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ABSTRACT

The phytoplankton of the Bering and Chukchi seas support highly productive ecosystems
characterized by tight benthic-pelagic coupling. In this study, we focus on the northern Bering and
Chukchi seas, considering them as one ecosystem. This community has historically been
dominated by diatoms; however, climate change and accompanying warming ocean temperatures
may alter primary producer communities. Using metabarcoding, we present the first synoptic,
high-throughput molecular phylogenetic investigation of phytoplankton diversity in the Bering and
Chukchi seas based on hundreds of samples collected from June to September in 2017. We identify
the major and minor taxonomic groups of diatoms and picophytoplankton, relative abundances of
genera, exact sequence variants (201 for diatoms and 227 for picophytoplankton), and describe
their biogeography. These phylogenetic insights and environmental data are used to characterize
preferred temperature ranges, offering insight into which specific phytoplankton (Chaetoceros,
Pseudo—nitzschia, Micromonas, Phaeocystis) may be most affected as the region warms. Finally,
we investigated the likelihood of using shipboard CTD data alone as predictive variables for which
members of phytoplankton communities may be present. We found that the suite of environmental
data collected from a shipboard CTD is a poor predictor of community composition, explaining
only 12.6% of variability within diatom genera and 14.2% variability within picophytoplankton
genera. Clustering these communities by similarity of samples did improve predictability (43.6%
for diatoms and 32.5% for picophytoplankton). However, our analyses succeeded in identifying
temperature as a key driver for certain taxa found commonly throughout the region, offering a key
insight into which common phytoplankton community members may be affected first as the

Alaskan Arctic continues to warm.
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INTRODUCTION

Primary producers in the ocean comprise a diverse group of microscopic organisms capable
of using light energy to drive the fixation of inorganic carbon (in the form of CQO.) and releasing
oxygen as a byproduct. Due to an increase in anthropogenic carbon emissions, the sub-Arctic and
Arctic are warming at a faster pace compared to other regions (Held and Soden 2006; Zelinka and
Hartmann 2011). As a result, sea ice forms later and melts earlier in the year, leading to increased
areas of open water, more light, and changing patterns of productivity as the Arctic shifts from a
light-limited to a nutrient-limited system (Henson et al. 2013).

Presently, diatoms are the paramount primary producers in the Bering and Chukchi seas,
contributing as much as 470 g C m= year— (Springer and McRoy 1993), playing an essential role
in Arctic marine biological carbon pump and biogeochemical cycles. Diatom cells are relatively
large, falling predominantly within the nanoplankton (2-20 pm) and microplankton (20-200 pum)
size ranges, and are typically associated with food webs dominated by larger copepods and an
increase in biological pump efficiency due to sedimentation of large cells and chains (Pomeroy
1974; Azam et al. 1983; Laws et al. 2000). The amount of carbon that reaches the seafloor is
positively related to the aggregation of organic matter from phytoplankton, especially the diatoms
that dominate communities in the nutrient-rich regions found throughout the Bering and Chukchi
seas. In addition to their silicate frustules, which enhance sinking rates, diatoms produce
extracellular polymeric substances (Passow 2002; Piontek et al. 2010) that cause cells and other
detrital material to aggregate and sink (Alldredge 1993; Cowen and Holloway 1996; Holloway
and Cowen 1997; Alldredge et al. 1998).

While large-celled diatoms are currently the most important primary producers in the
Arctic, recent studies suggest that phytoplankton communities may shift towards mixotrophy
(single cells capable of both photosyntheis and phagotrophy or osmotrophy) in response to climate
change (Stoecker et al. 2017a; Stoecker and Lavrentyev 2018). Should these predictions prove
correct, the decreased presence of diatoms could result in a reduced flux of carbon to the benthos
and seafloor via the biological carbon pump. Other studies also speculate that regional productivity
could increase on the Chukchi shelf (Arrigo et al. 2008; Grebmeier 2012), with the potential to

offset some excess CO. emissions. While cell size is important for carbon flux, other factors are



also at play: grazing zooplankton contribute to the pool of POM by sloppy feeding and fecal pellet
production (Azam et al. 1983; Willhelm and Suttle 1999; Stemman and Boss 2012). Heterotrophic
bacteria and archaea also colonize particulates and utilize dissolved organic carbon in the water
column, remineralizing it back to CO. (Pomeroy 1974, Azam, Smith and Hagstrom 1994;
Burkhardt et al. 2014). The origin of this remineralized inorganic carbon plays an essential role in
the marine carbon cycle, especially in regulating the export and sequestration of carbon to the
seafloor.

For millennia, diatoms have been the dominant phytoplankton of the Bering and Chukchi
seas, as evidenced by microscopic observations (Moran et al. 2012; Giesbrecht et al. 2019) and the
presence of siliceous seafloor sediment originating from diatoms (Ran et al. 2013) dating back to
the late Quaternary when the region became covered by ocean (Sancetta et al. 1984). In today's
ocean, Pacific waters transported northwards into the Bering Sea from depth have relatively high
nutrient concentrations (Harrison et al. 2004; Pisareva et al. 2015), spurring diatom productivity
along the way (Walsh et al. 1989; Codispoti et al. 2005). Large-celled diatoms, particularly
Thalassiosira and Chaetoceros, bloom at retreating sea ice edges in spring and early summer
(Sukhanova et al. 2009) and tend to be prominent along the coast (Hill et al. 2005). In one study
on the Bering Sea shelf, microplankton-sized diatoms made up about 80% of the carbon in biomass
(Moran et al. 2012). High diversity within Chaetoceros spp. has been observed in the Chukchi and
Beaufort seas (Balzano et al. 2017) with four distinct genetic clades reported within C. neogracilis
using 18S and 28S rRNA sequencing. 7Thalassiosira and Pseudo—nitzschia were also prevalent
throughout the study region, although Chaetoceros was the dominant genus. Phytoplankton
blooms have also been observed under and around sea-ice, where Chaetoceros, Thalassiosira, and
Fragilariopsis were the dominant diatoms, forming unique seawater assemblages (Arrigo et al.
2012).

Picoplankton, operationally defined as plankton between 0.2 and 2 um, (Sieburth et al.
1978), were once thought to be exclusively bacterioplankton (Platt et al. 1983). Now, clades of
mostly flagellated eukaryotic protists are recognized as important members of the picoplankton
(Vaulot et al. 2008), and commonly referred to as picoeukaryotes. Picoeukaryotes play many roles
in the marine ecosystem; for example, many taxa are phototrophs (picophytoplankton) or
heterotrophs (Worden and Not 2008), with some documented mixotrophs (McKie-Krisberg and
Sanders 2014). Picophytoplankton are important primary producers in our study region (McKie-
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Krisberg and Sanders 2014), and can account for up to 90% of primary production in other marine
environments (Worden et al. 2004; Jardillier et al. 2010).

Broadly, the prominent picophytoplankton taxa in the Arctic belong to flagellated groups
including Chrysophyta, Cryptophyta, Haptophyta (Prymnesiophyta), and Chlorophyta (Stoecker
and Lavrentyev 2018). Among chrysophytes, the genera Ochromonas and Dinobryon are common
in the Arctic. Both are known to be mixotrophic (Estep et al. 1986; Andersson et al. 1989; Keller
et al. 1994; McKenzie et al. 1995), a mode of metabolism that is thought to be important in the
transfer of biomass up trophic levels due to photosynthesis compensating for respiratory loss
(Ward and Follows 2016). Dinobryon forms colonies important to particle flux (Olli et al. 2002;
Stoecker and Lavrentyev 2018). Cryptophytes have rarely been identified down to genera and
species (Stoecker and Lavrentyev 2018), however some have been identified in the southeastern
Bering Sea (Olson and Strom 2002). Teleaulax amphioxeia is one of the few species identified and
was confirmed as mixotrophic (Yoo et al. 2017), highlighting the need for more research into this
important group of picophytoplankton. The most common haptophyte in the Arctic is Phaeocystis
(Stoecker and Lavrentyev 2018). These colonial picophytoplankton can form massive blooms,
spurring seasonal production and affecting marine carbon cycling (Smith et al. 1991).
Chlorophytes are becoming increasingly recognized as important in the Arctic, especially the
genus Micromonas. Once thought to be comprised of a single species, the genus Micromonas is
now known to contain greater diversity (Simon et al. 2017). Laboratory experiments have also
found high rates of bacterivory by Micromonas under oligotrophic conditions similar to those
found in polar seas in the summer (McKie-Krisberg and Sanders 2014).

This study aims to establish a robust baseline of phytoplankton community composition at
the molecular level, in the midst of changing sub-Arctic and Arctic environments, with a focus on
diatom and picophytoplankton communities. This study is the first molecular analysis to cover
such a large area over the Bering and Chukchi seas and includes hundreds of samples collected
over the course of three spring and summer months (June, August, and September). This unique
dataset provides an opportunity to describe the seasonal variations in diversity and geographical
distributions of phytoplankton communities in the Chukchi and Bering Seas using metabarcoding.
To describe latitudinal changes within these communities over the Bering and Chukchi seas, we
selected sites within the Distributed Biological Observatory (DBO), an established set of

monitoring stations designed to study biodiversity and productivity shifts in response to global
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climate change (Grebmeier et al. 2010; Grebmeier 2012). Phytoplankton size, biomass, and
composition are core standardized ship-based sampling parameters of the DBO; our study adds
genetic analyses for taxonomic identification of phytoplankton over a large sampling gradient and
time period. We collected samples from transects DBO1, DBO2, DBO3, DBO4, and DBOS in
June, August, and September 2017, providing insights into seasonal community shifts of
phytoplankton at the molecular level that are not captured by microscopy and pigment analyses.
Additional time series studies in this region will be necessary to assess other predicted changes in
sub-Arctic and Arctic phytoplankton communities.

Equally important to identifying the key taxonomic groups in the Bering and Chukchi seas
is determining the environmental drivers that shape these communities. This knowledge enables
better predictions of community response to climate change in the Bering and Chukchi seas, and
for the Arctic at large. Over the Bering and Chukchi shelves, multiple water masses converging
over a shallow shelf system create a dynamic environment that may influence these communities,
providing opportunities to observe how environmental drivers shape them. Community structure
analysis provides insights into the diversity and potential resilience of the community to climate
change: higher taxonomic diversity in ecosystems tends to buffer communities from environmental
changes (Needham et al. 2017). This magnifies the need to identify not only the dominant groups,
but diversity at the genus level.

Our study is the first synoptic, high-throughput molecular phylogenetic investigation of
phytoplankton diversity in the Bering and Chukchi seas based on hundreds of samples collected
from June to Septemberin 2017 (Figure 1). We use this unique opportunity to describe the seasonal
diversity and geographic distributions of phytoplankton communities in the Chukchi and Bering
Seas using metabarcoding. We focus primarily on diatoms and picophytoplankton, both prominent
primary producer groups in this region. We also highlight the diversity within these groups and
explore the environmental and biological drivers of phytoplankton community structure. These
results will help in determining how sub-Arctic and Arctic microbial communities might respond

to changes in their environment resulting from anthropogenic global warming.



MATERIALS AND METHODS
Sampling Sites

Seawater samples were collected during June, August, and September 2017. June sampling
took place aboard RV Sikuliaq as part of the Arctic Shelf Growth, Advection, Respiration and
Deposition Rate Experiments (ASGARD) project. August sampling took place aboard R}
Norseman II as part of the Arctic Marine Biodiversity Observing Network (AMBON). September
sampling took place aboard USCGC Healy as part of the DBO-Northern Chukchi Integrated Study
(DBO-NCIS). ASGARD covered transects in the northern Bering Sea, across the Bering Strait,
and into the southern Chukchi Sea, AMBON covered study sites in the southern and northern
Chukchi Sea, and DBO-NCIS covered sites in the Chukchi Sea (Figure 1). The DBO3 line was
visited on each of the three cruises, the DBO4 line was visited by the DBO-NCIS and AMBON
cruises, and lines DBO1 (DBO-NCIS), DBO2 (ASGARD), and DBOS5 (DBO-NCIS) were visited
on one cruise each.

Seawater was generally collected from a subset of standard sampling depths (e.g. surface,
10, 20, 30, 40, 50, 75, 100, 125, 150, 250, 500, 1000, 2000, 3000 m) and, if present, from
oceanographic features (chlorophyll maxima, pycnocline, thermocline, halocline, etc.). A median
of 3 depths were sampled per station, and the modal depths per station were 5 m, 20 m, and 40 m.
Seawater was collected using Niskin bottles on a rosette with an attached Sea-Bird CTD (Sea-Bird

Electronics Inc., Bellevue, WA, USA).



74

27" Chukchi

Station Type
@ Hydrographic
@® Process
@® Survey

\l
(@)
1

Project

@ ASGARD
A Avson
W DBO-NCIS

Latitude (°N)
&

Depth
-20
-40
-60

t": Bering Sea
62

175 170 165 160 155
Longitude (°W)

Figure 1: Map of sampling sites.




Nutrients and Chlorophyll

For each cruise, nutrients were collected immediately after recovering the CTD with 60
mL syringes, filtered through 045 um Nuclepore filters, and kept frozen below —20 °C until
processed colorimetrically by autoanalyser post-cruise (Gordon, Jennings and Krest 1993).
ASGARD nutrient samples were collected June 9-28, 2017, with concentrations of nitrate, nitrite,
phosphate, and silicate provided (S. Danielson, University of Alaska Fairbanks, unpublished data).
AMBON nutrient samples were collected August 7-22, 2017 (L. Cooper, University of Maryland,
unpublished data). DBO-NCIS nutrient samples were collected from August 28 to September 13,
2017 (C. Mordy, University of Washington, unpublished data).

Microbe and Particle Filtration

Seawater was drained from Niskin bottles into 20 L Cubitainers and stored at 4 °C until
filtration using a peristaltic pump within six hours of collection. No pre-filter was used to exclude
macroscopic plankton. A single 1-5 L seawater sample per depth was filtered directly onto 0.2
um-pore size Sterivex cartridge filters to collect microbes at “Survey” stations. Seawater from
selected “Process” stations was sequentially filtered based on size, first through a 47 mm-diameter
20 um-pore size nylon net filter, then a 47 mm-diameter 3 pm-pore size membrane filter, and
finally through a 0.2 um-pore size Sterivex cartridge filter (all filters from Millipore Sigma,
Burlington, MA, USA). The 20 um and 3 um filters were folded cells-in using forceps cleaned
with ethanol and then placed in 2 mL microcentrifuge tubes with approximately 1 mL of RNAlater
(Life Technologies Corporation, Carlsbad, CA, USA). Approximately 1 mL of RNAlater was
injected directly into Sterivex filters prior to sealing. Filters were stored in freezers (below —20

°C) until lab processing and sequencing.
CHN and SPM Analyses

Precombusted 25 mm-diameter Whatman GF/F filters were used to collect particulate
matter for carbon, hydrogen, nitrogen (CHN) analysis and suspended particulate matter (SPM),
following established methods (Knap et al. 1996; Neukermans et al. 2016). For both CHN and
SPM samples, 500 to 1000 mL of seawater was filtered from each target depth. After filtration,
CHN and SPM filters were rinsed with fresh Milli-Q water to remove salts, dried at 60 °C for 12

hours, and stored in petri dishes until analysis. CHN filters were acidified with 10% hydrochloric



acid for 6 hours to remove inorganic carbon and then exposed to a standard high temperature
combustion technique to determine levels of carbon, hydrogen, and nitrogen in each sample at the
Alaska Stable Isotope Facility at University of Alaska Fairbanks’ (UAF) Water and Environmental
Research Center. SPM filters were massed and the original weight of the filter was subtracted and

divided by the volume of seawater filtered to obtain in situ concentrations.
DNA Sequencing

DNA was extracted from filters using the DNeasy PowerWater kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions, with the exception that prior to extraction,
RNALater was expelled from the thawed Sterivex filter cartridge and the filter was rinsed with 1
mL ultrapure water. PCR-amplification of 18S rRNA genes was used for analysis of phytoplankton
communities. The KAPA HiFi HotStart PCR Kit (Kapa Biosystems, Wilmington, MA, USA) was
used for PCR-amplification of 18S rRNA genes. Thermocycling parameters were: one cycle at 98
°C for 1-min, 26 cycles at 98 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and one cycle at 72 °C for
five minutes. Primers used in PCR to target the eukaryotic V4 hypervariable region were
TAReuk454FWD1 5 -CCAGCASCYGCGGTAATTCC-3" and TAReukREV3 modified 5’-
ACTTTCGTTCTTGATYRATGA-3" (Stoeck et al. 2010). Amplified DNA was dual-indexed
using unique adapters (Glenn et al. 2016) before TruSeq library preparation and sequencing on an

[llumina MiSeq in the UAF DNA Core Lab.

Table 1: Sample sizes and sequencing depth across each project.

ASGARD AMBON DBO-NCIS

Cruise Dates (2017) June 9-28 | Aug. 7-22 | Aug. 28-Sept. 13
Stations Sampled 74 69 46
Serial filtration samples 20 pm 34 63 96

3 um 33 68 96

0.2 pm 34 24 66
Direct filtration samples 0.2 pm 206 203 129
Quality-filtered samples 240 338 117
Quality-filtered reads 13,425,698 | 18,161,396 6,379,108
Mean quality-filtered reads 55,940 53,732 54,522
per sample




Data Analysis

Oceanographic data was visualized in Ocean Data View (Schlitzer 2016) and in R (R Core
Team 2013). Open source scripts used for sequencing and statistical analyses are available at
https://github.com/lekanor/thesis. Water masses definitions (Pisareva et al. 2015) were used with
the addition of an extra water mass extending from 6 °C to 14 °C, denoted "WACW" here for
"Warm Alaska Coastal Water". For some analyses and visualizations, samples were grouped by
depth, with all samples taken between 0 and 7 m considered ‘surface’, all samples taken closest to
the seafloor (within 10 m) considered ‘bottom’, and samples from depths in between denoted
‘midwater’.

Bioinformatics and statistical analyses were carried out in R. After sequencing, samples
were demultiplexed and primers were removed using cutadapt v2.8 (Martin 2011). Exact sequence
variants (ESVs) were called using DADA2 (divisive amplicon denoising algorithm 2), an open
source R package (Callahan et al. 2016) that performs quality control, error correction, merging,
chimera checks, and taxonomic classification using SILVA database v132 (Quast et al. 2012).
Samples with less than 3000 quality-controlled reads were omitted, resulting in the removal of
about 12% of samples. For taxonomic group analyses, “diatoms” were defined as all ESVs that
were classified to the class Diatomea, and “picophytoplankton” were operationally defined as all
ESVs that were classified to the groups Chlorophyta, Haptophyta, or Chrysophyceae. Scripts
implementing  sequence analysis and  visualization are freely available at

https://github.com/rec3141/microscape. Scripts to generate the plots and tables found in this

manuscript are also available at https://github.com/rec3141/rml_thesis.

Diatom and picophytoplankton relative abundance tables were subjected to fourth-root
transformation before clustering (using ‘ggplot2’, ‘gplots’, and ‘heatmap.plus’ packages for R). A
table of Bray-Curtis dissimilarities was calculated from the transformed relative abundance matrix,
and samples were hierarchically clustered using Ward’s minimum variance method.

Canonical Correspondence Analysis (CCA) finds response variables that are maximally
related to linear combinations of the explanatory variables provided. In this study we used taxa
relative abundances as response variables and the following metadata and environmental
parameters as explanatory variables: day of year, depth, bottom depth, distance to shore, latitude,
longitude, temperature, salinity, fluorescence, and dissolved oxygen. These parameters were

chosen because they can be obtained in situ via shipboard data streams and during a CTD cast.
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Using the R package ‘vegan’ (Oksanen et al. 2019), CCA was performed across taxonomic subsets
of the relative abundance tables. In addition to ESVs, diatom and picophytoplankton communities
were analyzed after aggregation to the taxonomic levels of genus and family to explore patterns of

community composition at higher taxonomic levels.
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RESULTS
Environmental Conditions

During the ASGARD expedition in June 2017, sampled surface water temperatures ranged
from 1.1 °C to 10.9 °C, with the warmest water consistently above 6 °C appearing south of Nome
(Figure 2). Beneath the surface, sampled water temperatures ranged from —1.4 °C to 7.3 °C. Water
masses present at the time of sampling included Alaskan Coastal Water (ACW), Bering Shelf
Water (BSW), and Remnant Winter Water (RWW; Figure 3). Concentrations of chlorophyll a
were highest during June, with an average across sampled stations of 2.8 mg m™; surface waters
averaged 2.8 mg m™, midwater depths 3.8 mg m~, and bottom depths 1.7 mg m™. The highest
concentration observed was 26.2 mg m~ at 3 m depth at station DBO3.6.

During the AMBON cruise in August, sampled surface seawater temperatures ranged from
3.8 °Cto 10.1 °C, with subsurface temperatures ranging from —0.2 °C to 9.9 °C (Figure 2). Water
masses encountered were the ACW, BSW, and RWW (Figure 3). Concentrations of chlorophyll a
were lower during August sampling, averaging 1.4 mg m™ across all samples and depths, 1.1 mg
m™ at the surface, 1.6 mg m™ at midwater depths, and 1.2 mg m™ at bottom depths. The highest
concentration observed was 7.9 mg m™ at 32 m depth at station DBO4.6.

During the DBO-NCIS cruise in late August—early September, sampled surface seawater
temperatures ranged from 1.8 °C to 7.5 °C, with subsurface temperatures ranging from —1.7 °C to
8.6 °C (Figure 2). Water masses encountered included ACW, Atlantic Water (AW), ACW, BSW,
Melt water/river water (MWR), RWW, and Winter water (WW, Figure 3). Across the Chukchi
shelf, strong winds from the east drove upwelling through Barrow Canyon and even reversed the
ACW, detectable at lines DBO3, DBO4, and DBOS. Concentrations of chlorophyll a were the
lowest of the three cruises, averaging 0.8 mg m™ across all samples and depths; mean values of 1.1
mg m~ were observed at the surface, 0.7 mg m™ at midwater depths, and 0.9 mg m™ at bottom

depths. The highest concentration observed was 5.8 mg m™ at 33 m depth at station W-4.
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(umol/kg); (D: lower right) chlorophyll fluorescence (mg m™; from the CTD fluorometer).
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Taxonomic Diversity
Overall Structure

Using high-throughput DNA sequencing, 201 unique diatom ESVs (taxa) and 227 unique
picophytoplankton taxa were identified in the study region. Diatoms and the phytoflagellates that
fell within the picophytoplankton classification used here are known to be important primary
producers in the sub-Arctic and Arctic, so the current analysis will focus on these groups. Other
photosynthetic taxa and all heterotrophic taxa were thus excluded from the current analysis, but
future studies should consider these taxa in their own right, and as proxies for top-down processes
like grazing, to better understand the factors that control community diversity.

Eukaryotic microbial communities in the Bering Strait and Chukchi Seas during the open
water season of 2017 were assigned (bootstrap support > 60%) to 35 Phyla and 58 Classes. The 7
most abundant Phyla (as classified using SILVA) made up 93% of the relative sequence abundance
across all samples: Ochrophyta (39.8%, primarily Diatoms), Dinoflagellata (24.6%, mostly
mixotrophic taxa), Ciliophora (8.0%), Protalveolata (6.4%, primarily Syndiniales), Chlorophyta
(5.2%, primarily Mamiellales), Chytridiomycota (4.8%), and Prymnesiophyceae (4.4%). Overall,
the groups we defined as “picophytoplankton” made up 10.0% of the relative sequence abundance
across all samples.

Despite an opportunistic sampling scheme that resulted in spatiotemporal heterogeneity of
sampling sites and little direct overlap among cruises, the dominance of diatoms was particularly
consistent over the course of the season, with mean relative abundances of 36.0 £ 0.1% across
cruises. Chlorophyta also remained fairly consistent over the summer at 4.8 + 0.7% across cruises.
Prymnesiophyceae (i.e. Haptophytes) reached maximal relative abundances in June (8.2%) but
were nearly absent in September (0.5%). The dominant mixotrophs and heterotrophs
(Dinoflagellata and Ciliophora, respectively) reached maximal relative abundances in August
(27.6% and 11.3%, respectively). Among parasites, Sydiniales represented 1.0% of the mean
relative abundance in June and 9.6% in September (with high spatial variability), while the
Chytridiomycota exhibited the opposite pattern with maximal relative abundances in June (6.5%)

and minimum in September (1.1%).
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Size Structure

Picophytoplankton, generally defined as single-celled eukaryotes that are less than 3 um in
diameter, were operationally defined here as all taxa that were classified to the taxonomic groups
Chlorophyta (green algae), Haptophyta, or Chrysophyceae (golden algae). While size does not
necessarily correlate with taxonomy, we found that these flagellated cells generally fell into the
expected size range, with the prominent exception of Micromonas ESV 20, which was found
frequently on 20 um filters (Figure 4). This abundant organism may have fallen prey to larger
protists that were captured on the large filter. Some picophytoplankton taxa are known to be able
to form colonies (e.g. Phaeocystis), but these taxa were quite rare on 20 pum filters, suggesting they
were free-living (or easily disaggregated) in the study region. The remainder of this manuscript
will focus only on results from the “Survey” stations, which were not size-fractionated prior to

filtration onto 0.2 um filters.
Diversity within Genera

A significant positive correlation was observed between genus relative abundance and ESV
richness for diatoms (N=25, p<<0.001, Spearman correlation) but not for picophytoplankton
(N=16, p>0.05, Spearman correlation). In diatoms, the genera with the highest relative abundances

(Chaetoceros, Thalassiosira) also had the highest diversity at the ESV level (43 and 44 ESVs,

respectively).
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Figure 4: The proportion of each exact sequence variant (ESV) within each phytoplankton size
fraction for the northern Bering and Chukchi seas during 2017. The ESVs in the lightest grey
triangle were found most commonly on 0.2 um and 3 pm filters, the ESVs in the lower triangle
were found most commonly on 3 pm and 20 um filters, and the ESVs in the darker triangle were
found most commonly on 0.2 um and 20 pum filters. Point area is scaled to the mean relative
abundance of each ESV.
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Diatoms

Diatom taxa were classified to 5 families, 25 genera, and 201 unique ESVs, which were
used as molecular proxies for species (or lower) level taxonomy (Table 2). The most prominent
family was Mediophyceae (88% diatom relative abundance) with the other families contributing
from <1% to 6% of the diatom relative abundance. Multiple genera represented the families
Mediophyceae (9), Bacillariophyceae (9), and Fragilariales (3), while only 2 genera each were
found within the Melosirids and Rhizosolenids (Table 2). The distribution of diatom proportions
was highly skewed, with only 14 ESVs making up 80%, 26 ESVs making up 90%, and 99 ESVs

making up 99% of the cumulative relative abundance (Figure 5).

Cumulative Percentile

0 150 200
Number of Diatom ESVs

' ' '
0 50 100

Figure 5: Cumulative percentile of diatom ESVs across the northern Bering and Chukchi seas
cruises during 2017.

Among diatoms, 90% of the relative abundance was contributed by the most abundant 26
ESVs, including genera that are well known from the Pacific Arctic like Chaetoceros,
Fragilariopsis, Navicula, Nitzschia, Pseudo—nitzschia, and Thalassiosira (Sakshaug 2004; von
Quillfeldt 2005).

Chaetoceros was the most common diatom genus across all depth bins (48—71%) followed
by Thalassiosira (15-26%). Other genera ranged from <1-6% at all depths. Some prominent
diatom ESVs were putatively identified to species using best BLAST hits, including ESV 2

(Chaetoceros socialis complex) and ESV 19 (Chaetoceros diadema).
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Table 2: Diatom taxonomy list for the northern Bering and Chukchi seas cruises during 2017 using
a taxonomic bootstrap cutoff of 60%.

Family Genus Relative ESVs Mean
Abundance bootstrap
(%) support
Mediophyceae Chaetoceros 61.7 43 96
Thalassiosira 18.6 44 98
Unidentified 2.8 12 28
Lauderia 2.1 1 92
Arcocellulus 1.9 3 91
Skeletonema 1.0 4 100
Attheya 0.3 2 100
Brockmanniella 0.1 2 100
Cyclotella <0.1 1 100
Eucampia <0.1 1 100
Bacillariophyceae Unidentified 1.6 21 46
Pseudo—nitzschia 1.5 6 94
Fragilariopsis 1.3 2 38
Cylindrotheca 0.5 7 93
Nitzschia 0.3 6 82
Navicula 0.2 4 96
Pleurosigma 0.1 3 75
Entomoneis 0.1 1 95
Asterionellopsis <0.1 2 100
Amphora <0.1 1 100
Rhizosolenids Rhizosolenia 0.3 2 92
Guinardia 0.2 3 95
Unidentified 0.1 2 45
Fragilariales Thalassionema <0.1 2 100
Fragilaria <0.1 1 60
Synedropsis <0.1 1 73
Melosirids Melosira <0.1 1 100
Stephanopyxis <0.1 1 100
Unidentified Diatoms Unidentified 54 22 15
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Picophytoplankton

Picophytoplankton taxa were classified to 3 kingdoms and 16 genera, with 227 unique
ESVs (Table 3). Multiple genera represented the kingdoms Chloroplastida (8) and Haptophyta (7),
while only 1 was identified in the Stramenopiles. The most prominent ESVs (Table 3) were within
the kingdom Chloroplastida (52% picophytoplankton relative abundance), followed by
Haptophyta (42%), and Stramenopiles (6%). The distribution of picophytoplankton proportions
was highly skewed, with only 9 ESVs making up 80% of the total, 23 ESVs making up 90%, and
99 ESVs making up 99% of the cumulative relative abundance (Figure 6).

Cumulative Percentile
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Figure 6: Cumulative percentile of picophytoplankton ESVs across the northern Bering and
Chukchi seas cruises during 2017.

Among the picophytoplankton, 90% of the total relative abundance was contributed by the
most abundant 23 ESVs, including well-known genera like Bathycoccus, Micromonas, Mamiella,
Chrysochromulina, Phaeocystis, and Nannochloris (Lovejoy et al. 2006; McKie-Krisberg and
Sanders 2014).

Micromonas was the most common genus in the picophytoplankton assemblage,
comprising 36% of the picophytoplankton sequences at the surface, 36% in midwater depths, and
24% at the bottom. Phaeocystis was the second most common genus with 20% relative abundance
at the surface, 19% at midwater depths, and 38% at the bottom, followed by Chrysochromulina
which comprised 11%, 10%, and 8% of picophytoplankton sequences in the surface, midwater,

and bottom, respectively. All other identified genera varied from <1 to 3% across all depths.
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Prominent picophytoplankton ESVs that were putatively identified to species level using best

BLAST hits included ESV 20 (Micromonas pusilla), ESV 31 (Phaeocystis pouchetii), and ESV

188 (Bathycoccus prasinos).

While many of these top ESVs for diatoms and picoeukaryotes alike were easily identified,

numerous others did not have good matches to sequences in the database used for taxonomic

identification. Future studies should work to identify these sequences using cultured

representatives that might also be identified in older studies based on morphological data.

Table 3: Diatom taxonomy list for the northern Bering and Chukchi seas cruises during 2017
using a taxonomic bootstrap cutoff of 60%.

Kingdom Genus Relative ESVs Mean
Abundance bootstrap
(%) support

Stramenopiles Unidentified 6.5 54 59
Paraphysomonas 0.8 9 100

Chloroplastida Micromonas 33.5 6 99
Unidentified 14.4 34 64
Prasinoderma 1.2 6 97
Pyramimonas 0.8 2 94
Mamiella 0.4 7 85
Pterosperma 03 12 32
Dolichomastix 0.2 10 87
Cymbomonas 0.2 1 73
Nephroselmis 0.1 1 100

Haptophyta Phaeocystis 23.8 8 99
Chrysochromulina 9.9 26 39
Unidentified 6.4 32 45
Prymnesium 0.6 6 87
Braarudosphaera 0.4 2 100
Haptolina 03 5 95
Imantonia 0.1 1 100
OLI16029 <0.1 5 76
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Community Clustering
Diatom Assemblages

Samples were classified into seven clusters (D1-D7) based on hierarchical clustering of
diatom community composition, with 32-140 samples per cluster (Table 4). The sample
assemblages separated into two major clusters, defined primarily by the relative abundance of
Chaetoceros ESV 2, which was singularly dominant in clusters D1 and D2, while of varying
importance in D3-D7 (Figure 7). Of the clusters with abundant Chaetoceros ESV 2, its relative
abundance increased from D4 (16%) to D6 (23%) to D7 (31%) to D2 (58%) to D1 (96%). Cluster
D3 was highly diverse, with no single dominant ESV. Compared to other clusters, D3 had
relatively high proportions of ESV 56 (8%) and Skeletonema ESV 336 (4%).

Cluster D6 was the only cluster to have a majority of Thalassiosira, dominated by ESV 85
(27%), ESV 453 (12%), and ESV 389 (8%). Cluster D2 had a higher proportion of 7halassiosira
ESV 104 (16%) compared to any other cluster. Cluster D4 was distinguished by higher
concentrations of ESV 323 (12%, tentatively assigned to Nitzschia) and Chaetoceros ESV 27
(12%) than any other cluster. Cluster D5 was characterized by high proportions of Chaetoceros
ESV 19 (27%), which was common throughout the study region, and ESV 246 (20%; tentatively
assigned to Helicotheca), and ESV 56 (5%; tentatively assigned to Guinardia), which were not.

Table 4: Hierarchical clustering of samples based on diatom community composition (D1-D7)
from the northern Bering and Chukchi seas cruises during 2017. Numbers of samples per cluster
are shown for each cruise and depth bin. Within each cruise and depth bin, the most frequent
cluster is shown in bold.

Project  DepthBin DI D2 D3 D4 D5 D6 D7
ASGARD surface 2 2 3 12 0 7 32
ASGARD midwater 3 3 1 10 0 16 32
ASGARD bottom 0 1 3 10 0 9 34
AMBON surface 1 1 33 1 14 0 1
AMBON midwater 3 4 66 6 18 0 17
AMBON bottom 1 5 22 0 1 0 13
DBO-NCIS  surface 11 10 1 0 0 0 1
DBO-NCIS  midwater 47 55 6 2 0 0 5
DBO-NCIS  bottom 22 1 1 0 0 0 5
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Each cluster was composed of samples originating from a range of environmental
conditions, with D3 standing out as having a particularly high median temperature (7 °C), D1
having relatively high nutrient concentrations, and D4 and D5 having relatively low nutrient
concentrations (Figure 8). Cluster D3 was found in the largest range of environmental conditions,
from —1 to 11 °C and from salinities of 25 to 35. Cluster D6 had the lowest temperature range,

from 2 °C to 5 °C.
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Figure 8: Distribution of temperature (above) and silicate concentrations (below) from samples
in each diatom assemblage cluster (D1-D7), colored by water mass for the northern Bering and
Chukchi seas cruises during 2017.
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Diatom assemblage spatiotemporal distributions
June

D7 was the most frequently observed cluster during the ASGARD cruise (54% of samples;
Table 4; Figure 9), followed by D4 and D6 (18% each). D7 was prominent throughout the Bering
Strait region, with the exception of the DBO3 line off the coast of Point Hope, AK, where
Thalassiosira-rich cluster D6 was common. A surface bloom was apparent at the western-most
station of that transect, indicated by elevated chlorophyll fluorescence (>12 mg m=). D7 was again
common along the northernmost transect sampled during June (Figure 9), where fluorescence

values were lower (<3 mg m=).

D4 and D6 occurred overwhelmingly in June (87% of all occurrences) and were mostly
confined to the Bering Strait region (Figure 9), where chlorophyll fluorescence values were
relatively high; they appeared proportionally across surface, midwater, and bottom depths (Figure
9). D4 appeared in coastal zones both north and south of the Bering Strait, whereas D6 appeared
only in a patch in the central channel offshore of Point Hope (Table 4; Figure 7; Figure 9).

August

During the AMBON cruise in August, D3 was the most common cluster, occurring 58%
of the time (Table 4), followed by D5 (16%), and D7 (15%). Cluster D5 was observed exclusively
during the AMBON cruise, primarily in surface waters of an offshore transect crossing Hanna
Shoal (Figure 9). Cluster D7 was still common, but found almost exclusively at midwater and

bottom depths, potentially indicating a sinking Chaetoceros bloom (Table 4; Figure 7; Figure 9).
August-September

During the DBO-NCIS cruise in late August and September, clusters D1 (48%) and D2
(40%) were most prominent. Both the overall diversity and chlorophyll fluorescence values were
lower during this cruise, with most samples dominated by Chaetoceros ESV 2 (Table 4; Figure 7;

Figure 9).
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Picophytoplankton Assemblages

Samples were classified into eleven clusters (P1-P11) based on hierarchical clustering of
picophytoplankton community composition, with 16—-86 samples per cluster (Table 5, Fig 10). The
sample clusters split first between P1-P3 and P4-P11, followed by a second major split between
P4-P7 and P8-P11; these divisions roughly reflect the seasonality/cruise schedule.

Clusters P1 and P4 were both characterized by very low diversity (Figure 10), dominated
by Micromonas ESV 20 (78%) and Phaeocystis ESV 31 (81%), respectively. Micromonas ESV
20 also made up major portions of the picophytoplankton diversity in P2 (36%), P3 (32%), P5
(35%), P6 (15%), P7 (15%), P9 (29%), P10 (49%), and P11 (14%). Phaeocystis ESV 31 was also
an important contributor to PS5 (43%), P7 (37%), P10 (6%), and P11 (28%).

Other taxa that contributed to distinguishing clusters include Bathycoccus ESV 188 (P8:
17%), Nannochloris ESV 277 (P3. 54%), Chrysochromulina ESV 297 (P10: 17%),
Chrysochromulina ESV 307 (P11: 18%), ESV 659 (P9: 37%; possibly Uroglena), ESV 665 (P7:
15%; possibly Chrysochromulina), ESV 748 (P6: 19%; possibly Chrysolepidomonas), ESV 760
(P8: 15%; unidentified), Chrysochromulina ESV 840 (P9: 12%), and Prasinoderma ESV 1381
(P2: 23%).

Table 5: Hierarchical clustering of samples based on picophytoplankton community composition
(P1-P11) for the northern Bering and Chukchi seas cruises during 2017. Numbers of samples per
cluster are shown for each cruise and depth bin. Within each cruise and depth bin, the most
frequent cluster is shown in bold.

Project Depth Bin P1 P2 P3 P4 P5 Po P7 P8 P9 P10 P11
ASGARD  surface 0 0 0 4 16 0 17 5 0 0 17
ASGARD  midwater 1 0 0 11 23 0 17 0 0 0 12
ASGARD  bottom 0 0 0 6 18 1 17 3 0 0 13
AMBON surface 2 0 0 0 0 2 0 29 7 10 0
AMBON midwater 3 2 1 2 2 18 5 36 7 20 11
AMBON bottom 1 0 2 1 2 19 3 10 0 0 3
DBO-NCIS  surface 6 1 7 2 2 0 0 0 1 0 0
DBO-NCIS midwater 34 13 37 5 7 0 1 3 1 1 1
DBO-NCIS  bottom 1 11 4 2 3 1 0 0 0 0 0
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Each cluster was composed of samples originating from a range of environmental
conditions, with P8 standing out as having a particularly high median temperature, P2 and P6 for
having relatively high nutrient concentrations, and P8 and P9 for having relatively low nutrient

concentrations.
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Figure 11: Distribution of temperature (above) and phosphate concentrations (below) from
samples in each picophytoplankton assemblage cluster (P1-P11), colored by water mass, from
the northern Bering and Chukchi seas cruises during 2017.
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Picophytoplankton assemblage spatiotemporal distributions

The three primary splits in the picophytoplankton assemblage clustering roughly reflected
the seasonality of the cruise that the samples were collected on (Table 5), with P1-P3 composed
primarily of samples from DBO-NCIS (90%), P4—P7 mostly from ASGARD (63%), and P8-P11
mostly from AMBON. However, P6 was an exception to this trend (95% collected on AMBON),
as was P11 (74% collected on ASGARD).

June

During the ASGARD cruise in June, Phaeocystis-rich clusters P4, PS, P7, and P11 occurred
94% of the time (Table 5). Cluster P11 was prominent throughout the Bering Strait, while P4 and
P7 appeared more frequently at the edges of P11 along the central channel, and P5 appeared more

often closer to the Alaskan coast (Figure 12).
August

During the AMBON cruise in August, picophytoplankton communities were Phaeocystis-
poor (Table 5), with diverse clusters P8 (38%) and P6 (20%) becoming common (Figure 11), along
with Micromonas-rich P10 (15%). Clusters P8 and P10 were widely distributed across the Chukchi
Shelf, and about 10 times as common at surface and midwater depths than at the bottom (Table 5;
Figure 11; Figure 12). Cluster P10 was particularly prevalent in the channel between Wainwright
and Hanna Shoal, and was not found at the warm, fresh coastal sites, which were primarily
affiliated to P8. While cluster P6 was common across the central Chukchi Shelf, it was never
observed near shore, and was found at midwater and bottom depths 94% of the time (Table 5;

Figure 11; Figure 12).
August-September

During the DBO-NCIS cruise in late August and September, the Phaeocystis-rich clusters
were again absent, as were the diverse clusters P8 and P10 (Table 5). In their place were clusters
P1 (28%, rich with Micromonas ESV 20), P3 (33%, rich with Nannochloris ESV 277), and P2
(17%), a mixture of P1 and P2 with the addition of Prasinoderma ESV 1381 (Table 5; Figure 11;
Figure 12).
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Environmental Drivers of Community Variability

One of the future goals of this research is to predict microbial communities in Arctic
seawater in real time while aboard the ship. To test our current ability to make these predictions,
we restricted the analysis of environmental drivers to those parameters that are readily available at
sea, i.e. those available during a CTD cast: day of year, depth, bottom depth, distance to shore,

latitude, longitude, temperature, salinity, fluorescence, and dissolved oxygen.

Aggregation by Taxonomy

In general, diatom and picophytoplankton relative abundances were not easily predictable
based on metadata or environmental variables available at the time of sampling (Figure 13). After
aggregating at the ESV, Genus, and Family levels, no linear combination of environmental
parameters explained more than 12.6% of variability within diatom communities or 19.7% in

picophytoplankton (Table 6).

Table 6: Proportion of constrained variability captured by selected environmental variables for
the northern Bering and Chukchi seas cruises during 2017.
Diatoms  Picophytoplankton

Family 11.6% 19.7%
Genus 12.6% 14.2%
ESV 12.5% 7.4%
Cluster 43.6% 32.5%

For diatom ESVs, the first two CCA axes contributed 47% of the inertia (Figure 14), driven
primarily by day of year and salinity, respectively. At the genus level, the first two axes contributed
61% of the inertia, driven primarily by temperature and day of year, respectively. At the family
level, the first two axes contributed 99% of the inertia, driven primarily by temperature and
distance to shore, respectively.

For picophytoplankton ESVs, the first two CCA axes contributed 44% of the inertia (Figure
14), driven primarily by day of year and temperature, respectively. At the genus level, the first two
axes contributed 59% of the inertia, driven primarily by day of year and dissolved oxygen,
respectively. At the family level, the first two axes contributed 68% of the inertia, driven primarily

by day of year and distance to shore, respectively.
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Analysis of variance (ANOVA) was used to determine the significance of each
environmental parameter in explaining the variability in relative abundance of taxa (Figure 14).
For diatoms, the number of significant (p < 0.05) parameters decreased from ESV (9/10) to genus
(8/10) to family (5/10). For picophytoplankton, 9/10 parameters were significant at each

taxonomic level.
Aggregation by Cluster

CCAs were also performed on communities that were aggregated by cluster classifications.
To aggregate by sample cluster (D1-D7 in diatoms, P1-P11 in picophytoplankton), the relative
abundance of each taxon in each sample was replaced by the mean relative abundance of that taxon
in the samples within the sample cluster prior to CCA analysis.

Significant improvements in explaining community variability were detected after
aggregating by cluster: 43.6% in diatoms and 32.5% in picophytoplankton (Table 6). For diatom
clusters, the first two CCA axes contributed 83% of the inertia, driven primarily by day of year
and temperature, respectively. For picophytoplankton clusters, the first two axes contributed 73%
of the inertia, also driven primarily by day of year and temperature, respectively. Cluster

aggregation resulted in 9/10 significant parameters for both diatoms and picophytoplankton.
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Figure 14: Canonical coefficients of each environmental parameter for each diatom and picophytoplankton constrained
canonical axis (CCA) at each aggregation level for the northern Bering and Chukchi seas cruises during 2017. In the top row,
the ANOVA p-value is shown, where white is p > 0.05, pink is p <0.05, red is p <0.01, and dark red is p < 0.001. In the right-
most, the proportion of the constrained variability explained by each CCA axis is shown using the color scale in the key.



Temperature Effects on Community Structure

Using CCA, temperature was repeatedly identified as an important factor structuring the
microbial communities in our study region. The clustering analyses (Figure 8; Figure 11; Figure
13) also suggested that a shift in community structure may have occurred around 5-7 °C, so we
used Student’s t-tests to identify breakpoints in ESV relative abundance as a function of

temperature (Table 7).

Table 7: Breakpoints in preferred water temperature identified for some abundant ESVs for the
northern Bering and Chukchi seas cruises during 2017. The t-tests tested the hypothesis that the
relative abundance of an ESV was significantly different (two-sided, alpha = 0.05, Bonferroni-
corrected) in samples collected in warm water (> breakpoint) compared to cold water (<
breakpoint). For each ESV, the test statistics were computed for every unique temperature in the
dataset and breakpoints were identified as local minima of the test p-values, all of which were
<<0.0001.

ESV Breakpoint (°C) Prefers warm/cold
Diatoms Chaetoceros ESV 2 6.7 cold
Chaetoceros ESV 19 7.0 cold
Chaetoceros ESV 27 7.0 cold
Skeletonema ESV 336 52 warm
Pseudo—nitzschia ESV 274 4.5 warm
Pseudo—nitzschia ESV 518 4.5 cold
Thalassiosira ESV 104 4.2 warm
Picophytoplankton  Micromonas ESV 20 6.2 cold
Phaeocystis ESV 31 6.9 cold
Bathycoccus ESV 188 59 warm
Nannochloris ESV 277 34 warm

The three most abundant diatoms (all Chaetoceros) showed a clear preference for waters
colder than 7 °C (Table 7, Figure 15), as did the two most abundant picophytoplankton:
Micromonas ESV 20 and Phaeocystis ESV 31 (Table 7, Figure 16). Among diatoms, about 70%
of ESVs had a maximal relative abundance in waters colder than 7 °C (Figure 15); among

picophytoplankton, it was over 80% (Figure 16). Some taxa preferred warmer waters, however,
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including Skeletonema ESV 336 and Pseudo—nitzschia ESV 274, as well as Bathycoccus ESV 188
and Nannochloris ESV 277.
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Figure 15: (leff) Mean diatom ESV relative abundance for the northern Bering and Chukchi seas
cruises during 2017 after binning by temperature; ESVs are colored by genus. (right) Scaled
diatom ESV relative abundances sorted by temperature at maximum relative abundance (each
column is an ESV).
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Figure 16: (left) Mean picophytoplankton ESV relative abundance for the northern Bering and
Chukchi seas cruises during 2017 after binning by temperature; ESVs are colored by genus.
(right) Scaled picophytoplankton ESV relative abundance sorted by temperature at maximum
relative abundance (each column is an ESV).
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during 2017.
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Statistical analyses suggested that overall, environmental parameters measured at the time
of sample collection (e.g. temperature, salinity, chlorophyll, dissolved oxygen) were not the
primary drivers of phytoplankton community structure at broad spatial and temporal scales. While
the composition of individual samples across all cruises were not well characterized using these
measured variables, the amount of variability explained (i.e. the quality of predictions) increased
somewhat when samples were clustered by community assemblage. Environmental parameters
accounted for only 12.5% of variability for diatoms at the ESV level and 7.4% for
picophytoplankton, but accounted for 43.6% and 32.5% of the variability across clustered sample
assemblages for diatoms and picophytoplankton, respectively (Table 6). This suggests clustering
samples based on similarity improves the ability to anticipate community composition from
environmental data.

Clustering the samples by community assemblage revealed cases where sample clusters
dominated by chain-forming diatoms (e.g. Chaetoceros and Thalassiosira in clusters D1, D2, and
D7) were more prevalent in midwater and bottom depth bins, suggestive of a bloom in the process
of sinking as also indicated by low chlorophyll concentrations. Alternatively, these diatoms could
be indicative of sustained production due to higher nutrient concentrations found deeper in the
water column since the vast majority of sampling depths fell within the euphotic zone.

A similar phenomenon was observed for Phaeocystis, another important group in the
carbon cycle. After blooming, Phaeocystis can aggregate, sink, and carry large quantities of
organic carbon to the seafloor, supporting the benthos and potentially sequestering carbon. Two
Phaeocystis-rich clusters, P4 and PS5, were more prevalent at midwater and bottom depth bins,
again suggesting a sinking bloom or sustained production at the bottom due to nutrients and
suitable conditions at depth.

Similarly, clusters were also useful in identifying temperature preferences for certain taxa,
allowing the prediction of certain ESVs that may be more sensitive to a warming Alaskan Arctic.
Each of these putatively sinking communities (clusters D1, D2, P4, and P5) was substantially more
prevalent in waters colder than 6 °C compared to waters warmer than 6 °C, suggesting that these
sinking communities may indeed be negatively affected by warmer waters in the future Arctic.

We found several Micromonas ESVs to be prominent members of the picophytoplankton
community, though the most abundant, Micromonas ESV 20, was most commonly found at

temperatures below 6.2 °C, replaced by Bathycoccus ESV 188 in warmer coastal waters. Future
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studies could investigate the different physiologies of Micromonas and Bathycoccus to predict
potential changes in biogeochemical cycling or primary or secondary productivity in the case that
Bathycoccus expanded further into the Micromonas niche. While this pattern may hold at the large
scale, in more localized settings, factors like currents, wind direction, advection of water from off
shelf, or upwelling of nutrients may provide stronger indications of community composition due
to mixing water masses, or the growth of opportunistic taxa when certain conditions are met, e.g.

increased nutrient loads.
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DISCUSSION
Drivers of Community Structure

During the ice-free summer of 2017, our results indicate that environmental parameters
measured at the time of sampling exerted little influence over phytoplankton community structure.
Many studies have debated which parameters are most important to driving community structure
(Krug et al. 2013; Sunagawa et al. 2015; Neeley et al. 2018), with a lack of clear consensus.
However, our findings consider these communities at the ESV-level (genus, species, and, when
possible, subspecies taxonomic resolution), while prior studies characterized to genus and species.
Our higher taxonomic resolution allowed us to determine temperature as having more of a
measurable effect on certain taxonomic groups, and especially those ESVs that are most prevalent
(Table 7). Water mass has previously been attributed to shaping Arctic phytoplankton communities
with some water masses observed to hold distinct communities—including diatoms, chlorophytes,
and haptophytes—specifically within Pacific Halocline Water (originating through the Arctic
Ocean) and deep Atlantic Water (Fehling et al. 2012; Kalenitchenko et al. 2019). The mixing of
these distinct water masses, separated by global thermohaline circulation, may explain the high
degree of community dissimilarity observed there, whereas in our study many communities
originated from closely related water masses flowing northward from the Pacific Ocean and into
the Bering and Chukchi seas. However, some mixing of water masses appeared to have an impact
on our samples. At midwater and bottom depths at AMBON’s furthest northeast transect, an inflow
of water through Barrow Canyon, suggested by ADCP and nutrient profiles from the area, may
have introduced deep Arctic water onto the shelf, with its own unique community, consistent with
other observations of distinct communities between on- and offshore environments (Siemering et
al. 2016). Other instances of community introduction via advection of water have been
documented with significant differences attributed to hydrography (Hamilton et al. 2008;
Kalenitchenko et al. 2019).

While our study did not identify any diatom and picophytoplankton taxa found exclusively
in temperate waters, our results confirm temperature shifts are likely to affect the distribution of
taxa. Changes in temperature have driven poleward shifts of numerous temperate taxa, including
phytoplankton, across the globe (Poloczanska et al. 2013). On the Atlantic side of the Arctic, the

fronts of Atlantic water masses have moved further north due to sea temperature warming, bringing
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with it phytoplankton communities characteristic of warmer Atlantic waters (Neukermans et al.
2018). While our study did not find strong correlations with water mass, the local trends observed
in combination with previous studies indicate water movement is important to communities on a
regional level. Highly different water masses in conjunction with increased water masses have a
potential to bring in their own distinct communities, creating conditions more suitable for taxa not
traditionally found in the Arctic. A clear understanding of the physical environment is needed to
understand the context of changes within communities across all oceans, and future studies could
usefully incorporate backtracing of water parcels using models of current flow to better predict the

origins of sampled water.
Diversity, Community Resilience, and Potential Impacts of a Warmer Arctic

Paleoecological reconstruction of marine microbial community structure during past
periods of climatic change may provide insight into the future of our oceans. At the species level,
communities have proven resilient to large changes in environmental conditions (Moritz and
Agudo 2013), showing that communities of today may be more resilient to climate change than
previously thought. During a mass extinction event of the Late Cretaceous, the fossilized
planktonic coccolithophorids, radiolaria, and foraminifera decreased in relative abundance by 73—
92% (Thierstein 1982) while diatoms were only reduced by 23%, a success rate attributed to the
life-history of diatoms that includes resting spores (Kitchell et al. 1986). At the time our studies
were conducted, the Bering and Chukchi seas experienced the warmest temperatures on record.
While numerous studies have characterized phytoplankton bloom timing (Kahru et al. 2011; Sigler
et al. 2014), there is a lack of taxonomic studies that broadly characterize and identify the diversity
of the Bering and Chukchi seas phytoplankton communities. However, the warming in the Arctic
is not expected to decline, highlighting the need for continued monitoring. In addition to life-
histories, and applicable to more than just diatom assemblages, intra-species diversity is thought
to be one of the mechanisms of resilience to changes in environmental conditions in modern
biological communities (Tesson et al. 2014; Sjoqvist and Kremp 2016).

Diatom and picophytoplankton assemblages each consisted of over 200 ESVs, all of which
contribute to much of the production on the Bering and Chukchi sea shelves using upwelled
nutrients to generate new productivity (Ardyna et al. 2011). Our study confirms the higher relative

abundance of diatoms in the region (36.0 £ 0.1% mean relative abundance across all sampling
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seasons), however with the onset of the ‘new Arctic’ (Overpeck et al. 2005; Carmack et al. 2015),
an increase in temperatures and stratification could limit nutrient turnover in the surface waters,
causing a shift to picophytoplankton (Li et al. 2009) and regenerated production can be expected
(Ardyna et al. 2011). Additionally, diatoms are better adapted to lower light availability, provided
nutrients are sufficient (Siemering et al. 2016), another indicator that diatoms as a whole may be
negatively affected with less ice coverage throughout the year and with stratification limiting
nutrient turnover. For example, particular ESV's of diatoms and picophytoplankton were sensitive
to a temperature transition zone observed at around 5—7 °C (Table 7). One of these, Chaetoceros
ESV 2, was cosmopolitan, found in nearly every sample in the study, across all seasons,
temperatures, and salinities. However, this taxon reached its highest relative abundances in waters
colder than 6.7 °C, and declined precipitously above that temperature. Chaefoceros ESV 2 was
most closely related to Chaetoceros socialis, a species complex already known to have high
intraspecific diversity (Degerlund et al. 2012; Gaonkar et al. 2017). Chaetoceros ESV 2 along with
Skeletonema ESV 336, found almost exclusively in waters warmer than 5.2 °C, consistent with
literature descriptions as a genus of temperate, coastal diatoms (Thornton and Thake 1998;
Kooistra et al. 2008), and Chaetoceros ESV 186 and Thalassiosira ESV 104 all stand to be
negatively affected by climate change due to increased temperatures. Among the
picophytoplankton, Bathycoccus prasinos ESV 188 appeared almost exclusively in waters warmer
than 5.9 °C, while Phaeocystis pouchetii ESV 31 and Micromonas pusilla ESV 20 appeared
predominantly in waters colder than 6.9 °C and 6.2 °C, respectively. The clear temperature
preferences for some of the most relatively abundant taxa in this region presage changes for these
communities as the Arctic and sub-Arctic continues to warm.

In addition to a decline in some common diatoms, the Alaskan Arctic could see an increase
in taxa related to known harmful algal bloom-forming species (HABs). Pseudo—nitzschia is a
genus containing HAB-forming diatoms in which about 50% of species are known to produce
domoic acid, a neurotoxin that has recently been identified in Alaskan waters (Lefebvre et al. 2016;
Huntington et al. 2020). We found two prominent ESVs classified to Pseudo—nitzschia in our
dataset, with ESV 518 predominant at lower temperatures, and ESV 274 predominant at higher
temperatures (Figure 17), though there was no consensus on which species the two ESVs matched.
Regardless, presence of a genus known to play a role in HABs is now confirmed, and expected to

persist and increase in abundance with warming temperatures (Hallegraeff 2010). The
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picophytoplankton Phaeocystis pouchetii ESV 31, detected prominently throughout our study
region, is also a known toxin producer (Eilertsen and Raa 1995), however it’s prominence in the
Alaskan Arctic may decrease as temperatures rise (Table 7). Nonetheless, changing conditions in
the Arctic are still expected to lead to increases in certain HAB-forming taxonomic groups that
stand to affect higher trophic levels (Walsh et al. 2011).

These strong temperature preferences are exhibited by taxonomic groups that, combined,
contribute a high proportion of the relative abundance. Climate change has occurred cyclically
throughout Earth’s history (Sarmiento and Bender 1994), though the current pace of
anthropogenically driven climate change is unprecedented (Jeffries et al. 2014). Despite the
evidence of diatoms persisting in past climatic events, a rapidly warming Arctic today means
change for numerous prevalent ESVs. While other studies have debated between salinity
(Lozupone and Knight 2007), nutrients, and temperature having a greater influence on community
structure, our study demonstrates that in an ice-free season temperature plays a greater role than
other environmental factors. Our study is in agreement with a comprehensive TARA Oceans
metagenomic study (Sunagawa et al. 2015) examining prokaryotes and picoeukaryotes across
temperate, tropical, and polar latitudes, which also concluded that temperature is one of the
primary drivers of marine microbial community structure.

Our identification of key groups with strongly preferred temperatures allows us to
confidently state that primary producer communities will change in the face of climate change,
with ramifications felt throughout the Bering and Chukchi Sea ecosystem. Specifically, we expect
to see a loss of Chaetoceros, especially ESV 2 and Phaeocystis ESV 31 (Fig. 15, Fig 16). Diatoms
with a preference to warmer conditions could still be outcompeted if temperature driven
stratification suppresses the upwelling of nutrients to the surface (Cermefio et al. 2012), which
diatoms rely on to outcompete other phytoplankton (Litchman 2007). Chaetoceros and
Thalassiosira rely on high nutrient concentrations to bloom, and form large chains that contribute
significantly to the carbon cycle. The combination of high nutrient requirements and strong
temperature preferences of some taxa (Figure 15) could lead to a decrease in their abundance in
the future, and a subsequent increase from other taxa. If the replacement taxa are smaller, solitary
diatoms, or picophytoplankton like Micromonas, this could have significant effects on the carbon

cycle, leading to a reduced flow of particulate carbon to the benthos, that in the present ecosystem

44



drives the tight benthic-pelagic coupling observed over the Bering and Chukchi shelves
(Grebmeier and Barry 1991; Dunton et al. 2005).

In general, we observed a spectrum of generalist to specialist diatom ESVs: some taxa were
found to thrive in a range of environmental conditions while some were found only in specific and
narrow environmental conditions. The CCA analysis captured only a rough summary of this
diversity, making it difficult to distinguish specialist from generalist taxonomic groups, and
illustrating that this type of analysis may be more meaningful for picking informative variables to
investigate than in finding the root causes of community variability (Thaler and Lovejoy 2014).
To better understand how these communities change with environmental conditions, collecting
samples from the same area over a long period of time may be more useful than collecting samples
at sites just one time during the year. Because ship-based observations are limited in temporal
scope, long-term mooring deployments like the Chukchi Ecosystem Observatory (Hauri et al.
2018) will be critical for understanding the seasonal changes in planktonic community structure,
and future deployments of the Chukchi Ecosystem Observatory are expected to include sampling

of microbial communities for this purpose.
Top-Down and Bottom-Up Controls on Community Structure

Our study focused primarily on environmental variables that are bottom-up controls on
primary producers. Top-down controls were not explored in this study, however grazing by
heterotrophic protists has been demonstrated to impact phytoplankton community structure.
Changes in phytoplankton bloom development has been shown to impact food web structure and
top-down and bottom-up control of marine ecosystems in polar waters (Arrigo and van Dijken
2004). The PCR primers used in this study also amplify heterotrophic protist DNA, but their
analysis was outside of the scope of this work at this time. Future studies should include them as
potential drivers of phytoplankton community composition in this region.

The Arctic is responding to the effects of climate change faster than other regions of the
ocean (Zhang 2005), so if environmental parameters are not driving change in these communities,
changes in top-down controls like grazer diversity, abundance, and grazing rates are reasonable
hypotheses. Besides single celled grazers, metazoans like copepods might also be important top-
down drivers of phytoplankton community structure. Copepod diversity and abundance are known

to be influenced by water mass and depth (Cooney and Coyle 1982; Kosobokova and Hopcroft
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2010; Ashjian et al. 2017), and may be expected to change in the future as a result of global climate
change. For example, copepods may experience stress as phytoplankton blooms occur earlier or
later in the season in conjunction with early sea-ice retreat and melt. This mismatch in bloom and
copepod timing has led to copepods decreasing in size in years with early ice retreat and warm
waters (Hunt et al. 2011). Through top-down control, copepods could shape phytoplankton
communities by consuming primary producers at different rates: oceanic copepods living off-shelf
in the Bering Sea are capable of consuming 20 to 30% of primary production (Cooney and Coyle
1982), and on-shelf have been estimated to consume 26% of primary production per day (Campbell
et al. 2016). Oceanic copepods are also advected onto the shelf with currents (Springer et al. 1989),
possibly increasing grazing rates. Predation of phytoplankton off-shelf in the Bering Sea may
shape what communities are eventually carried onto and established over the Bering shelf as well,
considering the limited influence of environmental parameters over diatom and picophytoplankton
assemblage structure. Copepods have been observed to increase grazing rates in warmer waters
(Coyle et al. 2007). This could lead to a decrease in larger diatoms and be another way in which
the carbon pump is weakened in the Arctic, and the benthic community could be negatively
impacted.

Top-down and bottom-up controls have long been debated in the field. Results from this
study suggest that bottom-up controls may influence diversity in terms of ESVs, but do not appear
to drastically reshape communities at the family level and above. We suggest that top-down
controls are more likely to drive community structure in terms of broad shifts in diversity. Our
results also suggest that top-down and bottom-up controls may oscillate as environmental
conditions shift over time and space, a trend demonstrated in another coastal sea (Mozeti¢ et al.
2012). If shifts in community structure are more likely, climate change may not have the
detrimental effects predicted, i.e., resilience in diatoms means the efficiency of the biological
carbon pump to the seafloor will be maintained. As seawater temperatures continue to rise in the
Arctic, some studies have suggested that a shift to more mixotrophic plankton could also occur,
altering biogeochemical cycling (Ward and Follows 2016). Common throughout temperate oceans
(Hartmann et al. 2012; Flynn et al. 2013), mixotrophs are multifunctional protists that
photosynthesize when nutrient concentrations are high, and assume an osmotrophic or
phagotrophic lifestyle in nutrient deplete conditions (Ward and Follows 2016). Diatoms, in

general, are relatively large and heavy, meaning they sink quickly, raising the efficiency of transfer
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of carbon to the seafloor. In contrast, mixotrophic picophytoplankton are much smaller, and
expected to increase in abundance in a warmer Arctic due to the advantages that mixotrophy brings
in conditions of high resource variability (Mitra et al. 2016; Stoecker et al. 2017b).

Hypothesized changes as a result of increased mixotrophy in the Arctic include increased
carbon fixation but decreased vertical carbon flux (Stoecker and Lavrentyev 2018), which would
be expected to increase trophic transfer, possibly raising planktonic production at higher trophic
levels (Mitra et al. 2014; Ward and Follows 2016). An increase in mixotroph abundance could
reduce carbon flux to the benthos, which could have long-lasting repercussions all the way up the
food web to humans. Our study observed a relatively high abundance of Micromonas ESV 20,
which could not be identified to species. Micromonas is a prominent mixotrophic
picophytoplankton genus also found throughout the world ocean. Recent studies (Lovejoy et al.
2007; McKie-Krisberg and Sanders 2014) have demonstrated that this genus has dispersed widely
throughout the Arctic Ocean, and has been observed to be particularly sensitive to temperature
(Demory et al. 2018), however the strain found in the Arctic differs from the clades found in other
oceans by notably thriving at 6-8 °C due to its adaptations to cold and low-light conditions
(Lovejoy et al. 2007). Our study found the peak abundance of Micromonas ESV 20 occurred at
6.2 °C and preferred colder waters (Table 7), confirming a cold-adapted ESV. As a mixotroph,
Micromonas could impact production in the Arctic if it were to displace phytoplankton that rely
solely on photosynthesis, or the cold-adapted Micromonas pusilla were displaced by the more
temperate clade. Combined with its strong temperature preferences and numerous studies from
across the global ocean, Micromonas is a key genus to watch and monitor in the face of a changing

Alaskan Arctic.
Taxonomic Resolution and Environmental Influence

Taxonomic resolution of communities influenced ability to constrain variability.
Picophytoplankton families were better constrained by environmental variables, but that
variability declined when reanalyzing picophytoplankton genera and then ESVs (Table 6). Diatom
variability was consistent across family, genus, and ESV (Table 6). This suggests that communities
become less predictable with higher taxonomic resolution, or that high taxonomic resolution is not
necessary to capture general trends of communities. The ANOVAs also indicated that certain

parameters were more important than others, further indicating that with limited data, community
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trends can still be characterized if high resolution taxonomic data is lacking. Other studies have
also explored taxonomic resolution, and how much is needed to sufficiently understand
communities and their interactions with the environment, with no clear answer emerging as yet
(Carneiro et al. 2010; Machado et al. 2015).

Our results suggest that over broad scales (multiple sampling seasons and regional sites),
taxonomic genera provide a suitable level to understand general impacts of environmental
variables on community structure. However, higher taxonomic resolution is needed to observe
more subtle shifts not detectable at higher taxonomic levels (e.g. Chaetoceros ESV 2 and different
temperature preferences of Micromonas within species). Not only is high taxonomic resolution the
most useful for studying community changes, it also adds to our understanding of diversity in a
rapidly changing ocean environment. When possible, it is best to identify organisms to the highest
taxonomic resolution possible, underscored by numerous studies demonstrating the importance of
microdiversity (Allison and Martiny 2008; Needham et al. 2017; Garcia-Garcia et al. 2019).

In our study we used primers targeting the V4 hypervariable region of the 18S ribosomal
RNA gene, which is often specific enough to identify taxa to species level but often not specific
enough to identify intraspecific diversity. Because many cultured representatives of Arctic
phytoplankton remain missing from sequence databases, and we did not collect morphological
data, we deferred from making strong claims to species identifications and focus instead on ESVs
as indicators of taxonomic diversity. Future studies should consider the use of more sensitive
primers in order to quantify microdiversity within these communities. Even with these limitations,
it was still possible to identify several specific ESVs that stand to be the most affected in the face
of a warming Arctic, as well as build a comprehensive taxonomic dataset in conjunction with
environmental data across the late spring and summer in the Bering and Chukchi seas. We have
clearly demonstrated specific groups that stand to be most affected in a new and warming Alaskan

Arctic.
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CONCLUSIONS AND FUTURE WORK

Objectives of this study were to explore the spatial and temporal distributions of eukaryotic
phytoplankton communities in the Pacific Ocean inflow to the Arctic, covering the Chukchi Sea
and Bering Strait regions. This project aimed to determine whether reproducible patterns of
occurrence were present within community assemblages of diatoms and picophytoplankton, and
the role of environmental conditions in structuring these communities. The sampling coverage
attained in this study in both the spatial and temporal domains was much larger than typical studies
of its kind, allowing for unique insights into the structuring the microorganisms at the base of the
Alaskan Arctic food web.

Overall, the low predictability of community composition based on measured
environmental variables suggests that more explanatory variables exist that were not considered
in this study. However, our most notable finding is identifying temperature as a driver for certain
taxa, especially ones that make up a high proportion of the primary producers (e.g. Chaetoceros
ESV 2). Other integrative, bottom-up forcing factors that could contribute to phytoplankton
community structure, such as historical light availability, cloud cover, weather patterns,
stratification levels, mixing, ice extent, and freshwater input (e.g., ice melt, precipitation, rivers,
runoff), were beyond the scope of this study, so we cannot comment on their utility in predicting
microbial community structure at this time. Future studies should incorporate remote sensing
observations or seascape predictions to include these additional parameters as explanatory
variables.

Our study also captured the diversity of these communities, all the more important
considering diversity is a key buffer in rapid environmental changes (especially as the Arctic
warms in response to climate change). Our study identified key genera and ESVs of diatoms and
picophytoplankton. While we did identify hundreds of ESVs, more work is needed to determine
both abiotic and biotic drivers of community assembly, and more specific genetic studies are
needed to delineate microdiversity within the primary producer communities of the Alaskan
Arctic. Our work does begin to fill in the gaps, allowing us to contribute more genetic information
to existing databases. Monitoring of changes in zooplankton grazer abundance and distribution
(e.g. copepods, ciliates, dinoflagellates) will also be important to understand how top-down
controls could change and affect the phytoplankton. However, we did reaffirm the importance of

temperature in structuring many key members of the diatom and picoeukaryote communities.
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Connecting certain taxa with temperature allowed for some insights into the future primary
producer community of the Bering and Chukchi seas.

Our study highlights the diversity of primary producers and demonstrates that these
communities are driven by a variety of environmental and biological parameters that are difficult
to fully quantify. We observed a weaker influence of nutrients, water mass, water depth, and
geography on diatom and picophytoplankton communities as a whole compared to other
phytoplankton community studies (Sunagawa et al. 2015; Neeley et al. 2018; Kalenitchenko et al.
2019). However, we have demonstrated some key taxonomic groups are sensitive to temperature
and these same taxonomic groups influence the structure of the communities. The taxonomic
groups’ responses to temperature are consistent with predictions of shifts to smaller celled
mixotrophs and away from larger celled phytoplankton (Ward and Follows 2016). Since the
biological carbon pump in the Arctic is currently driven primarily by the sinking of large (>10 um)
diatom cells and chains, we can expect to see declines in benthic-pelagic coupling and seafloor
productivity and higher trophic levels. However, this is also dependent on the resilience provided
by biodiversity, especially microdiversity within primary producers, an area which is in need of
more study. A shift to small-celled phytoplankton in a freshening Alaskan Arctic could have
disruptive implications for primary productivity that supports the seafloor (Li et al. 2009).

Our analyses, conducted on almost a thousand samples collected across four months and
three cruises, has established a baseline of microbial communities in the Bering and Chukchi seas
and identified prominent taxa that are the most vulnerable to climate change. Already we can see
the impacts of climate change on the lowest trophic levels that support the entire Alaskan Arctic
ecosystem. Long-term monitoring along our study sites, especially the DBO and Chukchi
Environmental Observatory, will be imperative to continue increasing our understanding of

photoautotrophs and other microbes in the warming Bering and Chukchi seas.

50



REFERENCES

Alldredge AL, Passow U, & Logan BE. (1993). The abundance and significance of a class of large,
transparent organic particles in the ocean. Deep Sea Research Part I, 40, 1131-1140.
doi:10.1016/0967-0637(93)90129-Q

Alldredge A, Passow U, & Haddock S. (1998). The characteristics and transparent exopolymer
particle (TEP) content of marine snow formed from thecate dinoflagellates. Journal of

Plankton Research, 20, 393-406.

Allison SD & Martiny JBH. (2008). Resistance, resilience, and redundancy in microbial
communities. Proceedings of the National Academy of Sciences USA, 105, 11512-11519.
doi:10.1073pnas.0801925105

Andersson A, Falk S, Samuelsson G, & Hagstrom A. (1989). Nutritional characteristics of a
mixotrophic nanoflagellate, Ochromonas sp. Microbial Fcology, 17, 251-262.
doi:10.1007/BF02012838

Ardyna M, Gosselin M, Michel C, & Tremblay J-E. (2011). Environmental forcing of
phytoplankton community structure and function in the Canadian High Arctic: Contrasting
oligotrophic and eutrophic regions. Marine Fcology Progress Series, 442, 37-57.
doi:10.3354/meps09378

Arrigo KR, & van Dijken GL. (2004). Annual cycles of seaice and phytoplankton in Cape Bathurst
polynya, southeastern Beaufort Sea, Canadian Arctic. Geophysical Research Letters, 31.
doi:10.1029/2003GL018978

Arrigo KR, van Dijken G, & Pabi S. (2008). Impact of a shrinking Arctic ice cover on marine
primary production. Geophysical Research Letters, 35, 119603. doi:10.1029/
2008GL035028

Arrigo KR, Perovich DK, Pickart RS, Brown ZW, van Dijken G, Lowry KE, Mills MM, Palmer
MA, Balch WB, Bahr F, Bates NR, Benitez-Nelson C, Bowler B, Brownlee E, Ehn JK,
Frey KE, Garley R, Laney SR, Lubelczyk L, Mathis J, Matsuoka A, Mitchell BG, Moore
GWK, Ortega-Retuerta E, Pal S, Polashenski CM, Reynolds A, Schieber B, Sosik HM,
Stephens M, Swift JH. (2012). Massive phytoplankton blooms under Arctic Sea ice.
Science, 336, 1408. doi:10.1126/science. 1215065

51



Ashjian CJ, Campbell RG, Gelfman C, Alatalo P, & Elliott SM. (2017). Mesozooplankton
abundance and distribution in association with hydrography on Hanna Shoal, NE Chukchi
Sea, during August 2012 and 2013. Deep Sea Research Part II, 144, 21-36.
doi:10.1016/;.dsr2.2017.08.012

Azam F, Fenchel T, Field J, Gray J, Meyer-Reil L, & Thingstad F. (1983). The ecological role of

water-column microbes in the sea. Marine Ecology Progress Series, 10, 257-263.

Azam F, Smith D, & Hagstrom A. (1994). Bacteria-organic matter coupling and its significance
for oceanic carbon cycling. Microbial Ecology, 28, 167-179.

Balzano S, Percopo I, Siano R, Gourvil P, Chanoine M, Marine D, Vaulot, Daniel, Sarno, D.
(2017). Morphological and genetic diversity of Beaufort Sea diatoms with high
contributions from the Chaetoceros neogracilis species complex. Journal of Phycology,

53,161-187. doi:10.1111/jpy.12489

Burkhardt B, Watkins-Brandt K, Defforey D, Paytan A, & White A. (2014). Remineralization of
phytoplankton-derived organic matter by natural populations of heterotrophic bacteria.

Marine Chemistry, 163, 1-9.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, & Holmes SP. (2016). DADAZ2:
High-resolution sample inference from lllumina amplicon data. Nature Methods, 13, 581-

587. doi:10.1038/nMeth.3869

Campbell RG, Ashjian, CJ, Sherr EB, Sherr BF, Lomas MW, Ross C, Alatalo P, Gelfman C, Van
Keuren D. (2016). Mesozooplankton grazing during spring sea-ice conditions in the eastern
Bering Sea. Deep-Sea Research Part 11: Topical Studies in Oceanography, 134, 157-172.
doi:10.1016/5.dsr2.2015.11.003

Carmack E, Polyakov I, Padman L, Fer I, Hunke E, Hutchings J, Jackson J, Kelley D, Kwok R,
Layton C, Melling H, Perovich D, Persson O, Ruddick B, Timmermans M-L, Toole J, Ross
T, Vavrus S, Winsor, P. (2015). Toward quantifying the increasing role of oceanic heat in
sea ice loss in the new Arctic. Bulletin of the American Meteorological Society, 96, 2079-

2106. doi:10.1175/BAMS-D-13-00177.1

52



Carneiro FM, Bini LM, & Rodrigues LC. (2010). Influence of taxonomic and numerical resolution
on the analysis of temporal changes in phytoplankton communities. Fcological Indicators,

10, 249-255. doi: 10.1016/j .ecolind.2009.05.004

Cermefio P, Marafion E, & Romero OE. (2012). Response of marine diatom communities to Late
Quaternary abrupt climate changes. Journal of Plankton Research, 35, 12-21.
doi:10.1093/plankt/tbs073

Codispoti L, Flagg C, Kelly V, & Swift J. (2005). Hydrographic conditions during the 2002 SBI
process experiments. Deep-Sea Research I1, 52, 3199-3226.

Cooney R & Coyle K. (1982). Trophic implications of cross-shelf copepod distributions in the
Southeastern Bering Sea. Marine Biology, 70, 187-196. doi:10.1007/BF00397684

Cowen J, & Holloway C. (1996). Structural and chemical analysis of marine aggregates: In situ
macrophotography and laser confocal and electron microscopy. Marine Biology, 126, 163-

174. doi:10.1007/BF00347441

Coyle K, Bluhm B, Konar B, Blanchard A, & Highsmith R. (2007). Amphipod prey of grey whales
in the northern Bering Sea: changes in biomass and distribution. Deep-Sea Research Part

11, 54,2906-3928. doi:10.1016/j.dsr2.2007.08.026

Degerlund M, Huseby S, Zingone A, Sarno D, & Landfald B. (2012). Functional diversity in
cryptic species of Chaetoceros socialis Lauder (Bacillariophyceae). Journal of Plankton

Research, 34,416-431. doi:10.1093/plankt/fbs004

Demory D, Baudoux A-C, Monier A, Simon N, Six C, Ge P, Rigaut-Jalabert F, Marie D, Sciandra
A, Bernard O, & Rabouille S. (2018). Picoeukaryotes of the Micromonas genus: sentinels
of a warming ocean. 7he ISMFE Journal, 13, 132-146. doi:10.1038/s41396-018-0248-0

Dunton KH, Goodall JL, Schonberg SV, Grebmeier JM, & Maidment DR. (2005). Multi-decadal
synthesis of benthic-pelagic coupling in the western Arctic: Role of cross-shelf advective

processes. Deep Sea Research Part II, 52, 3462-3477. doi:10.1016/1.dsr2.2005.09.007

Eilertsen HC & Raa J. (1995). Toxins in seawater produced by a common phytoplankter
Phaeocystis pouchetii. Journal of Marine Biotechnology, 3, 115-119.

53



Estep KW, Davis PG, Keller MD, & Sieburth JMcN. (1986). How important are oceanic algal
nanoflagellates in bacterivory? Limnology and Oceanography, 31, 646-650.

Fehling J, Davidson K, Bolsch CJ, Brand TD, & Narayanaswamy BE. (2012). The relationship
between phytoplankton distribution and water column characteristics in North West

European Shelf sea waters. PLoS One. doi:10.1371/journal . pone.0034098

Flynn KJ, Stoecker DK, Mitra A, Raven JA, Glibert PM, Hansen PJ, Granéli E, & Burkholder, J.
M. (2013). Misuse of the phytoplankton-zooplankton dichotomy: the need to assign
organisms as mixotrophs within plankton functional types. Journal of Plankton Research,

35, 3-11. doi:10.1093/plankt/tbs062

Gaonkar CC, Kooistra WHCF, Lange CB, Montresor M, & Sarno D. (2017). Two new species in
the Chaetoceros socialis complex (Bacillariophyta): C. sporotruncatus and C.
dichatoensis, and characterization of its relatives, C. radicans and C. cinctus. Journal of

Phycology, 53. do1:10.1111/jpy.12554

Garcia-Garcia N, Tamames J, Linz AM, Pedros-Alié C, & Puente-Sanchez F. (2019).
Microdiversity ensures the maintenance of functional microbial communities under
changing environmental conditions. The ISMFE Journal, 13, 2969-2983.
doi:10.1038/s41396-019-0487-8

Giesbrecht K, Varela DW, Grebmeier JM, Kelly B, & Long J. (2019). A decade of summertime
measurements of phytoplankton biomass productivity and assemblage composition in the
Pacific Arctic region from 2006 to 2016. Deep Sea Research Part II, 162, 93-113.
doi:10.1016/5.dsr2.2018.06.010

Glenn TC, Nilsen RA, Kieran TJ, Finger Jr JW, Pierson T W, Bentley KE, Hoftberg SL, Louha S,
Garcia-De Ledn FJ, Del Rio-Portilla MA, Reed KD, Anderson JL, Meece JK, Aggrey SE,
Rekaya R, Alabady M, Bélanger M, Winker K, & Faircloth BC. (2016). Adapterama I:
Universal stubs and primers for 384 unique dual-indexed or 147,456 combinatorially-

indexed Illumina libraries (iTru & iNext). bioRxiv. doi:10.1101/049114

54



Gordon LI, Jennings JC, Ross AA, & Krest JM. (1993). 4 suggested protocol for continuous flow
automated analysis of seawater nutrients (phosphate, nitrate, nitrite, and silicic acid) in
the WOCE Hydrographic Program and the Joint Global Ocean Fluxes Study. WOCE
Hydrographic Program Office, Methods Manual WHPO 91-1. Oregon State University,

Corvalis.

Grebmeier JM, & Barry JP. (1991). The influence of oceanographic processes on pelagic-benthic
coupling in polar regions: A benthic perspective. Journal of Marine Systems, 2, 495-518.
doi:10.1016/0924-7963(91)90049-Z

Grebmeier JM, Moore SE, Overland, JE, Frey KE, & Gradinger R. (2010). Biological response to
recent Pacific Arctic sea ice retreats. Fos, Transactions American Geophysical Union, 91,

161-168. doi:10.1029/2010EO 180001

Grebmeier JM. (2012). Shifting patterns of life in the Pacific Arctic and Sub-Arctic seas. Annual
Review of Marine Science, 4, 63-78. do1:10.1146/annurev-marine-120710-100926

Hallegraeff GM. (2010). Ocean climate change, phytoplankton community responses, harmful
algal blooms: A formidable predictive challenge. Journal of Phycology, 46, 220-235.
doi:10.1111/.1529-8817.2010.00815 x

Hamilton A, Lovejoy C, Galand P, & Ingram R. (2008). Water masses and biogeography of
picoeukaryote assemblages in a cold hydrographically complex system. Limnology and

Oceanography, 53, 922-935. doi:10.4319/10.2008.53.3.0922

Harrison PJ, Whitney FA, Tsuda AS, & Tadokoro K. (2004). Nutrient and plankton dynamics in
the NE and NW gyres of the Subarctic Pacific Ocean. Journal of Oceanography, 60, 93-
117. doi:10.1023/B:JOCE.0000038321.57391 2a

Hartmann M, Grob C, Tarran GA, Martin AP, Burkill PH, Scanlan DJ, & Zubkov MJ. (2012).
Mixotrophic basis of Atlantic oligotrophic ecosystems. Proceedings of the National
Acadamy of Sciences of the United States of America, 109, 5756-5760.
doi:10.1073/pnas. 1118179109

55



Hauri C, Danielson SL, McDonnell AMP, Hopcroft RR, Winsor P, Shipton P, Lalande C, Stafford
KM, Horne JK, Cooper LW, Grebmeier JM, Mahoney A, Maisch K, McCammon M,
Statscewich H, Sybrandy A, Weingartner T (2018). From sea ice to seals: A moored

marine ecosystem observatory in the Arctic. Ocean Sci, 14, 1423-1433.

Held I, & Soden B. (2006). Robust responses of the hydrological cycle to global warming. Journal
of Climate, 19, 5656-5699.

Henson S, Cole H, Beaulieu C, & Yool A. (2013). The impact of global warming on seasonality
of ocean primary production. Biogeosciences, 10, 4357-4369. do1:10.5194/bg-10-4357-
2013

Hill V, Cota G, & Stockwell D. (2005). Spring and summer phytoplankton communities in the
Chukchi and Eastern Beaufort Sea. Deep Sea Research Part 11, 52, 3369-3385.

Holloway C, & Cowen J. (1997). Development of a scanning confocal laser microscopic technique
to examine the structure and composition of marine snow. Limnology and Oceanography,

42, 1340-1352.

Hunt G, Coyle K, Eisner L, Farley E, Heintz R, Mueter F, Napp JM, Overland, JE, Ressler PH,
SaloS, & Stabeno P. (2011). Climate impacts on eastern Bering Sea foodwebs: a synthesis

of new data and an assessment of the Oscillating Control Hypothesis. ICES Journal of
Marine Science 68, 1230-1243. doi:10.1093/icesjms/fsr036

Huntington HP, Danielson SL, Wiese FK, Baker M, Boveng P, Citta JJ, De Robertis A, Dickson
DMS, Farley E, George JC, Iken K, Kimmel DG, KuletzK, Ladd C, Levine R, Quakenbush
L, Stabeno P, Stafford KM, Stockwell D, & Wilson C. (2020). Evidence suggests potential
transformation of the Pacific Arctic ecosystem is underway. Nature Climate Change.

doi:10.1038/s41558-020-0695-2

Jardillier L, Zubkov M, Pearman J, & Scanlan D. (2010). Significant CO; fixation by small
prymnesiophytes in the subtropical and tropical northeast Atlantic Ocean 7he ISME
Journal, 4, 1180-11992.

Jeffries M, Richter-Menge J, & Overland J. (2014). Arctic Report Card 2014. Retrieved from
http://www arctic.noaa.gov/reportcard on March 25, 2020.

56


http://www.arctic.noaa.gov/reportcard%2520on%2520March%252025

Kahru M, Brotas V, Manzano-Sarabia M, & Mitchell BG. (2011). Are phytoplankton blooms
occurring earlier in the Arctic? Global Change Biology, 17, 1733-1739.
doi:10.1111/5.1365-2486.2010.02312.x

Kalenitchenko D, Joli N, Potvin M, Tremblay J-E, & Lovejoy C. (2019). Biodiversity and species
change in the Arctic Ocean: A view through the lens of Nares Strait. Frontiers in Marine

Science, 6, 1-18. doi:10.3389/fmars.2019.00479

Keller M, Shapiro L, Haugen E, CT, Sherr E, & Sherr B. (1994). Phagotrophy of fluorescently
labeled bacteria by an oceanic phytoplankter. Microbial FEcology, 28, 39-52.
doi:10.1007/BF00170246

Kitchell JA, Clark DA, & Gombos Jr AM. (1986). Biological selectivity of extinction: A Link
between background and mass extinction. PALAIOS, 1, 504-511. doi:10.2307/3514632

Knap A, Michaels A, Close A, Ducklow A, & Dickson A. (1996). Protocols for the Joint Global
Ocean Flux Study (JGOFS) core measurements, JGOFS Report Nr. 19 (Reprint of the IOC
Manuals and Guides No. 29, UNESCO, Paris, 1994). 170.

Kooistra WHCF, Sarno D, Balzano S, Gu H, Andersen RA, & Zingon A. (2008). Global diversity
and biogeography of Skeletonema species (Bacillariophyta). Profist, 159, 177-193.

Kosobokova KN, & Hopcroft RR. (2010). Diversity and vertical distribution of mesozooplankton
in the Arctic's Canada Basin. Deep Sea Research Part II, 57, 96-110.
doi:10.1016/.dsr2.2009.08.009

Krug LA, Platt T, Sathyendranath S, & Barbosa AB. (2013). Unraveling region-specific
environmental drivers of phytoplankton across a complex marine domaine (off SW Iberia).

Remote Sensing of Environment, 203, 162-184. doi:10.1016/.rse.2017.05.029

Laws EF, Smith W, Ducklow H, & McCarthy J. (2000). Temperature effects on export production
in the open ocean. Global Biogeochemical Cycles, 14, 1231-1246.

Lefebvre KA, Quakenbush L, Frame E, Huntington KB, Sheffield G, Stimmelmayr R., Bryan A,
Kendrick P, Ziel H, Goldstein T, Snyder JA, Gelatt T, Gulland F, Dickerson B, & Gill, V.
(2016). Prevalence of algal toxins in Alaskan marine mammals foraging in a changing

arctic and subarctic environment. Harmful Algae, 55, 13-24. doi:10.1016/;.hal.2016.01.007

57



Li W, McLaughlin F, Lovejoy C, & Carmack E. (2009). Smallest algae thrive as the Arctic Ocean
freshens. Science, 326, 539. doi:10.1126/science. 1179798

Litchman E. (2007). Resource competition and ecological success of phytoplankton. In: Falkowski
G and Knoll AH (ed.). Evolution of Primary Producers in the Sea, 351-375.
doi:10.1016/B978-012370518-1/50017-5.

Lovejoy C, Massana R, & Pedros-Alio C. (2006). Diversity and distribution of marine microbial
eukaryotes.  Applied and  Environmental — Microbiology, 72 3085-3095.

doi:10.1128/AEM.72.5.3085-3095.2006

2

Lovejoy C, Vincent WF, Bonilla S, Roy S, Martineau M-J, Terrado R, Potvin M, Massana R, &
Pedros-Ali6 C. (2007). Distribution, phylogeny, and growth of cold-adapted
picoprasinophytes in Arctic Seas. Journal of Phycology, 43. doi:10.1111/5.1529-
8817.2006.00310.x

Lozupone C, & Knight R. (2007). Global patterns in bacterial diversity. Proceedings of the
National ~ Academy  of  Sciences of the USA, 104, 11436-11440.
doi:10.1073/pnas.0611525104

Machado KB, Borges PP, Carneiro FM, de Santana JF, Vieira LC, Huszar V.L, & Nabout JC.
(2015). Using lower taxonomic resolution and ecological approaches as a surrogate for

plankton species. Hydrobiologia, 743, 255-267. doi:10.1007/s10750-014-2042-y

Martin M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.journal, 17,10-12. doi:10.14806/¢j.17.1.200

McKenzie C, Deibel D, Paranjape M, & Thompson R. (1995). The marine mixotroph Dinobryon
balticum (Chrysophyceae) — phagotrophy and survival in a cold ocean. Journal of

Phycology, 31, 19-24. do1:10.1111/1.0022-3646.1995.00019.x

McKie-Krisberg ZM, & Sanders RW. (2014). Phagotrophy by the picoeukaryotic green alga
Micromonas: implications for Arctic Oceans. The ISME Journal, 8, 1953-1961.
doi:10.1038/ismej.2014.16

58



Mitra A, Flynn K, Burkholder J, Berge T, Calbet A, Raven J, Granéli E, Glibert PM, Hansen PJ,
Stoecker DK, Thingstad F, Tillman U, Vage S, Wilken S, & Zubkov M. (2014). The role
of mixotrophic protists in the biological carbon pump. Biogeosciences, 11, 995-1005.

doi:10.5194/bg-11-995-2014

Mitra A, Flynn K, Tillman U, Raven J, Caron D, Stoecker D, Not F, Hansen PJ, Hallegraeff G,
Sanders R, Wilken S, McManus G, Johnson M, Pitta P, Vage S, Berge T, Calbet A,
Thingstad F, Jeong HJ, Burkholder J, Glibert PM, Granéli E, & Lundgren V. (2016).
Defining planktonic protist functional groups on mechanisms for energy and nutrient
acquisition: Incorporation of diverse mixotrophic strategies. Profist, 167, 106-120.

doi:10.1016/).protis.2016.01.003

Moran S, Lomas M, Kelly R, Gradinger R, Iken K, & Mathis J. (2012). Seasonal succession of net
primary productivity, particulate organic carbon export, and autotrophic community

composition in the eastern Bering Sea. Deep Sea Research Part II, 65-70, 84-97.
doi:10.1016/5.dsr2.2012.02.011

Moritz C, & Agudo R. (2013). The future of species under climate change: Resilience or decline?
Science, 341, 504-508. doi:DOI: 10.1126/science. 1237190

Mozeti¢ P, Francé J, Kogovsek T, Talaber I, & Malej A. (2012). Plankton trends and community
changes in a coastal sea (northern Adriatic): Bottom-up vs. top-down control in relation to
environmental drivers. FEstuarine, Coastal and Shelf Science, 115, 138-148.

doi:10.1016/.ecss.2012.02.009

2

Needham DM, Sachdeva R, & Fuhrman JA. (2017). Ecological dynamics and co-occurrence
among marine phytoplankton, bacteria and myoviruses shows microdiversity matters. 7he

ISME Journal, 1614-1629. doi1:10.1038/ismej.2017.29

Neeley A, Harris L, & Frey K. (2018). Unraveling phytoplankton community dynamics in the
Northern Chukchi Sea under sea-ice covered, and sea-ice-free conditions. Geophysical

Research Letters, 45, 7663-7671. doi:10.1029/2018GL077684

Neukermans G, Reynolds R, & Stramski D. (2016). Optical classification and characterization of
marine particle assemblages within the western Arctic Ocean. Limnology and

Oceanography, 61, 1472-1494. doi:10.1002/In0.10316

59



Neukermans G, Oziel L, & Babin M. (2018). Increased intrusion of warming Atlantic water leads
to rapid expansion of temperate phytoplankton in the Arctic. Global Change Biology, 24,
2545-2553. doi:10.1111/gcb.14075f

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, O’Hara RB,
Simpson GL, Solymos P, Stevens HH, Szoecs E, & Wagner, H. (2019). vegan: Community
Ecology Package. Retrieved from https://CRAN.R-project.org/package=vegan on
September 1, 2019.

Olli K, Riser CW, Wassmann P, Ratkova T, Arashkevich E, & Pasternak A. (2002). Seasonal
variation in vertical flux of biogenic matter in the marginal ice zone and the central Barents

Sea. Journal of Marine Systems, 38, 189-204. doi1:10.1016/S0924-7963(02)00177-X

Olson MB, & Strom SL. (2002). Phytoplankton growth, microzooplankton herbivory and
community structure in the southeast Bering Sea: insight into the formation and temporal
persistence of an Emiliana huxleyi bloom. Deep Sea Research II, 49, 5969-5990.
doi:10.1016/S0967-0645(02)00329-6

Overpeck NT, Sturm M, Francis JA, Perovich DK, Serreze MC, Benner R, Carmack E, Chapin
IITFS, Gerlach SC, Hamilton LC, Hinzman LD, Holland M, Huntington HP, Key JR, Lloyd
AH, McDonald GM, McFadden J, Noone D, Prowse TD, Schlosser P, Vorosmarty C.
(2005). Arctic system on trajectory to new, seasonally ice-free state. Fos, Transactions of

the American Geophysical Union, 86, 309-316. doi:10.1029/2005E0Q340001

Passow U. (2002). Transparent exopolymer particles (TEP) in aquatic environments. Progress in

Oceanography, 55, 287-333.

Piontek J, Lunau M, Borchard C, Wurst C, & Engle A. (2010). Acidification increases microbial
polysaccharide degradation in the ocean. Biogeosciences, 7, 1615-1624. doi:10.5194/bg-
7-1615-2010

Pisareva MN, Pickart RS, Spall M, Nobre CT, Moore G, & Whitledge TE. (2015). Flow of pacific
water in the western Chukchi Sea: Results from the 2009 RUSALCA expedition. Deep-
Sea Research I, 105, 53-73. doi:10.1016/;.dsr.2015.08.011

Platt T, Rao D, & Irwin B. (1983). Photosynthesis of picoplankton in the oligotrophic ocean.
Nature, 301, 702-704.

60


https://CRAN.R-project.org/package=vegan

Poloczanska ES, Brown CJ, Sydeman WJ, Kiessling W, Schoeman D S, Schoeman DS, Moore PJ,
Brander K, Bruno JF, Buckley LB, Burrows MT, Duarte CM, Halpern BS, Holding J,
Kappel CV, O’Connor MI, Pandolfi JM, Parmesan C, Schwing F, Thompson SA, &
Richardson AJ. (2013). Global imprint of climate change on marine life. Nature Climate
Change, 3, 919-925. doi:10.1038/NCLIMATE1958

Pomeroy L. (1974). The ocean’s food web, a changing paradigm. Bioscience, 24, 499-504.

Quast C, Pruesse E, Yilmanz P, Gerken J, Schweer T, Yarza P, Peplies J, & Glockner FO. (2012).
The SILVA ribosomal RNA gene database project. improved data processing and web-
based tools. Nucleic Acids Research, 41, D590-D596. doi:10.1093/nar/gks1219

R Core Team. (2013). R: A language and environment for statistical. (R. F. Computing, Compiler)
Vienna, Austria. Retrieved from http://www.R-project.org/ on September 1, 2018.

Ran L, Jianfang C, Haiyan J, Hongliang L, Yong L, & Kui W. (2013). Diatom distribution of
surface sediment in the Bering Sea and Chukchi Sea. Advances in Polar Science, 24, 1-6.

doi:10.3724/SP.J.1085.2013.00000

Sakshaug E. (2004). Primary and secondary production in the Arctic Seas. In Stein R and
MacDonald R (eds.). The Organic Carbon Cycle in the Arctic Ocean. Berlin: Springer, 7-
81. doi:10.1007/978-3-642-18912-8 3

Sancetta C, Heuser L, Labeyrie L, Naidu A, & Robinson S. (1984). Wisconsin-Holocene
paleoenvironment of the Bering Sea: Evidence from diatoms, pollen, oxygen isotopes and

clay minerals. Marine Geology, 62, 55-68. doi:10.1016/0025-3227(84)90054-9

Sarmiento JL, & Bender M. (1994). Carbon biogeochemistry and climate change. Photosynthesis
Research, 39, 209-234. doi:10.1007/BF00014585

Schlitzer R. (2016). Ocean Data View. Retrieved from https://odv.awi.de on September 1, 2018.

Sieburth J, Smetacek V, & Lenz J. (1978). Pelagic ecosystem structure: heterotrophic
compartments of the plankton and their relationship to plankton size fractions. Limnology

and Oceanography, 23, 1256-1263. doi:10.4319/10.1978.23.6.1256

61


http://www.R-project.org/
https://odv.awi.de

Siemering B, Bresnan E, Painter SC, Daniels CJ, Inall M, & Davidson K. (2016). Phytoplankton
distribution in relation to environmental drivers on the North West European Shelf Sea.

PLoS One, 11. doi:10.1371/journal . pone.0164482

Sigler MF, Stabeno PJ, Eisner LB, Napp JM, & Mueter FJ. (2014). Spring and fall phytoplankton
blooms in a productive subarctic ecosystem, the eastern Bering Sea, during 1995-2011.

Deep Sea Research Part I, 109, 71-83. do1:10.1016/j.dsr2.2013.12.007

Simon N, Foulon E, Grulois D, Six C, Desdevises Y, Latimier M, Le Gall F, Tragin M, Houdan
A, Derelle E, Jouenne F, Marie D, Le Panse S, Vaulot D, & Marin, B. (2017). Revision of
the genus Micromonas Manton et Parke (Chlorophyta, Mamiellophyceae), of the type
species M. pusilla (Butcher) Manton & Parke and of the species M. commoda van Baren,
Bachy and Worden and description of two new species based on the genetic and phenotypic
characterization of cultured isolates. Protist, 168 612-635.

doi:10.1016/}.protis.2017.09.002

2

Sjoqvist C, & Kremp A. (2016). Genetic diversity affects ecological performance and stress
response of marine diatom populations. 7The ISME Journal, 10, 2755-2766.
doi:10.1038/ismej.2016.44

Smith W, Codispoti L, Nelson D, Manley T, Buskey E, Niebauer H, & Cota G. (1991). Importance
of Phaeocystis blooms in the high-latitude ocean carbon cycle. Nature, 352, 514-516.
doi:10.1038/352514a0

Springer AM, McRoy CP, & Turco KR. (1989). The paradox of pelagic food webs in the northern
Bering Sea — II. Zooplankton communities. Continental Shelf Research, 9, 359-386.
doi:10.1016/0278-4343(89)90039-3

Springer AM, & McRoy P. (1993). The paradox of pelagic food webs in the northern Bering Sea
— 1III. Patterns of primary production. Continental Shelf Research, 13, 575-599.
doi:10.1016/0278-4343(93)90095-F

Stemman L, & Boss E. (2012). Plankton and particle size and packaging: From determining optical
properties to driving the biological pump. Annual Review of Marine Science, 4, 263-290.

62



Stoeck T, Bass D, Nebel M, Christen R, Jones MD, Breiner H-W, & Richards TA. (2010). Multiple
marker parallel tag environmental DNA sequencing reveals a highly complex eukaryotic

community in a marine anoxic water. Molecular Fcology, 19, 21-31. doi:10.1111/;.1365-

294X.2009.04480.x

Stoecker DK, Hansen PJ, Caron DA, & Mitra A. (2017a). Mixotrophy in the marine plankton.
Annual Review of Marine Science, 9, 311-335. doi:10.1146/annurev-marine-010816-
060617

Stoecker DK, Hansen P, Caron D, & Mitra A. (2017b). Mixotrophy in aquatic protists. Annual
Review of Marine Science, 9,311-335. do1:10.3354/meps338061

Stoecker DK, & Lavrentyev PJ. (2018). Mixotrophic plankton in the polar seas: A pan-Arctic
review. Frontiers in Marine Science, 5. doi:10.3389/fmars.2018.00292

Sukhanova I, Flint M, Pautova L, Stockwell D, Grebmeier JM, & Sergeeva V. (2009).
Phytoplankton of the western Arctic in the spring and summer of 2002: Structure and

seasonal changes. Deep Sea Research 11, 56, 1223-1236. doi:10.1016/j.dsr2.2008.12.030

Sunagawa S, Coelho LP, Chaffron S, Kultima JR, Labadie K, Salazar G, Djanschiri B, Zeller G,
Mende DR, Alberti A, Cornejo-Castillo, FM, Costea PI, Cruaud C, D’Ovidio F, Englen S,
Ferrera I, Gasol JM, Guidi L, Hildebrand F, Kokoszka F, Lepoivre C, Lima-Mendez G,
Poulain J, Poulos BT, Royo-Llonch M, Sarmento H, Vieira-Silva S, Dimier C, Picheral M,
Searson S, Kandels-Lewis S, Tara Oceans coordinators, Bowler C, de Vargas C, Gorsky
G, Grimsley N, Hingamp P, Iudicone D, Jaillon O, Not F, Ogata H, Pesant S, Speich S,
Stemmann L, Sullivan MB, Weissenbach J, Wincker P, Karsenti E, Raes J, Acinas SG, &
Bork P. (2015). Structure and function of the global ocean microbiome. Science, 348.

doi:10.1126/science. 1261359

Tesson SVM, Montressor M, Procaccini G, & Kooistra WHCF. (2014). Temporal changes in
population structure of a marine planktonic diatom. PLoS One, 9

doi:10.1073/pnas. 1400909111

1-23.

2

Thaler M, & Lovejoy C. (2014). Environmental selection of marine stramenopile clades in the
Arctic Ocean and coastal waters. Polar Biology, 37, 347-357. doi:10.1007/s00300-013-
1435-0

63



Thierstein H. (1982). Terminal Cretaceous plankton extinctions: A critical assessment. (LT Silver,

& PH Schultz, Eds.) Geological Society of America Special Paper 190, 385-399.

Thornton D, & Thake B. (1998). Effect of temperature on the aggregation of Skelefonema costatum
(Bacillariophyceae) and the implication for carbon flux in coastal waters. Marine Ecology

Progress Series, 174,223-237.

Vaulot D, Eikrem W, Viprey M, & Moreau H. (2008). The diversity of small eukaryotic
phytoplankton (<3 pm) in marine ecosystems. FEMS Microbiology Reviews, 32, 795-820.

von Quillfeldt C. (2005). Identification of some easily confused common diatom species in Arctic

spring blooms. Botanica Marina, 44, 375-389. doi:10.1515/BOT.2001.048

Walsh JJ, McRoy CP, Coachman LK, Goering JJ, Nihoul JJ, Whitledge TE, Blackburn TH, Parker
PL, Wirick CD, Shuert PG, Grebmeier JM, Springer AM, Tripp RD, Hansell DA, Djenidi
S, Deleersnijder E, Henriksen K, Lund BA, Andersen P, Miller-Karger FE, & Dean K.
(1989). Carbon and nitrogen cycling within the Bering/Chukchi Seas: source regions for
organic matter effecting AOU demands of the Arctic Ocean. Progress in Oceanography,
22,277-359. doi.org/10.1016/0079-6611(89)90006-2

Walsh JJ, Dieterle DA, Chen RF, Lenes JM, Maslowski W, Cassan JJ, Whitledge TE, Stockwell
D, Flint M, Sukhanova IN, & Christensen J. (2011). Trophic cascades and future harmful
algal blooms within ice-free Arctic Seas north of the Bering Strait: A simulation analysis.

Progress in Oceanography, 91, 312-343. doi1:10.1016/j.pocean.2011.02.001

Ward BA, & Follows MJ. (2016). Marine mixotrophy increases trophic transfer efficiency, mean
organism size and vertical carbon flux. Proceedings of the National Academy of Sciences,

113,2958-2963. doi:10.1073/pnas. 1517118113

Willhelm S, & Suttle C. (1999). Viruses and nutrient cycles in the sea: viruses play critical roles

in the structure and function of aquatic food webs. BioScience, 49, 781-788.

Worden AZ, Nolan JK, & Palenik B. (2004). Assessing the dynamics and ecology of marine
picophytoplankton: The importance of the eukaryotic component. Limnology and

Oceanography, 49, 168-179.

64



Worden AZ, & Not F. (2008). Ecology and diversity of picoeukaryotes. In: Kirchman DL (ed.).
Microbial Ecology of the Oceans (2nd ed). Hoboken: John Wiley & Sons, Inc, 159-196.

Yoo Y, Seong K, Jeong H, Yih W, Rho J, Nam S, & Kim H. (2017). Mixotrophy in the marine
red-tide cryptophyte Teleaulax amphioxeia and ingestion and grazing impact of

cryptophytes on natural populations of bacteria in Korean coastal waters. Harmful Algae,

68, 105-117. doi: 10.1016/;.hal.2017.07.012

Zelinka M, & Hartmann D. (2011). Climate feedback and their implications for poleward energy

flux changes in a warming climate. Journal of Climate, 25, 608-624.

Zhang J. (2005). Warming of the arctic ice-ocean system is faster than the global average since the

1960s. Geophysical Research Letters, 32. doi:10.1029/2005GL024216

65



