
Organic Geochemistry 138 (2019) 103924
Contents lists available at ScienceDirect

Organic Geochemistry

journal homepage: www.elsevier .com/locate /orggeochem
Group I alkenones and Isochrysidales in the world’s largest maar lakes
and their potential paleoclimate applications
https://doi.org/10.1016/j.orggeochem.2019.103924
0146-6380/� 2019 Elsevier Ltd. All rights reserved.

⇑ Corresponding authors at: Department of Earth, Environmental and Planetary
Sciences, Brown University, Providence, RI 02912, USA (Y. Huang, K.J. Wang).

E-mail addresses: karen_wang@brown.edu (K.J. Wang), yongsong_huang@
brown.edu (Y. Huang).
Karen J. Wang a,⇑, Jonathan A. O’Donnell b, William M. Longo c, Linda Amaral-Zettler a,d,e, Gaoyuan Li f,
Yuan Yao a,g, Yongsong Huang a,g,⇑
aDepartment of Earth, Environmental and Planetary Sciences, Brown University, Providence, RI 02912, USA
bArctic Network, National Park Service, Anchorage, AK, USA
cDepartment of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA
dDepartment of Marine Microbiology and Biogeochemistry, NIOZ Royal Netherlands Institute for Sea Research and Utrecht University, the Netherlands
eDepartment of Freshwater and Marine Ecology, Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam, the Netherlands
f State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences, Beijing 100083, China
g State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an 710061, China
a r t i c l e i n f o

Article history:
Received 17 May 2019
Received in revised form 6 August 2019
Accepted 30 August 2019
Available online 31 August 2019

Keywords:
Alkenones
Isochrysidales
Espenberg maar lakes
Seward Peninsula
Alaska
AgTCM
18S rRNA
Paleotemperature
a b s t r a c t

The Espenberg maar lakes on the Seward Peninsula, Alaska, are the largest volcanic crater lakes in the
world and contain the longest known lacustrine sedimentary archives in Alaska. The lack of glacial-
aged marine sedimentary archives around the Bering Land Bridge due to exposure of the shelf during
sea level low-stands makes these lakes highly valuable for understanding the region’s past climate and
environmental changes. Located en route to humanity’s last colonized American continents, the
Seward Peninsula’s climate and environments during the last glacial period bear major anthropological
significance. However, a lack of quantitative proxies has so far hampered exploration of these lakes for
paleoclimate reconstructions. Here we report, for the first time, the discovery of abundant Group I alke-
nones and Isochrysidales in surface sediments from three maar lakes: White Fish, North Killeak and Devil
Mountain, using a combination of lipid biomarker and 18S rRNA gene sequencing analyses. Our discovery
adds to the expanding list of oligotrophic freshwater lakes where Group I alkenones are found, and water
chemistry data contribute to the understanding of the environmental controls on Group I Isochrysidales.
Our results further confirm the use of the UK

37 index of Group I alkenones as a proxy for the mean tem-
perature of the spring isotherm (MTSI) and RIK37 as a quantitative measurement for Isochrysidales group
mixing. We also demonstrate the analytical challenges for analyzing alkenones in freshwater lakes and
the effectiveness of eliminating coelution using silver thiolate chromatographic material (AgTCM).

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

East Beringia is important for climatology, ecology, and anthro-
pology (Chapin et al., 2014; Hugelius et al., 2014; Vachula et al.,
2019). The regional temperature has been rising twice as fast as
the global average over the last 50 years (Chapin et al., 2014),
and is ecologically and climatically important with its vast tundra
ecosystems underlain by carbon-rich permafrost soils (Hugelius
et al., 2014). The large carbon reservoir stored in tundra soils has
the potential to exert a major feedback to the climate system upon
thawing and subsequent carbon release to the atmosphere if the
temperature continues to rise rapidly (Schuur et al., 2015).
Research in this region is also critical for understanding the final
migration of modern humans from East Asia to the Americas dur-
ing the last glacial period. The model and timing of human migra-
tion to Alaska are widely debated: with one hypothesis suggesting
a ‘‘swift peopling” at ca. 14,000 years ago prior to the submergence
of the Bering Land Bridge by the rising sea level (Gilbert et al.,
2008; Goebel et al., 2008), and the other so-called ‘‘Beringian
Standstill Hypothesis (BSH)” proposing a much earlier migration
during the last glacial period. The BSH theorizes, based on popula-
tion genetics, that Native American ancestors once inhabited east
Beringia for over 10,000 years around or prior to the Last Glacial
Maximum (LGM, �21,000 years ago), before rapidly colonizing
the Americas as the Laurentide Ice Sheet (LIS) retreated during
the deglaciation (Tamm et al., 2007; Hoffecker et al., 2016;
Moreno-Mayar et al., 2018). A recent study of fecal biomarkers
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and biomass burning from northern Alaska supports the BSH and
provides new evidence of human settlement in the region at
�32,000 years ago (Vachula et al., 2019). Modeling studies suggest
regional temperatures could have been particularly warm in com-
parison to other Arctic regions during the LGM, due to the poten-
tially high elevation and topography of the LIS blocking and
deflecting warm air of subtropical origin to northern Alaska
(Bartlein et al., 2011; Brady et al., 2013). As a result, ancient east
Beringians living in Alaska would have benefitted from conditions
that were substantially warmer than on the Siberian side of Berin-
gia (i.e., west Beringia).

The important scientific problems detailed above cannot be
fully addressed until long quantitative temperature reconstruc-
tions are obtained from east Beringia. Unfortunately, interpreta-
tions of the common measurable oceanographic proxies in this
region are complicated by the great stratigraphic variability due
to marine transgressions and influences of different water masses
and freshwater input on the foraminifera isotopic composition
(Knebel et al., 1974; Miller et al., 2010). Thus, lakes that hold long
terrestrial sedimentary records extending to last glacial maximum
and beyond are highly valuable for paleoclimate reconstructions.
Espenberg maar lakes on the Seward Peninsula, Alaska, are of par-
ticular significance in this regard, as they were formed by
phreatomagmatic eruptions between 7100 years to up to
200,000 years ago and are the world’s largest crater lake complexes
(Hopkins, 1988; Begét et al., 1996). Traditional paleolimnological
proxies applied in lakes encounter major challenges and complica-
tions in this region: e.g., the non-analog pollen assemblages during
the LGM (Bartlein et al., 2011), and chironomid assemblages poten-
tially affected by water depth and other lake specific effects related
to re-deposition and transport processes (Kurek and Cwynar,
2009). Therefore, discovering a new proxy for reconstructing past
temperatures from the Espenberg maar lakes bears major paleocli-
matic, paleoceanographic and anthropological significance.

We report here an initial study of lake surface sediments from
three Espenberg maar lakes (White Fish, North Killeak, and Devil
Mountain) and the discovery of Group I alkenones and their pro-
ducers, Group I Isochrysidales, using combined organic geochemi-
cal and environmental DNA-based phylogenetic approaches. The
Group I alkenones were first discovered in southwestern Green-
land (D’Andrea and Huang, 2005; D’Andrea et al., 2006). Subse-
quent systematic comparison of 18S rRNA gene sequences has
grouped Isochrysidales, an order of haptophyte algae known to
produce alkenones, into three different groups, with freshwater
species being Group I, open ocean species (Emiliania huxleyi and
Gephyrocapsa oceanica) as Group III, and other coastal or saline lake
species (e.g., Ruttnera lamellosa, Isochrysis galbana, Tisochrysis lutea)
as Group II (Theroux et al., 2010). Alkenones produced by Group I
Isochrysidales bear distinct molecular distributions with a high
abundance of the C37:4 alkenone and the presence of a set of
C37:3 double bond positional isomers, which are readily resolved
using a mid-polarity gas chromatography column (Longo et al.,
2013; Zheng et al., 2017). Water column particulate matter and a
survey of surface sediments from lakes in the Northern Hemi-
sphere have yielded a water temperature calibration (D’Andrea
et al., 2011; Longo et al., 2016), as well as air temperature calibra-
tions (Longo et al., 2018). Particularly, Group I Isochrysidales
bloom in early spring (D’Andrea et al., 2011; Longo et al., 2016),
and have been shown to record cold season air temperatures
through Group I alkenones (Longo et al., 2018), which is in contrast
with the majority of geochemical proxies which record warm
growth season temperatures. We compare our data with previous
UK

37 temperature calibrations and discuss the potential applications
of alkenones in Espenberg maar lakes for paleoclimate
reconstructions.
2. Material and methods

2.1. Regional settings

The studied lakes are situated in the Devil Mountain–Cape
Espenberg volcanic field, which is a segment of the northern
coastal plain of the Seward Peninsula, Alaska, in the National Park
Service’s (NPS) Bering Land Bridge National Preserve. The maar
lakes are the largest volcanic crater lakes in the world and were
formed by phreatomagmatic eruptions when rising basaltic
magma encountered groundwater in Cenozoic sediments beneath
hundreds of meters of ice-rich permafrost (Begét et al., 1996).
The three maar lakes, Devil Mountain Lake, North Killeak Lake
andWhite Fish Lake (Fig. 1), where we collected surface sediments,
were formed during different eruptions. The estimated age based
on tephra deposition is 7100 years for Devil Mountain Lake,
>125,000 years for North Killeak Lake and 100,000–200,000 years
for White Fish Lake (Hopkins, 1988; Begét et al., 1996).

The surface areas of White Fish Lake (7.68 km2) and North Kil-
leak Lake (9.17 km2) are similar in size, while Devil Mountain Lake,
the biggest maar lake on Earth, has a surface area of 21.23 km2.
White Fish Lake has a maximum depth of around 6 m and contains
organic-rich, diatomaceous sediment, North Killeak Lake is about
25 m deep, and Devil Mountain Lake is >100 m deep with a more
complex bathymetry surrounded by pyroclastic rocks (Begét
et al., 1996).

2.2. Climate data

We retrieved climate data following the procedures described
by Longo et al. (2018). Data were downloaded from the WorldClim
Global Climate Database (worldclim.org; Hijmans et al., 2005)
using the Senckenberg data extraction tool (dataportal-sencken
berg.de/dataExtractTool). WorldClim 1.4 data were derived from
monthly air temperature and precipitation data compiled from
globally distributed weather stations by the Global Historical Cli-
matology Network, the World Meteorological Organization, the
Food and Agriculture Organization of the United Nations, and
others (Hijmans et al., 2005). The high-resolution interpolated cli-
mate products for current condition are only available for year
1950–2000. We therefore used these temperatures for our calibra-
tion study. Mean monthly temperatures (1950–2000) of the sites
from Worldclim climatology data are shown in Supplementary
Fig. S1.

Mean annual air temperature (MAAT), mean temperature of the
warmest quarter (MTWQ) and mean temperature of the spring
isothermal season (MTSI) were calculated by temperature regres-
sion of the samples from this study and its comparison between
the compilation of Northern Hemisphere dataset from Longo
et al. (2018). Since the sedimentation rates of the lakes in this
study are unknown, the surface sediments are assumed to repre-
sent the average temperature in the past few decades, monthly
mean from 1950 to 2000 climate data were used in calculations
and regressions.

2.3. Sample collection

The study lakes are remote and pristine with no road access,
and sample collection was carried out with aviation support from
the Arctic Inventory and Monitoring Network (ARCN) program of
the National Park Service. Samples and measurements were taken
from Cessna 185F floatplane landing directly onto the sampling
lakes in September 2017. After water depth measurement, surface
sediments were collected using an Ekman dredge, wherein approx-
imately 100 g of sediment was separated from the top �5 to 10 cm



Fig. 1. Maps of the study region and the hydrology of sampled sites. WF: White Fish Maar, DM: Devil Mountain Maar, NK: North Killeak Maar.
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of each sediment grab using sterile scoops and transferred into
whirl-pak sampling bags for later DNA analysis. One surface sedi-
ment sample from Toolik Lake (68�380N, 149�360W), northern
Alaska, collected previously (Longo et al., 2016) and kept frozen
at �20 �C, was also studied for comparison with the maar lakes.
Water column and surface sediment samples from Toolik Lake
have previously been found to contain Group I alkenones and
Isochrysidales (Richter et al., 2019). The specific sampling locations
for the three lakes are: White Fish (66�220N, 164�450W; water
depth = 2.2 m), North Killeak (66�210N, 164�200W; water
depth = �3 m) and Devil Mountain (66�240N, 164�290W; water
depth = �6 m). One surface sediment sample was taken from each
lake for alkenone and phylogenetic analyses, with the assumption
that these samples were representative of the alkenone profiles
and genetic diversity of the individual lakes. Samples were frozen
until DNA extraction.
Lake surface water samples were collected for chemical analy-
ses as part of the National Park Service’s ARCN lake monitoring
program (O’Donnell et al., 2015). Chemistry data are reported in
Supplementary Table S2 and represent the average (±one standard
deviation) of two to three sampling dates (6/22/2013, 7/15/2015,
and 9/15/2017). Water samples were collected at 0.5 m below
the lake surface in the pelagic zone using a 0.45 lm high-
capacity capsule filter connected to a Geopump Series II Peristaltic
Pump (Geotech Environmental Equipment Inc., Denver, CO). DOC
concentrations were determined using an O.I. Analytical Model
700 TOC analyzer via the platinum catalyzed persulfate wet oxida-
tion method (Aiken, 1992). UV-visible absorbance was measured
on filtered stream samples at room temperature using a quartz cell
with a path length of 1 cm on an Agilent Model 8453 photodiode
array spectrophotometer. Specific UV absorbance at 254 nm
(SUVA254) was determined for all stream samples by dividing the
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decadal UV-visible absorbance coefficient at k = 254 nm by DOC
concentration. SUVA254 (L mg C�1 m�1), which is typically used as
an index of DOC aromaticity, provides an average absorptivity at
k = 254 nm of the dissolved organic matter (DOM; Weishaar
et al., 2003). To determine DIC concentrations, stream water sam-
ples were collected without head space in a 60 mL syringe. Imme-
diately prior to analysis, water samples were filtered using
0.45 lm nylon syringe filters into 40 mL borosilicate clean vials
and capped by septum caps to minimize interaction with the
atmosphere. DIC concentrations were determined by acidifying
with phosphoric acid and measuring on a Shimadzu TOC-VCSH
Combustion Analyzer. Base cation concentrations (Ca2+, Mg2+,
Na+, K+) were determined on a Shimadzu AA-7000 atomic absorp-
tion spectrophotometer, and major anions (Cl�, SO4

2�) were deter-
mined on a Dionex 1500 ion chromatograph. Alkalinity was
determined via titration using a ManTech PC-Titrate auto titrator
system. Total dissolved nitrogen was determined by persulfate
digestion on a Technicon Auto-Analyzer II. pH was measured
in situ using a YSI multi-parameter probe.

2.4. Alkenones analysis

Surface sediment samples were freeze-dried. Around 10 g of
freeze-dried sediment were extracted by DionexTM accelerated sol-
vent extraction (ASE) system with dichloromethane (DCM):metha-
nol mixture (9:1, v/v). The total lipid extract was separated into
alkane, ketone and polar fractions by silica gel columns based on
different polarity using the following eluents: hexane, DCM, and
methanol. The ketone fractions that contain the alkenones and
esters were saponified in 1 M KOH in methanol:H2O (95:5, v/v)
solution and heated at 65 �C for 3 h. The resulting products were
acidified to pH <2 by adding drops of 3 M HCl, followed by hexane
extraction, and purified by silica gel columns. The alkenones were
further purified using silver thiolate silica gel columns (AgTCM;
Aponte et al., 2013; Wang et al., 2019) before analysis by gas
chromatography-flame ionization detection (GC-FID) using a
mid-polarity GC column VF-200 ms (Zheng et al., 2017).

2.5. DNA extraction and analysis

Genomic DNA was extracted from �500 mg surface sediments
and purified using FastDNATM SPIN Kit for Soil (MP Biomedicals,
OH, USA) and DNeasy PowerClean Pro Cleanup Kit (Qiagen, Carls-
bad, CA, USA) according to the manufacturer’s instructions. The
V4 18S rRNA coding region was amplified using Prym-429F and
Prym-887R (Coolen et al., 2004), and modified PCR conditions opti-
mized for this sample set: denaturing 4 min at 96 �C, followed by
35 cycles including denaturing (30 s at 94 �C), 40 s of primer
annealing at 61.5 �C, and primer extension (40 s at 72 �C). A final
extension was performed at 72 �C (10 min). Each sample was run
at three different dilutions (1:10, 1:100, 1:1000) to achieve maxi-
mum product yield, with a positive control, a negative control
and an extraction blank included in each run. The PCR products
were examined by gel electrophoresis and purified with the Axy-
Prep DNA Gel Extraction Kit (Axygen, USA). Cloning using the
pGM-T Cloning Kit (Tiangen Biotech, Beijing, China) and Sanger
sequencing on an ABI 3730XL capillary sequencer (Applied Biosys-
tems, Foster City, CA) were performed by Shanghai Majorbio Bio-
Pharm Technology Co., Ltd., China (www.majorbio.com). Only
sequences longer than 400 bp with complete forward and reverse
primer intact were retained. Sequences are deposited in GenBank
under accession numbers MK208448–MK208452.

The raw capillary sequence data yielded 146 haptophyte
sequences after Chimera checking with ChimeraSlayer (Haas
et al., 2011). Operational Taxonomic Units (OTUs) were clustered
using UCLUST with a 97% cut-off criterion (Edgar, 2010). Represen-
tative sequences were picked for each OTU in QIIME/1.9.1
(Caporaso et al., 2010). Closest relatives of the OTUs were identi-
fied through BLAST queries against NCBI GenBank database. Repre-
sentative sequences were then aligned against a curated alignment
from Gran-Stadniczeñko et al. (2017) using PyNast (Caporaso et al.,
2009). The alignment and selected outgroup Prymnesium faveola-
tum (ALGO HAP79) were used to infer a phylogeny using the Ran-
domized Axelerated Maximum (RAxML) program (Huelsenbeck
and Crandall,1997; Stamatakis, 2014). Rapid bootstrapping with
1000 bootstrap replicates and an ML search under the GAMMA
model of rate heterogeneity were conducted.
3. Results

3.1. Phylogenetic analysis

Isochrysidales sequences (116 in total) were recovered from the
clone libraries and analyzed, including 26 from White Fish Lake, 9
from Devil Mountain Lake, 60 from North Killeak Lake, and 21 from
Toolik Lake. The sequences were clustered into five OTUs, namely
Alaska OTU 0–4, among which Alaska OTU0 constitutes all the
sequences from White Fish Lake, Devil Mountain Lake, Toolik Lake
and the majority of sequences from North Killeak Lake. The other
four OTUs only include sequences from North Killeak Lake and
included 1–3 Isochrysidales sequences recovered in each OTU
(Table 1).

The phylogenetic tree shows that Isochrysidales sequences are
clustered into three groups, with Groups I and III Isochrysidales
forming a sister clade to Group II Isochrysidales (Fig. 2), consistent
with the new phylogenic analyses showing common ancestry of
Group I and III Isochrysidales (Richter et al., 2019). Alaska OTUs
0, 1, 2 and 4 were all identified as Group I Isochrysidales, with
branch lengths relatively long compared to the branch lengths
within Group II and Group III Isochrysidales. OTU 0 showed robust
branching with the uncultured haptophyte from BrayaSø, Green-
land (HQ446254, Fig. 2). Alaska OTU 3 fell into Group II and is clo-
sely related to Isochrysis galbana. The occurrence of Group II is very
uncommon in the low salinity (1.1 ppt) environment of North
Killeak.

3.2. Alkenone profiles and proxy indices

Alkenones were found in the surface sediments of all three
lakes. Saponification and AgTCM columns were processed sequen-
tially in order to separate the co-eluting compounds. Saponifica-
tion successfully removed the co-eluting wax esters. AgTCM
columns were applied to further remove other non-ester com-
pounds that were co-eluting mainly with C37:2Me, C38:3aEt, and
C38:4Me. This method can efficiently separate all alkenones from
co-eluting impurities such as steryl ethers and various saturated
ketones with variable carbonyl positions (Supplementary Fig. S2;
Wang et al., 2019). The final alkenone profiles after cleanup steps
demonstrate clear Group I-type distributions including dominant
C37:4 and C37:3 isomers, and the presence of C38Me alkenones
(Fig. 3). The results suggest it is important to remove coeluting
compounds from alkenones using AgTCM columns (or other
approaches) for accurate alkenone analysis.

The alkenone peaks are well resolved for accurate quantifica-
tion after the saponification step and AgTCM column separation.

Alkenone concentrations and UK
37, UK 0

37, %C37:4, and RIK37 values
are shown in Supplementary Table S1, as well as the MAAT,
MTWQ, and MTSI values of the three lakes. Calibrations between
UK

37and temperatures were calculated using data from this study
and data from lakes distributed throughout the mid- and high-
latitudes of the Northern Hemisphere compiled by Longo et al.
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Table 1
Summary of the sequences recovered from each sample, and their phylogenetic assignments.

Sample Numbers of Isochrysidales sequences recovered from clone libraries

Total Group I Group II

OTU 0 OTU 1 OTU 2 OTU 4 OTU 3

White Fish 26 26 0 0 0 0
Devil Mountain 9 9 0 0 0 0
North Killeak 60 52 2 1 3 2
Toolik 21 21 0 0 0 0

K.J. Wang et al. / Organic Geochemistry 138 (2019) 103924 5
(2018). UK
37 values yield a positive correlation with MAAT, MTWQ,

and MTSI (Fig. 4). Though the correlations between UK
37 and MAAT

(UK
37 = 0.007 � T � 0.4746, R2 = 0.25, p = 9.9e�3), MTWQ
Fig. 2. Maximum likelihood tree showing the phylogeny of Isochrysidales constructed fr
OTU 0–4) are in bold with GenBank number following. Groups I, II and III Isochrysidale
sequence recovered in Greenland freshwater lakes from D’Andrea et al. (2006) and four O
Only bootstrap values > 70% are shown, asterisks represent bootstrap values equal to 10
(UK
37 = 0.0011 � T � 0.6206, R2 = 0.31, p = 3.4e�3) are weak, they

showed significant correlation between UK
37 and MTSI

(UK
37 = 0.031 � T � 0.4858, R2 = 0.59, p = 4.0e�6).
om partial 18S rRNA gene sequences. Sequences recovered from this study (Alaska
s clades are labeled after Theroux et al. (2010), Greenland phylotypes include the
TUs from this study, and EV phylotypes include sequences from Simon et al. (2013).
0%.



Fig. 3. Partial chromatograms of the surface sediments from the three studied maar
lakes after saponification and AgTCM column. The alkenones showed distinctive
Group I characteristics.
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4. Discussion

4.1. Water chemistry and the occurrence of Group I Isochrysidales

Freshwater or oligohaline conditions with relatively high pH
and alkalinity have been proposed to be the key environmental fac-
tors that allow Group I Isochrysidales to thrive (Longo et al., 2016).
However, not all fresh/oligohaline lakes with elevated pH host
Group I Isochrysidales. Despite previous investigations including
water chemistry of lakes hosting Group I Isochrysidales (e.g.,
Longo et al., 2018; Plancq et al., 2018a), the environmental controls
are not fully known. Fortunately, the ARCN program has water
chemistry monitoring data for our studied lakes, providing another
opportunity to explore this topic (Supplementary Table S2).

The maar lakes in this study are characterized by an elevated pH
of 8.3–8.4, with values comparable to shallow lakes where the
drainage basins are underlain by volcanic deposits in the region
(Larsen et al., 2017), but are higher than those reported in freshwa-
ter lakes north of the Brooks Range, Alaska, which also contain
Group I Isochrysidales and corresponding alkenones (pH 6.2–8.5;
Longo et al., 2016). Alkalinity of the maar lakes is comparable to
the northern Alaskan lakes (Supplementary Table S2; Longo
et al., 2016), but significantly higher than those reported from
other non-maar lakes in the Toolik region of Alaska (�0 mgCaCO3/
L; Luecke et al., 2014) and Russia (0–0.05 mgCaCO3/L; Drake et al.,
2019). The dominant cations are Na+, Mg2+, and Ca2+ (Supplemen-
tary Table S2). These characteristics indicate the relatively fast rate
of weathering from tephra and basalt containing a high abundance
of mafic minerals such as olivine, pyroxene, and plagioclase
(Pecoraino et al., 2015): CO2 + H2O + sodium-rich tephra and
volcanic glass + basalt (plagioclase NaAlSi3O8 + CaAl2Si2O8; olivine
(Mg, Fe)2SiO4; pyroxene XY(Si,Al)2O6)? clay minerals
+ Ca2+ + Mg2+ + Na+ + HCO3

�

Ca2+ and Mg2+ concentrations in the maar lakes are similar to
streams and rivers draining in the nearby terrain (O’Donnell
et al., 2015, 2016), suggesting weathering reactions primarily take
place in the surrounding soils that overlay tephra, volcanic glass,
and basalt. High-purity igneous rocks are composed of silicate
minerals almost devoid of anionic components such as Cl�. Thus
the high Cl� and associated Na+ indicate that the nearby Bering
Sea exerts a strong marine influence on lake chemistry of the Sew-
ard Peninsula during the open-water period (June–September;
Larsen et al., 2017), as evidenced by the relatively high concentra-
tions of Na+ and Cl� in White Fish Lake and North Killeak Lake in
comparison to Devil Mountain Lake which is farther away from
the coastline.

Environmental sulfur has been suggested as an essential ele-
ment for all photosynthetic algae (Takahashi et al., 2011;
Giordano and Prioretti, 2015; Plancq et al., 2018a), and Group I
Isochrysidales have been detected in Canadian Prairies lakes with
elevated sulfate content (93.4–1878 mg/L; Plancq et al., 2018a).
However, in contrast to the Canadian Prairies lakes (Plancq et al.,
2018a) and similar to the northern Alaskan lakes (Longo et al.,
2016), the three maar lakes in this study all have very low sulfate
concentrations, extending the lower limit of sulfate concentrations
observed for Group I Isochrysidales. Some interesting spatial differ-
ences in carbon and nutrient concentration across maar lake basins
have been observed. At North Killeak and Devil Mountain Lakes,
dissolved inorganic nitrogen species (nitrate, ammonium) were
below the detection limit, and phosphate concentrations were very
low. Organic nutrient species (as reflected by total N and P, and
total dissolved N and P) concentrations were also low at North Kil-
leak and Devil Mountain Lakes. These highly oligotrophic condi-
tions are common in lakes of Arctic Alaska (Luecke et al., 2014;
Larsen et al., 2017). However, concentrations of organic and inor-
ganic N and P species were substantially higher at White Fish com-
pared to the other maar lakes in this study. Further, DOC
concentration and SUVA254, which serves as an index of DOM aro-
maticity (Weishaar et al., 2003), are highest in White Fish Lake
compared with other large lakes (N = 20) surveyed in three Arctic
parks as part of the NPS ARCN lake monitoring program
(O’Donnell et al., 2015). Terrestrial DOMmay serve as an important
source of nutrients to phytoplankton in White Fish Lake, driving
high rates of primary productivity in the lake. Alternately, high
concentrations of DOC may originate from the decomposition of
particulate carbon or algal exudate in the water column. Repeated
cyanobacteria blooms were observed in White Fish Lake during a
July 2018 site visit, and the organic-rich sediments collected by
Ekman dredge indicate that White Fish Lake is mesotrophic.

In summary, the elevated pH, alkalinity, and low salinity of the
Espenberg maar lakes are similar to the lakes hosting Group I
Isochrysidales in Greenland (D’Andrea et al., 2006; Theroux et al.,
2010), northern Alaska (Longo et al., 2016), Canadian Prairies
(Plancq et al., 2018a), and northeastern China (Yao et al., personal
communication). However, the occurrence of Group I Isochrysi-
dales in the mesotrophic White Fish Lake expands our previous
understanding of the environmental preference of Group I
Isochrysidales which have mostly been found in oligotrophic lakes.
4.2. Genetic variation within Group I and II Isochrysidales

Longo et al. (2016) found freshwater lakes from northern Alaska
featured distinct distributions of Group I alkenones. Their analysis
of suspended particulate matter (SPM) from Toolik Lake yielded



Fig. 4. Regressions between UK
37 and mean annual air temperature (MAAT, a), mean temperature of the warmest quarter (MTWQ, b), and mean temperature of the spring

isotherm (MTSI, c). Shaded areas represent 95% confidence interval.
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the first in situ freshwater UK
37 calibration. Previous studies have

examined the alkenone producers in Toolik lakes using primers
targeting the eukaryotic V9 hypervariable region of the small-
subunit (SSU) rRNA gene and haptophyte V4 SSU rRNA gene from
water samples, showing that the alkenone producers in Toolik Lake
during the sampling season belong to Group I Isochrysidales
(Crump et al., 2012; Richter et al., 2019). In this study, we extracted
DNA from surface sediments and applied pre-existing haptophyte-
specific V4 SSU rRNA gene primers (Coolen et al., 2004). The
molecular data confirmed the common presence of Group I
Isochrysidales DNA in sediments and showed that the alkenone
producers in Espenberg maars and Toolik Lake are highly similar.

The most abundant Isochrysidales OTU in this study is Alaska
OTU 0 that constituted all the sequences recovered from White
Fish, Devil Mountain, and Toolik Lakes, and the majority of the
sequence recovered from North Killeak Lake. Alaska OTU 0 is clo-
sely related to the uncultured haptophyte (HQ446254) from
BrayaSø, West Greenland. OTU 1, 2, and 4 show branching among
other Group I sequences from Greenland and Canadian Prairies.
Those sequences grouped with Greenland phylotypes separate
from a clade that consists of sequences recovered from lake Etang
des Valles, France (EV phylotypes). Due to primer mismatches, the
primer pair we used in this study cannot detect EV phylotypes
(Richter et al., 2019). Therefore, it is possible that we did not
recover the full Group I Isochrysidales genetic diversity present
in these maar lakes. However, since the EV phylotypes are of low
abundance in Toolik lake based on high-throughput sequencing
data (Richter et al., 2019), and the most abundant OTU in this study
branches with a Greenland phylotype with strong support, it is
possible that alkenones in Toolik Lake, Alaska maar lakes and
BrayaSø have similar temperature sensitivities.

There are still some lingering questions regarding the genetic
diversity observed in the current data. North Killeak Lake contains
all the OTUs recovered in this study, while the other lakes only
contain OTU 0. Notably, Alaska OTU 3 is closely related to uncul-
tured Isochrysis sp. Hap7 and Hap9 from the Black Sea during early
sapropel deposition around 7140–6090 BP and 5950 BP (Coolen
et al., 2009), and Isochrysis galbana whose optimal salinity range
is around 15 ppt (strain Iso; Brand, 1984). Though the salinity of
North Killeak Lake is significantly lower than this range (Supple-
mentary Table S2), it is the most saline lake among the three maar
lakes, which may explain why North Killeak exhibits the highest
alkenone producer diversity among the three maar lakes. Group
II alkenones have been detected in a brackish lake (3.3 ppt) in
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northern Alaska near the coast (Longo et al., 2016) showing that
proximity to the ocean might be a source of higher salinity and
Group II Isochrysidales in the lake.

4.3. Air temperature calibrations

UK
37 temperature calibrations in freshwater lacustrine environ-

ments with Group I Isochrysidales have shown the strongest corre-
lation with the MTSI (Longo et al., 2018). The regressions between
UK

37and different temperatures shown in Fig. 4 suggest this index is
most correlated with MTSI. This is in agreement with previous
studies of water-column filtrates from Lake George (Toney et al.,
2010) and sediment trap experiment from two dimictic freshwater
lakes in northern Alaska (Longo et al., 2018), which shows that
alkenones are produced in the water column in early spring,
shortly after ice off. The regression of UK

37 with MTSI in this study
produces a slope that is within the range of slopes in previous
Group I calibrations (0.021–0.030; Zink et al., 2001; D’Andrea
et al., 2011, 2016; Longo et al., 2016, 2018). Thus, using UK

37-MTSI

instead of UK
37-MAAT may circumvent seasonal bias and provide a

season-specific temperature reconstruction, and this compilation
of Northern Hemisphere freshwater UK

37-temperature calibrations
would provide a good reference for paleotemperature reconstruc-
tion in freshwater systems.

The slight differences of UK
37 values in our three studied lakes

might be explained by the following reasons: (1) the alkenones
are extracted from a mixture of a few centimeters of sediment
from the Ekman dredge, and the sedimentation rate is probably
very different in the three lakes thus representing different dura-
tion of accumulation; (2) the surface area, bathymetry, and water
volume of the lakes are different, which could drive spatial differ-
ences in the lake thermal regime resulting in different water tem-
perature during the spring transition season.

4.4. Group I alkenones characteristics and RIK37 values

All three maar lakes investigated show a dominant C37:4 (>40%
among C37 alkenones) feature (White Fish: 42.5%, Devil Mountain:
48.4%, North Killeak: 60.7%) which coincides with the Group I alke-
nones detected in freshwater systems in Greenland (D’Andrea
et al., 2006; Theroux et al., 2010), Alaska (Longo et al., 2016),
Canada (Plancq et al., 2018a), and Japan (Plancq et al., 2018b).

The alkenone profiles in the maar lakes also showed significant
C37:3b concentration. In contrast to the complicated %C37:4 value
which can’t be used alone to determine either alkenone producers
or salinity, the RIK37 value showed more potential in identifying
the alkenone producers. This index was first defined by Longo
et al. (2016) as the ratio of isomeric ketones, RIK37 = C37:3a/
(C37:3a + C37:3b). Group I have a RIK37 value of 0.44–0.60 (Longo
et al., 2016; Plancq et al., 2018a), while Group II and III have a
RIK37 value of 1; mixed source alkenones would have a RIK37 value
in the range 0.60–1.0. The Espenberg maar lakes all showed RIK37

values within the range of pure Group I alkenones (Supplementary
Table S1). RIK37 is not able to detect Group II mixing in North Kil-
leak. However, the number of Group II sequences recovered from
the North Killeak is much lower than Group I sequences (only
3.3% of the total sequences) and this ratio might partly reflect
the actual biomass, and it is possible that the Group II Isochrysi-
dales only have minor contributions to the alkenones in this lake.
5. Conclusions

Our discovery of abundant Group I alkenones in three maar
lakes on the Seward Peninsula, Alaska provides exciting new
opportunities for quantitative paleotemperature reconstructions
for this climatically, ecologically and anthropologically important
region. Our findings highlight the presence of alkenones with clear
Group I signatures in the maar lakes, together with their producers
clustered into the same OTU with the sequences from Toolik Lake
which are closely related to other Group I Isochrysidales discov-
ered in BrayaSø, Greenland. The findings suggest that maar lakes
with elevated pH and alkalinity are habitable for Group I Isochrysi-
dales and UK

37 in these lakes are potentially powerful proxies for
MTSI.
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