, 1961) to convert from oxygen this translates to a
329, hydrogen isotope-equivalent response, which is of sim-
ilar magnitude to our assumed uncertainty. Another exam-
ple comes from Castor Lake, a small closed-basin system in
Washington State where isotope hydrology modeling exper-
iments as well as sediment core carbonate oxygen isotope
measurements have been completed (Nelson et al., 2011;
Steinman et al., 2012). In these studies modeled lake water
oxygen isotope changes in response to shifting mean tem-
perature, precipitation and humidity were never larger than
49, (Steinman et al., 2012), and a 6,000-year record of car-
bonate oxygen isotope values that should primarily reflect
lake water also never varied by more than 49, (Nelson
et al., 2011), or 329, 0Dy aer-equivalent. The approximate
estimated 0Dy response of these comparatively large
and small volume continental interior lakes with sensitive
hydrologic settings to changing conditions thus supports
our application of a similar range of variability for the
unconstrained changes in the lakes used in the present
study. Although it is possible that the true uncertainties
at our sites are asymmetric or smaller than the ranges that
we use, it is unlikely based on comparisons to the analogous
systems discussed above that they were much larger, so
these estimates represent the best approximation that can
be made given the information available.

High latitude sites as well as sites that are located far
from the ocean typically display greater isotopic variability
of precipitation than those from low latitudes or those lo-
cated close to the sea (Rozanski et al., 1992). In addition,
the coastal and tropical surface lake sediments that we used
in this study were collected with techniques that resulted in
limited recovery of material from sediments deeper than
Scm at the Cargill sites, and virtually zero recovery of

material from depths greater than 2 cm at the tropical Paci-
fic sites. These samples are therefore likely to reflect condi-
tions of the recent past and measured 6Dy, values.
Accordingly, we use reduced uncertainty envelopes of
4109, for the Cargill sites and +5%, for the tropical Pacific
sites.

4. RESULTS AND DISCUSSION
4.1. Salinity—08D,, . relationships

In marine environments salinity values are highly corre-
lated with 8D values of seawater (Craig and Gordon, 1965),
but for the continental saline lakes we sampled this rela-
tionship is inconsistent, and forms much of the motivation
behind our chosen sample set (Fig. 2 and Table 2). By tar-
geting sites that exhibit no relationship between salinity and
0Dyater Values, we are able to reduce the potential for alter-
native factors that might be correlated with 3Dy, values
to produce a non-causal correlation between o values and
salinity.

4.2. D/H fractionation and salinity

We calculated slope, intercept and R? values between o;_
pid-water Values and salinity using standard methods, but this
approach does not incorporate the large and non-uniform
uncertainties associated with the properties of the lake
water in this sample set. To address this, we also used a
Monte Carlo (MC) approach by generating 10,000 sets of
randomly selected salinity and 8Dy, values with distribu-
tions for each site that matched our historical estimates. We
report the calculated slope, intercept, R?, and P values, as
well as the Monte Carlo slope, intercept, and R? values
for comparison (Figs. 3 and 4). In cases where dinosterol
or brassicasterol from both sediments and suspended parti-
cles were analyzed, only the suspended particle value is
plotted and included in the regression of o values and
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Fig. 2. Salinity vs. 8Dy values from all sites. Salinity error bars
are based on historical changes in salinity at continental interior
sites, and probable variability at other locations (see text). Error
bars for 8D water values are estimated using seasonal variability as
well as isotope hydrology model results and paleoclimate data from
analogous systems as a guide (see text).
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Fig. 3. Salinity vs. 0lginosterol-water (Scatter plot). Error bars on each data point incorporate inferred historical changes in salinity and 0Dy, er
values in addition to the analytical uncertainty from the 8D ginosterol Measurement (see text). dginosterol-water €rror bars differ from the analytical
uncertainty reported in Table 2. All data with the exception of three fresh/brackish water outliers are used to calculate the bold regression line,
and 95% confidence (dark gray solid lines) and prediction bands (dark gray dotted lines). Data are also grouped by sub-region and plotted in
color, with regression lines that correspond to the symbol color (see legend). The linear fit for all dinosterol (excluding the outliers) was also
assessed using 10,000 iterations in a Monte Carlo (MC) approach in order to incorporate the large, asymmetric and sample-specific
uncertainty for many data points (light gray lines). Histograms of the slope and intercept values for each of the MC-regression lines are shown
at the right. The table at the bottom lists all slope, intercept, R, and P values calculated by standard methods for each regression line shown in
the scatter plot, or group of lines for the MC-calculated values. Uncertainty values for the slope, intercept, and R? values are standard error,
except for the MC uncertainty, which is the standard deviation of all calculated slopes and intercepts, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

salinity in order to avoid over-representing a single site
(both values listed in Table 2).

Dinosterol and brassicasterol o values are correlated
with salinity (Figs. 3 and 4; Table 2). Correlation coeffi-
cients are similar for both lipids (brassicasterol: N =13;
R*=0.73, P=0.0002; MC-R*=0.66) (dinosterol:
N =32; R*=0.66, P =<0.0001; MC: R>=0.58). We have
omitted the dinosterol samples from freshwater environ-
ments and one brackish site (Table 2 and references therein)
from the regression analysis of Oginosterol-water Values and
salinity in Fig. 3. The o values from these two freshwater
dinosterol samples, one from El Junco Lake in the Galapa-
gos and the other from Great Pond, MA (Sauer et al.,
2001), and the brackish Lake Diablo, Galapagos (S =7)
are consistent with the fractionations estimated at hypersa-
line sites (Fig. 3). That so much variability is observed
among fresh and low salinity environments indicates that
other factors are important in determining the magnitude
of D/H fractionation in these locations. These non-salinity
driven isotope effects are apparently not common to all
brackish sites since the dinosterol o value, from Clipperton
Lagoon (S = 5) plots in accordance with the o—salinity rela-
tionship defined by higher salinity environments.

In addition to the presence of outliers in the o—salinity
relationship, Oginosterol-water Values also show more scatter
around the regression line than brassicasterol (Figs. 3 and

4). Given the relatively large amount of scatter for both
compounds we compared the relationship between o values
and salinity for subsets of the data in order to assess the ex-
tent to which any relationship might be driven by a low
number of samples. This issue is potentially most concern-
ing for dinosterol with fewer samples that approach the
salinity of the Great Salt Lake (S =117 ppt) as compared
to brassicasterol (Figs. 3 and 4; Table 2).

Dinosterol data from tropical (N =7) and continental
(N =9) subsets have o-salinity slopes of 0.0008 and
0.0010, respectively (approximately 0.8%, and 19, per unit
change in salinity). These are closer to the published value
for the Chesapeake Bay subset (N =16, slope = 0.0010,
Fig. 3) (Sachs and Schwab, 2011). Correlations are similar
to the whole data set for the tropical (R? = 0.56) and Ches-
apeake Bay subsets (R> = 0.57), and higher for the conti-
nental subset (R> = 0.90). The fact that subset slopes are
all greater than the slope from the whole data set implies
that despite a strong global salinity effect, region-specific
calibrations might be more appropriate for paleoclimate
application, and that the sensitivity of o values to salinity
might be higher than suggested by the whole data set regres-
sion. In either case, the fact that similar relationships are
observed between o and salinity for dinosterol in each sub-
set argues against the whole data set regression being driven
by only a few high salinity samples.
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Although fewer total measurements exist for brassicas-
terol, the regression lines for the tropical (N =4;
slope = 0.0008, intercept = 0.725) and continental (N =09;
slope = 0.0007, intercept 0.739) subsets are more similar
to each other than are the dinosterol tropical (N =7,
slope = 0.0008, intercept = 0.694) and continental (N =09;
slope = 0.0010, intercept = 0.665) subsets (Figs. 3 and 4).
While this might suggest greater consistency for this com-
pound, more samples are probably required before this con-
clusion can be made. Explanations for the differences
between subsets remain speculative, but for dinosterol at
least, these could be related to differences between produc-
ers at continental sites from those in more marine-like loca-
tions. This possibility is supported by the observation that
the Chesapeake Bay and tropical Pacific dinosterol data
group more closely on the a-salinity plot as compared to
the values from continental sites (Fig. 3). Regardless of
these complexities, it is clear at this time that the o—salinity
relationships for dinosterol and brassicasterol are not being
driven by a few samples or the differences between subsets,
but do in fact represent a real environmental signal.

4.3. Potential non-salinity influences on D/H fractionation

The deviation from the o—salinity relationship at some
low salinity sites for dinosterol indicates either that alter-
nate factors become dominant in controlling o values at
low salinity, or that the magnitude of D/H fractionation

during dinosterol synthesis differs between halotolerant spe-
cies of dinoflagellates and some species with limited or no
halotolerance. A similar breakdown of the o—salinity rela-
tionship is not observed for brassicasterol from brackish
environments (Fig. 4). While it remains possible that a sim-
ilar non-salinity driven isotope effect occurs in freshwater
environments for brassicasterol and that it was simply
missed in the smaller sample set, the o assicasterol-water Value
from Lake Diablo provides evidence against this explana-
tion. The Oginosterol-water Value from this brackish site
(S=7) is one of the low-salinity outliers in the oginosterol-
water—salinity relationship (Fig. 3). Whatever factors were
responsible for driving the anomalous value from this site
therefore did not affect the brassicasterol o value. Were this
Oldinosterol-water Value to reflect variability in other environ-
mental factors like nutrient limitation, growth rate changes
or temperature, the brassicasterol-producing diatoms and
the dinosterol-producing dinoflagellates might be expected
to respond similarly. We consider it more likely that differ-
ent species of dinosterol producers are found in some low
salinity settings and that these organisms fractionate hydro-
gen isotopes differently than more halotolerant producers.
Indeed, different species of cultured green microalgae can
have 6D values of the same lipid that differ by ~1009,
(Zhang and Sachs, 2007) so similar species effects might
also exist for dinoflagellates. Additional field measurements
of brassicasterol and dinosterol at lowered salinity ranges
combined with species assemblage work will help to define
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Fig. 4. Salinity vs. oprassicasterol-water (Scatter plot). Error bars on each data point incorporate inferred historical changes in salinity and 6Dy er
values in addition to the analytical uncertainty from the 8Dy assicasterol Measurement (see text). olprassicasterol-water €rTor bars differ from the
analytical uncertainty reported in Table 2. All data with the exception of three fresh/brackish water outliers are used to calculate the bold
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and plotted in color, with regression lines that correspond to the symbol color (see legend). The linear fit for all brassicasterol (excluding the
outliers) was also assessed using 10,000 iterations in a Monte Carlo (MC) approach in order to incorporate the large, asymmetric and sample-
specific uncertainty for many data points (light gray lines). Histograms of the slope and intercept values for each of the MC-regression lines
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standard error, except for the MC uncertainty, which is the standard deviation of all calculated slopes and intercepts, respectively. (For
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the variability of low salinity o values at the whole ecosys-
tem export scale.

Another possible cause of the deviation of low-salinity
Odinosterol-water Values from those predicted by the dginoster-
ol-water—salinity relationship observed in sites with more ele-
vated salinity is the potential for heterotrophic
dinoflagellates to be more important dinosterol producers
in these environments. In some settings dinosterol from het-
erotrophic dinoflagellates may be a significant contribution
to sediments (Amo et al., 2010). The degree to which 6D
values from heterotrophic organisms reflect any possible
climate signal has not been tested as extensively as for lipids
from photoautotrophs, but in one case 6D values of tetra-
hymanol, a specific biomarker for heterotrophic bacterivor-
ous ciliates, showed no relationship with climate variability
over the past 65 years (Romero-Viana et al., 2013). How-
ever, previous applications of dinosterol D values in envi-
ronmental and paleoclimate applications have been
successful (Sachs et al., 2009; Sachs and Schwab, 2011;
Smittenberg et al., 2011). These facts require that either
the majority of dinosterol measured in these studies was
produced by photoautotrophic dinoflagellates, or that
dinosterol 3D values from heterotrophic dinoflagellates in
these locations are sensitive to environmental variability de-
spite the possible complexities associated with mixed hydro-
gen sources. Discerning between these two possibilities
would be possible with laboratory culture experiments with
a variety of heterotrophic and autotrophic dinoflagellates,
and species assemblage surveys at these two field sites.

4.4. Comparison of o vs. salinity slopes across diverse
environments

The range of o-salinity slopes for the dinosterol and
brassicasterol data sets of approximately 0.0007-0.0010
per unit change in salinity, or approximately 0.7-19,
(Figs. 3 and 4) (Sachs and Schwab, 2011) are similar to
those found for a variety of cyanobacterial and algal lipids
from hypersaline ponds on Christmas Island (Sachse and
Sachs, 2008) (Fig. 5). Although the slopes of the relation-
ships from the Chesapeake Bay (Sachs and Schwab, 2011)
and Christmas Island (Sachse and Sachs, 2008) are slightly
different in some cases from the results identified in the cur-
rent study, some of this may be due to the scatter in our
data owing to the uncertainty in salinity and ODygter
changes over the time, as well as the inherent variability
in all field data due to factors such as variable growth rates,
species assemblages, and temperatures. We also note that
the Chesapeake Bay study referenced the measured dinos-
terol 6D values to the VSMOW scale using co-injection
standards within the Isodat software package. By definition
this is only a one-point calibration (Ricci et al., 1994), and
therefore fails to take into account the possibility of any
scale stretching or compression, which can produce
systematic biases in measured 8D values (Coplan, 1988;
Meier-Augenstein et al., 2013). Conversely, our data were
post-processed to ensure no scale stretch or compression
was present that could result in slight biasing the slope
and intercept of an o—salinity regression. These minor dif-
ferences in referencing strategies may therefore account

for some component of the apparent disagreement between
the different data sets.

In contrast to the general consistency among the o—
salinity slopes for dinosterol and brassicasterol with Christ-
mas Island lipids is the lack of any discernible dependence
of D/H fractionation in alkenones on salinity from sites
in the present study where these compounds were found
(Nelson and Sachs, 2014) as well as from the Chesapeake
Bay (Schwab and Sachs, 2011). These results are also in
contrast to results from batch culture experiments using
marine haptophytes, which implied a much steeper relation-
ship for alkenones of approximately 0.003 o units per unit
change in salinity (Schouten et al., 2006), although this
slope may have been amplified due to a growth rate effect
(c.f. Zhang et al., 2009). Previous interpretations of the
alkenone o—salinity calibrations postulated that the discrep-
ancy between the batch culture and field experiments was
related to the difference between marine and coastal/lacus-
trine producers (Schwab and Sachs, 2011; Nelson and
Sachs, 2014). That dinosterol and brassicasterol o values
from diverse field settings do show a relationship with salin-
ity further substantiates this conclusion, and highlights the
possibility of unique halotolerance mechanisms for lacus-
trine alkenone producers. These observations warrant a
more targeted study with culture experiments of lacustrine
alkenone producers.

5. CONCLUSION

We have evaluated the extent to which salinity is a dom-
inant control on the magnitude of D/H fractionation in al-
gal lipids through measurements of dinosterol and
brassicasterol olipid-water Values over a diverse range of lake
and lagoon systems. Our results demonstrate that D/H
fractionation decreases as salinity increases for dinosterol
and brassicasterol in virtually all locations, consistent with
patterns identified previously from algal lipids grown in
batch culture (Schouten et al., 2006), and from single-loca-
tion field studies in the Chesapeake Bay (Sachs and
Schwab, 2011) and hypersaline ponds on Christmas Island
(Sachse and Sachs, 2008). For reasons we do not yet under-
stand, fractionation factors in the limited number of fresh-
water systems we investigated are not consistent with the
zero salinity intercept value predicted by the saline systems
However, since the same lipid produced by different species
of green microalgae cultured in the same media can have
dD values that differ by 1009, (Zhang and Sachs, 2007) this
is perhaps not surprising.

The agreement between our global-scale results and pre-
viously published algal lipid o—salinity relationships signif-
icantly strengthens the case for salinity as the dominant
factor responsible for modulating D/H fractionation in bio-
synthesis of many algal lipids in saline and hypersaline envi-
ronments. Although other factors are certainly relevant and
are a likely explanation for why we do not observe R? val-
ues greater than 0.6-0.9 for linear regressions of ipid-water
on salinity, our results offer strong support for interpreta-
tion of algal lipid 8D values as a function of both changing
salinity and water 6D values with a magnitude of 0.7-19,
per unit change in salinity. The apparent consistency of this
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Fig. 5. Comparison of tjipig-water V8. salinity data for dinosterol and
brassicasterol with data from hypersaline ponds on Christmas
Island (Sachse and Sachs, 2008). Note the color change for
brassicasterol from Fig. 4. Non-Monte Carlo regression lines for
dinosterol and brassicasterol are repeated from the whole data set
from Figs. 3 and 4. Christmas Island regressions statistics are not
shown here (see Sachse and Sachs, 2008). (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)

relationship across diverse environments supports the
application of dinosterol or brassicasterol measurements
from sediment cores as a powerful new tool for reconstruct-
ing paleosalinity in lakes. This application may also be en-
hanced to produce quantitative reconstructions of lake
water 0D values and salinity when dinosterol or brassicas-
terol 8D values are combined with additional isotopic
proxy data such as 8D values from a second biomarker,
or the oxygen isotopic composition of lacustrine carbonate.

Monte Carlo regression analyses (Figs. 3 and 4) demon-
strate that the maximum possible o-salinity relationship
that can be supported by the brassicasterol and dinosterol
data is no more than 0.0012 per unit change in salinity.
These results are consistent with results from cyanobacte-
rial and algal lipids from Christmas Island and the Chesa-
peake Bay, which showed fractionation factors as a
function of salinity in the range of 0.0007-0.0011 (Sachse
and Sachs, 2008; Sachs and Schwab, 2011). These all dem-
onstrate a much lower sensitivity of D/H fractionation to
salinity than the 0.003 per unit change in salinity reported
for alkenones from coccolithophorid batch culture experi-
ments (Schouten et al., 2006). Given the relative importance

of alkenones for paleoclimate applications it would be valu-
able to assess this o-salinity sensitivity using chemostat-
type experiments, which would allow for growth rates to
be maintained at constant levels.

Without targeted mechanistic studies under controlled
laboratory conditions we can offer no additional insight
on the underlying mechanism to cause the observed salinity
modulation of D/H fractionation beyond those discussed in
previous calibration studies of dinosterol (e.g. Sachs and
Schwab, 2011). While such laboratory experiments would
be informative for improved understanding of lipid biosyn-
thesis processes and species distributions, they might only
be justified from the perspective of paleoclimate proxy
development after the sensitivity of dinosterol to environ-
mental variability has been evaluated over a larger range
of environments, which has been a primary outcome of
our study. Our results contribute to a more complete char-
acterization of the degree and magnitude to which environ-
mental factors act to influence the magnitude of D/H
fractionation in algal lipid synthesis. Continued advance-
ment of this research area will enable more confident and
quantitative applications of lipid 8D values to reconstruct
past climate variability.
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