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The Arctic is currently experiencing rapid changes with unprecedented rate and magnitude 

from human-induced climate warming. Profound changes in sea ice and permafrost extent are 

expected by 2050 under all warming scenarios (IPCC WGII, 2022). The projected warming in 

the Arctic is much faster than other regions, as the mean temperature change in the Arctic Ocean 

is around three times of global warming level (https://interactive-atlas.ipcc.ch/). The warming 

has radically altered the unique features in the Arctic, including, sea ice and permafrost. 

Specifically, Arctic sea ice cover has reduced to its lowest level since at least 1850, and an ice-

free summer is projected to occur before 2050 (IPCC WGI, 2021). Sea ice plays a crucial role in 

the Earth's climate system as it has a much higher albedo that reflects majority of solar energy 

(0.65 for bare ice and 0.85 for snow-covered sea ice) compared to open seawater (0.07) (Stroeve 

et al., 2012). The sea-ice seasonality, extent, thickness, and melt pond proportion are important 

to the ocean heat budget. On the other hand, widespread permafrost warming and thawing have 

been occurring in the Arctic since the 1980s (IPCC WGI, 2021). Northern circumpolar surface 

permafrost (0-3 m) alone stores 1035 ±150 gigatons of soil organic carbon (Hugelius et al., 2014; 

Schuur et al., 2015). Thawing and warming of permafrost can expose this frozen carbon pool to 

microbial degradation and release CO2 and CH4, which forms positive feedback that accelerates 

climate warming, which in turn, promotes additional permafrost thaw (Schuur et al., 2015). 

However, projections for future changes under climate forcing in Arctic sea ice and 

permafrost contain major uncertainties. Satellite data that provides observational constrains for 

sea ice is only available since 1978. Changes in sea-ice area since 1978 in response to warming 

is consistently underestimated in climate models, and modeling of sea ice changes in the 

marginal and shelf seas are especially complicated (Rosenblum & Eisenman, 2017; Horvat, 

2021; Watts et al., 2021). Accurate past sea ice reconstruction on a longer timescale is needed to 
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parameterize and validate the model prior to future prediction. However, the existing sea ice 

reconstructions have largely relied upon terrestrial proxies (i.e. ice cores, tree rings, 

documentaries) which are indirectly related to sea ice (hence prone to errors), or marine proxies 

(i.e. diatoms, dinoflagellate cysts, IP25) that often suffer from preservation problems (Kinnard et 

al., 2011; de Vernal et al., 2013). Robust, diagenetically stable marine based proxy for past sea 

ice reconstructions is needed. 

Similarly for permafrost, modeling of permafrost thaw and associated ecosystem and carbon-

cycle processes face limitations includes inadequate historical data and lack of understanding in 

the process (Walvoord & Kurylyk, 2016). The current permafrost carbon feedback models 

mainly focus on gradual (centimeters over decades) permafrost thaw near the ground-surface, 

and has significantly underestimated the carbon emission from permafrost thaw (Walter Anthony 

et al., 2018; Turetsky et al., 2020). Abrupt permafrost thaw (e.g., ground subsidence from 

melting ground ice, or thermokarst) that affect meters of permafrost soil in days to years has 

much greater greenhouse gas emission than gradual thaw, but those process are understudied 

(Turetsky et al., 2020). Thus, developing approaches to quantify the past changes in permafrost 

are crucial for understanding those physical process and estimate carbon emission from 

permafrost under different warming scenarios. 

This dissertation consists of two sections: 1) Sea ice; and 2) permafrost. The overall 

objectives are to develop novel molecular and isotopic tools for sea ice and permafrost 

reconstructions, followed by case studies and proxy validations. I explored a series of lipid 

biomarkers that are produced by a broad spectrum of organisms, including Archaea, Bacteria, 

and Eukarya, and demonstrate that many of these biomarkers can quantitatively record past 

changes in Arctic sea-ice extent as well as ecological and carbon-cycling changes related to 
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permafrost thaw. I also applied the isotopic proxies tracking carbon-cycling to White Fish Lake, 

Seward, Alaska to obtain the first annually resolved record of Arctic permafrost induced 

biogeochemical changes during the Anthropocene. 

In the first section of the thesis (Chapter 2-3), I developed a new sea ice proxy based on 

alkenones. Alkenones are a groups of compounds produced exclusively by algae in the order 

Isochrysidales. They are a class of C35-42 methyl and ethyl ketones with two to four double bonds. 

The indices quantifying the unsaturation degree of C37 alkenones 𝑈!'(  and 𝑈!'(
& are fundamental 

to paleo sea surface temperature (SST) reconstruction (Volkman et al., 1980; Brassell et al., 

1986; Prahl & Wakeham, 1987). However, 𝑈!'(  and 𝑈!'(
& often yield unrealistic SST in the 

northern high latitude oceans (Tierney & Tingley, 2018), and are often accompanied by the 

anomalously high relative abundance of the C37 tetra-unsaturated methyl alkenone (%C37:4), 

which is absent in mid- to low- latitude ocean. Chapter 2 challenged the conventional view that 

Emiliania huxleyi and Gephyrocapsa oceanica are the only alkenone producers in the ocean. 

Through next-generation sequencing of sediment samples, re-analyses of published 

environmental DNA data, and culture experiments, I identified a new lineage of Isochrysidales 

that is responsible for the C37:4 production in high latitude oceans. I derived a significant positive 

correlation between %C37:4 and sea ice concentration in seawater filtered particulate organic 

matter and surface sediment, and applied %C37:4 as a sea-ice proxy in the Svalbard region 

downcore sediment samples spanning the past 14 kyrs. The finding demonstrates that %C37:4 is a 

promising proxy for sea ice reconstruction on thousand- and, potentially, million-year timescales. 

Chapter 3 examined the global distribution and bloom phenology of Group 2i Isochrysidales 

in greater detail and further constrained its relationship with sea ice. In this chapter, I 

investigated Isochrysidales DNA and alkenones in sediment samples from Greenland fjords, 
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Baltic Sea, and Chesapeake Bay, which encompass three thermal regimes with the last being 

essentially free of sea ice. I also systematically mapped the occurrence of Group 2i based on 

environmental DNA data around the globe and compared it with temperature and ice occurrence. 

The results show that Group 2i relies on ice and its growth is hindered by warm temperature. Its 

bloom season is fundamentally different from other Isochrysidales that bloom in summer, as 

Group 2i blooms around the ice-melting season. Results from Chapter 3 supports the use 

of %C37:4 as a sea-ice proxy proposed in Chapter 2. 

In the second section of the thesis (Chapter 4-5), I focused on applying lipid biomarker 

proxies in maar lakes in the northern Seward Peninsula, Alaska, to quantify recent climate 

change. Under the surface Holocene accumulation, the northern Seward Peninsula is covered by 

a vast, 5-50 m thick yedoma deposit, which are ice-rich fine-grained deposits with massive ice 

wedges formed in the late Pleistocene (Strauss et al., 2021). Abrupt thaw is extensive across this 

region underlain by yedoma, evidenced by widespread thermokarst lakes, thaw slumps, and peat-

plateau collapse scars (Walter Anthony et al., 2018). The Espenberg volcanic field in this region 

created four of the world’s largest maar lakes: White Fish Lake, North Killeak Lake, South 

Killeak Lake, and Devil Mountain Lake (Lanik et al., 2019). Those maar lakes provide valuable 

archives for the climate reconstruction in this region, in particular, White Fish Lake has much 

higher sedimentation rates than nearby ocean sites. In Chapter 4, I examined alkenones, 

sedimentary DNA, and water chemistry data across three maar lakes: White Fish Lake, North 

Killeak Lake, and Devil Mountain Lake. The results showed that alkenones are abundant in all 

three lakes, and Group I Isochrysidales are the producers of alkenones. The results also 

demonstrate the use of 𝑈!'(  as a proxy for the mean temperature of the spring isotherm. 
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Chapter 5 zooms in on a sediment core recovered from White Fish Lake and reconstructed 

the hydrological, ecological, and carbon-cycle changes in response to climate variations and 

permafrost thaw since the late 1950s at an annual resolution. This is the first time an Arctic lake 

with sedimentation rate high enough for annual resolution has been cored. I investigated the 

abundance as well as 𝛿13C of alkenones, n-alkanes, GDGTs, diploptene, and total organic carbon 

(TOC) in the core. The biomarkers showed changes in primary productivity, methanogenesis, 

methanotrophy, and vegetation in the White Fish Lake catchment since the late 1950s. In 

particular, the intensified carbon cycle since the 2010s coincides with the increase in Arctic air 

temperature and active layer depth, reflecting the unprecedented rate of change in Arctic climate 

during recent years. 
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Abstract  

Alkenones are biomarkers produced solely by algae in the order Isochrysidales that have been 

used to reconstruct sea surface temperature (SST) since the 1980s. However, alkenone-based SST 

reconstructions in the northern high latitude oceans show significant bias towards warmer 

temperatures in core-tops, diverge from other SST proxies in down core records, and are often 

accompanied by anomalously high relative abundance of the C37 tetra-unsaturated methyl alkenone 

(%C37:4). Elevated %C37:4 is widely interpreted as an indicator of low sea surface salinity from 

polar water masses, but its biological source has thus far remained elusive. Here we identify a  

lineage of Isochrysidales that is responsible for elevated C37:4 methyl alkenone in the northern high 

latitude oceans through next-generation sequencing and lab-culture experiments. This  

Isochrysidales lineage co-occurs widely with sea ice in marine environments and is distinct from 

other known marine alkenone-producers, namely Emiliania huxleyi and Gephyrocapsa oceanica. 

More importantly, the %C37:4 in seawater filtered particulate organic matter and surface sediments 

is significantly correlated with annual mean sea ice concentrations. In sediment cores from the 

Svalbard region, the %C37:4 concentration aligns with the Greenland temperature record and other 

qualitative regional sea ice records spanning the past 14 kyrs, reflecting sea ice concentrations 

quantitatively. Our findings imply that %C37:4 is a powerful proxy for reconstructing sea ice 

conditions in the high latitude oceans on thousand- and, potentially, on million-year timescales. 
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1.1 Introduction 

Alkenones are among the best proxies for paleo-sea surface temperature (SST) 

reconstructions, and their exceptional diagenetic stability has enabled  the generation of 

palaeotemperature records spanning tens of millions of years of Earth’s history(Brassell et al., 

1986; Herbert et al., 2016; Liu et al., 2009). They are a class of C35-42 methyl and ethyl ketones 

with two to four double bonds produced exclusively by the algae in the order 

Isochrysidales(Brassell et al., 1986; Conte et al., 1995; Volkman et al., 1980; Xu et al., 2001; 

Zhao et al., 2014; Zheng et al., 2019): in ocean settings Emiliania huxleyi and the closely related 

Gephyrocapsa oceanica have been considered as the exclusive producers of di- (C37:2) and tri- 

(C37:3) unsaturated methyl alkenones(Brassell et al., 1986; Conte et al., 1995; Volkman et al., 

1980). The unsaturation index of alkenones (𝑈!'(&), defined as C37:2/(C37:2+C37:3), is positively 

correlated with temperature, as validated both by algal culture experiments and global core-top 

calibrations(Conte et al., 2006; P. J. Müller et al., 1998; Prahl et al., 1988; Prahl & Wakeham, 

1987; Tierney & Tingley, 2018).  

      However, application of 𝑈!'(& -SST calibrations in the northern high latitude oceans has 

encountered major difficulties. Variable warm bias in 𝑈!'(&-based SST reconstructions is often 

accompanied by the occurrence of tetra-unsaturated alkenone (C37:4), which is usually absent in 

mid- to low- latitude oceans and E. huxleyi cultures even under exceedingly low growth 

temperature(Zheng et al., 2019). This pattern is reported in surface sediment and seawater filtered 

particulate organic matter (POM) samples from the Nordic Seas and the Bering Sea(Bendle & 

Rosell-Melé, 2004; Harada et al., 2003; Rosell-Melé, 1998), and downcore sediment records in 

Okhotsk Sea during glacial periods(Harada et al., 2008; Hernández-Almeida et al., 2020; Seki et 

al., 2004). As a result, Rosell-Melé et al.(Rosell-Melé, 1998) concluded that 𝑈!'(& was unreliable 
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when the percentage of C37:4 among the total C37 methyl alkenones (%C37:4) is >5%. Yet, %C37:4 

greater than 5% is widely reported in sediment records in the northern high latitude oceans, thereby 

complicating SST reconstructions from these regions (Fig. 2. S. 1).  

      On the other hand, negative correlations between %C37:4 and sea surface salinity (SSS) on a 

regional scale were observed(Harada et al., 2003; Rosell-Melé, 1998; Sicre et al., 2002), with 

elevated %C37:4 often associated with fresher and colder water mass(Bendle et al., 2005; 

Rosellmele, 2002). The mechanisms for these observations, however, are poorly defined, with 

previous studies suggesting unknown oceanographic parameters(Rosell-Melé, 1998), and/or 

alkenone producers(Bendle et al., 2005) as the possible explanations. The occurrence of 

miscellaneous compounds that co-elute with C37:4 alkenone in sediment samples extracts adds an 

additional level of complication when interpreting %C37:4 data.(Wang et al., 2019) Regardless of 

these problems, elevated %C37:4 is widely applied as an indicator of fresher and colder polar water 

mass or decreased SSS (Table 2. S. 1). More recently, it has been applied as an indicator of sea ice 

margin based on co-occurrence with benthic foraminifera signal suggesting sea-ice 

breakup(Lochte et al., 2019). The interpretation of %C37:4 as a proxy for SSS stands in direct 

contrast to results from culture experiments, which show positive, or no correlation between 

salinity and %C37:4 in marine and brackish Isochrysidales species(Chivall et al., 2014; Ono et al., 

n.d., 2012). Such conflict suggests that elevated %C37:4 is not a physiological response to decreased 

SSS, but rather that unidentified producers of C37:4 occur in high latitude marine 

environments(Bendle et al., 2005; Rosell-Melé, 1998).  

      In this study, we used next-generation sequencing (NGS) to identify Isochrysidales in water 

column, sea ice, and sediment samples in northern high latitude marine environments. We show 

that Isochrysidales communities in subarctic regions are composed of a lineage that is distinct from 



 14 

E. huxleyi and any other described species. Culture of this lineage isolated from sea ice 

demonstrate they are prolific producers of C37:4. %C37:4 in POM and surface sediments in northern 

high latitude oceans show strong correlation with annual mean sea ice concentrations, which is 

further corroborated by downcore sediment records from the Svalbard region spanning the past 14 

kyr. Our results suggest %C37:4 has great potential as a paleo sea ice proxy, which may provide 

crucial information about sea ice distributions prior to satellite observations. 
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2. Methods and Materials 

2.1 Sample collection   

Surface sediment samples for both DNA sequencing and alkenone analyses were collected 

from Canadian Arctic Archipelago during Amundsen 2018. The samples were stored at -20˚C 

before DNA extraction. Other surface sediment samples for alkenone analyses were collected 

during several cruises including M86/1 (R/V Meteor; 2011), P435 (R/V Poseidon; 2012), EMB046 

(R/V Elisabeth Mann Borgese; 2013), JR51 (James Clark Ross; 2000), JR106 (James Clark Ross; 

2004), KN158-4 (Knorr; 1998), POS175 (Poseidon; 1990), HLY0601 (USCGC Healy; 2006), 

HLY0702 (USCGC Healy; 2007), M13/2 (Meteor; 1990), M 21/2 (Meteor; 1992). The locations 

of the surface sediment samples are shown in Supplementary Data 1.  

 

2.2 Next-generation Sequencing of Canadian Arctic Archipelago surface 

sediment samples 

Sequencing of the surface sediment samples were performed by Jonah Ventures, Boulder, CO, 

U.S.A. (https://jonahventures.com/). Genomic DNA was extracted from the samples using the 

DNeasy PowerSoil HTP 96, then a 2-step PCR protocol was performed. First, a portion of 18S 

rRNA was amplified by an adapted version of primer pair 528Flong and PRYM01+7 (F: 

GCGGTAATTCCAGCTCCAA, R:	GATCAGTGAAAACATCCCTGG, Egge et al.(Egge et al., 

2013)). The first PCR step following the program described in Egge et al.(Egge et al., 2013) was 

performed in 25-μl reactions containing Phusion GC buffer, 0.4 mM of each primer, 0.2 mM dNTP, 

DMSO 3%, 0.5 U Phusion polymerase (Thermo Scientific) and 2 µl of DNA template. After 

cleanup of the amplicons, a second round of PCR was performed to give each sample a unique 12-

nucleotide index sequence. The final indexed amplicons were then cleaned and normalized using 
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SequalPrep Normalization kit (Life Technologies, Carlsbad, CA) and proceed to sequencing on an 

Illumina MiSeq using V2 600-cycle kit (San Diego, CA). Sequencing success and read quality was 

verified using FastQC v0.11.8. The forward and reverse primers were removed from the sequences, 

and sequences with length below 100 bp were discarded. The Amplicon Sequence Variants (ASVs) 

were compiled for each sample after denoising by UNOISE3 algorithm with an alpha value of 5 

to remove sequencing error(Edgar, 2016). Taxonomy of the ASVs was assigned using the SILVA 

reference database (including 506 Isochrysidales sequences) and assign_taxonomy.py as 

implemented in QIIME/1.9.1(Caporaso, Kuczynski, et al., 2010).  

 

2.3 Re-analyses of environmental sequences and phylogeny 

We searched for short-read studies including the term “sea ice” on the European Nucleotide 

Archive (ENA), and runs from studies targeting subfragments of 18S rRNA that included sea-ice 

or seawater samples were downloaded. Primers were removed from the downloaded raw reads 

using cutadapt(Martin, n.d.), except from Roche 454 sequenced reads where forward primers were 

removed after quality trimming. ASVs were compiled after the reads were quality trimmed using 

DADA2(Callahan et al., 2016), except for studies with available quality trimmed ASVs(Enberg et 

al., 2018; Majaneva et al., 2019). The DADA2 parameters were adjusted based on the quality 

profiles of the sequencing runs. Taxonomic affiliations of the ASVs were identified using the 

assignTaxonomy command in DADA2 and, as reference sequences, the Protist Ribosomal 

Reference database(Guillou et al., 2012) (including 159 expert-curated Isochrysidales sequences 

from each taxonomic groups). Sequences classified to the order Isochrysidales were selected to 

proceed to further analysis. Close relatives of the environmental sequences were identified through 

BLAST search against NCBI GenBank and compiled as reference sequences for phylogeny. All 
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sequences were then aligned against a curated alignment from Gran-Stadniczeñko et al.(Gran-

Stadniczeñko et al., 2017) using PyNast(Caporaso, Bittinger, et al., 2010). In total, the alignment 

contains 105 sequences, including 6 Coccolithales, 16 Group 2 and III Isochrysidales culture, 46 

published environmental sequences from GenBank, and 37 recovered or re-analyzed 

environmental sequences from this study. A maximum-likelihood phylogeny was inferred using 

the RAxML(Stamatakis, 2014) program with substitution model GTRCAT with 1000 bootstraps 

through CIPRES(Miller et al., 2010).  

 

2.4 Culture experiments 

We obtained the RCC5486 strain (GenBank accession: MH764930) from the Roscoff Culture 

from the National Institute for Environmental Studies. The strain was acclimatized to 3 ℃ and 6˚C 

for 10 days before the start of corresponding culture experiments. The f/2 medium was prepared 

from filtered and sterilized seawater collected from Vineyard Sound, Woods Hole, MA, USA, 

adjusted to 15, 21, 26, 31, 38 ppt. Cultures were grown under a light:dark cycle set at 16:8 hours. 

The light intensity was 140 μE·m-2·s-1. Culture experiments under each salinity and temperature 

condition were triplicated. 

      Cultures were harvested at early stationary phase (monitored using hemocytometer counts 

(Hausser Scientific, PA, USA)) by filtering onto 0.7 μm glass fiber filters (Merck Millipore, MA, 

USA). All filters were wrapped with aluminum foils and immediately frozen at -20 ℃ before 

further extraction and analysis. For alkenones analyses, all of the filters were freeze-dried 

overnight and then dissolved in DCM and sonicated (3 × 30 min, 40 ml each time). The total 

extracts were separated and analyzed for alkenones as described in the section Alkenones Analyses. 
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2.5 Alkenones Analyses 

Surface sediment samples were analyzed for lipids by extracting around 10 g of freeze-dried 

sediment using a DionexTM accelerated solvent extraction (ASE) system with dichloromethane 

(DCM):methanol mixture (9:1, v/v) to obtain a total lipid extract (TLE). The TLE was then 

separated into alkane, ketone and polar fractions through silica gel columns by eluents with 

increasing polarity: hexane, DCM, and methanol. The ketone fraction containing alkenones was 

analyzed by gas chromatography-flame ionization detection (GC-FID) Agilent 7890N Series 

instrument equipped with mid-polarity column RTX-200 (105 m × 250 μm × 0.25 μm) with the 

oven program described in Zheng et al(Zheng et al., 2017). This method is able to fully eliminate 

the co-elution between alkenones and alkenoates, as well as co-elution between C38 methyl and 

ethyl alkenones (Zheng et al., 2017). Alkenone peaks were identified and quantified based on 

retention time compared with standard Group 1 alkenone samples extracted from BrayaSø Lake 

(Greenland) through Agilent ChemStation B.03.02. A gas chromatography-mass spectrometer 

(GC-MS, Agilent 7890B interfaced to 5977 inert plus MSD) equipped with RTX-200 columns 

(105 m × 250 μm × 0.25 μm) was used to examine co-elution. Samples with compounds co-eluting 

with alkenones were purified using silver thiolate silica gel columns with hexane : DCM (1:1, v/v), 

DCM, acetone(Wang et al., 2019). Regressions of alkenone indices and environmental parameters 

were performed via MATLAB (R2018b). 

 

2.6 IP25 analyses 

Analysis of IP25 (Ice Proxy with 25 carbon atoms) in core M23258-2 was carried out as 

described by Belt et al.(Belt et al., 2012) with minor modification. An internal standard (9-

octylhexadec-8-ene; 9-OHD; 0.1 µg) was added to dried sediment material (ca. 2 g), which was 
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extracted using dichloromethane (DCM)/methanol (MeOH) (2:1 v/v; 3 x 6 ml) and ultrasonication. 

Following evaporation of the total organic extract (TOE) to dryness (N2 stream; room T), elemental 

S was removed according to Cabedo-Sanz and Belt(Cabedo-Sanz & Belt, 2015). Thus, the TOE 

was dissolved in hexane (1 ml) followed by addition of tetrabutylammonium sulfite (TBA, 1ml) 

and propan-2-ol (2 ml). After brief shaking by hand (1 min), ultra-high purity water (3 ml) was 

added, re-agitated (1 min) and centrifuged (2 min; 2500 rpm). The hexane layer was transferred to 

a clean vial and the procedure repeated twice more. Combined hexane extracts were dried using 

N2. Partially purified TOEs were re-suspended in hexane and purified using column 

chromatography (SiO2; ca. 0.5 g in a glass pipette), with fractions containing IP25 collected using 

hexane (6 ml). Final purification was achieved using Ag-ion chromatography (Supelco discovery® 

Ag-Ion; 0.1 g). After elution of saturated hydrocarbons (hexane; 1 ml), unsaturated hydrocarbons 

including IP25 were collected in acetone (2 ml). 

      Identification and quantification of IP25 in purified sediment extracts was carried out via gas 

chromatography–mass spectrometry GC–MS using established methods(Belt et al., 2012) with an 

Agilent 7890 gas chromatograph equipped with a HP5MS fused-silica column (30 m; 0.25µm film 

thickness; 0.25 mm internal diameter) coupled to an Agilent 5975 series mass spectrometric 

detector. IP25 was identified by its characteristic retention index (RIHP5-MS = 2081) and mass 

spectrum. Quantification was carried out in single ion monitoring (SIM) mode. The resulting peak 

areas for IP25 were normalised to internal standard responses, instrumental response factors, and 

sediment mass. 
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3. Results and discussion 

3.1 Identifying widespread ice-related alkenone producers 

We sequenced the V4 region of the 18S rRNA gene from three surface sediment samples 

containing high %C37:4 (59-68%;  Fig. 2. S. 2) that were collected from Victoria Strait in the 

Canadian Arctic Archipelago where the sea ice regime is mainly governed by first-year ice. Four 

Isochrysidales amplicon sequence variants (ASVs) were recovered from those surface sediments 

(Table 2. S. 2). We also extracted 18S-V4 sequences of Isochrysidales available from NGS datasets 

from high latitude oceans (20 datasets, 1216 samples). We used a phylogenetic framework to 

compare these data with published Isochrysidales 18S-V4 data from environmental and culture 

studies(Edvardsen et al., 2016)(Fig. 2. 1). 

      We followed the Isochrysidales classification of Theroux et al.(Theroux et al., 2010) based on 

habitat salinity ranges and phylogenetic divergence: Group 1 (freshwater species, uncultured), 

Group 2 (brackish species, e.g., Isochrysis galbana, Ruttnera lamellosa), Group 3 (marine species, 

E. huxleyi and G. oceanica). Our phylogenetic analysis revealed close relationships between the 

majority of Isochrysidales sequences recovered from marine sites with perennial or extended 

seasonal sea ice and those of published sequences from lakes with seasonal or perennial ice cover 

(Fig. 2. 1, Fig. 2. 2a). The sequences formed a monophyletic group with 80% bootstrap support, 

and placement of these sequences within Group 2 Isochrysidales is supported by 100% bootstrap 

support. We refer to this monophyletic clade as the Group 2 ice lineage Isochrysidales (Group 2i). 

Group 2i is distinct from any named Isochrysidales species, and potentially represents one or more 

new species. The sequences falling within Group 2i were detected in environments with a wide 

range of salinity, from freshwater to saline brine channels within sea ice, and in samples from sea-

ice cores, under-ice seawater, and sediments from regions governed by multi- and first-year ice. 
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These distributions suggest that Group 2i is euryhaline and well-adapted to variable Arctic marine 

environments. E. huxleyi was abundant in seawater samples that were collected during the summer 

after ice melt in the Chukchi Sea and Barents Sea, and was not identified in any of the sea-ice 

samples except one sample from the central Arctic. Particularly, seawater samples collected in the 

Fram Strait during sea ice melting season(Fadeev et al., 2018) (June 2014) where the western part 

of the Fram Strait was ice-covered and eastern part was ice-free, showed E. huxleyi was present in 

both ice-covered and ice-free sites. However, Group 2i was only detected in seawater samples 

collected under ice-cover. The DNA data suggests the presence of Group 2i is tightly associated 

with sea ice. 

 

3.2 Culture experiments show Group 2i produce predominant C37:4 

To confirm that Group 2i produces high %C37:4, we cultured the un-classified Isochrysidales 

strain RCC5486 at 3˚C and 6 ˚C in f/2 medium under salinity of 15, 21, 26, 31, 38 ppt. The 

RCC5486 strain falls within the Group 2i in our phylogeny and it is the most phylogenetically 

similar strain to the Isochrysidales found in Canadian Arctic Archipelago surface sediments that 

is available in pure culture (Fig. 2. 1). Live cells of RCC5486 were isolated during the algal pre-

bloom and bloom-development phase in sea ice samples from Baffin Bay(Ribeiro, n.d.) (67.47˚N, 

63.78˚W; May-July 2016). The alkenones produced by RCC5486 showed exceptionally 

high %C37:4 (~80%) at both 3 and 6 ˚C (Fig. 2. S. 2), and salinity does not have any significant 

influence on %C37:4 (Fig. 2. S. 3). This further validates that physiological response to decreased 

salinity would not result in increased C37:4 production. Published DNA sequences that falls into 

Group 2i in our phylogenetic analyses were also observed in water and sediment samples from 

lakes in China(Theroux et al., 2010; Yao et al., 2019), Canada(Plancq et al., 2019), 
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U.S.A.(Theroux et al., 2010) and Antarctica(Coolen, 2004), where C37:4 was the predominant 

alkenone. High %C37:4 alkenone production is thus likely a shared characteristic across Group 2i 

Isochrysidales. Culture of RCC5486 also showed an absence of C38 methyl alkenones (C38Me), 

matching alkenone production by other Group 2 Isochrysidales and differing from E. 

huxleyi(Zheng et al., 2019). However, C38Me was present in the Canadian Arctic Archipelago 

surface sediments, even though Group 2i was the only Isochrysidales detected through NGS. The 

C38Me detected in Canadian Arctic Archipelago is likely produced by E.huxleyi even though their 

DNA was not detected. The discrepancy between DNA and alkenone preservation could result 

from differences in the life cycles of Group 2i compared to E. huxleyi: the former potentially forms 

cysts and enters a resting stage in surface sediment(Ellegaard et al., 2016; Toney et al., 2012) while 

the latter does not form resting spores during winter(Hegseth & Sundfjord, 2008), after the bloom 

they die and disaggregate during downward transportation into sea-floor(Rosell-Mele & Comes, 

2000).  

 

3.3 Implications for sea ice, SSS and SST reconstructions 

The identification of the novel and widespread Group 2i Isochrysidales gives rise to the 

possibility of using %C37:4 as a reliable sea ice proxy. Elevated %C37:4 from surface sediment and 

seawater POM(Bendle et al., 2005; Harada et al., 2003) is located at regions with seasonal sea ice 

in the Northern Hemisphere (Fig. 2. 2b). %C37:4 in both POM and surface sediment were positively 

and significantly correlated with sea ice concentrations (Fig. 2. 3a, 2. 3c). Differences in the 

calibration could be results of stronger seasonality of POM, uncertainty in the age of the surface 

sediment and advection influencing the linkage between sediment and overlying surface 

water(Conte et al., 2006). The positive correlation between sea ice concentration and %C37:4 most 
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likely reflect increasing alkenone contribution from Group 2i Isochrysidales with increasing sea 

ice. %C37:4 showed negative and significant correlations with SSS in POM and surface sediments 

(Fig. 2. 3b, 2. 3d), consistent with prior research(Harada et al., 2003; Rosell-Melé, 1998). However, 

this relationship is a byproduct of the negative correlation between SSS and sea ice concentrations 

in the above sample sites, which reflects the temporal influence of melting sea ice on near-surface 

salinity (Fig 2. S. 5). Thus variations in %C37:4 cannot be attributed to SSS changes, and regional 

relationship between %C37:4 and SSS should not be extrapolated for global-scale SSS 

reconstruction. So far there is no mechanistic explanation that supports a direct response of %C37:4 

to changes in SSS, except in low salinity (0-6 ppt) or estuarine environments where Group 1 

Isochrysidales are present and contribute to elevated %C37:4(Kaiser et al., 2019; Longo et al., 2016; 

Theroux et al., 2010). Group 1 Isochrysidales are typically found in freshwater to oligosaline 

environments and predominantly produce C37:4(Longo et al., 2018). Alkenone contribution from 

Group 1 can be identified through the presence of C37:3b isomer, which is not produced by Group 

2 and 3 (Longo et al., 2018). Our results show that both Group 1 and the Group 2i are present in 

brackish water underlying sea ice in the northwest of Gulf of Finland, Baltic Sea(Enberg et al., 

2018) (Fig. 2. S. 6). However, Group 1 Isochrysidales are very sparse within sea ice in the Baltic 

Sea and are absent in other sea ice samples examined in this study (Fig. 2. 2). Thus, we conclude 

that the majority of C37:4 production in the northern high latitude oceans distal from coast can be 

attributed to the presence of sea ice and Group 2i Isochrysidales. 

      Alkenones produced by the Group 2i are also a potential source of bias in 𝑈!'(& -SST 

reconstructions. Surface sediment samples from regions covered by winter sea ice in the North 

Atlantic experience significant warm bias in 𝑈!'(&-SST(Filippova et al., 2016; Tierney & Tingley, 

2018). A similar warm bias is also observed in calculated SSTs from surface sediments examined 
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in this study, including the Canadian Arctic Archipelago samples where Group 2i was detected 

(Fig. 2. 2c), however the exact mechanism leading to the warm bias is still a question. Group 2i 

may produce alkenones within multi-year sea ice, but there is no prior report of alkenones detected 

from the surface sediments in the central Arctic. Bloom of Group 2i has been observed upon ice 

melt in Lake George, U.S.A., followed by a bloom of non-ice lineage Isochrysidales(Theroux et 

al., 2019). Group 2i and other Group 2 Isochrysidales are able to form cysts in sediments and 

potentially re-emerge to surface water during water-overturning under increased 

insolation(Ellegaard et al., 2016; Toney et al., 2012), which could occur in blooms during ice-melt. 

Prolonged seasonal sea ice and the Group 2i Isochrysidales within sea ice could potentially shift 

the phenology of E. huxleyi from colder to warmer seasons. They are also likely to have a 𝑈!'(&-

SST calibration different from E. huxleyi. The bias in 𝑈!'(&-SST introduced by Group 2i could thus 

be more prominent during periods with extended seasonal sea ice coverage in downcore records. 

More experimental and field studies are needed to fully understand the causes for the warm SST 

bias inferred by 𝑈!'(& in high latitude oceans. 

 

3.4 Validation of %C37:4 as paleo sea ice proxy in downcore sediments 

Elevated %C37:4 has long been observed in concordance with other sea ice proxies, such as 

IRD (Bachem et al., 2017; Stein et al., 2014; Risebrobakken et al., 2010; Sánchez-Montes et al., 

2020; Seki, 2005), diatoms (Stein et al., 2014; Horikawa et al., 2015), foraminifera assemblages 

(Lochte et al., 2019; McClymont et al., 2008) and IP25 (Łącka et al., 2019) in sediment records 

spanning the Late Pliocene to the Holocene. However, the interpretations of %C37:4 were 

essentially derived from long-term SSS change instead of the occurrence of sea ice in previous 

studies (Table 2. S. 1). 
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      To further evaluate %C37:4 as a sea ice proxy within a paleoceanographic context, we 

compared %C37:4 records with the widely applied sea ice proxy IP25 and coarse fraction contents 

(% of grain size > 63 μm) in the Svalbard area during the past ca. 14.5 kyr (Fig. 2. 4, Fig. 2. 5). 

IP25 is a C25 isoprenoid lipid synthesized by certain Arctic sea ice diatoms and is deposited in 

underlying sediments following ice melt in spring (Belt, 2018; Belt et al., 2007; Brown et al., 2014). 

Coarse sediment fraction at this site is largely composed of lithic grains and foraminifera, 

reflecting sea ice formation off the western Barents shelf (Sarnthein. et al., 2003). The Fram Strait 

is the major gateway between the North Atlantic and the Arctic Ocean, and sea ice distribution in 

our study area is highly sensitive to surface temperature variability in modern time (Comiso et al., 

2008). Over longer timeframes such as the Holocene, variations in sea-ice extent in the Fram strait, 

the Greenland Sea and the northern Barents Sea, co-occurred with changes in Northern 

Hemisphere solar insolation and changes in Greenland air temperature (Berben et al., 2017; J. 

Müller et al., 2009, 2012; Syring et al., 2020; Werner et al., 2016). Marine sediment core M23258-

2(Sarnthein. et al., 2003; Martrat et al., 2003) (74.99˚N, 13.97˚E) is located close to the modern 

maximum winter sea ice extent in the northeastern Norwegian Sea where temporal variations of 

sea ice conditions have been identified (Belt et al., 2015). Alkenones were not detected prior to 

14.1 kyr BP in M23258-2, likely due to seasonally extended sea-ice cover limiting 

productivity.The general trend of %C37:4 from M23258-2 (Martrat et al., 2003) is in direct 

agreement with inferred-temperature trends from the 𝛿18O values of Renland ice core located in 

east Greenland (Johnsen et al., 2001), with increasing %C37:4 corresponding to decreasing 

temperature, and is positively correlated with IP25 concentration and coarse fraction content in 

M23258-2 (Fig. 2. S. 7). The high values of %C37:4 in both M23258-2 and JM09-020-GC (Łącka 

et al., 2019) (76.31˚N, 19.70˚E) located in the glacial trough of Storfjordrenna during the Bølling-
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Allerød (13.95-12.8 kyr BP) may represent partial sea-ice cover and a retreating ice edge; high 

coarse fraction content during this time in M23258-2 suggests rapid breakup of the Svalbard-

Barents Sea Ice Sheet. The highest peak in %C37:4 in M23258-2 occurs at the beginning of the 

Younger Dryas (YD, ~12.8 kyr BP), indicating an expansion of sea ice. This is in agreement with 

increases in the coarse grain-size fraction and IP25 from M23258-2 and increases in IP25 at nearby 

site JM09-KA11-GC (Berben et al., 2014) (74.87˚N, 16.48˚E). The gradual decrease in %C37:4 

observed in M23258-2 and JM09-020-GC after the termination of YD (~11.7 kyr BP) is coincident 

with increasing Northern Hemisphere summer insolation and temperature. Low %C37:4 in M23258-

2 and the closely adjacent core SV04 (Rigual-Hernández et al., 2017) (74.957˚N, 13.899˚E) 

suggests that sea ice extent retreated and was present in low concentrations at these sites between 

10.8-4 kyr BP during the Holocene Thermal Maximum, while the fluctuating %C37:4 in JM09-020-

GC suggests a variable ice-edge condition at Storfjordrenna during this period. %C37:4 in M23258-

2 increased after ca. 4 kyr BP indicating a slight expansion of the sea ice margin during the 

Neoglacial cooling period in the Northern Hemisphere, as the coarse fraction contents in this core 

also increased, reflecting sediment injections caused by cascades of dense brine water down the 

Barents shelf induced by seasonal sea ice (Sarnthein. et al., 2003). IP25 in M23258-2 is, however, 

absent (or below detection limit) during this time period. The return to partial seasonal sea ice 

cover during Neoglaciation is also evident in the rapid IP25 increase in the Fram Strait (Werner et 

al., 2016) (MSM5/5-723-2; 79.16˚N, 5.33˚E) and northern Barents Sea records (Köseoğlu et al., 

2018) (NP05-11-70GC; 78.40˚N, 32.42˚E), as well as the re-emergence of IP25 in JM09-KA11-

GC. 

      In this study we demonstrate that %C37:4 is a reliable and sensitive indicator for paleo sea ice, 

and has the potential for quantitative sea ice concentration reconstructions based on surface 
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sediment calibrations. As alkenones are solely produced by Isochrysidales, %C37:4 directly reflects 

proportion of Group 2i Isochrysidales within Isochrysidales community induced by sea ice, and is 

not affected by variations in total productivity or sedimentation rates as IP25. %C37:4  is also less 

likely to be affected by diagenetic factors due to the strong diagenetic stability of alkenones, and 

does not suffer from dissolution like microfossil sea-ice proxies such as diatoms, ostracods, and 

foraminifers. As an example of the durability of the %C37:4 proxy, a gradual increase of %C37:4 

from 0 to 10% was observed in Bering Sea after the onset of MIS M2 glaciation (~3.3Ma) in 

concordance with an increase in sea-ice-related diatoms (Horikawa et al., 2015). In 

addition, %C37:4 provides site-specific sea ice information which is different from proxies such as 

methanesulfonic acid and sea salt in ice from glaciers and ice sheets that records the averaged sea 

ice condition at a variable (e.g., depending on wind direction and speed) sector of ocean. Future 

work combining molecular biology and organic geochemistry analyses in culture experiments and 

large-scale analyses of seawater, sea ice and sediment samples will improve the %C37:4-sea ice 

calibration and shed light on other sea-ice properties such as seasonality.  
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Data availability 
Raw sequence data generated in this study were archived in NCBI GenBank with accession 

number PRJNA650544, assembled Isochrysidales sequences were archived in NCBI GenBank 

with accession number MT647637-MT647640. Re-analyzed NGS data can be found through 

European Nucleotide Archive (ENA) with accession codes provided in Supplementary Data 2. 

Reference database SILVA is available at https://www.arb-silva.de/, and PR2 is available at 

https://github.com/pr2database/pr2database.  
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Figures 

 
 
 
Figure 2.1. Phylogenetic position of the novel Group 2 ice lineage (Group 2i) Isochrysidales. 
Maximum-likelihood tree based on 18S rRNA gene from 99 sequences spanning three groups of 
Isochrysidales and 6 from the Coccolithales outgroup. The numbers shown on branches represent 
bootstrap support for the node (only those >50% are shown). Numbers in the parentheses 
represent numbers of sequences included in the collapsed groups, and the expanded version of 
this tree can be found in Supplementary Figure 4. The scale bar represent substitution/site. 
Sequences generated from Canadian Arctic Archipelago surface sediments in this study are 
highlighted in red, and sea-ice isolated strain RCC5486 cultured in this study is highlighted in 
blue. Sequences from re-analyzed NGS datasets are highlighted in brown, and other sequences 
were obtained from NCBI GenBank. The branches of the ice-lineage is marked in red.  
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Figure 2.2. Distribution of the Group 2i Isochrysidales, %C37:4  values and 𝑼𝟑𝟕𝑲&-sea surface 
temperature bias. a) Distribution of Group 2i in northern high latitude marine environment 
from DNA sequencing in this study, re-analyzed NGS datasets, and NCBI GenBank based on 
phylogeny. Orange represent samples with Group 2i detected, yellow represent samples with 
both Group 2i and other Isochrysidales detected, and green represent samples with occurrence of 
other Isochrysidales and absence of Group 2i (details of samples can be found in Supplementary 
Data 2). Blue arrow indicate surface sediment samples where both DNA sequencing and 
alkenone analyses were conducted in this study. Yellow arrow denotes the location where strain 
RCC5486 cultured in this study was isolated from. b) %C37:4 values of water filter POM 
compiled from Harada et al.(Harada et al. 2003) and Bendle et al.(Bendle and Rosell-Melé 2004) 
are shown in circles. %C37:4 values of surface sediment samples from this study are shown in 
triangles. c) Differences between 𝑈!'(& reconstructed SST in surface sediment and 1981-2010 
mean annual SST (WOA)(Mishonov n.d.). The contour shows annual mean sea ice concentration 
during 1980-2010 from National Snow and Ice Data Center (NSIDC) Climate Data Record of 
Passive Microwave Sea Ice Concentration, Version 3 with a spatial resolution of 25 km × 25 
km(Peng et al. 2013) (https://doi.org/10.7265/N59P2ZTG). The blue and magenta lines shows 
1980-2010 median sea ice extent during March and September respectively (NSIDC). 
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Figure 2.3. %C37:4 showing significant positive correlation with annual mean sea ice 
concentration and negative correlation with sea surface salinity. a) Linear regression 
between water filter POM %C37:4 compiled from previous studies(Bendle and Rosell-Melé 2004; 
Harada et al. 2003) and mean sea ice concentration 12-month prior to sample collection (n=40 
independent samples). b) Linear regression between water filter POM %C37:4 and measured SSS 
during collection(Bendle and Rosell-Melé 2004; Harada et al. 2003) (n=40 independent 
samples). c) Linear regression between surface sediment %C37:4 and 1980-2010 annual mean sea 
ice concentration (n=42 independent samples). d) Linear regression between surface 
sediment %C37:4 and 1980-2010 annual mean SSS(Mishonov n.d.) (n=42 independent samples). 
Surface sediment samples from Baltic Sea are not included in the regressions in c) and d). Sea 
ice concentrations were obtained from NOAA/NSIDC Climate Data Record of Passive 
Microwave Sea Ice Concentration, Version 3 with a spatial resolution of 25 km × 25 km(Peng et 
al. 2013) (https://doi.org/10.7265/N59P2ZTG). The dashed lines denote 95% confidence interval 
for the regression. 
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Figure 2.4. Locations of the cores discussed in the paper with bathymetry adapted from IBCAO 
version 3(Jakobsson et al. 2012). 
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Figure 2.5. Sea ice reconstructions at the Svalbard region during the past ca. 14.5 kyr. a) 
𝛿18O from Renland ice core(Johnsen et al. 2001). b) Mid-July 65˚N insolation(Laskar et al. 
2004). c) %C37:4 from M23258-2(Martrat et al. 2003). d) %C37:4 from SV04(Rigual-Hernández et 
al. 2017). e) C37 methyl alkenone concentration from M23258-2(Martrat et al. 2003). f) %C37:4 
from JM09-020-GC(Łącka et al. 2019). g) C37 methyl alkenone concentration from JM09-020-
GC(Łącka et al. 2019). h) Coarse fraction from M23258-2(M. et al. 2003). i-l) IP25 concentration 
from M23258-2 (this study), JM09-KA11-GC(Belt et al. 2015; Berben et al. 2014), MSM5/5-
723-2(Werner et al. 2016) and NP05-11-70GC(Köseoğlu et al. 2018:25). Black triangles 
represent age control points in M23258-2(M. et al. 2003). 
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Supplementary Information 
 

 
 
Figure 2.S.1 Compilation of reported %C37:4 records listed in Table 1.S.1. The bubble size 
represent highest %C37:4 value reported in the record, and the color represent the time period of 
the highest value reported.   
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Figure 2.S.2. Gas chromatograms showing alkenone and alkenoate profiles generated from 
Canadian Arctic Archipelago surface sediments, RCC5486 cultures, E. huxleyi strain NIES1312 
(Liao et al., unpublished) and Van 556 cultures(Zheng et al., 2019). Cn represent the number of 
carbon; Me = methyl ketone, Et = ethyl ketone, OEt = ethyl alkenoate; number above each peaks 
indicate the number of double bonds; 3a and 3b are tri-unsaturated double bond positional 
isomers.  
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Figure 2.S.3. %C37:4 produced by RCC5486 under 3˚C does not show any significant correlation 
with salinity. Each data point represent the averaged value of the triplicated culture experiments. 
The dashed lines denote 95% confidence interval for the regression. 
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Figure 2.S.4. The full phylogenetic tree showing the position of the novel ice-lineage 
Isochrysidales. This maximum-likelihood tree is based on 18S rRNA gene from 99 sequences 
spanning three groups of Isochrysidales and 6 from the Coccolithales outgroup. The numbers 
shown on branches represent % bootstrap support for the node (only those >50% are shown). 
The scale bar represents substitutions per site. Sequences generated from Canadian Arctic 
Archipelago surface sediments in this study are highlighted in red, and sea-ice isolated strain 
RCC5486 cultured in this study is highlighted in blue font. Sequences from re-analyzed NGS 
datasets are indicated by brown font, and other sequences were obtained from NCBI GenBank. 
The branches of the ice-lineage Isochrysidales are highlighted in red. A version of this tree with 
collapsed nodes for easy viewing is provided in Figure 1.1 of the main text. 
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Figure 2.S.5. a) Linear regression between mean sea ice concentration 12-month prior to POM 
sample collection and measured SSS during sample collection compiled from previous studies(J. 
Bendle et al., 2005; Harada et al., 2003) (n=40 independent samples). b) Linear regression 
between 1981-2010 annual mean sea ice concentration and 1981-2010 annual mean 
SSS(Mishonov, n.d.) at surface sediment sites in this study (n=42 independent samples). The 
dashed lines denote 95% confidence interval for the regression in a) and b). c) shows modern 
summer (Jul.- Sep.) SSS in the circum-Arctic region adapted from 
https://www.nodc.noaa.gov/OC5/regional_climate/arctic/, with the blue and white lines 
indicating March and September median sea ice extent respectively (NSIDC).  
 
  



 55 

 
Figure 2.S.6. Seasonal succession of Isochrysidales from Autumn to Spring in the northwest of 
Gulf of Finland, Baltic Sea, from re-analyzed NGS data(Enberg et al., 2018). OTU composition 
(% of OTU reads to total Isochrysidales reads) in ice, under ice water, 0-3m water, 3-15m water 
at Krogarviken (59° 50.650’ N, 23° 15.100’ E) and Storfjärden (59° 51.250’ N, 23° 15.815’ E). 
Notably, Group 2i are the only Isochrysidales species detected within the ice in Krogarviken and 
compose >99% reads within the ice in Storfjärden; Group 1 species are mostly found in water 
samples with only a few reads (1-3) detected within ice samples from Storfjärden.  
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Figure 2.S.7. a) Linear regression between %C37:4 from M23258-2(Martrat et al., 2003) and 
𝛿18O from Renland ice core(Johnsen et al., 2001) (n=127 independent samples). b) Linear 
regression between IP25 from M23258-2 and 𝛿18O from Renland ice core(Johnsen et al., 2001) 

(n=54 independent samples). c) Linear regression between %C37:4(Martrat et al., 2003) and IP25 
in core M23258-2 (n=53 independent samples). d) Linear regression between %C37:4(Martrat et 
al., 2003) and >63 μm grain size(M. et al., 2003) in core M23258-2 (n=123 independent 
samples). The dashed lines denote 95% confidence interval for the regression. 
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Table 2.S.1 List of published %C37:4 sediment-core records shown in Figure 1.S.1 and the 
paleoclimate interpretations.  
 

Core Reference Region 
Published 
interpretation Lat. Lon. 

Highest 
%C 37:4  

Record 
length 

GS15-
198-33 Perner et al., 2019 

north 
Icelandic 
shelf freshwater flux 66.6 -20.9 5 

1850-2014 
AD 

MSM05/0
5-712-1  Rueda et al., 2013 Fram Strait colder and fresher water 78.9 6.8 8 0-2000 AD 
MSM45-
31-1 Lochte et al., 2020 

Labrador 
Shelf sea-ice or meltwater 54.4 -56.0 22 

0-6.2 kyr 
BP 

372610 Krossa et al., 2015 
west 
Skagerrak 

low salinity Baltic 
outflow 57.7 6.7 4 0-4 kyr BP 

225514 Krossa et al., 2015 
central 
Skagerrak 

low salinity Baltic 
outflow 57.8 8.7 4 0-4 kyr BP 

372650 Krossa et al., 2015 
northeast 
Skagerrak 

low salinity Baltic 
outflow 58.5 9.6 6 0-5 kyr BP 

242940 Krossa et al., 2015 
west 
Skagerrak 

low salinity Baltic 
outflow 57.7 7.2 4 0-4 kyr BP 

343310 Moros et al., 2016 
west 
Greenland 

low SSS due to 
meltwater input 68.6 -53.8 20 

0-3.5 kyr 
BP 

343300 Moros et al., 2016 
west 
Greenland 

low SSS due to 
meltwater input 68.5 -54.0 28 0-8 kyr BP 

SV04 
Rigual-Hernández 
et al., 2017 

north eastern 
Norwegian 
Sea  - 75.0 13.9 7 

0.73-10.49 
kyr BP 

MSM45-
19-2 Lochte et al., 2019 

Labrador 
Shelf sea-ice or meltwater 58.8 -61.9 36 

0-8.9 kyr 
BP 

JR51-
GC35 

Bendle & Rosell-
Melé, 2007 

north 
Icelandic 
shelf polar water mass 67.0 -17.2 10 

0.06-10.17 
kyr BP 

PC03 Harada et al., 2013 

Chilean 
Patagonia 
fjords low salinity -52.9 -74.1 9 

0-12 kyr 
BP 

PC-9 
Ishiwatari et al., 
2001 Japan Sea potentially low salinity 39.6 139.4 23 

1.0-36 kyr 
BP 

MD99-
2269 

 Kristjánsdóttir et 
al., 2017 

Icelandic 
shelf potentially low salinity 66.6 -20.9 49 

0.4-11.38 
kyr BP 

Psh-5159 
Risebrobakken et 
al., 2010 

south 
western 
Barents Sea freshwater influence  71.4 22.7 30 

0-11.42 kyr 
BP 

JM-09-
020 Łącka et al., 2019 

Storfjordren
na, west 
Barents Sea polar water mass 76.3 19.7 80 

1.29-13.99 
kyr BP 

M23258-
2 Martrat et al., 2003 

north eastern 
Norwegian 
Sea  polar water mass 75.0 14.0 23 

0.76-14.12 
kyr BP 

MD95-
2011 Calvo et al., 2002 

NE 
Norwegian 
Sea 

polar water mass (colder 
and fresher) 67.0 7.6 21 

0.52-15 kyr 
BP 

MD09 
2002 Menot et al., 2006 

Bay of 
Biscay 

low salinity from iceberg 
from British-Irish ice 
sheet 47.5 -8.5 30 

5.0-30 kyr 
BP 

MD07‐
3128 

Caniupán et al., 
2011 

Chilean 
Patagonia 
fjords low salinity  -52.7 -75.6 40 

0-60 kyr 
BP 

JR244-
GC528 Roberts et al., 2017 

Drake 
passage 

indicating alkenone-SST 
bias -53.0 -58.0 14 

1-25.44 kyr 
BP 
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M23415 Rosellmele, 2002 
North 
Atlantic 

freshening of surface 
waters in response to 
incoming freshwater 
from sea-ice and/or 
icebergs  55.0 -19.0 11 

0-50 kyr 
BP 

M17049 Rosellmele, 2002 
North 
Atlantic 

freshening of surface 
waters in response to 
incoming freshwater 
from sea-ice and/or 
icebergs  55.3 -26.7 12 

0-50 kyr 
BP 

U1313 Naafs et al., 2012 
North 
Atlantic influence of polar water 41.0 -33.0 8 

5.0-70 kyr 
BP 

BOFS 
16K Weaver et al., 1999 

North 
Atlantic 

There is no advantage of 
including C37:4 in SST 
reconstruction 59.0 -23.0 17 

0-120 kyr 
BP 

MD01-
2412 Harada et al., 2008 Okhotsk Sea 

low SSS due to declining 
supply of saline water 
/strengthening freshwater 
supply from the river/ 
increasing precipitation 
/effect of melting sea ice 44.5 145.0 69 

0-115 kyr 
BP 

PC-2 Seki et al., 2005 Okhotsk Sea low salinity 50.4 148.3 35 
0-85 kyr 
BP 

ODP 
977A Martrat et al., 2004 

west 
Mediterrania
n 

low salinity during 
Heinrich events 36.0 -2.0 10 

0-250 kyr 
BP 

MD01-
2408 Fujine et al., 2006 Japan Sea 

𝑈!'(  is more suitable than 
𝑈!'(& 39.6 139.4 20 

0-170 kyr 
BP 

MD01-
2444 Martrat et al., 2007 

Iberian 
margin 

advection of cold surface 
water 37.6 -10.1 13 

135.1-
185.7 kyr 
BP 

PC05-21 Lee et al., 2008 Japan Sea unclear 38.4 131.5 25 
0-200 kyr 
BP 

PS75/034
-2 Ho et al., 2012 

Southern 
Ocean 

𝑈!'(  is more suitable than 
𝑈!'(& -54.4 -80.1 23 

0-700 kyr 
BP 

U1385 

Rodrigues et al., 
2017 

Bajo et al., 2020 
Iberian 
margin 

freshwater input from 
melting iceberg during 
glacial extreme cold 
events 37.6 -10.1 15 0-1 Ma  

U1341 
Horikawa et al., 
2015 Bering Sea colder and fresher water 54.0 179.0 20 0-4.3 Ma  

ODP 
983C 

McClymont et al., 
2008 

North 
Atlantic polar water mass 60.4 -23.6 24 0.5-1.5 Ma 

ODP 882 
Martinez-Garcia et 
al., 2010 

Sub-Arctic 
Pacific polar/subpolar extent 50.4 167.6 28 0-3.5 Ma 

ODP 
1090 

Martinez-Garcia et 
al., 2010 

sub-
Antarctic 
Atlantic  polar/subpolar extent -42.9 8.9 21 0-3.5 Ma 

U1417 
Sánchez-Montes et 
al., 2020 

Gulf of 
Alaska cold and/or freshwater 57.0 

-
147.1 24 1.7-4 Ma 

104-642B 
Bachem et al., 
2017 

Norwegian 
Sea 

cooler (potentially less 
saline) surface water 67.2 2.9 8 

3.14-5.32 
Ma 

ACEX 

Stein et al.(Earth 
and Life Processes 
Discovered from 
Subseafloor 
Environments - A 
Decade of Science 
Achieved by the 
Integrated Ocean Arctic 

decrease in salinity 
(melting of sea ice and/or 
icebergs during 
summer?) 87.9 137.5 10 37-48 Ma 
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Drilling Program 
(IODP), 2014) 

HM83-06 
Rosell-Melé et al., 
2011 

North Sea 
Fan - 64.3 -2.7 8 - 

HM79-08 
Rosell-Melé et al., 
2011 

North Sea 
Fan - 62.9 0.0 8 - 

162-986B 
Rosell-Melé et al., 
2011 

Svalbard 
margin - 77.3 -9.1 24 - 
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Table 2.S.2. List of Canadian Arctic Archipelago surface sediment samples used in DNA 
sequencing and the amplicon sequence variants (ASVs) resolved.  
 

Sample Lat. Lon. ASV1 ASV2 ASV3 ASV4 
QMG1 68.49 -99.89 0 34 0 0 
QMG2 68.31 -100.80 0 0 20 0 
312 69.17 -100.70 121 45 0 17 
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Abstract 

 The recently identified sea-ice related Group 2i Isochrysidales and its characteristic C37:4-

predominant alkenones have been proposed as a sea-ice proxy. However, apart from the co-

occurrence of sea ice and Group 2i Isochrysidales, and the empirical relationship between %C37:4 

alkenone and annual mean sea ice cover observed in the previous study, it is unclear if the 

presence of seasonal or perennial ice is a prerequisite of Group 2i in natural environments. Little 

was known about Group 2i’s bloom phenology and survival strategies that helped its 

proliferation. Here we investigated Isochrysidales DNA and alkenones in sediment samples from 

Greenland fjords, Baltic Sea, and the Chesapeake Bay, which encompasses three thermal 

regimes, with the last being essentially free of sea ice. We also systematically mapped the 

occurrence of 2i based on environmental DNA data in lakes around the globe and compared it 

with lake ice occurrence. Our results show the presence of Group 2i in Greenland fjords and the 

Baltic Sea. Group 2i was not detected in the Chesapeake Bay surface sediment samples, even 

though Isochrysis galbana were detected abundantly. We produced maps of the global 

distribution of Group 2i and the other Isochrysidales. We found that the occurrence of Group 2i 

is highly sensitive to the presence of ice, and its growth is hindered by warm temperature. Group 

2i is likely a part of the ice-algae community that relies on ice as a living substrate and part of 

under-ice bloom and/or spring bloom, in contrast to other Isochrysidales that bloom later in open 

water during the warm season. This study further supports the use of Group 2i biomarkers 

(e.g., %C37:4, the presence of C39:4) for reconstructing the extent of past ice covers in the ocean 

and terrestrial environments. 
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1. Introduction 

Sea ice is a crucial element of the Earth's climate system, with its high albedo (0.65 for bare 

ice and 0.85 for snow-covered sea ice) contrasted to the low albedo of open seawater (0.07) 

(Stroeve et al., 2012). Challenges in sea-ice modeling and paleo sea ice reconstruction call for 

sea-ice biomarkers. A new alkenone-based sea-ice proxy has been proposed by Wang et al. 

(2021). Alkenones are a class of diagenetically stable algal biomarkers that have been widely 

used for paleo sea surface temperature (SST) reconstructions (Brassell et al., 1986; Liu et al., 

2009). The progress in understanding alkenone-producing species and the chemotaxonomy has 

enabled alkenones to reconstruct paleoclimate properties beyond SST, such as salinity and sea-

ice extent. In particular, the most recently defined subgroup – Group 2i Isochrysidales and its 

characteristic C37:4-predominant alkenones are associated with sea ice (Wang et al., 2021).  

Based on phylogeny and habitat, Isochrysidales can be classified into three main groups: 

Group 1 (freshwater), Group 2 (brackish), and Group 3 (marine), with high phylogenetic 

diversity within each group (Theroux et al., 2010). Group 3 includes Emiliania huxleyi and 

Gephyrocapsa oceanica. Group 1 can be further separated into subclades 1a (“Greenland type”) 

and 1b (“EV type”) (Richter et al., 2019). Group 2 includes well-studied species e.g., Isochrysis 

galbana, Ruttnera lamellosa, as well as vast environmental sequences that has not been named 

(Zink et al., 2001; Theroux et al., 2010; Randlett et al., 2014; Zheng et al., 2016). Wang et al. 

(2021) discovered a monophyletic clade (Group 2i) within Group 2 that is composed of 

environmental sequences and un-identified algal isolation from sea ice and ice-covered 

sediments. Yao et al. (2022) defined the Group 2 outside of 2i subclade collectively as Group 

2w, and separated them into Group 2w1 and 2w2. However, the phylogenic robustness needs to 

be further examined to justify the separation between 2w1 and 2w2. The different species of 
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Isochrysidales have different alkenone characteristics (Zheng et al., 2019), making it possible to 

differentiate them through alkenones profiles from sedimentary records. 

Though environmental DNA of Group 2i Isochrysidales has been detected in the Arctic 

Ocean and lakes with perennial and seasonal ice cover, and empirical relationship 

between %C37:4 (C37:4/( C37:2+ C37:3+ C37:4)) and annual mean sea ice cover was derived (Wang et 

al., 2021), more information on Group 2i Isochrysidales’s relationship with ice is needed for 

paleoclimate interpretation. Environmental controls on Group 2i occurrence and whether the 

occurrence of ice is a prerequisite are still elusive. How Group 2i differs from other 

Isochrysidales in terms of its role in phytoplankton blooms and growth condition (e.g. 

temperature, salinity) is also unclear. 

In this paper, we examined Group 2i’s spatial distribution globally, as well as its growth time 

in phytoplankton bloom successions. We first compared Isochrysidales community composition 

across estuaries and marginal seas with different temperature regimes, including Greenland 

fjords, Baltic Sea, and Chesapeake Bay (USA), through sedimentary DNA and alkenone 

analyses. We then focused on two regions in the Baltic Sea with different salinity, and analyzed 

its haptophyte community composition changes in ice and water columns during an annual cycle. 

Lastly, we compared the global distribution of Group 2i with Group 2w, as wee as other 

Isochrysidales, and proposed potential survival strategies adapted by Group 2i that enabled its 

wide distribution.   

 

 

 

 

  



 73 

2. Methods and material 

2.1  Surface sediments from the Chesapeake Bay and Greenland Fjords 

Sediment samples from the Baltic Sea, Chesapeake Bay, USA, and two Greenland Fjords 

were collected for DNA and alkenone analyses (Table 3. 1). Surface sediment samples were 

collected across the Baltic Sea from Skagerrak to the Bothnian Sea during expeditions M86/1 

(R/V Meteor; November 2011), P435 (R/V Poseidon; June 2012), 6EZ1215 (R/V Elisabeth 

Mann Borgese; July 2012), EMB046 (R/V Elisabeth Mann Borgese; May 2013) through multi-

corer (Kaiser et al., 2017). Surface sediment samples were collected in the Chesapeake Bay from 

July-September 2017 and kept frozen prior to DNA extraction. Two sediment cores (POR13_05 

and POR13_08) from Upernavik Fjord were collected in August 2013 onboard R/V Porsild with 

Rumohr corer (Vermassen, Wangner, et al., 2019). One surface sediment sample from 

Kangerlussuaq Fjord was collected during JR106 (James Clark Ross; 2004). 

 

2.2  DNA sequencing  

Surface sediment samples from the Baltic Sea are sequenced through Sanger with 

haptophyte-specific primers targeting 18S rRNA as described in (Kaiser et al., 2019). In short, 

DNA was extracted and purified from 0.5 g of dried sediments. One round of PCR was 

performed with primer pair Prym-429F and Prym-887R (Coolen, 2004). The PCR products were 

run on gel electrophoresis, and gel bands with targeted length were purified and cloned. The 

clone products were sequenced on an ABI 3730XL capillary sequencer (Applied Biosystems, 

Foster City, CA). Isochrysidales sequences were identified through BLAST search, and 

Operational Taxonomic Units (OTUs) were clustered by UCLUST. Representative sequences of 

each OTU were deposited in GenBank under accession numbers MH472563-MH472566. 
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The surface sediment samples from the Chesapeake Bay and Kangerlussuaq Fjord were 

sequenced through Next Generation Sequencing (NGS) with haptophyte-specific primers 

targeting 18S rRNA following methods described in Wang et al. (2021). DNA was extracted 

from the samples, followed by a two-step PCR. The first round of PCR used an adapted version 

of the primer pair 528Flong and PRYM01+7 (E. Egge et al., 2013) followed by a second round 

of PCR which gives each sample a unique index sequence. The cleaned and normalized 

amplicons were then sequenced on an Illumina Miseq with V2 600-Cycle Kit (San Diego, CA). 

After quality control, sequences were clustered into Amplicon Sequence Variants (ASVs), and 

taxonomy was assigned using the SILVA reference database. 

The downcore sediment samples from Upernavik Fjord were sequenced on an Illumina 

MiSeq 500-cycle paired-end run with haptophyte-specific primers (HAP_LSU_F and 

LHapto20R_bis) targeting D1-D2 region of 28S rRNA following methods described in Richter et 

al. (2019). Isochrysidales sequences were selected through BLAST and aligned to 28S rRNA 

reference sequences by PyNAST in Richter et al. (2019). A maximum-likelihood phylogenetic 

tree was built by RAxML on CIPRES (Miller et al., 2010; Stamatakis, 2014). 

 

2.3  Alkenones analyses 

Freeze-dried sediment samples were extracted by an accelerated solvent extraction system 

with DCM: methanol mixture (9:1, v/v). The total lipid extraction was further separated into 

three fractions of increasing polarity by silica gel columns eluting with hexane, DCM, and 

methanol subsequently. The mid-polar fractions containing alkenones were analyzed on a gas 

chromatography–flame ionization detection Agilent 7890N Series instrument with mid-polarity 
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column RTX-200 (105 m × 250 μm × 0.25 μm) with the oven program described in Zheng et al. 

(2017). 

 

3. Results and Discussion 

3.1 Comparison of primers and sequencing methods  

Isochrysidales sequences were detected in the Chesapeake Bay, Baltic Sea and the Greenland 

Fjords (Table 3. 1). The detection of Isochrysidales is largely influenced by the sequencing 

method, sequencing region, and specificity of primers. Table 3. 2 summarize published studies 

focused on reconstructing Isochrysidales DNA from environmental samples, including 

lacustrine/marine water and sediment samples. One of the most commonly used primer pairs are 

Prym-429F and Prym-887R designed by Coolen (2004). This haptophyte-specific primer targets 

a highly variable region of 18S rRNA and creates a fraction around 460 bp (Coolen, 2004). 

Combined with Sanger sequencing, Prym-429F and Prym-887R were able to pick up Group 1a, 

Group 2 (including 2i), and Group 3 even when alkenone concentrations were low. However, it 

has yet to amplify Group 1b from environmental samples and might have a high detection-limit 

for Group 3. For example, even E.huxleyi blooms were observed in the Baltic Sea, E.huxleyi 

DNA was not detected from sediment samples using this primer pair with Sanger sequencing due 

to low sequencing depth. One limitation for this primer pair is that the fraction length is 

relatively long compared to the limit of common next-generation sequencing platforms, so Prym-

429F and Prym-887R were usually used with Sanger sequencing. 

With the development of next-generation sequencing (NGS), NGS became popular in more 

recent studies. However, NGS requires shorter fragments compared to Sanger sequencing. Egge 

et al. (2013) developed haptophyte-specific primer Hap454 (528Flong and PRYM01+7), which 
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amplifies the V4 region of 18S rRNA with a length <400 bp. This primer, combined with NGS, 

is able to detect and separate Group 1a, 1b, 2 (including 2i), and 3. The requirement for primer 

specificity is lower in NGS as the sequencing depth is much higher than Sanger sequencing. 

Through NGS, Isochrysidales can also be amplified by general eukaryotic primers. However, the 

recovered diversity and novelty may be lower due to the signal dilution from other organisms 

and the high GC content of Haptophyte V4 18S rRNA (Bittner et al., 2013; Simon et al., 2013).  

Though NGS can achieve high sequencing-depth, the 18S rRNA still cannot fully resolve the 

phylogenetic diversity. 18S rRNA in haptophyte has a relatively low evolutionary rate compared 

to other Eukaryotes (Bittner et al., 2013). Therefore, Bittner et al. (2013) developed a 

Haptophyte-specific primer set targeting the D1-D2 region of 28S rRNA, which has a higher 

mutation rate compared to 18S rRNA. Richter et al. (2019) compared sequencing results between 

V4 18S rRNA and D1-D2 28S rRNA in multiple freshwater lakes dominant by Group 1 

Isochrysidales. The results showed different community composition structures, with 28S rRNA 

showing multiple dominant species while 18S rRNA only showing one dominant species 

(Richter et al., 2019). The combined use of two sequencing regions likely reveals more diversity. 

However, there is only limited published 28S rRNA data on Isochrysidales, which hinders the 

phylogenetic comparison between samples. 18S rRNA and 28S rRNA are able to differentiate 

between groups, but they are insufficient to differentiate Emiliani huxleyi and Gephyrocapsa 

oceanica  (Bendif et al., 2014). The separation between those two species can be achieved by 

using mitochondrial DNA markers (cox1, cox2, cox3, rpl16, and dam), which have higher 

mutation rates (Bendif et al., 2014). 
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3.2 Group 2i Isochrysidales is a key alkenone producer in Greenland fjords 

Group 2i was detected in two Greenland fjords—Upernavik Fjord and Kangerlussuaq Fjord 

(Fig. 3. 1). Upernavik Fjord is located in West Greenland and has a length of ~60 km and a width 

of 5-7 km (Vermassen, Andreasen, et al., 2019). West Greenland Current flows into Upernavik 

Fjord through a deep trough of ~ 700 m, and a significant amount of Greenland Ice Sheet is 

discharged through the fjord in the form of tidewater glaciers (Vermassen, Andreasen, et al., 

2019). The ice-front position of the outlet glaciers has been retreating continuously since 1930 in 

Upernavik Fjord (Khan et al., 2013; Vermassen, Andreasen, et al., 2019).  

Haptophyte-specific primer targetting 28S rRNA was able to recover Isochrysidales in 5-6 

cm and 45-46 cm from POR13_05, and 48-49 cm in POR13_08. Though 28S rRNA data is more 

limited compared to 18S rRNA in Isochrysidales, phylogenetic analyses based on 28S rRNA 

were able to distinguish the three groups of Isochrysidales (Fig. 3. 2). Sequences recovered from 

Upernavik Fjord did not match with any known species during BLAST against NCBI GenBank 

and phylogenetic analyses. Instead, it clustered with dominant sequences recovered from surface 

sediment from Fryxell Lake, Antarctica. The dominant Isochrysidales ESVs in Fryxell Lake 

belong to Group 2i based on 18S rRNA (Richter et al., 2019; Wang et al., 2021). Thus, the 

monophyly formed by those sequences from Fryxell Lake and Upernavik Fjord likely represents 

Group 2i Isochrysidales. Isochrysidales sequences recovered from Upernavik Fjord all belong to 

Group 2i. 

Kangerdlugssuaq Fjord, located in southeastern Greenland, is influenced by the warm and 

salty Irminger Current and sea-ice baring East Greenland Current (Andresen et al., 2017). 

Kangerdlugssuaq Glacier, which is an important outlet of the Greenland Ice Sheet, has been 

retreating in the past decades (Bevan et al., 2019). The Alkenone profile from site GC13 suggests 
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a mixed alkenone source for both Group 2 and 3 (Fig. 3. 3). Group 2i Isochrysidales has been 

detected through 18S rRNA from surface sediment at site GC13 (Wang et al., 2021). This 

suggests that Group 2i is capable of surviving in ice mélange-influenced regions where sea ice 

and icebergs are mixed together. So far, the DNA of Group 2w has yet to be found in Greenland 

fjords. 

Alkenone reconstructed SST in Greenland Fjords such as Nørre Skjoldungesund, Sermilik 

Fjord, and Kangerlussuaq Fjord show significant warm bias compared to the surface water 

measured in situ when applying UK37’ global calibration (Andresen et al., 2013, 2017; 

Vermassen et al., 2020; Wangner et al., 2020). Previous studies generally attribute this warm 

bias to the advection of alkenones from shelf waters, particularly the warm water from upstream 

Irminger Current. Our DNA results suggest that, though the fluctuation of surface water salinity 

in fjords might not be favorable for E. huxleyi alkenone production, Group 2i are capable of 

surviving the dynamic environments in fjords and are key species for in situ alkenone 

productions in fjords. The alkenones in fjords are likely a mixture of in situ production and shelf 

water advection. Thus the SST reconstruction in fjords should be cautious, especially at the 

presence of  C37:4 alkenone. 

 

3.3 Species mixing in the Baltic Sea 

The Baltic Sea is an intra-continental shelf sea characterized by a strong salinity gradient 

(Fig. 3. 4). The south of the Baltic Sea is connected with the North Sea that is around 35 psu, and 

the northern end of Bothnian Bay and the Gulf of Finland has a salinity of around 2 psu. During 

winter, Bothnian Bay is covered by consolidated ice. Moving along the transect, winter ice cover 

transitions to more fractured ice, and open water connecting to the North Sea (Lépy, 2012). In 
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Skagerrak, only two Isochrysidales sequences were detected from the surface sediment, and both 

of them belong to Group 2i (Table 3. 1). However, the presence of C38Me alkenones and absence 

of C37:3bMe, as well as ecological survey in previous studies, indicate E.huxleyi is one of the 

main alkenone producers in Skagerrak (E. S. Egge et al., 2015; Kaiser et al., 2019). Both Group 

1 and Group 2i were detected in Arkona Basin, Eastern Gotland Basin, Landsort Deep, Bothnian 

Sea, and Bothnian Bay. In the transect from the North Sea to Bothnian Bay, the alkenone profiles 

show a disappearing and re-emergence of C38Me; a continuous increase of the absolute 

abundance of C37:4; an emergence of C37:3b and C38:3b isomers (Fig. 3. 3; Kaiser et al., 2019). The 

alkenone profiles combined with DNA results indicate the alkenone producers in the Baltic Sea 

transitioned from a mixture of Group 3 and Group 2i, to predominantly Group 2i, to a mixture of 

Group 2i and Group 1 along the salinity gradient from Skagerrak to Bothnian Bay (Kaiser et al., 

2019). 

Enberg et al. (2018) examined the microalgal community in ice and water column during the 

cold-water season (Oct.-May) in the northwest of the Gulf of Finland-- Krogarviken and 

Storfjärden (Fig. 3. 4). Krogarviken has an average depth of 3m, while Storfjärden has an 

average depth of 30m. Both of the sites are covered by sea ice from January to April, and 

haptophytes compose a significant fraction of the spring bloom during ice melt in April (Enberg 

et al., 2018). NGS of ice, under ice water, upper water, and bottom water samples detected 

Group 2i and Group 1 Isochrysidales at both sites (Fig. 3. S. 6 in Wang et al., 2021). Abundant 

Group 2i DNA reads were detected in all ice samples, while zero or only a few (<5 reads) Group 

1 were detected in each ice sample ( Fig. 3. S. 6 in Wang et al., 2021). Group 2i are the 

predominant haptophyte in the ice samples, taking up 40-85% and 59-86% of total haptophyte 

reads in Krogarviken and Storfjärden sea ice from January to April (Fig. 3. 5). Both Group 2i and 
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Group 1 occur in the under-ice water during winter. Group 2i were most abundant (32% in 

Krogarviken, 22% in Storfjärden) in under-ice water during February as the ice thickness 

steadily increased. Group 1 relative abundance in under-ice water ranged between 1-12%. This 

indicates that Group 2i are able to thrive within sea ice with variable brine salinity from 

approximately 4-45 psu, but Group 1 only inhabits the low salinity (~4 psu) water in Gulf of 

Finland and occasionally gets entrapped into sea ice during ice formation. The relative 

abundance of Group 2i decreased in the water column as water temperature rose up, and was 

absent in the majority of water samples collected during July-November at both sites. Thus 

Group 2i is not a part of the summer phytoplankton bloom; instead, it is part of the ice algae 

assemblage and potentially seeded the under-ice bloom through brine drainage in spring. This is 

consistent with the isolation of active Group 2i cells from an ice core in Baffin bay during pre-

bloom and bloom development (Ribeiro et al., 2019), and the detection of Group 2i DNA in melt 

ponds and throughout sea ice in the Central Arctic (Rapp et al., 2018). Interestingly, Group 2w 

was not detected in Enberg et al. (2018) through NGS. This could be due to the low number of 

samples examined in warm-season water columns. Nevertheless, Group 2w might not be present 

at this site, potentially due to the cold temperature. 

Egge et al.(2015) sampled water at 1 m depth monthly in outer Oslofjorden (59.19˚N, 

10.69˚E) near Skagerrak from Sep 2009 to June 2011 and investigated the haptophyte 

community composition through NGS. Group 1, 2i, 2w, and 3 were all detected at this site. E. 

huxleyi was detected in all months except April and is one of the predominant species during 

high-temperature months from summer to early autumn (Fig. 3. 6). Group 2w (OTU 109 in Egge 

et al., 2015) was only detected in September 2009 and May 2011 when the surface temperature 

reached 16˚C. Group 2i (OTU 110 in Egge et al., 2015), on the contrary, was absent in warm 
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seasons, but detected during December 2010-April 2011 when the surface water temperature was 

around freezing for this prolonged time period and the upper Oslofjorden was frozen extensively. 

The relatively low sequence reads of Group 2i at this site suggest Group 2i might be transported 

from the ice in Upper Oslofjorden. Group 1 (OTU 53 in Egge et al., 2015) was detected in 

February and May 2010, and March-May 2011 likely controlled by freshwater input and reduced 

surface salinity during those time periods. The sequence in Oslofjorden further demonstrates the 

substantial difference between the key environmental controls on bloom phenology of the three 

groups. 

 

3.4  Absence of Group 2i Isochrysidales in temperate estuary – Chesapeake 

Bay 

To further understand the control of Group 2i occurrence, we compared the Isochrysidales 

community structure in Greenland Fjords and the Baltic Sea with temperate estuary 

environments, where salinity gradient is a prominent feature. Chesapeake Bay is a nutrient-rich 

estuary located in the Mid-Atlantic region of North America, and has a length of ~300km (Fig. 3. 

7; Schwab & Sachs, 2011). The surface water temperature ranges between approximately 5-25˚C 

annually. Freshwater input by several major rivers to the bay is mixed with seawater from the 

Atlantic Ocean, creating a salinity gradient through the Chesapeake Bay. Peak alkenone 

production is in May, and a secondary peak is in August (Mercer et al., 2005). The spring algal 

bloom in the Chesapeake Bay is largely controlled by nutrient input from rivers, and haptophytes 

bloom after diatoms and dinoflagellates due to nutrient competition (Mercer et al., 2005).  

Isochrysidales DNA was recovered from seven surface sediment samples in the lower part of 

Chesapeake Bay. E. huxleyi was only detected in 1CB near the mouth of the bay (Fig. 3. 8). The 
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dominant species in all samples were I. galbana which was in agreement with microscopic 

identification conducted in a previous study (Schwab & Sachs, 2011). The unidentified ESVs 

recovered all have 99.2-99.7% similarity to I. galbana. No Group 2i were identified in these 

samples. Alkenones in examined samples have a mixed source of Group 2w and Group 3 of 

different ratios. Thus the UK37 and UK37’ differed from site to site even though they are under the 

same temperature regime (Table 3. 3).  

Alkenones in Chesapeake Bay are characterized by high C38Et compared to C37Me (Table 3. 

3). This could be a characteristic trait of Group 2w alkenones. Yao et al. (2022) observed 

predominance of C38Et over C37Me in multiple lakes in China where Group 2w was detected. 

The predominance of C38Et over C37Me is not typically observed in known Group 2w culture 

experiments including those involving I. nuda, I. litoralis, R. lamellose, I. galbana, T. lutea (Liao 

et al., 2020; Zheng et al., 2019). Theroux et al. (2019) cultured Hap-A (Group 2i) and Hap-B 

(Group 2w) isolated from Lake George, and observed Hap-A has C37Me/C38Et>1, while Hap-B 

has C37Me/C38Et<1. High C38Et observed in Chinese lakes and the Chesapeake Bay could either 

be produced by phylotypes similar to Hap-B isolated from Lake George, or controlled by 

environmental factors that were not reproduced in most culture experiments. 

 

3.5  Survival strategy of Group 2i Isochrysidales 

Figure 3. 9a shows the map of the global distribution of Group 1 and 2 Isochrysidales based 

on environmental DNA studies. Group 2i is widespread in the high latitude oceans and lacustrine 

environments where lake ice is present in the winter (Fig. 3. 9b). Combining the absence of 

Group 2i in temperate environments and its occurrence in ice, Group 2i likely relies on ice as a 

living substrate and is a part of ice algae bloom and/or under-ice bloom at the onset of ice melt, 
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in contrast to other Group 2 and Group 3 which bloom in open water. Group 2i DNA was 

observed in the Canadian Arctic Archipelago, Baffin Bay, and Greenland fjords. The bathymetry 

of those regions enhances vertical mixing from tidal energy that replenishes nutrients (Ardyna et 

al., 2020; Ribeiro et al., 2019; Wang et al., 2021). During late spring, melt ponds form, and ice 

begins to melt, light availability under ice increases rapidly (Ardyna et al., 2020). Group 2i 

should be able to utilize nutrients delivered to the photic zone from mixing and upwelling 

quickly. Group 2i DNA is also found across the high Arctic, where surviving the Polar night is 

an additional challenge. There are three potential reasons why Group 2i is adapted to those harsh 

environments: 1) the forming of resting stages that allows cells to stay in sea ice or surface 

sediment for a longer time; 2) mixotrophy reduces the reliance on solar radiance; 3) a preference 

for low growing temperature and flexibility with salinity.  

In an enrichment experiment, Group 2i (Hap-A) in Lake George, Canada, was triggered out 

of the resting stage (during which the cells were not active and alkenone production was paused) 

from deep sediment. In contrast, water column samples collected during the end of the algal 

bloom season were able to yield non-2i Group 2 but unable to yield Group 2i (Toney et al., 

2012). Group 2i DNA decreased to zero in water columns quickly after the initial bloom in Lake 

George. In time-series samples from the Baltic Sea, Group 2i DNA was either absent or of 

extremely low abundance in water columns during summer and fall. This suggests that water 

suspension may not be a main overwinter strategy for Group 2i; instead, it is able to form resting 

spores in sediment that can be re-suspended into the water column in shallow environments such 

as continental shelves or lakes.    

The Group 2i Isochrysidales might also stay active within ice during prolonged darkness 

through mixotrophy. Multiple Isochrysidales species are capable of mixotrophy, including 
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Emiliania huxleyi, Gephyrocapsa oceanica, Isochrysis galbana, and Tisochrysis lutea (Alkhamis 

& Qin, 2013, 2015, 2016; Godrijan et al., 2020). Increased biomass production and nutrient 

conversion efficiency under mixotrophic conditions with glycerol as carbon source has been 

reported in Group 2 species Isochrysis galbana and Tisochrysis lutea (Alkhamis & Qin, 2015, 

2016). Group 2i could be mixotrophic, which would explain the detection of their DNA in the 

Central Arctic Ocean, where perennial sea ice exists, and light is extremely limited (Wang et al., 

2021). Mixotrophic haptophytes have been reported to be important bacteria grazers in 

oligotrophic marine environments (Unrein et al., 2014). Under-ice bloom of mixotrophic 

brackish-water haptophytes (Chrysochromulina and Prymnesium) has been observed in 

freshwater-influenced Young Sound Fjord, northeastern Greenland. Those mixotrophs are able to 

utilize organic carbon from the prey, which gives them a competitive advantage during the 

beginning of spring bloom in low-light and low-nutrient brackish water under 1-m thick sea ice 

(Søgaard et al., 2021).  

In addition to potential mixotrophy, the temperature and salinity preference for Group 2i are 

also crucial to its survival in sea ice. Liao et al. (in prep.) cultured RCC5486 at different 

temperatures from 0-12 ˚C at 31 ppt under light: dark cycle of 16:8 and found that RCC5486 was 

able to thrive at high growth rates at 0, 3, 6, 9 ˚C, but failed to grow at 10.5 and 12 ˚C. Liao et al. 

(in prep.) also tested different salinity (15, 21, 26, 31, and 38 ppt) under 3˚C and did not observe 

a significant difference in growth rate between different salinity. This suggests that Group 2i 

may have a low-temperature preference and is not sensitive to fluctuations in salinity. Those 

traits enable Group 2i to survive in sea ice brine channels, melt ponds, and under-ice water, 

where the temperature is low and salinity fluctuates while ice forms and melts. 
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So far, the DNA evidence of Group 2i in the Arctic Ocean is all modern samples (Wang et 

al., 2021). Whether Group 2i is a local species in the polar region or a sub-polar species that 

recently intruded in the high Arctic remains unknown. Temperate species E. huxleyi has 

expanded poleward through bio-advection, transported by North Atlantic Water through 

European Arctic Corridor and North Pacific Water through Bering Strait (Winter et al., 2014; 

Oziel et al., 2020; Ardyna & Arrigo, 2020). Understanding Group 2i’s habitat and tracing them 

in downcore sediment in the Arctic could help understand the bio-transport and ecological 

changes in the Arctic Ocean.  

 

4. Conclusions 

We examined the occurrence of Group 2i Isochrysidales across a global spatial scale and an 

annual cycle, and confirmed its close relationship with ice. Group 2i was detected across the 

Baltic Sea, while absent in temperate estuary the Chesapeake Bay, suggesting ice and low 

temperature are prerequisites for its growth. Excitingly, Group 2i was also detected in fjords 

located on both west and east Greenland, which indicates the potential of in situ alkenone 

production within Greenland fjords contrary to advection from Irminger Current suggested in 

previous studies. Group 2i has significantly different bloom phenology compared to other 

Isochrysidales that are part of the haptophyte bloom typically following diatom bloom in spring 

(Mercer et al., 2005; E. S. Egge et al., 2015). Instead, Group 2i is a part of the ice-algae 

community, which can further act as a seed for under-ice bloom and spring bloom upon ice melt. 

Its exact role in bloom succession and alkenone production efficiency likely vary between sites 

based on the sea-ice extent, light and nutrient availability, temperature, and competitors. Our 

synthesis of reported Group 2i DNA shows its wide range of habitats around the globe, from 
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lacustrine environments to continental shelves and the center Arctic. Formation of resting stage, 

mixotrophy, low growth temperature, and flexibility with salinity are potential survival strategies 

that enabled Group 2i's growth in high latitude environments. The growth of Group 2i in the 

Arctic region is likely sensitive to light availability beneath the ice, which is affected by ice 

thickness, snow cover, melt ponds, etc. (Horvat et al., 2017). Reconstructing the occurrence and 

abundance of Group 2i in the past can shed light on the past sea ice occurrence and albedo, as 

well as primary productivity in the Arctic. DNA analyses coupled with alkenone analyses on 

time-series samples of sea ice and water during ice melt would further improve our 

understanding of the Group 2i growth phenology. Culture experiments under low light 

mixotrophic conditions would be useful to understand Group 2i's overwinter strategy.   
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Figures 

 
 
Figure 3. 1. Maps of Group 2i detected in Greenland fjords. a) locations of Upernavik Fjord and 
Kangerlussuaq Fjord with bathymetry adapted from IBCAO Version 3. b, c) Maps of Upernavik 
Fjord and Kangerlussuaq Fjord (Image U.S. Geological Survey, Image IBCAO, Google Earth). 
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Figure 3. 2. Phylogenetic tree of Isochrysidales 28S rRNA. 
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Figure 3. 3. Representative GC-FID chromatograms of alkenones in surface sediment from 
Kangerlussuaq Fjord (GC13), Chesapeake Bay (RB12), central Baltic Sea (Landsort Deep), 
western Baltic Sea (Skagerrak). 
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Figure 3. 4. Map of samples examined in the Baltic Sea, the base map is 2015-2019 average 
surface salinity adapted from Jaspers et al. (2021). Circle: surface sediments analyzed in this 
study and (Kaiser et al., 2019). Square and triangle: study site of Enberg et al. (2018) and Egge et 
al., (2015) 
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Figure 3. 5. Barplots of Group 2i relative abundance to total haptophytes based on proportional 
reads from ice and water samples collected during Oct. 2012-July 2013, note the y-axis are in 
log-scale. The black line represents the ice thickness of when the ice samples are collected, or the 
in situ temperature of the water samples. Data from: (Enberg et al., 2018) 
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Figure 3. 6. Barplot of Group 2i and E. huxleyi relative abundance to total haptophytes based on 
proportional reads from ice and water samples collected during Sept. 2009-June 2011, note the y-
axis is in log-scale, and the bars representing the two species are overlayed instead of stacked. 
The black line represents in situ water temperature at 1m depth when samples were collected. 
Data from: (Egge et al., 2015) 
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Figure 3. 7. Map of surface sediment samples examined in the Chesapeake Bay, the base map is 
1985-2018 average surface salinity adapted from Wei 2019 
(https://www.chesapeakebay.net/what/maps/chesapeake_bay_mean_surface_salinity_1985_2018
). 
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 Figure 3. 8. Phylogenetic tree of Isochrysidales 18S rRNA. 
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a 

 
 
b 

 
Figure 3. 9. a) Group 1 (green) and 2 (yellow) Isochrysidales detected in this study and other 
environmental DNA studies. Group 3 is ubiquitous in the global ocean. b) Group 2w and 2i 
Isochrysidales detected in this study and other environmental DNA studies, the basemap is 
averaged lake ice thickness in February during 2010-2020 modeled in ERA5-Land 
(https://www.ecmwf.int/en/era5-land). 
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Table 3. 1. Sediment samples examined in this study and the presence/absence of Isochrysidales 
(Y=yes, N=no) 

Sample 
ID 

Region Lat. Lon. Salinity 
(psu) 

# of 
Isochrysidal
es sequence 
reads 

Sequencing 
method 

Group 
1 

Group 
2w 

Group 
2i 

Group 
3 

1CB Chesapeake 
Bay, USA 

36.985 -76.166 24.3 4941 528Flong 
and 
PRYM01+7; 
NGS 

N Y N Y 
RR14 37.774 -76.619 14.1 71 N Y N N 
RB3 37.011 -76.252  5360 N Y N N 
RB9 37.425 -76.109 22.8 15576 N Y N N 
RB12 37.549 -76.205  8626 N Y N N 
RB16 37.653 -76.209  45604 N Y N N 
RB22 37.783 -76.203  57931 N Y N N 
Skagerrak Baltic Sea 58.429 9.477 34.5 2 Prym-429F 

and Prym-
887R; 
Sanger 

N N Y N 
Arkona 
Basin 

54.852 13.433 7.6 13 Y N Y N 

Eastern 
Gotland 
Basin 

57.083 19.985 6.9 13 Y N Y N 

Landsort 
Deep 1 

57.267 19.796 6.9 9 Y N Y N 

Landsort 
Deep 2 

58.641 18.265 6.8 10 Y N Y N 

Bothnian 
Sea 1 

61.085 19.579 5.2 16 N N Y N 

Bothnian 
Sea 2 

62.845 18.889 5 13 Y N Y N 

Bothnian 
Bay 1 

63.833 21.583 3.1 50 Y N Y N 

Bothnian 
Bay 2 

64.204 22.029 3 20 Y N Y N 

JR106 
GC13 

Kangerlussuaq 
Fjord 

68.26 -31.89  336 528Flong 
and 
PRYM01+7; 
NGS 

N N Y N 

POR13_05 
5-6 cm 

Upernavik 
Fjord 

72.945 -55.62  45 HAP LSU 
F, 
LHapto20R 
bis; NGS 

N N Y N 

POR13_05 
45-46 cm 

72.945 -55.62  221 N N Y N 

POR13_08 
48-49 cm 

72.869 -54.558  184 N N Y N 
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Table 3. 2. Published environmental DNA study targeting haptophyte DNA 
Region Sample 

type 
Sequencing 
method 

Primers Target 
region 

Isochrysidales 
detected 

Reference 

Antarctica Downcore 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

2 (including 2i) (M. Coolen, 
2004) 

Greenland  Lake water 
column and 
surface 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

1 (GLD), 2w (D’Andrea et al., 
2006) 

Black Sea Downcore 
sediment  

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

2 (including 2i), 
3 

(M. J. L. Coolen 
et al., 2009) 

Greenland Lake surface 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

1 (GLD) (Theroux et al., 
2010) 

USA Lake surface 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

1 (GLD), 2 
(including 2i) 

(Theroux et al., 
2010) 

China Lake surface 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

1, 2 (including 
2i) 

(Theroux et al., 
2010) 

France & 
Spain 

Lake water 
and surface 
sediment 

Sanger Pry421F, Pry1572R 
(Simon et al., 2013) 

V4 18S 
rRNA 

1 (EV), 2 (non-
2i) 

(Simon et al., 
2013) 

Gulf of 
Naples, 
Italy 

Seawater NGS LSU1 (Lhapto8, 
Lhapto20R_bis) 

D1-D2 
28S 
rRNA 

3 (Bittner et al., 
2013) 

Lake Van, 
Turkey 

Downcore 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

2 (including 2i) (Randlett et al., 
2014) 

Skagerrak, 
Norway 

Seawater NGS 528Flong, PRYM01+7 
(E. Egge et al., 2013) 

V4 18S 
rRNA 

1, 2 (including 
2i), 3 

(E. S. Egge et 
al., 2015) 

Norway Lake surface 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

1 (GLD) (D’Andrea et al., 
2016) 

Pacific 
Ocean 

Seawater NGS 18S rRNA gene 
universal forward 
(D’Andrea et al., 2016), 
PRYM01+7 (E. Egge et 
al., 2013) 

V4 18S 
rRNA 

3 (Endo et al., 
2018) 

Japan Lake surface 
sediment 

Sanger EukA(F) (Medlin et al., 
1988), 
887Deg(R)(Plancq et 
al., 2018) 

18S 
rRNA 

1 (not sure) (Plancq et al., 
2018) 

Canada Lake water 
and sediment 
isolated 
culture 

Sanger Hapto_4, Euk_34r (Liu 
et al., 2009); 18F, 18R 
(Yabuki et al., 2010) 

D1-D2 
28S 
rRNA; 
18S 
rRNA 

2 (non-2i) (Araie et al., 
2018) 

China Volcanic lake 
surface 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

1 (GLD), 2i, 2w (Yao et al., 
2019) 

Baltic Sea Marine 
surface 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

1 (GLD), 2i (Kaiser et al., 
2019) 

Alaska, 
USA 

Lake surface 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

1 (GLD), 2 (non-
2i) 

(Wang et al., 
2019) 
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USA Lake water 
column 

NGS 1380F/1389F, 1510R V9 18S 
rRNA 

2 (including 2i) (Theroux et al., 
2019) 

Canada Lake surface 
sediment 

NGS 528Flong, PRYM01+7 
(E. Egge et al., 2013) 

V4 18S 
rRNA 

1 (GLD & EV), 
2 (including 2i) 

(Plancq et al., 
2019) 

Alaska, 
USA 

Lake water 
column, 
surface 
sediment 

NGS 528Flong, PRYM01+7 
(E. Egge et al., 2013); 
HAP LSU F, 
LHapto20R bis 4/27/22 
2:39:00 PM 

V4 18S 
rRNA; 
28S 
rRNA 

1 (GLD & EV), 
2i 

(Richter et al., 
2019) 

Germany Lake surface 
sediment 

NGS 528Flong, PRYM01+7 
(E. Egge et al., 2013); 
HAP LSU F, 
LHapto20R bis 4/27/22 
2:39:00 PM 

V4 18S 
rRNA; 
28S 
rRNA 

1 (GLD & EV) (Richter et al., 
2019) 

Iceland Downcore 
sediment 

NGS 528Flong, PRYM01+7 
(E. Egge et al., 2013); 
HAP LSU F, 
LHapto20R bis 4/27/22 
2:39:00 PM 

V4 18S 
rRNA; 
28S 
rRNA 

1 (GLD & EV) (Richter et al., 
2019) 

Antarctica Lake surface 
sediment 

NGS 528Flong, PRYM01+7 
(E. Egge et al., 2013); 
HAP LSU F, 
LHapto20R bis 4/27/22 
2:39:00 PM 

V4 18S 
rRNA; 
28S 
rRNA 

2i (Richter et al., 
2019) 

Canadian 
Arctic 
Archipelago 

Marine 
surface 
sediment 

NGS 528Flong, PRYM01+7 
(E. Egge et al., 2013) 

V4 18S 
rRNA 

2i (Wang et al., 
2021) 

China Lake surface 
sediment 

Sanger Prym-429F, Prym-
887R (M. Coolen, 
2004) 

V4 18S 
rRNA 

2, 2i (Yao et al., 
2022) 

Chesapeake 
Bay, USA 

Estuary 
surface 
sediment 

NGS 528Flong, PRYM01+7 
(E. Egge et al., 2013) 

V4 18S 
rRNA 

2, 3 This paper 
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Table 3. 3. Alkenone indices in Chesapeake Bay surface sediment 
Sample name UK

37 UK
37’ %C37:4 C37Me/C38Et 

1CB 0.262 0.321 4.45 0.666 
RB3 0.352 0.400 3.44 0.829 
RB9 0.323 0.353 2.20 0.751 
RB12 0.221 0.240 1.47 0.558 
RB16 0.233 0.245 0.98 0.671 
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Abstract 
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 alkenones 

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 𝑈!'(  index of Group I alkenones as a proxy for the mean temperature 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). 
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1. Introduction 

East Beringia is important for climatology, ecology, and anthropology (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 

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 voyage of modern humans from East Asia to the 

Americas during the last glacial period. The model and timing of human migration 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 population 

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 on fecal 

biomarkers 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 

comparison to other Arctic regions during the LGM, due to the potentially high elevation and 

topography of the LIS blocking and deflecting warm air of subtropical origin to northern Alaska 
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(Brady et al., 2013; Bartlein et al., 2011). As a result, ancient east Beringians living in Alaska 

would have benefitted from conditions that were substantially warmer than on the Siberian side 

of Beringia (i.e., west Beringia).     

The important scientific problems detailed above cannot be addressed until long quantitative 

temperature reconstructions are obtained from east Beringia. Unfortunately, interpretations 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 particular significance in this regard, as they were 

formed by phreatomagmatic eruptions between 7,100 yr 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 complications in this 

region: e.g., the non-analog pollen assemblages during the LGM (Bartlein et al., 2011), and 

chironomid assemblages potentially 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 paleoclimatic, 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 producers, Group I Isochrysidales, using combined organic geochemical and environmental 

DNA-based phylogenetic approaches. The Group I alkenones were first discovered in 
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southwestern Greenland (D’Andrea and Huang, 2005; D’Andrea et al., 2006). Subsequent 

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 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 

particulates and survey of surface sediments from lakes in the Northern Hemisphere have yielded 

water temperature calibration (D’Andrea et al., 2011; Longo et al., 2016), as well as air 

temperature calibrations (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 for Group I alkenones(Longo et al., 2018), which is in contrast to the majority 

of geochemical proxies which record warm growth season temperatures. We compared our data 

with previous 𝑈!'( 	temperature calibrations and discussed 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 
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volcanic crater lakes in the world and formed by phreatomagmatic eruptions when rising basaltic 

magma encounter groundwater in Cenozoic sediments beneath hundreds meters of ice-rich 

permafrost (Begét et al. 1996). The three maar lakes, Devil Mountain Lake, North Killeak Lake 

and White Fish Lake (Fig. 4. 1), where we collected surface sediments, were formed during 

different eruptions. The estimated age based on tephra deposition is 7,100 years for the Devil 

Mountain Lake, > 125,000 years for North Killeak Lake and 100,000 to 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 Killeak 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 

more than 100 m deep with more complexed 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-

senckenberg.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 Climatology Network, the World Meteorological Organization, the Food and 

Agriculture Organization of the United Nations, and others (Hijmans et al., 2005). The high-

resolution interpolated climate products for current condition are only available for year 1950-
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2000. We therefore used these temperatures for our calibration study. Mean monthly 

temperatures (1950-2000) of the sites from Worldclim climatology data are shown in Figure 

4.S.1. 

Mean annual air temperature (MAAT), mean temperature of the warmest quarter (MTWQ) and 

mean temperature of the spring isothermal season (MTSI) were calculated in temperature 

regression 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 represent 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 approximately 

100 g of sediment was separated from the top ~5 to 10 cm of each sediment grab using sterile 

scoops and transferred into whirl-pak sampling bags for later DNA analysis. One surface 

sediment sample from Toolik Lake (68°38’N, 149°36’W), 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 
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sampling locations for the three lakes are: White Fish (66°22’N, 164°45’W; water depth = 2.2 

m), North Killeak (66°21’N, 164°20’W; water depth = ~3 m) and Devil Mountain (66°24’N, 

164°29’W; water depth = ~6 m). One surface sediment sample was taken from each lake for 

alkenones 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 analyses as part of the National 

Park Service’s ARCN lake monitoring program (O’Donnell et al. 2015). Chemistry data are 

reported in Table 4. S. 2, 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 μm 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 oxidation 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 decadal UV-visible 

absorbance coefficient at λ = 254 nm by DOC concentration. SUVA254 (L mgC-1 m-1), which is 

typically used as an index of DOC aromaticity, provides an average absorptivity at λ = 254 nm of 

the dissolved organic matter (DOM; Weishaar et al., 2003). To determine DIC concentrations, 

stream water samples were collected without head space in a 60 mL syringe. Immediately prior 

to analysis, water samples were filtered using 0.45 μm nylon syringe filters into 40 mL 

borosilicate vials clean vials and capped by septum caps to minimize interaction with the 
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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 absorption spectrophotometer, 

and major anions (Cl-, SO42-) were determined 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.  Alkenone analysis 

Surface sediment samples were freeze-dried. Around 10 g of freeze-dried sediment were 

extracted by DionexTM accelerated solvent extraction (ASE) system with dichloromethane 

(DCM):methanol 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, methanol. The ketone fractions that contains the alkenones and esters were 

saponified in 1M KOH in methanol:H2O (95:5) solution and heated at 65 °C for 3 hours. The 

resulting products were acidified to pH<2 by adding drops of 3M 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) before analysis by gas 

chromatography-flame ionization detection (GC-FID) using mid-polarity GC columns VF-200 

ms (Zheng et al., 2017). 

 

2.5. DNA extraction and analysis 
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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, Carlsbad, 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 optimized 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 maximum 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 AxyPrep 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 

Biosystems, 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 et al., 2010). Representative 

sequences were picked for each OTU in QIIME/1.9.1 (Caporaso et al., 2010). Closest relatives of 

the OTUs were identified through BlAST queries against NCBI GenBank database. 

Representative 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 
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Prymnesium faveolatum (ALGO HAP79) were used to infer a phylogeny using the Randomized 

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 

116 Isochrysidales sequences were recovered from the clone libraries and analyzed in 

total, 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 5 OTUs, namely Alaska OTU 

0-4, among which Alaska OTU0 contains all the sequences from White Fish Lake, Devil 

Mountain Lake, Toolik Lake and the majority of sequences from North Killeak Lake. The other 

4 OTUs only include sequences from North Killeak Lake, and included 1-3 Isochrysidales 

sequences recovered in each OTU (Table 4. 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. 4. 2), in consistency with the new phylogenic analyses showing common ancestry of Group 

I and III Isochrysidales (Richter et al, 2019). Alaska OTU 0, 1, 2, 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 BrayaSo, Greenland (HQ446254) (Fig. 4. 2). Alaska OTU 3 fell into Group II and is 

closely related to Isochrysis galbana. The occurrence of Group II is very uncommon in the low 

salinity (1.1 psu) environment of North Killeak. 
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3.2. Alkenone profiles and proxy indices 

 

Alkenones were found in the surface sediments of all three lakes. Saponification and 

AgTCM columns were processed sequentially in order to separate the co-eluting compounds. 

Saponification successfully removed the co-eluting wax esters. AgTCM columns were applied to 

further remove other non-ester compounds that were co-eluting mainly with C37:2Me, C38:3aEt, 

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 (Fig. 4. S. 2; Wang et 

al., 2019). The final alkenone profiles after cleaning steps demonstrate clear Group I-type 

distributions including dominant C37:4, C37:3 isomers, and the presence of C38Me alkenones (Fig. 

4. 3). The results suggest it is important to remove coeluting compounds from alkenones using 

AgTCM (or other approaches) columns for accurate alkenones analysis.  

The alkenone peaks are well resolved for accurate quantification after the saponification 

and AgTCM columns. Alkenone concentrations and 𝑈!'( 	, 𝑈!'(&, %C37:4, RIK37 values are shown 

in Table 4. S. 1, as well as the MAAT, MTWQ, and MTSI of the three lakes. Calibrations 

between 𝑈!'( 	and temperatures are calculated with data from this study and data from lakes 

distributed throughout the mid- and high- latitude of the Northern Hemisphere compiled by 

Longo et al. (2018). 𝑈!'( 	yield a positive correlation with MAAT, MTWQ, and MTSI (Fig. 4. 4). 

Though the correlations between 𝑈!'(  and MAAT (𝑈!'( =0.007×T-0.4746, R2=0.25, p=9.9e-3), 

MTWQ (𝑈!'( =0.0011×T-0.6206, R2=0.31, p=3.4e-3) are weak, they showed significant 

correlation between 𝑈!'( 	and MTSI (𝑈!'( =0.031×T-0.4858, R2=0.5 
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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 factors 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 (.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 (Table 4. S. 2).  

The maar lakes in this study are characterized by an elevated pH of 8.3 to 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 freshwater lakes north of the 

Brooks Range, Alaska, which also contain Group I Isochrysidales and corresponding alkenones 

(pH 6.2 to 8.5; Longo et al., 2016). Alkalinity of the maar lakes is comparable to the northern 

Alaskan lakes (Table 4. S. 2; 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+ (Table 4. S. 2). 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):  
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CO2+ H2O+ sodium-rich tephra & volcanic glass + basalt (plagioclase NaAlSi3O8 + 

CaAl2Si2O8; olivine (Mg, Fe)2SiO4; pyroxene XY(Si,Al)2O6)è 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 Seward Peninsula during the open-water period (June 

to September, Larsen et al., 2017), as evidenced by the relatively higher concentrations 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 element 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 

(93.43-1878.64 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 differences 

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 
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at North Killeak and Devil Mountain Lakes. These highly oligotrophic conditions are common in 

lakes of Arctic Alaska (Larsen et al., 2017; Luecke et al., 2014). However, concentrations of 

organic and inorganic N and P species were substantially higher at White Fish compared to the 

other maar lakes in this study. Further, DOC concentration and SUVA254, which serves as an 

index of DOM aromaticity (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 DOM may 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 algae 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 sum, 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 

Isochrysidales in the mesotrophic White Fish Lake expanded 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 
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Toolik Lake yielded the first in situ freshwater 𝑈!'(  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 preexisting 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 included 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 closely related to the 

uncultured haptophyte (HQ446254) from BrayaSo, West Greenland. OTU 1, 2, and 4 are 

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 Lakes 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 BrayaSo have similar temperature sensitivities. 
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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 uncultured 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 (Table 4. S. 2), it is the most saline lake among the three maar lakes, which may 

explain why North Killeak exhibits the highest alkenone producers diversity among the three 

maar lakes. Group II alkenones has been detected in a brackish lake (3.3 ppt) in 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 

𝑈!'(  temperature calibrations in freshwater lacustrine environments with Group I 

Isochrysidales have shown the strongest correlation with the MTSI (Longo et al., 2018). The 

regressions between 𝑈!'( 	and different temperatures shown in Fig. 4. 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 𝑈!'(  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; Longo et al., 2018). Thus, 

using 𝑈!'( -MTSI instead of 𝑈!'( -MAAT may circumvent seasonal bias and provide a season-
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specific temperature reconstruction, and this compilation of North Hemisphere freshwater 𝑈!'( -

temperature calibrations would provide a good reference for paleotemperature reconstruction in 

freshwater systems. 

The slight differences of 𝑈!'(  values in our three studied lakes might be explained by the 

following reasons: (1) the alkenone is 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 extents of accumulation; (2) the surface area, bathymetry, and water 

volume of the lakes are different, which could drive spatial differences in the lake thermal 

regime resulting in different water temperature during the spring transition season.  

 

4.4.  Group I alkenones characteristics and RIK37 values  

All three maar lakes investigated have shown a C37:4 dominant (>40%) feature (White 

Fish: 42.5%, Devil Mountain: 48.4%, North Killeak: 60.7%) which coincide with the Group I 

alkenones 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 is 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 (Plancq et al., 2018a; 

Longo et al., 2016), while Group II and III have RIK37 value of 1, mixed source alkenones would 

have a RIK37 value between 0.60-1.0. The Espenberg maar lakes all showed RIK37 values within 
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the range of pure Group I alkenones (Table 4. S. 1). The RIK37 is not able to detect Group II 

mixing in North Killeak. 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 Isochrysidales 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 discovered in BrayaSo, Greenland. The findings suggest 

that maar lakes with elevated pH and alkalinity are habitable for Group I Isochrysidales and 𝑈!'(  

in these lakes are potentially powerful proxies for MTSI.   
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Figure 4.1. 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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Figure. 4. 2. Maximum likelihood tree showing the phylogeny of Isochrysidales constructed 
from partial 18S rRNA gene sequences. Sequences recovered from this study (Alaska OTU 0–4) 
are in bold with GenBank number following. Groups I, II and III Isochrysidales clades are 
labeled after Theroux et al. (2010), Greenland phylotypes include the sequence recovered in 
Greenland freshwater lakes from D’Andrea et al. (2006) and four OTUs from this study, and EV 
phylotypes include sequences from Simon et al. (2013). Only bootstrap values > 70% are shown, 
asterisks represent bootstrap values equal to 100%.  
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Figure 4.3. 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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Figure 4.4. Regressions between 𝑈!'(  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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Table 4.1. 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 
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Supplementary Material 
 

Figure 4. S. 1. Monthly air temperature of the study sites, the error bars represent the standard 
deviation of the temperatures from the three sites. Mean annual air temperature (MAAT), mean 
temperature of the warmest quarter (MTWQ) and mean temperature of the spring isothermal 
season (MTSI) are also shown in the figure. 
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Figure 4. S. 2. Partial chromatograms of the surface sediments from the 3 studied maar lakes, 
showing the original DCM fraction after liquid chromatography, the same sample after 
saponification, and AgTCM cleaning sequentially.  
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Table 4. S. 1. Alkenone concentrations in freeze-dried sediments from the Espenberg maar 
lakes, related indices and air temperature of the study sites. 

 White Fish Devil Mountain North Killeak 

C37:4 Me (μg/g) 2.3122 0.1935 8.9443 

C37:3a Me (μg/g) 1.7469 0.1033 2.8871 

C37:3b Me (μg/g) 1.2168 0.0868 2.6013 

C37:2 Me (μg/g) 0.1627 0.0167 0.3100 

   C38:4 Et (μg/g) 1.2553 0.0996 4.2197 

C38:3a Et (μg/g) 0.5966 0.0252 0.6956 

C38:3b Et (μg/g) 0.7139 0.0688 2.5851 

C38:2 Et (μg/g) 0.0633 0.0082 0.2012 

C38:4 Me (μg/g) 0.2496 0.0221 1.0945 

C38:3a Me (μg/g) 0.6026 0.0376 1.4447 

C38:3b Me (μg/g) 0.1096 0.0093 0.3655 

C38:2 Me (μg/g) 0.0806 0.0074 0.1100 

𝑈"#$  -0.3291 -0.3660 -0.4629 

𝑈"#$% 0.0520 0.0806 0.0535 

%C37:4 0.4251 0.4835 0.6067 

RIK37 0.5894 0.5434 0.5260 

MAAT(°C) -5.358 -5.367 -5.300 

MTWQ(°C) 7.825 8.000 8.225 

MTSI(°C) 1.500 1.600 1.875 
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Table 4. S. 2. Locations and water properties of the Espenberg maar lakes  
 White Fish Devil Mountain North Killeak 

sample site latitude (°N) 66.378 66.411 66.356 

sample site longitude (°W) 164.751 164.499 164.042 

Annual precipitation (mm) 334 302 296 

Sample site depth (m) 2.2 ~6 ~3 

salinity (ppt)* 0.317 0.039 1.077 

pH 8.4 ± 0.5 (3) 8.3 ± 0.5 (3)  8.4 ± 0.2 (2) 

Alkalinity (mgCaCO3/L) 98.44 (1)  45.21 (1) 245.56 (1) 

DIC (mgC/L) 25.76 (1) 10.95 (1) 69.56 (1) 

Total dissolved N (mgN/L) 0.54 ± 0.08 (3) 0.12 ± 0.01 (2) 0.35 ± 0.04 (2) 

Cl- (mg/L) 146.3 ± 38.9 (3) 12.0 ± 1.4 (3)  658.55 ± 64.4 (2) 

SO4
2- (mg/L) 0.23 ± 0.18 (3) 0.76 ± 0.12 (3) 0.01 ± 0.01 (2) 

Na+ (mg/L) 69.75 ± 13.67 (3) 10.17 ± 1.13 (3)  316.19 ± 26.66 (2) 

K+ (mg/L) 4.36 ± 0.76 (3) 1.56 ± 0.31 (3) 15.99 ± 1.27 (2) 

Ca2+ (mg/L) 21.80 ± 4.69 (3) 6.97 ± 1.10 (3) 64.93 ± 21.26 (2) 

Mg2+ (mg/L) 19.52 ± 3.23 (3) 4.73 ± 0.61 (3) 73.49 ± 2.55 (2) 

DOC (mgC/L) 11.2 ± 1.3 (3) 2.9 ± 0.5 (3) 5.2 ± 0.0 (2) 

SUVA, 254 nm 3.0 ± 0.5 (3) 2.0 ± 0.5 (3) 1.7 ± 0.1 (2) 

* Due to the high standard deviation of in situ salinity measurements, the salinity is estimated 

from the ion concentrations 

Note: Values represent the average of all samples collected (± one standard deviation). The 

value in parentheses is the sample size.  
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Abstract 

Recent climate change has led to widespread warming and thawing of permafrost soils across 

Arctic and sub-Arctic regions. Permafrost thaw remobilize previously frozen organic carbon and 

alters the lateral transport of carbon from terrestrial to aquatic ecosystems through thermal 

erosion, thermokarst, and shifting groundwater dynamics in northern catchments. However, 

continuous records tracking permafrost thaw and associated carbon-cycle processes in past 

decades are scarce. In this study, we analyzed biomarkers and bulk sediment properties from a 

core attained from White Fish Lake that spans the past ~60 years. White Fish Lake is a crater 

lake located in the Seward Peninsula where the surrounding terrain is underlain by Yedoma 

permafrost that is susceptible to abrupt thaw. The organic-matter-rich sediment and exceptionally 

high sedimentation rate (1.4 cm/yr) provided opportunity for reconstructions at an annual scale. 

We analyzed lipid biomarkers including fatty acids, n-alkanes, diploptene, alkenones, GDGTs, as 

well as bulk 13C and 14C isotope compositions. The radiocarbon age of the sediment averaged 

3440 yr BP, suggesting contribution of old permafrost carbon in the lake catchment. GDGT-0, 

diploptene and C37 alkenone fluxes increased significantly since 2010, which suggests an 

increase in methanogen populations and methane production, as well as increased methane 

oxidizing bacteria and phytoplankton productivity. The intensified carbon cycle was also 

demonstrated in the bulk isotope data. The δ13C content of bulk organic carbon was highly 

depleted (-28.87~-31.64‰, average of -30.21±0.59‰) and comparable to other thermokarst lake 

sediments. There is a significant decreasing trend of the δ13C from 1960 to 2019 (~1.5‰), 

suggesting increased incorporation of a methane-derived carbon source into the aquatic biomass 

and sediment. Our study shows that the Seward Peninsula has undergone unprecedented changes 

as the Arctic warms, particularly in the past decade.  
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1. Introduction 

Human activities are responsible for approximately 1.1 ˚C of global warming since 1850-

1900, and a warming of 1.5˚C or more is projected over the next 20 years (IPCC, 2021: Climate 

Change 2021: The Physical Science Basis). Warming is amplified in the Arctic, where air 

temperatures are expected to increase more than twice the global average (IPCC, 2021: Climate 

Change 2021: The Physical Science Basis). The warming has led to large-scale thawing of 

permafrost that exposes previously frozen organic matter to microbial degradation, which in turn 

emits greenhouse gases that further accelerate warming (Martens et al., 2020). Yedoma which is 

a type of permafrost that aggraded with the deposition of wind-blown loess during the late 

Pleistocene (starting ~50 ka before present (B.P.) in Alaska) is widespread in Siberia and Alaska 

(Strauss et al., 2021). Yedoma is typically ice-rich, organic-rich, silt-dominated, and contain 

large syngenetic ice wedges , are particularly important as it is prone to melting and contains ~ 

30% of global permafrost carbon (Anthony et al., 2014; Martens et al., 2020; Strauss et al., 

2021).  

Large amounts of greenhouse gases (primarily carbon dioxide (CO2) and methane (CH4)) 

have been emitted from thawing Yedoma during past warm periods such as Bølling-Allerød 

(14.7~12.9 ka B.P.) and early Holocene (~11.7 ka B.P.) across Siberia and Alaska (Lenz et al., 

2016; Martens et al., 2020). In recent decades, landscape changes induced by the destabilization 

of ice-rich permafrost, including thermokarst (i.e., subsidence of the ground surface due to 

ground ice melt), thermal erosion and lake drainage have been observed in the northern Seward 

Peninsula (Strauss et al., 2021). Extensive studies have been done on carbon fluxes from lakes 

and ponds that are widely distributed in this region, particularly on thermokarst lakes, beaver 

ponds, peatland ponds and glacial/post-glacial lakes (Wik et al., 2016; Walter Anthony et al., 
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2016; Engram et al., 2020; Kuhn et al., 2021). Cenozoic volcanic deposits are a common 

geologic feature in the Bering Sea region, spanning from the Seward Peninsula to the north to 

Pribilof Islands to the south. The Espenberg volcanic field in the northern Seward Peninsula 

includes four of the worlds’ largest maar lakes with a total area of ~77 km2 (Lanik et al., 2019). 

Compared to thermokarst lakes that are formed by thaw depression and emit methane from the 

actively expanding thaw margins (Walter et al., 2008; Walter Anthony et al., 2016), maar lakes 

on the Seward Peninsula are much greater in surface area and depth, and morphologically more 

stable (Lara & Chipman, 2021). By contrast, thermokarst lakes that are frequently influenced by 

erosion and deposition, drainage and subsequent infilling (Jorgenson & Shur, 2007), with 

disturbed sediment records reflecting these complex processes. Sediment cores from maar lakes 

span a longer record with clear age-depth relationships, are thus more likely to reflect lateral 

transport from surrounding permafrost on a larger spatial and time scale.  

Here we applied organic geochemical and molecular biological methods in a sediment 

core collected from the center of White Fish maar, northern Seward Peninsula, Alaska, that dates 

back to the late 1950s. We measured the radiocarbon content of bulk total organic carbon (TOC), 

and investigated the abundance and 𝛿 13C content of alkenones, n-alkanes, Glycerol dialkyl 

glycerol tetraether lipids (GDGTs), diploptene and TOC, to understand the lake’s hydrological, 

ecological, and carbon-cycle changes in response to climate variations and permafrost thaw since 

the late 1950s. This is the first study to reconstruct carbon-cycle processes at annual temporal 

resolution from lake sediments in the Arctic. 

 

2. Methods and material 

2.1 Study site and sample collection 
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White Fish Lake (Fig. 5. 1; 66.38˚N, 164.75˚W) is a maar lake located in the northern 

Seward Peninsula in northwest Alaska, USA. The study site is in continuous permafrost zone 

dominant by tussock tundra, and is characterized by an abundance of thermokarst lakes 

(O’Donnell, 2015 ARCNlakes; Larsen et al., 2017; Nitze et al., 2018). White Fish Lake is 

situated within the Yedoma permafrost domain, as recently mapped by Strauss et al. (2021). The 

primary ecological and vegetation types in the White Fish Lake basin are Upland Dwarf Birch-

Tussock Shrub, Upland Sedge-Dryas Meadow, Upland Willow Low Shrub, Lowland Sedge Fen. 

Dominant plant type includes deciduous shrub (e.g., Betula nana, Salix reticulata), sedge (e.g., 

Eriophorum vaginatum, Carex aquatilis), moss (Sphagnum sp.), shrubs (e.g., Ledum decumbens, 

Vaccinium vitis-idaea) (Jorgenson et al., 2009 ARCN report). 

White Fish Lake lies on the Espenberg volcanic field and is formed by phreatomagmatic 

eruption when magma interacted with ice-rich permafrost around 160 ±8 kyr ago (Begét et al., 

1996; Lanik et al., 2019). White Fish Lake and the nearby Devil Mountain Lake, North Killeak 

Lake and South Killeak Lake are the largest maar lakes on Earth (Begét et al., 1996). The shape 

of White Fish Lake is approximately circular with a radius of 4.3 km and a surface area of 15 

km2. The maximum depth is 8-10 m (Lanik et al., 2019). The lake water has an elevated pH of 

7.8-8.8 (measured on 6/22/13 and 9/15/17, respectively) and a high DOC concentration (12.3 

mgC/L) which is the highest among all large non-thermokarst lakes monitored in the region 

(O’Donnell, 2015 ARCNlakes). A lake outlet forms the Singeakpuk River which flows north 

into Shishmaref Inlet and four inlets that connect with nearby thaw ponds.   

The sediment core was collected around the center of White Fish Lake (GPS) over ice 

cover in April 2019, using a piston corer. The total sediment core recovered is 87 cm, and was 

subsampled into 0.5 cm intervals for 0-50 cm, and 1 cm intervals for 50-87 cm. 
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2.2 Dating and chronology 

The chronology of the core was determined through lead (210Pb), cesium (137Cs) and 

radium (226Ra) isotopes measured at Flett Research Ltd 

(http://flettresearch.ca/isotopemethods.html). The sediments were measured at 0.5-cm intervals 

from 0-50 cm, and 1-cm intervals from 50-86 cm. Unsupported 210Pb is calculated by subtracting 

the 226Ra from each total 210Pb value. A constant-rate-of-supply (CRS) model was then calibrated 

against the linear regression model to estimate the age at the bottom of each section and establish 

the final age model. 137Cs measurements are used as an independent test to the CRS model. The 

elevated 137Cs activities in 65-74 cm suggests that the majority of 137Cs is from external erosion 

sources such as soil, instead of directly deposited from the atmosphere. Thus the 73-74 cm 

interval represents the year 1966 which has the highest terrestrial 137Cs inventory. The CRS 

model is compatible with the 137Cs data within reasonable uncertainty (Fig. 5. 2b). 

 

2.3 Organic geochemical analyses 

Sediment samples were first freeze-dried, and lipids were extracted from ~2g of freeze-

dried sediment through DionexTM accelerated solvent extraction system with Dichloromethane 

(DCM): methanol mixture (9:1, v/v). The total lipid extract was then separated into acid and 

neutral fractions with LC-NH2 columns by eluting with DCM: isopropanol (2:1, v/v) and acetic 

acid: ether (4:96, v/v). The neutral fraction was further separated into alkane, ketone, and alcohol 

fractions through silica gel columns by eluting with hexane, DCM and methanol. The alkane 

fraction containing n-alkanes and diploptene was measured and quantified through a gas 

chromatograph flame ionization detector (GC-FID) with a non-polar column. The alkenone was 
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analyzed as described in Wang et al. (2021). The alcohol fraction was eluted through LC-Al2O3 

column with hexane:DCM (1:1, v/v) and DCM:MeOH (1:1, v/v), the later fraction was then 

filtered and measured for GDGTs through High Performance Liquid Chromatography Mass 

Spectrometer (HPLC-MS). 

 

2.4 Lipid biomarker indices 

Lipid biomarkers produced by various Archaea, Bacteria, and Eukaryote were separated and 

quantified. The producers, environmental significance, and relevant indices are described below. 

GDGTs: A class of large (up to 86 carbons) membrane lipids that consist ether bonds that 

form a monolayer (Schouten et al., 2013; Łącka et al., 2015). GDGTs can be further broken 

down to two categories: branched GDGTs (brGDGTs) produced by Bacteria, and Isoprenoidal 

GDGTs (isoGDGTs) produced by Archaea (Schouten et al., 2013). BrGDGT is denoted as 

I/II/III+a/b/c, where the roman numbers represent numbers of methyl branches (I:0, II:1, III:2), 

and the letters represent numbers of cyclopentane rings (a: 0, b:1, c:2). IsoGDGT is denoted by 

Arabic numbers representing the numbers of the cyclopentane rings, and crenarchaeols are 

unique for cyclohexane ring in addition to four cyclopentane rings. Prime and double prime 

represent isomers of GDGTs. 

Multiple indices were developed to identify the source of GDGTs. The branched and 

isoprenoid tetraether (BIT) index is used to quantify the relative input from terrestrially derived 

tetraether lipids versus crenarchaeol is defined as Eq.1 (Hopmans et al., 2004). In freshwater 

environment ∑ 𝐼𝐼𝐼𝑎/∑ 𝐼𝐼𝑎 were shown to track relative input of aquatic and terrigenous 

brGDGTs (Eq. 2) (Martin et al., 2019).  

𝐵𝐼𝑇 =
𝐼𝑎 + 𝐼𝐼𝑎 + 𝐼𝐼𝐼𝑎

𝐼𝑎 + 𝐼𝐼𝑎 + 𝐼𝐼𝐼𝑎 + 𝐶𝑟𝑒𝑛															
(1) 
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6𝐼𝐼𝐼𝑎/6𝐼𝐼𝑎 =
𝐼𝐼𝐼𝑎 + 𝐼𝐼𝐼𝑎& + 𝐼𝐼𝐼𝑎" + 𝐼𝐼𝐼𝑎7

𝐼𝐼𝑎 + 𝐼𝐼𝑎& + 𝐼𝐼𝑎7 															(2) 

 

The degree of methylation (4, 5, or 6 methyl groups at position 5 or 6) of BrGDGTs are 

correlated with temperature. Methylation index that excludes the 6-methyl brGDGTs is defined 

as 𝑀𝐵𝑇′,-. (Eq. 3; De Jonge et al., 2014), and Stefanescu et al. (2021) developed an MBT’5Me- 

JJAS (June-Sept.) air temperature calibration that accounts for the influence of lake water depth 

based on surface sediment from high-altitude sub-alpine lakes of mid-latitude North America 

(Eq. 4). 

𝑀𝐵𝑇′,-. =
𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐

𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 + 𝐼𝐼𝑎 + 𝐼𝐼𝑏 + 𝐼𝐼𝑐 + 𝐼𝐼𝐼𝑎 															(3) 

𝑀𝐵𝑇′,-. = 0.026 ∗ JJAS − 0.065 ∗ ln(water	depth	in	meters) + 0.10														(4) 

 

IsoGDGT can be used to as an indicator of methanogenic and/or methanorophic activities. 

GDGT-0 could be produced by multiple Thaumarchaeota, Crenarchaeota, and Euryarchaeota, 

but is particular abundant in methanogens and methanotrophs (Pancost et al., 2001). Blaga et al. 

(2009) defined the ratio between GDGT-0/cren as an indicator of methanogenic GDGT-0 in 

lakes, a ratio >2 indicates presence of anaerobic methanogenesis (Eq. 5).  

𝐺𝐷𝐺𝑇 − 0/𝐶𝑟𝑒𝑛 =
𝐺𝐷𝐺𝑇 − 0
𝐶𝑟𝑒𝑛 														(5) 

Similarly, GDGT-1, -2, -3 presumably represents methanotrophic Euryarchaeota. Methane 

index (MI) is built upon a binary isoGDGT source of Crenarchaeota from water column and 

methanotrophic Euryarchaeota from the sediment, suggesting contribution from methanotrophic 

Euryarchaeota their relative abundance (Zhang et al., 2011). MI value >0.5 suggest methane-rich 
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environment, though the ratio was originally developed in marine environment and might not be 

representative in lakes with large amounts of terrigenous input (Eq. 6; Zhang et al., 2011). 

𝑀𝐼 =
[𝐺𝐷𝐺𝑇 − 1] + [𝐺𝐷𝐺𝑇 − 2] + [𝐺𝐷𝐺𝑇 − 3]

[𝐺𝐷𝐺𝑇 − 1] + [𝐺𝐷𝐺𝑇 − 2] + [𝐺𝐷𝐺𝑇 − 3] + [𝐶𝑟𝑒𝑛] + [𝐶𝑟𝑒𝑛&]															(6) 

 

Alkenones: A class of C35-42 methyl or ethyl ketones with two to five double bonds. They are 

produced exclusively by algae within the order of Isochrysidales. The producer of alkenones in 

freshwater lakes are mainly Group 1 Isochrysidales that is characterized by high relative 

abundance of C37:4 alkenone (%C37:4) and presence of C37:3b isomers (Eq. 7 and 8; D’Andrea et 

al., 2006; Longo et al., 2018). The index quantifying ratio of C37:3 isomeric ketones is defined as: 

%𝐶!':0 =
𝐶!':0

𝐶!':1 + 𝐶!':!2 + 𝐶!':!3 + 𝐶!':0
															(7) 

𝑅𝐼𝐾!' =
𝐶!':!2

𝐶!':!2 + 𝐶!':!3
															(8) 

The unsaturation degree of alkenones (𝑈!'( , Eq. 9) are correlated to temperature. Longo et al. 

(2018) established a correlation between 𝑈!'(  and spring transitional air temperature (average 

temperature of the four months centered on the spring isotherm) based on samples from global 

freshwater lakes where Group 1 Isochrysidales were the main alkenone producer (Eq. 10). 

𝑈!'( =
𝐶!':1 − 𝐶!':0

𝐶!':1 + 𝐶!':!2+𝐶!':!3 + 𝐶!':0
															(9) 

𝑈!'( = 0.029 ∗ 𝑇 − 0.49, 𝑟1 = 0.60, 𝑝 < 0.0001															(10) 

 

n-alkanes: n-alkanes are straight chain hydrocarbons that could be produced by bacteria, 

algae, and terrestrial plants, and are predominately odd number (Eglinton & Eglinton, 2008; 

Jongejans et al., 2020).  The ratio between odd and even chain n-alkanes reflects the degradation 
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of the sediment, with decreasing odd number n-alkane corresponding to more degradation (Bray 

and Evans, 1961). The ratio between odd and even n-alkanes can be quantified by carbon 

preference index (CPI) (Eq. 11; Zech et al., 2010).  

𝐶𝑃𝐼1!4!! =
2 ∗ ∑ 𝑖 ∗ 𝐶5(𝑖 = 𝑜𝑑𝑑𝑠)!!

561!

∑ 𝑖 ∗ 𝐶5 + ∑ 𝑖 ∗ 𝐶5(𝑖 = 𝑒𝑣𝑒𝑛𝑠)!0
5610

!1
5611

															(11) 

The predominance chain length differs between different organisms. Algae generally produce 

shorter (C15-C21) chain length, mosses such as Sphagnum typically produce C23-C25, leaf waxes 

are mainly C27-C29, and grasses are C31-C33 (Han & Calvin, 1969; Zech et al., 2010; Jongejans et 

al., 2020). The average chain length (ACL) thus reflects the source of n-alkane (Eq. 12; Daniels 

et al., 2017). Similarly, Paq and Pwax reflect the relative contribution from macrophytes and 

terrestrial plants (Eq. 13, Eq. 14).  

𝐴𝐶𝐿174!! =
∑ 𝑖 ∗ 𝐶5!!
17

∑ 𝐶5!!
17

															(12) 

𝑃28 =
𝐶1! + 𝐶1,

𝐶1! + 𝐶1, + 𝐶19 + 𝐶!:
															(13) 

𝑃;2< =
𝐶1' + 𝐶19 + 𝐶!:
∑𝑜𝑑𝑑	𝐶1!4!:

															(14) 

 

 

2.5 Isotopic analyses 

 Bulk δ13C isotope was measured on the sediment remnant after lipid extraction. 2M HCl 

was added to the sediment samples and heated at 60˚C for 12 hours, then rinsed with deionized 

water to remove carbonates.  The samples were then dried and analyzed on an EA IsoLink IRMS 

system (Thermo ScientificTM), and the 𝛿13C values were reported as values in per mill compared 

to the standardized Vienna Pee Dee Belemnite (‰ vs. VPDB). Compound specific 13C of 
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alkenones, n-alkanes and diploptene were measured by TRACE 1310 Gas Chromatograph 

coupled with Delta V Plus Isotope Ratio Mass Spectrometry (Thermo ScientificTM) and reported 

in ‰ vs. VPDB. 

 Bulk 14C isotope was measured on freeze-dried sediment after carbonate removal at ETH. 

First, carbonate was removed from sediment samples by HCl fumigation. The sediment samples 

were then neutralized and combusted into CO2 and measured with a EA-AMS. Measured 14C/12C 

is reported in F14C (Reimer et al., 2004; Haghipour et al., 2019).  

 

2.6 DNA sequencing and analyses 

Three samples at depths of 1.5-2 cm, 20.5-21 cm and 63-64 cm were analyzed for 

Isochrysidales DNA, following the methods described in Wang et al. (2021). In short, sediment 

samples were frozen prior to analyses and thawed for 1-2 hours before processing. Around 0.25g 

of samples were extracted for genomic DNA using DNeasy PowerSoil HTP 96 Kit followed by a 

two-step PCR. The first PCR amplified V4 SSU rRNA with primer pair 528Flong and 

PRYM01+7 containing a 5’ adaptor (Egge et al., 2013). The second round of PCR was 

performed to give each sample a unique 12-nucleotide index sequence. Final indexed amplicons 

from each sample were cleaned and normalized, then pooled together and sequenced on an 

Illumina NovaSeq (San Diego, CA) using the 6000 SP X - 2x250 v1.5 kit. Sequences were then 

verified and compiled after denoising. Taxonomy of ESVs was assigned using SILVA reference 

database. ESVs belonging to the Isochrysidales order were selected and aligned to reference 

sequences through PyNast (Caporaso et al., 2010; Gran-Stadniczeñko et al., 2017, p.). 

Phylogenetic tree including recovered sequences and representative Isochrysidales sequences 

available on GenBank was built through RAxML (Stamatakis, 2014). The ESVs were then 
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assigned to Group 1a and 1b subgroup based on the phylogeny. Shannon index of each sample 

was calculated after rarefying all the samples to even sampling depth (Spellerberg & Fedor, 

2003). 

 

3. Results 

3.1 Age model  

210Pb activity showed a slight increase from 0.5 to 7 cm below the sediment surface, but 

decreased exponentially with depth below 7 cm (Fig. 5. 2a). The linear regression model 

estimated an average sediment accumulation rate of 0.3061 g/cm2/yr, and constant-rate-of-supply 

(CRS) model was calibrated against the linear regression model to match the sediment 

accumulation rate (Fig. 5. 2b). 137Cs activities in 65-74 cm are significantly above background, 

and decrease after 74 cm. The 137Cs profile suggests the majority of the 137Cs is from external 

erosion sources rather than direct deposition from the atmosphere, thus the maximum activity 

occurring at 73-74 cm section represents the maximum terrestrial 137Cs inventory occurred in 

1966. This result is in concordance with the CRS model, which indicates an age of 51.9 yr at 75 

cm. Thus the CRS model provides a good estimate of the age of this core from 1958 (86 cm) to 

2019 (0 cm). 

 

3.2 GDGTs 

The total GDGT flux ranged between 0.008-0.302 ug cm-2 yr-1, with an increase over time 

(Fig. 5. 4a). GDGT distributions are shown in Fig. 5. 3. BrGDGT was the dominant GDGT in 

the samples (90.31±4.32%). The most abundant brGDGTs are GDGT-IIIa, GDGT-IIIa’, GDGT-

IIa, GDGT-IIa”, GDGT-Ia, while iGDGT was mainly composed of GDGT-0 with very low 
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GDGT-1, 2, 3, and crenarchaeols. The overall GDGT distribution is very similar to the two river 

connected lakes in Mackenzie delta (Canadian Arctic) that lies in permafrost zone (Lattaud et al., 

2020). The BIT index ranged from 0.99-1.00, suggesting very low crenarchaeol abundance (Fig. 

5. 4b). This is similar to BIT values (0.99-1.00) reported in lake sediment and soil from 

MacKenzie (Canadian Arctic) and Kolyma River basin (Siberian Arctic) and active layer soil 

from Northern Yakutia (Siberia) (Kusch et al., 2019; Peterse et al., 2014). While Yedoma was 

reported to have distinctively higher relative crenarchaeol abundances and lower BIT (Kusch et 

al., 2019; Peterse et al., 2014), BIT values suggest limited GDGT input from Yedoma in White 

Fish Lake. The ∑ 𝐼𝐼𝐼𝑎/∑ 𝐼𝐼𝑎 ratio ranged between 1.66-2.36 (Fig. 5. 4c; mean: 2.06±0.18), 

which is greater than the upper limit of soil origin ∑ 𝐼𝐼𝐼𝑎/∑ 𝐼𝐼𝑎 (0.9), suggesting an aquatic 

origin of brGDGT in White Fish Lake (Lattaud et al., 2020; Martin et al., 2019). MBT’5Me 

ranged from 0.18 to 0.26 within the core, with an increase during 1950-1990, and a decrease 

after 1990 (Fig. 5. 4d). 

The isoGDGT is also likely from an aquatic source, supported by the near absence of 

crenarchaeol isomer (cren’) while high-latitude soil generally has a higher cren’/(cren+cren’) 

ratio (Daniels et al., 2021). GDGT-0 comprised the majority of isoGDGT (76.1~96.88%, mean: 

88.75±3.70%). The GDGT-0/Cren in White Fish Lake is above the threshold of 2 for anaerobic 

methanogenesis (Fig. 5. 4e; 4.81-76.47, mean: 35.71±21.59). The MI from White Fish Lake 

ranged from 0.29 to 0.84 (Fig. 5. 4f; mean: 0.69±0.15). Both MI and GDGT-0/cren suggest 

substantial methanotrophic/methanogenic activity in White Fish Lake. 

 

3.3 Diploptene 
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Diploptene can originate from methane-oxidizing bacteria (MOB) or other bacteria such 

as cyanobacteria (Naeher et al., 2014). The flux of diploptene ranged between 0.028-0.954 ug 

cm-2 yr-1, with an average of 0.225±0.188 ug cm-2 yr-1 (Fig. 5. 8b). The concentration varies 

annually, however, it shows a significant increase since 2000. The δ13C of diploptene averaged -

55.96 ±3.40‰, with a slight decreasing trend with increasing depth (Fig. 5. 9d). 

 

3.4 Alkenones 

The total alkenone flux ranged between 0.125-16.019 ug cm-2 yr-1, with an average of 

2.246±3.235 ug cm-2 yr-1 (Fig. 5. 6a). The alkenone flux was low during 1960-1970 and has 

shown a slight increase since the 1970s, but it has surged dramatically since 2010. The alkenone 

distribution in White Fish Lake is consistent with the typical Group 1 alkenone profile with 

predominant C37:4Me (%C37:4=0.388±0.055) and the presence of C37:3bMe isomers (Fig. 5. 3; 

D’Andrea et al., 2006; Longo et al., 2018). The RIK37 ranged between 0.43-0.78, with an 

average of 0.613±0.068 (Fig. 5. 6b), which agrees with typical Group 1 RIK37<0.63 (Longo et 

al., 2018). 𝑈!'(  in the sediment decreased around 1980, and increased after 2000 (Fig. 5. 6d). 

DNA recovered from sediment samples are in consistent with the alkenone flux and 

profiles. Isochrysidales DNA was recovered from three samples at 1.5-2 cm, 10.5-11 cm,  20.5-

21 cm and 63-64 cm, and 14848, 7109, 2326 and 1284 Isochrysidales reads were recovered from 

each sample (Table 1). All Isochrysidales sequences detected from White Fish Lake falls into 

Group 1 Isochrysidales based on phylogeny. The four samples share the same predominant ESV, 

which falls into Group 1a. Both Group 1a and Group 1b were detected in 1.5-2 cm and 10.5-11 

cm, with Group 1b composing 25% and 5.9% total Isochrysidales reads. However, only Group 

1a were detected from samples 20.5-21 cm (7 ESVs) and 63-64 cm (3 ESVs).  
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The alkenones from White Fish Lake sediment are very depleted in 13C (Fig. 5. 9; 

C37:4Me: -44.348±0.838, C37:3Me: -43.172±0.924, C38:4Et: -45.326±0.844).  

 

3.5 n-Alkanes 

n-Alkanes from C16-C33 were detected in all samples. The n-alkanes flux ranged between 

1.75-11.73 ug cm-2 yr-1, and increased over time (Fig. 5. 8a). The CPI23-33 index ranged between 

3.86-6.36 with an average value of 5.31±0.72, no significant long term increase or decrease was 

detected for CPI23-33 (Fig. 5. 8c). The CPI value is comparable with surface sediment samples 

collected from 24 lakes near Toolik Field Station, Alaska (5.0±0.8, Daniels et al., 2017), 

reflecting limited degradation.  

 The ACL20-33 value ranged between 25.75-26.89, with an average of 26.26±0.24 (Fig. 5. 

8d). C27 is the most abundant n-alkane in all samples, followed by C23 and C25 (Fig. 5. 7). The 

ACL20-33 decreased consistently during the 1960s to 1980s, and slightly increased during the 

1990s to 2010s. Paq increase overtime while Pwax decrease, suggesting an increase in relative 

contribution from the lake’s production compared to surrounding plants (Fig. 5. 8e, f). 

 The δ13C values of n-alkanes are shown below, C23, C29 and C31 did not show significant 

trends along the core, while C25 and C27 showed slight depleting trends from the late 1950s to 

more recent samples (Fig. 5. 9). 

 

3.6 Bulk Isotope 

The TOC δ13C ranged from -28.874-31.641‰ with an average value of -30.212±0.589‰ 

(Fig. 5. 10a). The δ13C shows a strong depleting trend over time. The δ13C is comparable to the 

Holocene sediment from Goltsovoye Lake, Northern Siberia (range: -31.2 ~-27.0‰, median: -
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28.2‰; Jongejans et al., 2020), where the section marked the transition from wetland to 

thermokarst lake, during which period the organic matter sourced from both in situ productivity 

and allochthonous Yedoma carbon, and talik expand led to Yedoma thaw creating high methane 

production (Jongejans et al., 2020). The TOC δ13C is also similar to sediment core spanning a 

similar time period, from Lake T15, Seward Peninsula (1964-2010, −30.0‰ to −30.5‰, 

consistent decreasing trend; Medeiros et al., 2014) and Disko 2, west Greenland (~ -28‰; 

Stevenson et al., 2021). 

The TOC F14C ranged from 0.5974-0.6785, corresponding to radiocarbon age ranging 

from 4138±72 - 3115±75 year BP (Fig. 5. 10b). The averaged radiocarbon age of the TOC is 

3440 year BP, which is significantly older than 210Pb dating results. 
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4. Discussion 

4.1 The lake ecosystem 

4.1.1 Methanogens 

The BIT and ΣIIIa/ΣIIa index suggest in situ aquatic production of GDGTs and limited soil 

input from the catchment. We applied principal component analysis (PCA) on the fractional 

abundance of major GDGTs in order to track the most prominent changes in GDGTs. The results 

show PC1 and PC2 account for 49.38% and 20.85% of the total variance, respectively (Fig. 5. 

11a). GDGT-0, -III, -III” have negative loadings on PC1 while the other GDGTs all have 

positive loadings. The upper 2 meters of White Fish Lake are oxygenated and the water below 3 

meter is anoxic. Interestingly, GDGT-0, -IIIa, and -IIIa” are all associated with 

anoxic/methanogenic conditions (Weber et al., 2018; Yao et al., 2020). A study in a meromictic 

lake (Lake Lugano, Swizzerland) shows that while IIIa’ is mainly produced in the lower part of 

the oxygenated water column, IIIa” is exclusively produced by anaerobic bacteria within deep 

water, and IIIa could be produced by both aerobic and anaerobic bacteria (Weber et al., 2018). 

Weber et al. (2018) also found that the δ13C content of IIIa and IIIa” become significantly more 

depleted than δ13C of IIIa’ below the oxic-anoxic transition zone within the same lake, where the 

concentration of methane increases. Thus the production of IIIa and IIIa” is likely fueled by 

carbon derived from methanotrophic bacteria (Weber et al., 2018). A positive correlation 

between the relative abundance of IIIa compared to IIa and lake water depth has also been 

observed in stratified volcanic lakes in northeastern China (Yao et al., 2020). GDGT-0 is likely 

produced by acetoclastic methanogens in the anoxic parts of lake sediments and overlying water 

(Naeher et al., 2014; Lattaud et al., 2020). Thus PC1 separates GDGTs associated with different 
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redox states, with anoxic conditions on the left and oxic conditions on the right of the PCA 

biplot.    

When plotting the time series of the PCs, PC1 aligns very well with MI (Fig. 5. 11b). This 

agrees with the sample scatter on PCA biplot, where samples from the 1950s, 1960s and 2010s 

are scattered on the left (anoxic), while other samples are scattered on the right (oxic). An MI 

value >0.5 suggests significant iGDGT contribution from methanotrophic Euryarchaeota (Zhang 

et al., 2011). Based on this threshold, iGDGT in sediments from ~1958-1982 and after the 2010s 

are affected by methanotrophic Euryarchaeota, which suggests significant anaerobic methane 

oxidization activities.  

The reconstructed JJAS (Stefanescu et al. (2021) calibration) aligns well with instrumental 

record from Kotzebue Station from 1960-2000, and the MBT’5Me reconstructed JJAS 

temperature diverge from instrumental record since 2000 showing a decrease in reconstructed 

temperature instead (Fig. 5. 17d). There are several potential reasons for the divergent trend after 

2000: 1) More brGDGT been produced in deeper part of the water column compared to 

shallower part leading to a bias to deep water temperature; 2) Anoxic condition at lake bottom 

and increased IIIa production from bacteria favoring anoxic environments (Weber et al., 2018; 

Yao et al., 2020; Stefanescu et al., 2021); 3) Increased stratification in the lake increases the gap 

between water temperature and JJAS air temperature; 4) Input of brGDGT from lake 

surroundings. 

 

4.1.2 Methanotrophs 

Methane can be oxidized by bacteria aerobically, where oxygen and methane are combined 

to form formaldehyde and incorporated into the biomass. Methane oxidizing bacteria (MOB) 
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produce diverse lipids, including hopanoids, such as diploptene. Though diploptene has a wide 

range of bacterial producers, depleted 13C of diploptene can suggest a MOB origin due to the 

depleted 13C of methane and the strong isotopic fractionation during lipid biosynthesis 

(Summons et al., 1994; Thiel, 2020). 

Depleted δ13C of diploptene interpreted as evidence for MOB has been reported in surface 

sediment from thermokarst lakes with methane ebullition in Alaska (-68.2~-38.8‰; Davies et al., 

2016),  downcore samples from a eutrophic lake in Switzerland (-60~-43‰; Naeher et al., 2014) 

and volcanic lake in Northeast China (-50.3‰±1.9‰), and peat samples from global peatlands (-

45~-29‰; Inglis et al., 2019). The δ13C content of diploptene from our site is consistent with 

these prior observations, with an average value of -55.96 ±3.40‰, thus suggesting a prominent 

MOB production. The 𝛿13C fluctuates and show a slightly enriched trend over time. Multiple 

potential causes can lead to fluctuation in diploptene 𝛿13C: 1) different ratios between diploptene 

produced by 13C-depleted MOB and  13C-enriched heterotrophic bacteria (Davies et al., 2016); 2) 

different ratio between Type I and Type II MOB, where Type II MOB also use CO2 as carbon 

source which can dilute the 13C signal from methane (van Winden et al., 2012); 3) changes in 

methane availability that leads to different isotopic fractionation rate; 4) High spatial 

heterogeneity of MOB within the same lake (Davies et al., 2016). 

 The flux of 13C-depleted diploptene in White Fish Lake increased drastically after 2010 

(Fig. 5. 8b). A similar phenomenon has been observed in other lakes. Naeher et al. (2014) 

observed a high concentration of diploptene with strongly negative δ13C coincides with peak CH4 

production in Lake Rotsee, Switzerland, during the 1920s-1030s. Yao et al. (2021) observed a 

drastic increase of 13C-depleted diploptene in Wudalianchi, China, since 1975 as regional 

permafrost thaws and methane cycling within the lake intensified. A high-closure lake with 
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seasonal anoxic bottom from Canadian Arctic showed 13C-depleted diploptene concentration in 

downcore sediment increase as regional air temperature rise since 1960 (Lattaud et al., 2020). 

The increased flux of diploptene since 2010 likely indicate increased aerobic methanotrophy by 

bacteria in White Fish Lake. 

 

4.1.3 Primary productivity: Haptophyte algae 

 All DNA Isochrysidales sequences recovered from four samples from White Fish Lake 

sediments belong to Group 1 Isochrysidales based on the phylogenetic tree. The sequences could 

be further separated into 1a phylotype and 1b phylotype. Richter et al. (2019) examined a suite of 

oligotrophic freshwater lakes in the North Slope of Alaska. Both phylotypes were detected in all 

the lakes from the water column and surface sediment. The 1b phylotype was originally 

discovered from a eutrophic lake Etang des Vallees in France (Simon et al., 2013). Though 1a 

phylotype was not detected in Etang des Vallees, it was potentially due to the limitation of the 

primers used by Simon et al. (2013), so we cannot conclusively determine if 1b and 1a 

phylotypes prefer different nutrient level. In sum, while both phylotypes belong to Group 1 and 

live in low salinity habitats, 1a phylotype is mainly detected in oligotrophic-mesotrophic 

environments (Theroux et al., 2010; Longo et al., 2018), 1b phylotype is found in both 

oligotrophic and eutrophic environments (Simon et al., 2013; Richter et al., 2019). The alkenone 

production difference between the two subgroups is not larger than the differences within the 

subgroups. Relatively low %C37:4 has been observed in both 1a-dominant and 1b-dominant lakes 

(Baejarvotn, 1a-dominanted, %C37:4 =35.09, Etang des Vallees, 1b-dominanted, %C37:4 =36.47 ). 

 The number of Isochrysidales reads recovered increased drastically in the most recent 

samples, though the total read number might be influenced by preservation. This increase is 
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consistent with the drastic increase in alkenone flux, thus likely reflecting an actual increase in 

alkenone producer biomass. The most abundant Greenland phylotype sequence ESV_000278 

was detected in all samples and was the dominant sequence in all samples. ESV_000278 is 

phylogenetically close to Soligotype 2 in Richter et al. (2019), which was the most abundant 

sequence in all the samples they examined from Alaska North Slope lakes. Percentage read and 

percentage ESVs contributed by 1a phytlotype decreased from 100% to 75.0% and 16.2% 

respectively from 63-64 cm to 1.5-2 cm, and the Shannon Index increased (Table 1). The DNA 

results suggest a drastic increase in alkenone producer diversity, and an emergence of 1b 

phylotypes potentially indicate lake nutrient level change .  

The 𝑈!'(  from White Fish Lake yield realistic MJJA temperature based on this calibration, 

though the temperature range was larger than monitored MJJA air temperature from Kotzebue 

Station (Fig. 5. 12a). Differences between lake water temperature and air temperature, as well as 

changes in alkenone producer community as observed from DNA data can contribute to the 

discrepancy between 𝑈!'( -reconstructed temperature and monitored air temperature. SPM 

samples from Toolik Lake water column collected during June-July 2013 showed a strong 

correlation between 𝑈!'(  and 𝑈!"-.(  (r2=0.91, Fig. 5. 12b), but the correlation is much weaker in 

White Fish Lake downcore samples (r2=0.43, Fig. 5. 12c). This proves that the alkenones in the 

sediment core are produced by multiple species mixing in variable ratios. 

The δ13C content alkenones at White Fish Lake are extremely depleted compared to Ace 

lake, Antarctica (averaged C37 alkenones: -31.7~-36.1‰, Schouten et al., 2001), Gulf of Alaska 

(C37:4Me: -24.8~-27.79‰, C37:3Me:-24.0~-27.4‰, unpublished) and similar to the values 

observed in Greenland lakes (C37:4Me: -40.8~-41.7‰, C37:3Me:-40.0~-41.0‰, D’Andrea & 

Huang, 2005). The alkenones in White Fish Lake are also significantly more depleted in δ13C 
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compared to n-alkanes (Fig. 5. 9). Both the fractionation during alkenone synthesis and CO2 

source can result in the extreme depletion: 1) Group 1 Isochrysidales might have stronger 

fractionation comparing to Group 2 and Group 3, which are the main alkenone producers in Ace 

Lake and Gulf of Alaska (Richter et al., 2019); 2) Low water temperature may result in high 

solubility of CO2 in the lake, and the surplus of dissolved CO2 leads to higher fractionation in 

algal productivity (Schouten et al., 2001); 3) The CO2 might be derived from degradation of 

organic matter in the lake or surrounding catchment in addition to CO2 exchange with the 

atmosphere during summer. During winter, ice cover on the lake would further limit the 

exchange of CO2 between water column and atmosphere, potentially driving increases in 

dissolved CO2 concentration (Schouten et al., 2001; D’Andrea & Huang, 2005). The averaged 

alkenones 𝛿13C did not show long-term trend in White Fish Lake. However, alkenone flux 

increased around 50 times from 1958 to 2018 which would lead to weaker fractionation and 

more enriched alkenones 𝛿13C. A relatively stable 𝛿13C trend potentially suggests a more 

depleted CO2 source in recent years.  

 

4.1.4 Surrounding plants: Sphagnum and higher plants 

n-alkanes deposited in the lake could originate from the autochthonous primary productivity, 

or through lateral hydrologic transport (e.g., runoff, groundwater) and aeolian transport from the 

surrounding catchment and region. The land cover surrounding the lake is dominated by 

herbaceous plants followed by shrubs, sparsely vegetated ground and fens (NASA ABoVE 

satellite data). During the period of 2000-2012, the White Fish Lake catchment has undergone a 

decrease in herbaceous land cover, and an increase in shrubland and fen (NASA ABoVE), 

consistent with both shrubification and possible permafrost thaw (Jorgenson et al., 2001; Tape et 
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al., 2006). Pearson correlation between the relative abundance of C21, C23 and C25 is high, 

suggesting they were largely contributed from the same plant source (Fig. 5. 13). The 

concentration of C23 and C25 are similar throughout the core and slightly higher than C21, 

which is similar to the n-alkane distribution of Sphagnum spp. mosses (Bingham et al., 2010; 

Ronkainen et al., 2013). C29 and C31 are highly correlated and of similar concentration, which 

could be contributed from shrubs such as dwarfed birch (Betula nana). The relative abundance of 

shorter chain n-alkanes C17 and C19 are negatively correlated from mid-to-long chain n-alkanes, 

suggesting a separate aquatic source (e.g. algae). 

A similar pattern is also shown in the PCA biplot (Fig. 5. 14a). The loading directions 

separate n-alkanes into three origins: aquatic (C17-C19), terrestrial mosses (C21-C25), shrubs 

and grass (C27-C33). The oldest samples from the 1950s and 1960s are clustered on the right 

side of the biplot along with C27-C33, suggesting a higher contribution from herbaceous plants. 

The younger samples are scattered on the left side of the biplot with higher C21-C25 suggesting 

increased input from mosses, and particularly the most recent samples from the 2010s are 

clustered close to C17, suggesting an increased aquatic contribution. The most important 

principle component PC1 is mainly contributed by C21-C23 and C27-C31 with opposite 

contributions. Interestingly, the trend of PC1 shows high similarity with ACL along the core 

(Fig. 5. 14b). This suggests that changes in ACL is a prominent difference between samples 

before and after the 1980s, and those changes are driven by ratios between n-alkane contribution 

from mosses (C21-C23) and shrubs (C27-C31).   

The Sphagnum derived C25 shows a slight 13C-depleting trend over time, while sedge/shrub 

derived C29 and C31 do not show a similar trend in 13C (Fig. 5. 9). This is potentially related to 

Sphagnum-associated methane oxidation (Kip et al., 2010; Inglis et al., 2019; Winden et al., 
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2020). Kip et al. (2010) showed that methane oxidation is ubiquitous among submerged 

Sphagnum mosses, where endophytic methanotrophic bacteria provide methane-derived CO2 to 

sphagnum and Sphagnum provide oxygen for methanotrophic bacteria. Increased submerged 

Sphagnum could lead to a depleted 13C in Sphagnum n-alkanes. 

However, C23 and C25 alkanes are not more depleted than C29 and C31 alkanes, suggesting 

that the influence from Sphagnum-associated methanotrophy might be limited. A similar 13C 

depleting trend is also observed in C27 alkane, which is not abundantly produced by Sphagnum. 

Altogether, the observed trend could also be a result of changes in ratios between plants with 

different fractionation, e.g., aquatic vs. semi-aquatic mosses. 

Combining satellite data from 2000-2012 (ABOVE), the lake catchment/basin has shown a 

continuous increase in areal extent of shrubland and fen (where Sphagnum is potentially the 

dominant moss) which is fed by groundwater. The ACL of n-alkanes could be explained by the 

continuous increase of aquatic plants and mosses since the 1950s, and an increase of shrubs since 

the 1990s.  

 

4.2 Carbon cycle in the lake 

To summarize the biomarker results discussed above, a schematic of the carbon cycle within 

White Fish Lake is illustrated in Fig. 5. 15. The F14C of bulk TOC is significantly older than the 

deposition age of the lake sediments, suggesting carbon input from surrounding permafrost and 

active layer. The remobilized old organic matter fuels the carbon cycle within the lake. 

Methanogens reside in the anoxic lake sediments and overlying bottom waters, where organic 

carbon from lake productivity and terrestrial C input (DOC + POM) from the catchment is 

transformed/mineralized into CH4 and CO2 through the acetoclastic pathway (𝐶𝐻!𝐶𝑂𝑂𝐻 →
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𝐶𝐻0 + 𝐶𝑂1	;	Lattaud et al., 2020; Thiel, 2020). During winter, organic matter produced by algae 

and other primary producers is oxidized and the exchange between atmosphere and lake water is 

blocked by ice, driving the drawdown of dissolved oxygen and strengthen the anoxic 

environment for methanogenic activity. The methane produced in anoxic sediments and surface 

water as well as transported from surrounding permafrost thaw then diffuse into the oxic part of 

the water column and oxidized into CO2 by MOB (𝐶𝐻0 + 𝑂1 → 2𝐶𝑂1 + 2𝐻1𝑂). MOB may be 

promoted by symbiosis with submerged Sphagnum mosses  (Kip et al., 2010; Inglis et al., 2019; 

Winden et al., 2020). Anaerobic oxidation of methane using sulfate as electron acceptor is also 

possible in the lake (𝐶𝐻0 + 𝑆𝑂014 → 𝐻𝐶𝑂!4 + 𝐻𝑆4 + 𝐻1𝑂), however, White Fish Lake has 

exceedingly low sulfate concentration, which might limit this process. Thus methane is likely 

oxidized mostly by MOB aerobically, instead of anaerobic oxidation of methane. CO2 produced 

in this process can then be utilized by algae for photosynthesis. The biomass produced by 

primary production is then deposited into the lake sediment, where it can be decomposed and 

utilized by methanogens. 

The transport of DOC from the surrounding terrestrial ecosystem to White Fish Lake is likely 

an important component of the catchment carbon budget. DOC concentration is relatively high in 

lake water, ranging from 10-13 mgC L-1. Lake dissolved organic matter (DOM) appears to be 

primarily of terrestrial origin, given the low fluorescence index values (FI = 1.2; McKnight et al., 

2001) and relatively high fraction of aromatic compounds (as evidenced by specific ultraviolet 

absorbance at 254 nm, or SUVA254, ranging from 2.5-3.5 L mgC-1 m-1; Weishaar et al., 2003). 

Aromatic DOM absorbs light, which can influence rates of primary productivity and can 

contribute to lake browning (Williamson et al., 2016). The absorption of photosynthetically 

active radiation (PAR) in the epilimnion by aromatic DOM can facilitate thermal stratification 
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(Burpee & Saros, 2020). A stronger stratification leads to more prominent bottom water anoxia, 

which promotes methanogenesis and release of sediment phosphorus that was originally bonded 

to metal oxides (mainly Al and Fe; Wu et al., 2014). The phosphorus released into the water 

column elevates the lake’s trophic state and stimulates algae bloom, forming positive feedback to 

redox stratification. As permafrost thaws and active layer thickness increases, a shift in 

subsurface hydrology can impact the concentration, age, and chemical composition of DOM in 

Arctic surface waters (O’Donnell et al. 2014, 2016). Some evidence indicates that increases in 

active layer thickening could reduce the amount and aromaticity of DOM in surface water, which 

in turn could alter both primary productivity and thermal stratification. Large uncertainties exist 

however about the fate of terrestrial DOC under climate change and permafrost thaw, and how 

these changes may alter lake ecosystem function.  

The TOC is δ13C-depleted compared to other surface lake sediments and deposits reported in 

the region (Fig. 5. 16; Drained thermokarst lake basins: -31.8~-27.6‰; thermokarst lakes: -

27.4~-30.5‰; Medeiros et al., 2014; Lenz et al., 2016; Jongejans et al., 2018). There are multiple 

reasons that could affect the δ13C values of bulk sediment. Factors leading to enrichment include: 

1) Increased incorporation of atmospheric CO2; 2) Increased lake productivity would reduce 

biological fractionation leading to more enriched 13C biomass that later deposits into the 

sediment. The factors leading to a depleting bulk 13C include: 1) Direct input from decomposed 

permafrost released DOM and POM that has a lower δ13C values and in-lake respiration of those 

substrates (Wild et al., 2019); 2) Input of low δ13C CH4 from degrading permafrost through 

diffusion (Walter et al., 2008); 3) Increased methanotrophy, as MOB preferentially utilize 12C, 

and the fractionation could approach 𝛼=>04=>!?>~1.035 when there is an excess of methane or 

limitation in O2 (Templeton et al., 2006); 4) Primary productivity incorporate methane-derived 
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CO2 into biomass and the carbon recycling within the lake; 5) Suess effect that suggests a 

depleting trend in atmospheric CO2 due to fossil fuel burning. 

 

4.3 Implications for changes in Yedoma permafrost 

The biomarker composition and carbon isotope in White Fish Lake shed light on changes in 

permafrost in the Seward Peninsula. The White Fish Lake basin is situated within a region 

containing thick deposits of ice-rich Pleistocene permafrost, commonly referred to as Yedoma 

(Strauss et al., 2021). Large amounts of organic carbon are stored in Yedoma, which are 

sensitive to mobilization upon thaw. Warming air temperatures and changing precipitation 

patters can lead to permafrost thaw, both through active layer thickeningand  thermokarst 

formation, with subsequent carbon-cycle feedbacks (Anthony et al., 2014; Strauss et al., 2021). 

As the air temperature rise recorded by Kotzebue Meteorology Station, averaged modeled active 

layer depth around White Fish Lake has increased from ~0.75 m to ~1.1 m from 1950 to 2020 

(Fig. 5. 6).  

Pronounced permafrost thaw and widespread thermokarst lake formation were observed at 

Early Holocene as the region became warmer and wetter compared to Pleistocene (Kaufman et 

al., 2016; Lenz et al., 2016). Lenz et al. ( 2016) reported a decrease of bulk δ13C from -26.4 to -

28.1 ‰ from a sediment core recovered from the center of a thermokarst drained basin located 

on northern coastal Seward (66.5658˚N, 164.4814˚W) from 11800 cal. a BP to ~1060 cal. a BP, 

as the thermokarst lake expand into Yedoma and release a large amount of methane that were 

subsequently incorporated into the aquatic system (Anthony et al., 2014; Lenz et al., 2016). 

Significant changes in landscape associated with permafrost destabilization have also been 

observed in a much shorter timescale within decades or years (Nitze et al., 2018; Swanson, 
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2019). While the Northern Seward Peninsula is still covered by continuous permafrost, the 

middle Seward partially lies in the discontinuous permafrost zone (Debolskiy et al., n.d.). Lake 

T15 (65.2326˚N, 164.8232˚W) lies on the modern boundary between continuous and 

discontinuous permafrost zone (Medeiros et al., 2014). Since 1920, the lake surrounding has 

developed talik that is unfrozen year-round between the active layer and permafrost (Fig. 5. 18), 

and the lake basin has witnessed pronounced shrub expansion and growth since 1972 (Medeiros 

et al., 2014). Similar to White Fish Lake and Wudalianchi Lake in Northeastern China, T15 

downcore sediment showed a depleting trend in bulk δ13C from -29.2 to -30.6‰ from 1920 to 

2010. Flooding and expansion of Lake T15 thermokarst basin that leads to more soil input since 

the late 1950s as suggested by geochemical and biotic analysis is in concordance of the 

emergence of talik from model.   

Lake T15 can be viewed as an analog of future White Fish Lake as the boundary between 

continuous and discontinuous permafrost continue to shift Northward. While thermokarst lakes 

are underlain by talik that directly supply remobilized old carbon to the lake, maar lakes are 

underlain by volcanic rocks. Thus organic carbon and nutrients supplied into the lake are more 

likely through lateral transport from surrounding permafrost on a broader scale. The rapid 

changes observed in White Fish Lake may relate to large-scale destabilization of Yedoma in 

Northern Alaska and Siberia. Ecological changes resulted from permafrost thaw, such as 

enhanced shrub abundance, as already observed around White Fish Lake and broader Alaska 

(Myers-Smith et al., 2011). Those changes are expected to continue as Alaska gets warmer and 

wetter in the near future. 
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5. Conclusions 

Carbon isotopes suggest significant permafrost carbon input into White Fish Lake since at 

least the late 1950s. The lipid biomarkers, including alkenones, n-alkanes, GDGTs and 

diploptene, as well as carbon isotope composition, were able to capture changes in primary 

productivity, methanogenesis, methanotrophy, and vegetation in White Fish Lake catchment 

since the late 1950s. GDGT and δ13C-depleted diploptene suggest significant methanogenic and 

methanotrophic activities in the lake with an increase after 2010s. Alkenone producer diversity 

and alkenone production increased throughout the core, with emergence of Group 1b 

Isochrysidales around 2010. The change of community composition could be related to change 

of nutrient state in the lake. The δ13C of alkenones were very depleted, which is likely a 

combination of large fractionation during Group 1 Isochrysidales carbon fixation and 

biosynthesis, and recycling of CH4-derived CO2. The 14C age of bulk TOC is significantly older 

than 210Pb-dated age of the sediment core, suggesting older carbon source likely from permafrost 

thaw around the catchment. The δ13C showed a depleting trend overtime, which suggest 

intensified carbon-cycling in the lake. Those changes are likely a result of carbon and nutrient 

input from thawing Yedoma permafrost, which is also consistent with observed shrubification 

around the lake. Air temperature and active layer thickness have drastically increased in this 

region since the 2010s, intensifying the changes in the past few decades. We expect the trend 

continues as the region becomes warmer and wetter in the coming decades (IPCC WGI 

Interactive Atlas: Regional information). Our study suggests maar lakes effectively capture shifts 

in terrestrial and aquatic ecosystem processes,  including carbon-cycle processes associated with 

warming and permafrost thaw, and are valuable archives for permafrost research on longer 

timescales spanning the Late Pleistocene and Holocene.  
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To understand the exact age and origin of permafrost input into White Fish Lake, future work 

would benefit from compound-specific radiocarbon dating of terrestrial material (e.g. lignin 

derived from vascular plants). Mercury accumulation rate in sediment and its isotopic 

composition can also indicate permafrost input, as large amounts of mercury are deposited into 

the permafrost atmospherically, and thawing of permafrost could release mercury into lakes 

(Rydberg et al., 2010). Dual-carbon isotope (14C and 13C of bulk TOC) mixing model would be 

able to estimate relative contribution of carbon from permafrost source, contemporary source and 

in situ autochthonous source with reliable estimation of end-member carbon isotope composition 

(Mann et al., 2015). The ratio between TOC and TON (C/N) would also indicate the source of 

organic matter in the sediment, as terrestrial input has a higher C/N (Jongejans et al., 2018). 

Compound specific 13C of GDGTs would quantify the methanogenic activities, as 

methanotrophic Archaea produce δ13C-depleted GDGTs (Lattaud et al., 2021). Extent of 

methanotrophic activity can be estimated by measuring the concentration of MOB biomarkers, 

such as unsaturated C16 and C18 fatty acids, and bacteriohopanepolyols (Thiel et al., 2020). 
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Figures and Tables 
 

 
Figure 5. 1. Map of White Fish Lake and the studied region. a) Yedoma (shaded orange) 
distribution map in the Bering Land Bridge from Strauss et al. (2021). b) Hydrological map of 
the northern Seward Peninsula, WF: White Fish Lake, DM: Devil Mountain Lake, NK: North 
Killeak Lake. c) Satellite image of White Fish Lake catchment. d, e) Photos of White Fish Lake 
covered by cyanobacteria bloom on July 15h, 2018. 
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Figure 5. 2. Age model of White Fish Lake. a) Activity of 210Pb, 226Ra, 137Cs and the calculated 
unsupported 210Pb, the error bars represent +/-σ in measurments. b) Reconstructed chronology 
based on CRS model and the 137Cs peak fixed at year 1966. 
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a 

b 

Figure 5. 3. a) Averaged relative abundance of GDGTs in the sediment core, the black error bar 
denotes the standard deviation along the core. b) Representative HPLC-MS chromatograms of 
GDGTs.  
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Figure 5. 4. GDGT indices along the core. a) total brGDGT and isoGDGT flux. b-f) BIT, 
ΣIIIa/ΣIIa, MBT’5Me, GDGT-0/Cren, MI indices.  
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Figure 5. 5. a) Averaged relative abundance of alkenones in the sediment core, the black error 
bar denotes the standard deviation along the core. b) Representative GC-FID chromatograms of 
alkenones. 
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Figure 5. 6. a-d) C37 alkenone flux and RIK37, %C37:4, and 𝑈!'(  indices along the core. 
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Figure 5. 7. Averaged relative abundance of n-alkanes (C16-C33), the black error bar denotes the 
standard deviation along the core. 
 
 
 

Figure 5. 8. a, b) C16-33 n-alkane flux and diploptene flux. c-f) CPI23-33, ACL20-33, Paq, and Pwax 
indices along the core. 
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Figure 5. 9. a-h) 𝛿13C (‰VPDB) of C37:4Me, C37:3Me, C38:4Et alkenones, diploptene, and C23, 
C25, C27, C29 alkanes. 
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Figure 5. 10. a, b) bulk TOC stable and radiocarbon isotopes 𝛿13C (‰VPDB) and F14C. 
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Figure 5. 11. a) PCA biplot of GDGT relative abundance. Scattered point denotes individual 
sediment samples. b) Time series of PC1 and PC2, and methane index (MI). 
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Figure 5. 12. a) MJJA air temperature record from Kotzebue Airport Meteorology Station (blue) 
comparing with UK37 reconstructed MJJA temperature using Longo et al. (2018) calibration. b, c) 
Linear regression between UK37 and UK38Me from White Fish Lake downcore samples and Toolik 
Lake water column samples (Longo et al., 2016).  
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Figure 5. 13. Pearson correlation between the relative abundance of C17-C33 odd number n-
alkane. 
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Figure 5. 14. a) PCA biplot of n-alkanes relative abundance. Scattered point denotes individual 
sediment samples. b) Time series of PC1 and PC2 plotted with average chain length (ACL20-33). 
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Figure 5. 15. Schematics of the carbon cycle within White Fish Lake. 
 
 
 

Figure 5. 16. Map of the surface lake sediment δ13C reported in previous studies (yellow: 
Jongejans et al., 2018; red: Lenz et al., 2018; purple: Lenz et al., 2016; green: Medeiros et al., 
2014). 
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Figure 5. 17. Temperature and active layer depth in comparison with biomarker results in White 
Fish Lake since late 1950s. a) Air temperature recorded in Kotzebue Airport Meteorology 
Station (https://www.ncdc.noaa.gov/cdo-web/datasets), the blue line is the mean monthly air 
temperature, and the red line is the 3-yr running mean. b) Modeled average active layer thickness 
within 2km radius of White Fish Lake, the shaded area denotes standard deviation within the 
2km radius (https://ngee-arctic.ornl.gov/data/pages/NGA196.html). c) δ13C of bulk organic 
carbon, shaded area denotes the standard deviation between measurements. d) JJAS air 
temperature record from Kotzebue Airport Meteorology Station (blue) comparing with MBT’5Me 
reconstructed JJAS temperature using Stefanescu et al. (2021) calibration. e) GDGT-0 flux. f) 
Diploptene flux. g) C37 alkenone flux. 
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Figure 5. 18. Modeled talik and active layer depth around 2km radius of Lake T15, the black 
line denotes the sum of talik and active layer depth, and the shaded area is the standard deviation 
within 2km-radius examined region. The yellow line is the bulk TOC δ13C of Lake T15 
(Medeiros et al., 2014). 
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Table 5. 1. Isochrysidales sequence reads recovered from three downcore samples 
 1.5-2 cm 10.5-11 

cm 
20.5-21 
cm 

63-64 cm 

Total reads 14848 7109 2326 1284 
Total ESVs 37 19 7 3 
1a phylotype % reads 75.0% 94.1% 100% 100% 
1a phylotype % ESVs 16.2% 84.2% 100% 100% 
Shannon Index 1.32±0.04 1.22±0.04 0.44±0.03 0.15±0.02 
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