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ABSTRACT

Long chain alkenones (LCAs) are potential biomarkers for quantitative
paleotemperature reconstructions from lacustrine environments. However,
progress in this area has been severely hindered by the lack of culture studies
of haptophytes responsible for alkenone distributions in lake sediments: the
predominance of Cs7.4 LCA. Here we report the first enrichment culturing of a
novel haptophyte phylotype (Hap-A) from Lake George, ND that produces
predominantly Cs7.4-LCA. Hap-A was enriched from its resting phase
collected from deep sediments rather than from water column samples. In
contrast, enrichments from near surface water yielded a different haptophyte
phylotype (Hap-B), closely related to Chrysotila lamellosa and
Pseudoisochrysis paradoxa, which does not display Cs7.4-LCA predominance
(similar enrichments have been reported previously). The LCA profile in
sediments resembles that of Hap-A enrichments, suggesting that Hap-A is
the dominant alkenone producer of the sedimentary LCAs. In enrichments,
excess lighting appeared to be crucial for triggering blooms of Hap-A. Both
UL andUL indices show a linear relationship with temperature for Hap-A in
enrichments, but the relationship appears to be dependent on the growth
stage. Based on 18S rRNA gene analyses, several lakes from the Northern
Great Plains, as well as Pyramid Lake, NV and Tso Ur, Tibetan Plateau,

China contain the same two haptophyte phylotypes. The Great Plains lakes
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show the Hap-A-type LCA distribution, whereas Pyramid and Tso Ur show
the Hap-B type distribution. Waters of the Great Plain lakes are dominated
by sulfate, whereas those Pyramid and Tso Ur are dominated by carbonate,
suggesting that the sulfate to carbonate ratio may be a determining factor for

the competitiveness of the Hap-A and Hap-B phylotypes in natural settings.
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1. INTRODUCTION

Sedimentary long-chain alkenones (LCAs) produced by haptophyte algae
have been widely and successfully used for sea surface temperature
reconstructions for decades (Brassell et al., 1986; Prahl and Wakeham, 1987).
Recent studies revealed that LCAs are also very common in lakes, especially
saline lakes, worldwide (Cranwell, 1985; Zink et al., 2001; Chu et al., 2005;
D’Andrea and Huang, 2005; Pearson et al., 2008; Toney et al., 2010; Theroux
et al., 2010). However, the use of lacustrine LCAs as a paleotemperature
proxy is less straightforward than for ocean systems because different species
of haptophytes may reside in different lakes and may require different
temperature calibrations (Coolen et al., 2004; D’Andrea and Huang, 2005;
Theroux et al., 2010). Extensive sampling of the water column at different
depths and seasons from the study lakes offers one viable solution to the
calibration problem (Toney et al., 2010). However, the ultimate solution to
understanding the response of lacustrine haptophyte algae to environmental
parameters (e.g., temperature) is to culture the organism in question, as has
been extensively carried out for ocean haptophytes, Emiliania huxleyi and

Gephyrocapsa oceanica (e.g., Volkman et al., 1980; Volkman et al., 1995).

One distinctive feature of LCA distributions in lake sediments is the
exceptionally high abundance of tetra-unsaturated Cs7 alkenone (Cs7.4) in

many lakes (Cranwell, 1985; Volkman et al, 1988; Thiel et al., 1997; Wang
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and Zheng, 1998; Zink et al., 2001; Sun et al., 2007; Chu et al., 2005;
D’Andrea and Huang, 2005; Toney et al., 2010). However, to date, no
laboratory has been able to capture and culture the lacustrine alkenone-
synthesizers that produce such LCA signature profiles. Reported enrichments
from lakes have found species closely related to Chrysotila lamellosa (e.g, Sun
et al., 2007), which do not produce predominantly Cs7.4« LCA (Sun et al., 2007,
Rontani et al., 2004). A recent environmental molecular survey of lake
surface sediments (Theroux et al., 2010) further highlights the problem:
multiple species of haptophyte algae are present in lakes worldwide and
Chrysotila lamellosa represents only one type of haptophyte. Many lakes
show overlapping distributions of species, which are not necessarily defined
by biogeography. Although different haptophyte DNA phylotypes do not
necessarily denote different temperature sensitivities, the results point to a
major gap in our understanding of lacustrine haptophyte species. The
mismatch between the cultured lacustrine haptophytes and the sedimentary
LCA signatures, and the lack of cultures for lake species that produce the
Cs7.4-dominant profile, represent major barriers to the application of alkenone

proxy for paleotemperature reconstructions in lake sediments.

We present in this paper the first successful enrichment of a lacustrine
haptophyte, referred to as Hap-A, that produces predominantly Cs7:4

alkenone from Lake George, ND. We used unusual conditions to maintain
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this organism, which may account for previous unsuccessful attempts to
establish cultures. In addition to Hap-A, we also maintain enrichments of
Hap-B that are closely related to Chrysotila lamellosa. We used 18S rRNA
gene analyses to determine the phylogenetic placement of our Lake George
haptophyte species and Fluorescence In Situ Hybridization (FISH)
experiments to visualize haptophytes in our enrichments. We discuss the
implications of these findings with respect to modern LCA production and

application to paleotemperature reconstructions.

2. METHODS

2.1. Field and sampling methods

Water and sediment samples were collected from Lake George, North Dakota
(46.74°N, 99.49°W) in June of 2009 with a Van Dorn water sampler and an
Ekman grab sampler. Two 1-liter water samples were collected at 5-m, 6-m
and 10-m depths, while sediment samples were collected from the near-shore,
oxic environment at 5-m depth and from the deep basin of the lake at 44-m
depth (See Table 1). One 1-L water sample from each depth was filtered
using a vacuum filtration unit with combusted (550°C) GF/F 0.7um, 47 mm
glass filters. Additional water was collected in June of 2010 for the second set
of experiments. Twelve liters were collected from the surface water and
filtered with a 0.2pum Micropore (Pall Corporation, Michigan) filter to use as

stock water and 1-L was collected at 5-m depth, unfiltered.
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2.2. Enrichment Methods

2.2.1. Experiment 1: producing LCAs in enrichments

Six enrichments (A, B, C, D, E, and F) were started on June 9, 2009 in 2-L
Erlenmeyer culture flasks in a growth chamber at 20°C during light and 18°C
during dark, 68% humidity, and a 12-hr:12-hr, light:dark cycle using
different initial starting materials (details in Table 1). These growth chamber
conditions were maintained until February 15, 2010. After this date, light
Intensity was increased so that the surface of the enrichment water received
200umol m2 s-1 (previous light settings were ~100umol m2 s-1). Enrichments
A, B, and D were started from 1-L unfiltered lake water with added f/2
nutrient medium (NaH2PO4 — 1ml/1-L, vitamin — 0.5ml/1-L, trace metal —
1ml/1-L, NaNOs 1ml/1-L; to prevent diatom blooms Si was not added)
(MKF220L-CCMP) (Guillard, 1975), while enrichment C and E were started
from 30-cc of sediment in 1-L of lake water filtered at 0.7um and inoculated
into f/2 nutrient medium. For enrichment F, 50-ml of unfiltered lake water
was added to seawater from Boothbay Harbor, Maine that was brought down
to Lake George salinity 9.7 g L.-3 with distilled water and inoculated with f/2
nutrient medium. 15-ml subsamples were collected from the enrichments on
June 24, July 15, August 15, and November 15 of 2009 and on April 18, 2010.
Growth chamber temperature was increased to 25°C on April 19, 2010 and

enrichments were subsampled again on May 2, 2010.
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2.2.2. Experiment 2: testing temperature dependence of LCAs in enrichments
To test the effect of growth temperature (4°C, 10°C, and 20°C) on the
alkenone unsaturation index, twelve liters (12 L) of Lake George water were
filtered through a 0.2um Millipore (Pall Corporation, Michigan) filter into an
autoclaved storage container. One hundred milliliters was sent to the
Colorado Plateau Stable Isotope Laboratory for analysis of major anion and
cation water chemistry. Three control enrichments were set up in 2-L
Erlenmeyer flasks that contained 1-L filtered (0.2 pm) lake water plus {/2
medium. Three, unfiltered water and three, deep-sediment enrichments were
set up by adding 50-ml of unfiltered lake water or 30-cc of deep sediment to 1
L of 0.2 pm-filtered Lake George water and f/2 medium. Culture flasks were
placed in three separate growth chambers (4°C, 10°C, and 20°C with 12hr
light:dark cycle, light intensity of at the top of the enrichment water surface
was 200umol m-2 s-1) so that each chamber had a control, unfiltered, and deep
sediment treatment. Enrichments were started on June 28, 2010. Every ~15-
days (July 13, July 27, August 10, August 25) a 10-ml subsample of water
was collected in a 15-ml centrifuge tube to test for alkenones with care taken
not to disturb any sediment at the bottom of the culture flask. On August 25,
samples of the agitated water and sediment were collected to analyze both
the living and sedimentary organics. Centrifuge tubes were stored in a

freezer, freeze-dried and then run for organic analysis (see Section 2.4).
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2.3. 18S rRNA Gene Analyses

2.3.1. DNA extraction

Subsamples were collected for DNA analyses from enrichments A-F in April,
2010. Fifteen milliliters of sample were filtered onto a 0.2um Sterivex
(Millipore, Billerica, MA) filter, flooded with lysis buffer (Qiagen, City, State),
and kept frozen at -20°C until processing. Samples were extracted using the
Gentra Puregene Tissue Kit (Qiagen, Valencia, CA 158667) according to the
manufacturer’s instructions. Total extracted genomic DNA was quantified

using a NanoDrop nucleic acid spectrophotometer (Thermo Scientific,

Wilmington, DE).

2.3.2. DNA amplification and sequencing

Genomic DNA was amplified using haptophyte specific primers (Simon et al.,
2000; Coolen et al., 2004) targeting 18S rRNA coding regions. Forward and
reverse primers correspond to Escherichia coli 16S rRNA positions 429 and
887, respectively. Polymerase chain reactions (PCRs) were performed on an
Eppendorf Gradient Thermocycler (Eppendorf, Hamburg, Germany) with the
following conditions after D'Andrea et al., (2006): 4 min initial denaturing at
96 °C, 35 cycles of denaturing for 30 s at 94 °C, followed by 40 s primer

annealing at 55 °C and primer extension 40 s at 72 °C, with a final extension
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of 10 min at 72 °C. PCR products were purified using the Purelink PCR
purification kit (Invitrogen, Carlsbad, CA). Cloning was performed using the
Invitrogen TOP10 cloning kit with electro- competent cells. The protocol
followed the manufacturer's instructions. Ten clones were picked for each
sample. Plasmid DNA was isolated using a RevPrep Orbit robotic template
preparation instrument (Genomic Solutions, Ann Arbor, MI), and prepared
templates were sequenced on an ABI 3730XL (Applied Biosystems, Foster
City, CA) capillary sequencer using the BigDye protocol with universal M13
forward and reverse primers according to the manufacturer's instructions. All
sequencing was performed at the Marine Biological Laboratory W. M. Keck

Ecological and Evolutionary Genetics Facility.

2.3.3. Bioinformatics and phylogenetic reconstructions

A bioinformatics pipeline using the programs phred, cross-match, and phrap,
translated chromatograms into base-calls and associated quality scores,
removed vector sequences and assembled forward and reverse reads into full-
length sequences for each of the cloned PCR amplicons (Ewing and Green,
1998; Ewing et al., 1998). Only sequences greater than 400 bp and with a
complete forward and reverse primer were retained. Base-calls were verified
and sequences were manually edited with the program Consed (Gordon et al.,
1998) for chromatogram viewing. Assembled sequences were aligned using

the ARB software program v. 07.07.11 (Ludwig et al., 2004) against the

10
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October 2008 Silva 96 Ref database (Pruesse et al., 2007) using the
FastAligner option followed by manual adjustment. Sequences were aligned

with reference haptophyte sequences and subjected to a Bayesian analysis

after Theroux et al., (2010).

2.3.4. Fluorescence In Situ Hybridization

Subsamples (5-ml) were collected from each enrichment during week 4 of the
temperature experiments. Cells were probed using a haptophyte-specific
oligonucleotide probe PRYMO02 (Simon et al., 2000) modified with an
Alexa488 fluorophore (Invitrogen, City, State). Cells were concentrated via
centrifugation and preserved in 80% ethanol for three days at -20°C to

remove as much autofluorescence as possible. Cells were vortexed in

hybridization buffer (18ul 5M NaCl, 2 ul 1M Tris-HCL pH 7.4, 1 ul 1% SDS,
20ul 100% formamide, 1 ul Probe (0.2 nmol/ul), 58 ul distilled H20) and
incubated at 46°C for 2-hours. Cells were centrifuged and resuspended in

wash buffer (4.3ul 5M NaCl, 2ul 1M Tris, 1ul 1% SDS, 92.7ul distilled H20)

and incubated at 48°C for 15 min. Cells were centrifuged and resuspended in
wash buffer, mounted onto an agar coated slide, and dried at room
temperature for 1-hr. Slide was mounted with Citiflor:Vectashield (4:1 v/v)
(London) to preserve probe fluorescence. Slides were viewed and

photographed on a Zeiss Axioskop 2 MOT.

11



217  2.4. Lipid analysis

218 Freeze-dried water and sediment samples were homogenized and extracted
219  with dichloromethane (DCM):methanol (MeOH) (9:1, v/v) using an

220  Accelerated Solvent Extractor ASE200 (Dionex). Fifty microliters of Cseg n-
221 alkane standard (72.43 pg ml-!) were added, and the total lipid extracts

222 (TLEs) were run on a GC-FID for detection and quantification of alkenones
223  using the internal standard. An Agilent DB-1 GC column (60 m X 320 um X
224  0.10 mm) was used with the following temperature program: an initial

225 temperature of 40°C (hold 1-min), ramp 30°C min-! to 290°C (hold 1-min),
226  ramp 5°C min-! to 300°C (hold 0-min) then 2°C min-! to 325°C, GC

227  temperature program (hold 10-min) (Toney et al., 2010). The same

228 temperature program was used on the GC-MS, and samples were run to
229  confirm the identity of the alkenones using the known ion chromatograms
230 and by comparison of mass spectral data with published data and GC

231 retention times (de Leeuw et al., 1980, Marlowe et al., 1984). The final GC
232  program described here is the result of testing many permutations of GC
233  parameters, including the switch from helium as the carrier gas to hydrogen.
234  As such we are able to resolve LCAs with >4ug per sample (i.e. grams of dry
235 sediment or liter of water). Alkenone standards of known temperature

236  calibration were run on the GC-MS to ensure analytical precision (<0.1°C).
237

238 3. RESULTS

12
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3.1. Long-chain alkenone distribution and temperature dependence
3.1.1. Experiment 1: confirming LCA production in enrichments

Of the six enrichments (A, B, C, D, E, and F), none produced LCAs based on
organic analysis of the 15-ml subsamples collected on June 24, July 15,
August 15, and November 15 of 2009 (Table 1). However, LCAs were present
in relatively high concentrations (ranging from 10.4 to 1191 pg L-1) in all
enrichments, except enrichment F, in subsamples that were collected on April
18, 2010. Notably, the alkenone distributions for enrichments A-D were very
similar with Cs7.s dominance (76+2%) over other Cs7; LCAs and Css:3 both
ethyl and methyl forms dominant over other Css LCAs. Whereas, in
enrichment E, Cs7.4 was dominant (54%) and Css:3, the ethyl homologue,
dominated the Css LCAs (Figure 1; Table 1). The temperature was inferred
from the LCA unsaturation index (U;;) calibration using a linear regression
model (T = 48.4982 x U+ 42.1494) that was specifically developed using an
in situ relationship derived for the LCAs of Lake George (Toney et al., 2010).
Using this relationship, inferred temperatures from the U/}, for enrichments
A-D produce temperatures much higher (38+1.6°C) than the diurnal growth
temperature range of 18°C to 20°C. Inferred temperature from enrichment E
produces a temperature of 18.9°C, which is within the range of the diurnal
temperature cycle of the growth chamber. None of the enrichments produced

LCAs following the increase in temperature to 25°C.

13



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

3.1.2. Experiment 2: testing temperature dependence of LCAs in enrichments
New experiments were designed to determine if production of LCAs could be
replicated using the same enrichment techniques as above and to test the
temperature dependence of the LCAs. The control treatment at 20°C
produced no LCAs throughout the sampling period, however, the controls at
4°C and 10°C both produced LCAs with distributions similar to enrichments
A-D on July 13, July 27 and August 10 (Table 3). On August 25, only the
control at 4°C contained LCAs. Flasks that were started with unfiltered lake
water collected at 5-m depth (herein unfiltered enrichments) also did not
produce LCAs at 20°C, while the 4°C unfiltered enrichment produced LCAs
in similar distributions as enrichments A-D on July 27, and the 10°C
unfiltered enrichment produced similar LCAs on July 27 and August 10 with
barely detectable amounts on August 25. The enrichment started from the
deep sediment (herein deep enrichments) produced LCAs on all collection
days with distributions similar to enrichment E at all temperatures until
August 25, when only the 10°C enrichment produced LCAs. On August 25,
agitated water/sediment samples were collected from the deep enrichment.
Only deep enrichments at 4°C and 10°C contained LCAs. The major anion

and cation concentrations of the enrichment water are presented in Table 2.

3.2. 18S rRNA gene analyses

14
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From enrichments A-E, the control, unfiltered, deep-sediment enrichments
and isolated subsamples of enrichment C (246, 478, 481, 484), we 1dentified
two Operational Taxonomic Units (OTUs). Each enrichment had only one of
the two OTUs. The OTU associated with enrichments started from the water
column and shallow sediments 1s referred to as Hap-B, whereas the OTU

associated with enrichments started from deep sediments are referred to as

Hap-A.

We constructed a phylogenic tree using a representative sequence from each
OTU with previously published haptophyte 18S rRNA genes (Figure 2). The
tree topology is similar to that published by Theroux et al., (2010) with the
new Lake George, ND OTUs branching with OTU7 and OTUS8, which were
previously reported from the surface sediments of Lake George and other

U.S. and Chinese lakes.

4. DISCUSSION

In this paper we present the results of two separate enrichment experiments.
The first experiment consisted of starting enrichments from different parts of
the lake system (e.g. water column, sediment) in an attempt to produce LCAs
under controlled conditions (Section 4.1.). The second experiment used the

information gained from the initial enrichments to test the temperature

15



304 dependency of LCAs (Section 4.2.). We combined these techniques with 18S
305 rRNA gene sequencing (Section 4.3.) to confirm the identity of the haptophyte
306 species present in the enrichments. We also used FISH (Section 4.4.) to

307 wvisualize haptophytes in the enrichments.

308

309 4.1. Long-chain alkenone production in enrichments

310 4.1.1. The role of water chemistry on LCA production in enrichments

311  Our enrichment data show that water chemistry strongly affects the

312  production of LCAs. LCAs were present in relatively high concentrations in
313 enrichments A-E that were grown in native Lake George water. However,
314 LCAs were not produced in enrichment F, which was initiated by adding 50
315 mL of Lake George water to f/2 medium prepared with a seawater base that
316 was adjusted to Lake George salinity. The base water is the only variable in
317 the culture medium used to establish enrichments A and F, which suggests
318 the lake water chemistry is important for LCA production. The major ion
319 chemistry is significantly different for seawater and Lake George (Table 2).
320 The cation chemistry is similar for the seawater and Lake George. Both are
321 dominated by Na*, but in seawater it is ~28-times more abundant than Mg2*,
322 Ca?*, and K*. For Lake George, Na* is 8-times more than Mg2?*, 12-times more
323 than K*, and 260-times more than Ca2*. The anion chemistry is completely
324  different, with the dominant anion in seawater, Cl-, and the dominant anion

325 in Lake George, SO42-. We diluted the seawater so that the salinity was

16
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equivalent (Mg2* and Na*), thus it is the anion chemistry that may control
the presence and production of LCAs, although Ca2* may also be important.
The anion chemistry supports previous findings from the Northern Great
Plains, where the absolute concentration of major anions did not appear to
affect the LCA distribution, but the Cs7.4-producing haptophytes were only
found in lakes with sulfate-to-carbonate ratios (SCR) greater than one (Toney
et al., 2010). Here the diluted seawater has a SCR of 0.14, whereas, the Lake

George water SCR is 21 (Table 2).

4.1.2. Light as an important trigger LCA production in Hap-A enrichments
Enrichments did not produce LCAs until nearly a year following their start
date with light intensity held constantly at ~100 umol m2 s-1. The field water
used to start these enrichments was collected at end of bloom season and
suggests that we captured the resting phase of the haptophyte that does not
produce LCAs. Although nutrients and trace metals were ample in the
enrichments beginning in June of 2009, the haptophytes were not triggered
into an active, LCA-producing phase until sometime between November 2009
and April of 2010. The only changes that occurred in this window of time
were the passing of time and the intensification of light. It is possible that the
resting phase of the haptophytes is time sensitive and that overwintering
occurs for a certain length of time each year. However, our enrichment

methods did revive haptophytes from the deep sediments, regardless of the
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time of year in subsequent experiments (see Section 4.2.), which suggests
time is not likely the trigger. Alternatively, the intensification of light from
~100 pmol m-2 s'! to 200 pmol m2 s'1 in February of 2010, may have triggered
the haptophytes into an active stage that produces LCAs. This supports the
hypothesis by Toney et al., (2010) that increased light penetration following
ice-off in the spring causes the haptophytes to rise from the bottom of Lake

George and produce LCAs during the haptophyte bloom.

4.1.3. Enrichment starting materials on LCA distributions

Based on lipid signatures and 18S rRNA gene sequencing, we enriched for
what appear to be two distinct phylotypes of haptophyte algae, Hap-A and
Hap-B. Among the five, LCA-producing enrichments, enrichments A through
D (Hap-B) produce LCAs with the same distribution, while enrichment E
(Hap-A) produces LCAs with a different distribution (Figure 1). 18S rRNA
gene analysis confirms that the haptophyte present in enrichment E (Hap-A)
1s genetically distinct from the haptophyte present in enrichments A-D (Hap-
B) (See Section 4.3. and Figure 2). The DNA sequencing results from each
enrichment yielded only one haptophyte phylotype each, and suggest that
Hap-A and Hap-B do not coexist in the enrichments. The distribution of LCAs
in enrichment E is most similar to the sedimentary alkenone profile (Figure
1) and the water column LCAs during in situ sampling of the 2008 and 2009

spring blooms (Toney et al., 2010). The concentration of LCAs produced by

18
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haptophytes in enrichments A through D ranged from ~10 to 150 pg L-t,
while the concentration of LCAs was an order of magnitude higher in
enrichment E (~1200 pg L-1)(Table 1). The similar profiles of LCA
distributions suggests that the LCAs produced by Hap-A are the dominant
contributor to the sedimentary LCAs, which may be due primarily to the vast
production rates or competitive exclusion of Hap-B. However, it is also
possible that predation may also be important in delivering alkenones to the
sediment via fecal pellets. Not enough is known about the community ecology
during the bloom or the form of delivery to sediments to speculate further at

this time.

The organism producing the Hap-A phylotype and the predominant Cs7.4 LCA
distribution, appears to have different initial enrichment condition
requirements than Hap-B. These differences suggest a possible different
ecological strategy for the two haptophytes within the lake. The Hap-A
phylotype is found in the deep surface sediments (~47 m), while Hap-B
appears to be enriched from various parts of the lake water column and
shallow sediments. It is possible that Hap-A needs a substrate in its resting
phase, but if this were the only requirement, then we should also find Hap-A
in the enrichments started from the shallow sediments. Instead, the deep

sediments may provide refuge from predation over the winter for Hap-A.
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These enrichment data provide new insights into the previous in situ
sampling and temperature calibration from Lake George. Two statistical
outliers occur in the Toney et al., (2010) calibration. Upon reanalysis, these
outliers’ chromatograms resemble the distributions from Hap-B with the
presence of the Css:s methyl ketone. These data points were collected in the
water column at the surface and at 5 m, when we hypothesize the bloom of
Hap-A had already moved down to 10-m depth. This suggests that Hap-B is
adapted to thrive following the Hap-A bloom when lower nutrient conditions
prevail. These Hap-B characteristic LCAs were present only in very low
concentrations (< 27 pug L-1) and resulted in inferred-temperatures that were
too high for the Hap-A-based calibration. As a result, this led us to believe
that lacustrine environments are subject to similar issues as marine
environments, where low concentrations of alkenones produce high inferred-
temperature, which 1s often attributed to instrumental bias when
concentrations of LCAs are at or below the detection limit (see Rosell-Melé et
al., 1995 and Rosell-Melé et al., 2001). At Lake George, however, low
concentrations and high-inferred temperatures are the result of a different

LCA-producing haptophyte species.

The requirement of different starting materials and enrichment conditions

suggest that the sedimentary resting phase, potential cyst production, is

important for phylotype Hap-A’s adaptive strategy. Although little is known
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about the benthic stages of haptophytes or the factors that affect the
transition between different stages (Boalch 1987; Rousseau et al., 1994), our
enrichment results suggest that Hap-A and Hap-B have two very different
survival strategies. Based on the information that we have at present, Hap-A
rests at the bottom of the lake until conditions (e.g., light, nutrients, etc.) are
favorable, blooms, and then settles back to the resting phase when nutrients
become scarce. Hap-B, alternatively, is adapted to survive under lower
nutrient conditions after the onset of thermal stratification and increased
competition with diatoms, green algae, and cyanobacteria following Hap-A’s
bloom. Previous studies have shown that Lake George is N-limited at this
time in the seasonal lake cycle (Salm et al., 2010) and suggests that under N-

limiting conditions, Hap-B would be more abundant than Hap-A.

4.1.4. Relationship of LCA distribution and indices to enrichment conditions
Two distinct groups of haptophytes have previously been identified based on
their LCA distribution in the Northern Great Plains lakes (Toney et al., 2010)
and their DNA sequences from surface sediments (Theroux et al., 2010).
Carbonate-dominated lakes in Nebraska produced LCA distributions that
lacked Cs7.4, while northern, sulfate-dominated lakes produced LCAs
dominated by Cs7.4. It is unclear how similar the Cs7:3-producing Hap-B
phylotype is to the haptophyte(s) in the Nebraska sites that appear to lack

Cs7.4 because attempts to amplify DNA from the sediments of Nebraska lake
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sites during analyses by Theroux et al., (2010) were unsuccessful. The
Nebraska lake LCA profiles are likely produced by a different haptophyte and
suggests that there maybe at least three different haptophyte species in the
lakes of the Great Plains. Theroux et al., (2010) did find that two different
haptophyte phylotypes amplified from Lake George surface sediments. These
data are compared with the enrichment DNA sequences detailed below in
Section 4.3. Despite the existence of two haptophyte species in Lake George,
1t appears that the sedimentary profile is dominated by the Hap-A profile in
the modern environment (Figure 1). It is possible, however, that at times in
the past lake environmental conditions favored Hap-B and it is important to

know how their presence may affect LCAs as a paleotemperature proxy.

The ratio of Cs7:Css LCAs has been used to distinguish different haptophyte
species in other studies (e.g., Pearson et al., 2009). There is a large difference
between the C37:Css ratio of LCAs from the Nebraska (2.4) versus Northern
Great Plains (4.6) lake sites (Toney et al., 2010), however, there is only a
subtle difference between the Cs7:Css ratio between Hap-B (1.3+0.1) and Hap-
A (1.8). The overall ratios from the enrichments are lower than the samples
collected in the field, however, which suggests that there are secondary
controls on this ratio (i.e. nutrients, dissolved oxygen, salinity). U,., U;, and
U, indices describe the degree of unsaturation in the LCA distribution. These

indices have been related to growth temperature in previous studies,
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although only U;, was temperature sensitive in the in situ work from Lake
George (Toney et al., 2010). These indices were calculated for LCAs in all the
enrichments (Table 1). The U;, and Uy, indices for Hap-B are not significantly
different from Hap-A, however, the U}, index is significantly different (-
0.08+0.03 versus -0.48). Using the linear regression model (T = 48.4982 X
U+ 42.1494) specifically developed for the LCAs of Lake George on the
unsaturation indices calculated from Hap-B produces temperatures much
higher (38+1.6°C) than the diurnal growth temperature range of 18°C to
20°C. Inferred temperature from Hap-A produces a temperature of 18.9°C,
which is within the range of the diurnal temperature cycle of the growth
chamber. This lends support to the observation that the Hap-A phylotypte is
the major contributor to the sedimentary LCAs, and is also the haptophyte
responsible for LCA production during the spring bloom from which the

calibration was derived.

4.2. Experiment 2: Replicating enrichment methods and LCA
temperature dependence

New experiments were designed to show that production of LCAs could be
replicated using similar culturing techniques as above and to test the
temperature dependence of the enrichment-produced LCAs. A control that
contained only Lake George 0.2 um-filtered water was not expected to contain

LCAs throughout the experiment, however, at 4°C and 10°C the controls
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produced LCAs with distributions similar to Hap-B enrichment (Table 3).
One possibility is that because LCAs are 62A in size, they could have passed
through in the filtering process, however, none were detected at 20°C and the
concentration of LCAs in the 4°C and 10°C controls increased with time.
These results suggest that active production of LCAs occurred in the controls.
Similarly, the enrichments started from unfiltered lake water produced Hap-

B-type distributions at 4°C and 10°C.

Based on our E enrichment, we hypothesize that Hap-A and Hap-B
phylotypes compete with each other during temperature experiments. The
enrichments started from the deep sediment produced Hap-A LCAs at all
temperatures until week 8, when only the 10°C enrichment produced a trace
amount (34pug 1) of LCAs that resembled the Hap-B LCA profile. The
agitated water/sediment samples were collected from the deep enrichment in
week 8 when relatively high concentrations (>600ug L) of LCAs were found
in the 4°C and 10°C enrichments. These distributions were dominated by
Cs7.4 at 4°C and by Cs7:3 at 10°C. The 4°C enrichment produced an inferred
temperature of 4.9°C using the in situ water column calibration, while the
10°C enrichment produce a temperature of 25°C with the in situ calibration
and 11.9°C with the known C. lamellosa calibration (Sun et al., 2007).
Notably, the 10°C deep enrichment’s agitated, lipid profile showed clear

methyl- and ethyl-Css:3 peaks and indicates that under the enrichment
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conditions, the Hap-B phylotype out-competed the Hap-A phylotype at 10°C.
The enrichments were not set up under chemostat conditions, meaning that
the nutrients were allowed to decline throughout the experiment. This is
likely why Hap-B was able to out-compete Hap-A as time progressed. As the
bloom period progressed in all sediment enrichments, the percentage of Csz.4
decreased (Figure 3), suggesting that the Hap-B phylotype became active
once the Hap-A phylotype began to decline. This suggests that Hap-B is
adapted to conditions with decreased nutrients and potentially warmer
temperatures that prevail toward the end of the bloom as observed in the

environmental, in situ calibration (see Section 4.1.3.).

Only the Hap-A enrichment U, and U}, indices were temperature dependent
during the experiments (Figure 3). The unfiltered and control enrichments
did not produce LCAs at 20°C, so a calibration is not possible and there are
no significant differences in Uy, U;, or Uy at different temperatures. For the
Hap-A enrichment, U, shows no temperature dependency, but U;, and Uy,
indices show a linear relationship with temperature in week 6 and week 2
respectively (r2 = 0.998 and 0.950)(Figure 3). These two indices have nearly
the same relationship to temperature, but are offset from the in situ
calibration. The relationship is offset to higher unsaturation values and may
indicate different relationships between LCAs and temperature at different

growth stages. Alternatively, the offset could be due to a larger contribution
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from the Hap-B phylotype that produces less Cs7.4 relative to Csz.3 and is
favored under these enrichment conditions, but not in the environment
during in situ calibration sampling. The presence of Hap-B phylotype is
evident in the LCA profile that shows a decreasing percentage of Cs7.4 and an
increased presence of Css:sme. The similarity in slopes, despite the different
phylotype producer has been found in other studies (D’Andrea and Bradley,
2010) and suggests that while a universal, absolute temperature calibration
is not possible for lakes, the slope (dUj,/d temperature) may be used to derive
the change in temperature through time. From the enrichments and Lake
George in situ samples a 0.013 change in Uj, occurs per 1°C, although the
range in Uj, is relatively high, 0.017 for in situ samples and 0.011 for
enrichments. At Lake George, careful inspection of the Css.3 LCAs for the
presence of methyl homologues is the most appropriate way to determine if
the calibration can be applied to a particular sample. The presence of methyl
homologues indicates that temperatures may be influenced by Hap-B LCAs

and appear artificially high.

4.3. Phylogenetic relationships with previously reported
haptophytes

Our phylogenetic analyses indicated that distinctions observed between the
two different lipid profiles are attributable to two different haptophyte

phylotypes (Figure 2). Hap-B from the shallow lake environment branches
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with two known haptophyte taxa (Chrysotila lamellosa, Pseudoisochrysis
paradoxa) and one unidentified sequence from Greenland’s Lake HundeSo
(Theroux et al., 2010). In particular, the Hap-B sequence is identical in the
region sequenced for the OTU7 representative sequence that was previously
reported from Lake George, Medicine Lake, Skoal Lake, Great Salt Lake,
Pyramid Lake, Keluke Hu, and Tso Ur!. The lipid profiles for C. lamellosa
and for surface sediments from the Great Salt Lake, Pyramid Lake, and Tso
Ur are similar to those from the enrichments from which the Hap-B
phylotype DNA sequences were amplified and have Cs7.4 present, but not
dominant. The Hap-B lipid profile differs from C. lamellosa, however, because
it produces both Css:set and Css:sme homologues, whereas C. lamellosa only
produces Css:set (Rontani et al., 2004). The lipid distribution for surface
sediments from Lake HundeSe, Lake George, Medicine Lake, and Skoal Lake
are all dominated by Cs7.4, which suggests that although OTU?7 is present,
LCA production in these lakes is dominated by a different haptophyte
species. The masking of the OTU7-type lipid profile in the sedimentary
record suggests that, like Lake George, this producer does not produce high

concentrations of alkenones.

Based on the placement of the Hap-A phylotype on the phylogenetic tree and

comparison of sequences, this species is likely closely related to the OTUS

1 Note: Tso Ur is located in the central Tibetan Plateau (31.48, 91.52) and has
multiple names including: Cuo E, Tibetan Plateau Central Lake B, and Co Ngoin.
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representative sequence that has been reported from Lake George, Medicine
Lake, Skoal Lake, Pyramid Lake, Keluke Hu, Tso Ur and Clear Lake. The
surface sediments from Lake George, Medicine Lake, and Skoal Lake have
lipid profiles similar to Hap-A enrichments, whereas Pyramid and Tso Ur
have lipid profiles similar to Hap-B. These differences in lipid profiles suggest
that in the first set of lakes (LG, ML, SL), the lipid profile associated with
OTUS phylotype dominates; whereas in the latter set of lakes (PY, TU) the
OTU7 phylotype dominates the lipid production. Despite extensive field
sampling, we have not found that the OTU7-phylotype lipid profile dominates
in any part of the Lake George natural system spatially or temporally.
Therefore, it is worth examining the differences between these two sets of
lakes to determine if there are conditions that favor one species over the
other, aside from the short-term, low nutrient advantage for the Hap-B

phylotype as discussed above in Section 4.1.3.

Lake water chemistry plays a major role in determining whether Hap-A or
Hap-B phylotype is the dominant producer in lakes where both are present.
Physical parameters, geochemistry, and salinity of lakes with OTUS8 (LG,
ML, SL) have previously been reported (Toney et al., 2010). Similar
parameters have also been reported for Pyramid Lake (Galat et al., 1983) and
Tso Ur (Wu et al., 2009), where the OTU7 phylotype dominates the lipid

production. The physical lake parameters (depth, volume, etc.) vary among
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all the lakes, and salinity ranges from 5 to 12 g L-! with no significant
differences between the two sets of lakes (Table 4). The major cation in all
lakes is Na*. The main difference between the two sets of lakes is the major
anion chemistry. Lakes where the OTUS8 phylotype dominates the lipid
production are dominated by SO42, whereas, HCOs and CO32 dominates in
Pyramid Lake and Tso Ur (Wu et al., 2009). The sulfate to carbonate ratio
(SCR) for the first set of lakes 1s much greater than one (between 32 and
117), while the SCR for Pyramid Lake and Tso Ur is less than one (0.24 and
0.40, respectively). This supports the importance of SO42 for the production of
LCAs dominated by Cs7.4. Based on previous studies, the lowest SCR value for
LCAs dominated by Cs7.4 is 8.2; whereas, the highest value for Hap-B
distributions is 2.6 (Toney et al., 2010). This suggests that the in situ
temperature calibration derived for Lake George should work in mid-latitude,
evaporative lakes with OTUS8, where SCR 1s > 8.2. Below SCR of 1, we would
expect that the OTUS phylotype to be outcompeted by the OTU7 phylotype, if
present. The exact threshold for the dominance of OTUS8 (Hap-A) versus
OTU7 (Hap-B) is not determined here, and would require further
investigations and manipulation of Hap-A and Hap-B enrichments. We have
not yet developed a U% calibration for the Hap-B phylotype, but further
investigations in lakes where the OTU7/Hap-B phylotype dominates the lipid
production would reveal more information about this species, which does not

appear to compete as well in our high sulfate lakes. The conclusion from
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these two sets of lakes suggests that our outlying, down-core samples from
Lake George reflect brief transitions to a lake system dominated by HCOs-

and COs2 anions or are severely nutrient depleted.

4.4. Size differences between Hap-A and Hap-B from FISH analyses
From the FISH analyses, we were able to visualize two different algae that
fluoresced with the PRYMO2 haptophyte primer. The first was a small (<10
um) cell (Figure 4) from enrichments A-D, control and unfiltered enrichments
from the temperature experiment, and likely represents Hap-B phylotype
cells. The second, from the sediment derived enrichments was ~20um (Figure

4), and likely represents Hap-A phylotype cells.

5. CONCLUSION

The laboratory enrichment of two distinct haptophyte phylotypes from Lake
George, ND provides new insights into conditions necessary to grow the
predominant-Cs7.4 producing lacustrine haptophyte. The enrichments also
provide suggestions about the competing environmental controls on the two
haptophytes found and their biosynthesis of LCAs. Specifically, we showed
that: (1) Lake George haptophytes can survive a wide range of geochemical
conditions, but produced LCAs in enrichments only when sulfate is dominant

over carbonate; (2) haptophytes began to produce LCAs under enrichment
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conditions after being triggered by increased light intensity; (3) the
haptophyte responsible for the production of the lipid profile dominated by
Cs7.4 (Hap-A) was only found by ‘reviving’ the algae from its resting phase in
the deep sediments rather than water column samples; whereas, the
haptophyte that produces the C. lamellosa-like lipid profile (Hap-B) was only
found in enrichments from the water column and shallow sediments; (4) the
Hap-A phylotype produces LCAs in concentrations an order of magnitude
higher than the Hap-B phylotype; (5) the Hap-A phylotype dominates the
sedimentary signature and is the species from which the in situ calibration
was developed; (6) the Hap-B phylotype is distinguishable by the presence of
Css:ame; (7) Hap-B may have an adaptive advantage under low nutrient
conditions; (8) U;, and U}, indices show a linear relationship with
temperature, but the relationship appears to be dependent on the growth
stage or offset due to interference by Hap-B; (9) the main difference leading
to the dominance of the Hap-A signature over the Hap-B signature appears to

be the anion geochemistry, mainly Hap-A prefers sulfate.

Despite the enrichment-based findings and evidence for competition between
Hap-A and Hap-B phylotypes, the core-top, sedimentary LCAs record the
temperature of the surface water bloom for Hap-A. This suggests that as a
community, Hap-A LCA production occurs in the surface waters before

migrating back down to the sediments for overwintering. Also, the
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sedimentary LCAs can be used to infer temperature if caution is used to
detect and discard samples with Css:sme LLCAs, indicative of Hap-B phylotype
alkenone production. Future analyses of Lake George haptophyte
enrichments may reveal additional environmental and physiological

intricacies of alkenone production by these novel taxa.
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FIGURE CAPTIONS
Figure 1. GC-FID traces for alkenone-containing enrichments A-E (lower)

and surface sediment (upper).

Figure 2. A consensus Bayesian phylogenetic tree showing the 18S rRNA
gene-inferred relationships among haptophyte algae in the GenBank
database. Sequences reported in this study, Hap-A and Hap-B, are in bold.
Details on numbered OTUs and Greenland group are reported by Theroux et
al., (2010). Numbers above branch points represent posterior probability

values.

Figure 3. (left panel) Shows the temperature dependence of the |:| and |:|
indices in week 6 and week 2, respectively for Hap-A enrichments. This is
offset from the in situ calibration from Lake George (circles) reported be
Toney et al., (2010). (right panel) Shows the reduction in percent Cs7.4 at all

temperatures for Hap-A enrichments.

Figure 4. FISH using haptophyte-specific probes. (a) Light microscope image
of Hap-A, and (b) the same cell showing probe fluorescence. (¢) Hap-B under
phase microscopy and (d) green fluorescence from haptophyte probe with red

chloroplasts due to natural autofluorescence.

40



Figure 1.
A

Response (pA)

Characteristic Sediment
Downcore

C38:3et

Deep Haptophyte

C38;3me C. lamellosa-type

Culture
\ C3%3et
c38:

38:2

Retention Time

41



Figure 2.

Greenland

Emiliania huxleyi, AF184167
Gephyrocapsa oceanica, AJ246276
Emiliania huxleyi, M87327
Emiliania huxleyi, L04957
1.00 } Gephyrocapsa oceanica, AB058360
Coccoid haptophyte CCMP625, U40923

HSed3 Greenland HundeSo, EUTT0953
HSurSed1 Greenland HundeSo, EUT70951
Chrysofila lamellosa, AM490998
Pseudoisochrysis paradoxa, AM490993
0TU 6

0.87,

Hap-B
Isochrysis litoralis, AM490996

Ace Lake Antarctica DGGE band 6, AY303356
Dicrateria sp. ALGO HAP43, AM490997

1.00

Ace Lake Antarctica DGGE band 2, AY303352
oTU8

Ace Lake Antarctica DGGE band 3, AY303353
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Ace lake Antarctica DGGE band 4, AY303354

Ace Lake Antarctica DGGE band 5, AY303355
Isochrysis galbana 8701, DQO71573

Isochrysis sp. CCAP 927/14, DQ079859

Isochrysis galbana, AJ246266

1.00

41@_'_7 Coccolithus pelagicus, AJ246261
Cruciplacolithus neohelis, AB058348

1.00 Pleurochrysis carterae, AJ246263
unclassified coccolithophorid CCMP300, AJ246275
Pleurochrysis elongata, AJ246264
Pleurochrysis sp. CCMP8T75, AJ246265

Isochrysis sp. MBIC10464, AB058347
_m&hmphaera sp. MBIC10548, AB183615
Reticulosphaera socialis, X90992
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Figure 3.
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Figure 4.
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Table 1.

GPS LCAs UK37 C.
Start Enrichment Collection Culture April [37] Inferred lamellos
ID__date origin Location medium ___ Observations (April 2010) 2010 C37:4 C37:3 C37:2 (ug/L) 37:38 UK37 UK'37 UK38 T (°C) a calib.
distinct dark green, globular
colonies floating, brownish
coccoid cells that might be
haptophytes; a
filtered lake |Nannochloropsis-like
10-m depth water, ff2  |greenish coccoid; a flagellate
water N46°44.375, |nutrient that looks like Ochromonas
A|6/9/09 | column W099°29.622 |medium triangulata Y 2.103 7.922| 0.832| 1042| 1.18| -0.12] 0.10| 0.32 36.47 12.79
filtered lake
5-m depth water, 2 |red cyanobacterial mat on
water N46°45.014, |nutrient bottom of culture flask, lots of
B |6/9/09|column W099°29.468 |medium brownish coccoid cells Y 22.375[132.460|14.656| 153.27| 1.14| -0.05| 0.10| 0.13 39.94 14.69
brown bubbly foam at
surface, greenish/gray fatty
material below, Chromulina-
like cells; Oedogonium
filaments; Hateria (a ciliate);
Chroococcus and other
near shore filtered lake |Cyanobacteria; Arcellus; a
sediment water, 2  |tenticle-bearing pedinellid; a
(4.5-m N46°45.045, |nutrient very few coccoid brownish
C|6/9/09 | depth) W099°29.442 | medium cells Y 26.537|132.688| 16.511| 140.65| 1.40| -0.06/ 0.11| 0.19 39.38 14.38
red bacterial mat on bottom
of culture flask, Chromulina-
like cells; Pavlova-like cells;
Brownish cell in gel that
filtered lake |looks like it may be a
B-m depth water, fl2  |Haptophyte; a flagellate; and
water N46°44,375, |nutrient the brown mat is a
D |6/9/09 |column W099°29.622 |medium cyancbacterial mat Y 16.787| 83.048| 7.067| 122.02| 1.26| -0.09| 0.08| 0.16 37.74 13.48
similar to B, but brown/green
mat of bubbles suspended
mid-flask, Lots of
cyanobacterial filaments; lots
of brown coccoid cells that
deep filtered lake |might be haptophytes; some
sediment water, f/i2  |cells that look like dormant
(44-m MN46°44.342, |nutrient green algae; a loricate cell of
E [6/9/09 |depth) W099°29.376 |medium Paulinella Y |892.656|674.458|96.063)|1191.59| 1.80| -0.48| 0.12| 0.20 18.92 3.19
diluted sea
10-m depth water, /2 |thin orange mats, a couple of
water N46°44 375, |nutrient dead diatoms and a living
F|6/9/09|column W099°29.622 | medium filament of a cyanobacterium | N X X X X X X X X X X
Growth Chamber Conditions (07/12/09 to 02/15/10):20°C light, 18°C dark, 68% humidity, 12hr light: 12hr dark




Table 2.

Lake LG relative
lon Seawater® George® SW, cru LGorm to SW
Mg* 1300 400 0.06 0.05 0.31
Na* 11000 3056 0.58 0.41 0.28
Ca* 400 11.8 0.01 0.00 0.03
K* 380 250 0.01 0.03 0.66
Ccr 19000 724 1.00 0.10 0.04
S0O4% 2600 7370 0.13 1.00 2.83
CO3*/HCO3 142 346 0.00 0.05 2.44

2Units are inmg L™’
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Table 3.

Collection Growth Inferred
Date Enrichment Chamber LCA [€37] (ug L' Temp.
(m/dd) D Temp (*C) Pr C37:4 C37:3 C37:2 Sum37 C38:4 (C38:3 C38:2 sum38 water) UK'37 UK37 UK38 UK38' UK3738 C37/C38 %37:4
7M13 CONTROL 4 N X X X X X X X X X x x x x x X X x
7/13 CONTROL 10 N x X X H H X X H X X X X X x x H X
713 CONTROL 20 N X X X X X X X X X X X X X X X X X
7/27 CONTROL 4 Y 413 9.83 0.72 14.68 3.64 13.86 2.5 20.01 18.92 0.068 -0.23 -0.06 0.15 0.12 0.73 28 N
7/27 CONTROL 10 Y 50.44 68.63 13.32 13238 33.07 35.77 3.92 7277 164 .44 0.162 -0.28 -0.40 0.10 0.14 1.82 38 29
7/27 CONTROL 20 N X X X X X X X X X X x x x X X X x
8/10 CONTROL 4 Y 36.36 13413 1.12 17161 14513 643.16 156.24 04453 179.29 0.008 -0.21 0.01 0.20 0.17 0.18 21 32
8/10 CONTROL 10 Y 4325 9995 483 14804 10711 27449 4479 42639 12219 0.046 -0.26 -0.15 0.14 0.12 0.35 29 30
8/10 CONTROL 20 N X X X X X X X X X X X X X X X X X
8/25 CONTROL 4 Y 1.41 5.34 0.001 6.75 18.24 2267 5.96 46.86 4917  0.00019 -0.21 -0.26 0.21 0.18 0.14 21 32
8/25 CONTROL 10 N X X X X X X X X X x x x x x X X S
8/25 CONTROL 20 N x x x x x x x x x x x x x x x x x
7/13 DEEP 4 Y 4885 1598 1.74 6657 9.56 71 166 1833 49,66 0.098 -0.71 -0.43 0.19 0.13 3.63 73 8
7/13 DEEP 10 Y 19.48 4.97 0.44 24,89 4.386 3.82 1.25 9.44 20.34 0.080 0.77 -0.33 0.25 0.16 2.64 78 B
7/13 DEEP 20 Y  16.23 3.91 106  21.20 2.90 3.19 1.08 717 18.42 0.213 -0.72 -0.25 0.25 0.23 2.96 77 7
T7i27 DEEP 4 Y 4842 34.66 0.01 83.09 4579 164.31 4547 255.57 55.77 0.0003 -0.58 0.00 0.22 0.19 0.33 58 14
7/27 DEEP 10 Y 6.41 9.25 0.1 15.77 8.57 21.58 3.04 33.19 20.37 0.012 -0.40 017 0.12 0.09 0.47 41 23
7/27 DEEP 20 N X X X X X X X X X X x x X X X X X
8/10 DEEP 4 Y 68.79 72.99 510 146.88 73.14  250.70 69.78 393.62 204.61 0.065 -0.43 -0.01 0.22 0.19 0.37 47 2
8/10 DEEP 10 Y 32280 51068 7.52 841.00 82567 2347.00 51553 3688.20 418.40 0.015  -0.37 -0.08 0.18 0.15 0.23 38 24
8/10 DEEP 20 Y 4325 99.95 4.83 14804 10711 811.40 2364.76 529.09 122.19 0.046 -0.26 0.69 0.74 0.72 0.28 29 30
8/25 DEEP 4 [ x x x x x x x x x x x x x % ® x x
8/25 DEEP 10 Y 0.36 1.06  0.001 1.42 1.71 447 1.44 7.63 34,59 0745 -0.25 -0.04 0.24 0.34 0.19 25 30
8/25 DEEP 20 N X X X X X X X X X X X X X X X X X
8/25 DEEP TURB 4 Y 103.78 25317 274 13170 1824 2267 5096  46.86 601.08 0.098 -0.28 0.02 0.21 0.15 2.81 79 5
8/25 DEEP TURB 10 Y 15890 231.27 16.38 40755 349.86 1066.00 265.70 1681.56 697.35 0.066 -0.35 -0.05 0.20 0.18 0.24 39 25
8/25 DEEP TURB 20 N % % % % % % % % % X x x x x ® x X
713 UNFILT 4.0 N X X X X X X X % X x x x X X X X x
7113 UNFILT 10 N X X X X X X X X X X X X X X X X X
713 UNFILT 20 N X X X X X X X X X X X X X % % % X
T/27 UNFILT 4 Y 8.89 26.79 0.01 35.69 2366 10242 11.75 137.83 24,85 0.00037 -0.25 -0.09 0.10 0.08 0.26 25 30
7127 UNFILT 10 Y 49.83 68.75 10.64 129.21 29.06 20.04 3.93 53.03 1M7.81 0.134 -0.30 -0.47 0.16 0.14 244 39 27
T/27 UNFILT 20 N X X X X X X X X X x x x X X X X X
8/10 UNFILT 4 N X X X X X X X X X X X X x X x X X
8/10 UNFILT 10 Y 1958 5249 0.82 7289 6947 23437 4816 35199 76.82 0015 -0.26 -0.06 0.17 0.15 x 27 30
8/10 UNFILT 20 N X X X X X X X X X X X X X X X X X
8/25 UNFILT 4 N % % % % % % % % % x x x x % ® x X
8/25 UNFILT 10 Y 0.72 1.90 0.001 2.62 1.97 5.64 1.47 9.08 19.21 0.001 -0.274 -0.054 0.207 0.164 0.289 27 29
8/25 UNFILT 20 N % X X X X X X X X X X X X X X X X
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Table 4.

Depth Salinity
Lake Location Latitude Longitude {m) pH (gL") Na K Mg Ca CO; HCO, cl S0, Source
Lake George North Dakota, USA 46.74 -99.49 60 9 97 3086 260 400 11.83 3464 nd 1292 12210 Toney et al. 2010
Medicine Lake South Dakoata, USA 44 82 8737 83 84 9 nd nd nd nd 245 nd 605 28680 Toney et al. 2010
Skoal Lake North Dakota, USA 4782 -101.47 1.8 89 8 nd nd nd nd 2769 nd 155.2 8955 Toney et al. 2010
Pyramid Lake Nevada, USA 40 -118.5 59 93 5 1720 118 114 83 300 860 2080 280 Galatetal. 1981
Tso Ur Tibetan Plateau, China 31.48 9152 84 98 12 34679 2487 110.7 7.9 638 4240 12341 1967.8 Wu et al. 2009

nd = net determined
Anion and cation units aremg L™’
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