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Climate warming is proceeding rapidly in the polar regions, posing a threat to

ice-dependent ecosystems. Among the most vulnerable are microbial-dominated

epishelf lakes, in which surface ice-damming of an embayment causes a freshwater layer

to overlie the sea, creating an interface between distinct habitats. We characterized the

physicochemical and biotic environment of Milne Fiord epishelf lake (82◦ N, Canada)

in three successive summers (2010–2012), and on one date of profiling (5 July 2011)

we collected samples for high through-put amplicon sequencing of variable regions

of small subunit rRNA to characterize the microbial community (Eukarya, Bacteria

and Archaea). Potentially active water column communities were investigated using

reverse-transcribed rRNA, and phytoplankton were further characterized by accessory

pigment analysis. Cluster analysis of pigment data showed a demarcation between

freshwater and marine communities, which was also evident in the sequence data. The

halocline community of Eukarya was more similar to the deeper marine sample than

to the freshwater surface community, while the Archaea and Bacteria communities at

this interface clustered more with surface communities. In 2012, conductivity-depth

profiles indicated shallowing of the freshwater layer and mixing across the halocline,

accompanied by lower picocyanobacteria and higher picoeukaryote concentrations.

Picocyanobacteria cells were more evenly distributed throughout the water column in

2012, implying partial deep mixing. Several mixotrophic taxa of Eukarya were more

abundant in the freshwater layer, where low nutrient concentrations may favor this

lifestyle. Unusual features of Milne Fiord microbial communities included benthic taxa

not previously reported in marine water columns (notably, the archaeon Halobacteriales),

and dominance by taxa that are typically present in sparse concentrations elsewhere: for

example, the Chlorophyte group Radicarteria and the betaproteobacterium Rhodoferax.
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Milne Fiord epishelf lake is the last known lake of this kind remaining in the Arctic, and

the fate of this distinct microbial ecosystem may ultimately depend on the stability of the

Milne Fiord ice shelf, which has experienced a negative mass balance over the past half

century.

Keywords: Arctic, Radicarteria, climate change, cyanobacteria, Halobacteriales, microbial biodiversity,

picoeukaryotes, Rhodoferax

INTRODUCTION

Epishelf lakes form in high latitude environments when an ice-
shelf blocks the mouth of a fiord or other embayment, allowing
freshwater from precipitation and glacier run-off to accumulate
atop the denser seawater (Veillette et al., 2008; Laybourn-
Parry and Wadham, 2014). Numerous epishelf lakes occur in
Antarctica (Gibson and Andersen, 2002; Laybourn-Parry et al.,
2006), and many were once located in the Arctic, forming behind
ice shelves along the northern coast of Ellesmere Island (Vincent
et al., 2001). However, the break-up of these ice-shelves over the
past century has caused the drainage of most of these lakes in the
northern hemisphere. Most recently, the Disraeli Fiord epishelf
lake disappeared in the early 2000s (Mueller et al., 2003), and the
Petersen Bay epishelf lake was lost in 2005 (White et al., 2015).

The Milne Fiord epishelf lake, located behind the Milne Ice
Shelf, is the last of its kind in the High Arctic. The present form
of the lake was created between 1959 and 1984 by deterioration of
the landward edge of the ice shelf, while the lake is bounded on its
landward side by the floating tongue of Milne Glacier (Mortimer
et al., 2012). There has been an ongoing warming and attrition
of ice along northern Ellesmere Island over the last decade. For
example, Ward Hunt Lake lost its thick perennial ice cover for
possibly the first time in more than 50 years in 2011, and in 2012
was ice-free for almost 1 month (Paquette et al., 2015). These
observations imply that the ice-bound epishelf lake ecosystem
at Milne Fiord may also have experienced change over the same
period.

The microbial diversity of Milne Fiord epishelf lake was
studied in 2007 using clone libraries (Veillette et al., 2011);
however, the sampling was restricted to dark incubated
enrichment cultures and did not include the halocline. The
study showed large differences in bacterial species, as well as
in phytoplankton pigment composition between samples from
the surface freshwater and deep saltwater. The zooplankton
community in Milne Fiord was found to contain an unusual mix
of freshwater and marine zooplankton species, as observed in the
former Disraeli Fiord epishelf lake ecosystem (Van Hove et al.,
2001).

Our objectives in the current study were twofold. First,
we aimed to determine the interannual variability in the
summer properties of the Milne Fiord lake ecosystem, including
its primary producers, by way of a suite of limnological
and biological measurements over 3 years. The sampling
covered a period of warming along the northern Ellesmere
coastline, 2010–2012, and we hypothesized that the physical,
chemical and biological properties of this ecosystem would
show evidence of change. Secondly, we aimed to undertake an

in-depth characterization of all three domains of the microbial
communities using high through-put SSU rRNA amplicon
sequencing. We addressed this second objective by way of a
more detailed water column sampling and molecular analysis in
July 2011. We focused on RNA to provide an indication of the
taxa more likely to be involved in protein synthesis (Blazewicz
et al., 2013), and size-fractionated this “active community”
by sequential filtration. We hypothesized that the microbial
community structure of Milne Fiord epishelf lake would reflect
its unique highly stratified water column structure.

MATERIALS AND METHODS

Study Site and Sampling
Milne Fiord (lat. 82◦ 35.540′N; long. 80◦ 35.761′W) is located
on the northern coastline of Ellesmere Island, Nunavut, Canada
(Figure 1). It has a maximum recorded depth of 436m, with the
depth of the surface freshwater layer thought to correspond to
the minimum thickness of the ice shelf. In 2009, the thickness of
this epishelf freshwater layer was 14.3m, slightly less the 16.6m
recorded 2 years previously (Veillette et al., 2011). The lake had
an area of 64.4 km2 in May 2012 and is typically covered by
perennial freshwater ice. However, satellite imagery showed that
this ice partially broke up in August 2012, at the end of the warm
2012 season. The Milne Ice Shelf itself has been in a state of
negative mass balance since at least 1953 (Mortimer et al., 2012).

The epishelf lake was sampled over 3 years on 9 July in 2010,
5 July 2011, and 5 July 2012, as part of the program “Northern
Ellesmere Island in the Global Environment” (NEIGE). Access
was by helicopter from our field laboratory at Ward Hunt Island,
located 115 km east of the fiord. Samples were collected in Neige
Bay (unofficial name), a shallow inlet on the eastern shore of the
fiord, which has a depth of 84m. At the time of sampling, the
average ice thickness on the epishelf lake was 84± 16 cm over the
3 years.

Water Column Profiles
Physico-chemical profiles of the water column were made using
a conductivity-temperature-depth profiler (XR-420 CTD-RBR
profiler; RBR Ltd, Ottawa, Canada), and a Hydrolab DS5X
profiler (Loveland, CO, USA). These data are archived in NEIGE
(2016a). Owing to a problem with the profiler in 2012, oxygen
data was instead measured using a YSI Pro Plus multiparameter
handheld meter on discrete water samples collected in the
main fiord, rather than in Neige Bay. These oxygen samples
were collected the day before the other sampling activities
occurred. Samples for chemical and biological analyses were
taken using a Kemmerer bottle (Wildlife Supply Company,
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FIGURE 1 | (A) General location of Milne Fiord on the northern coast of Ellesmere Island. The gray areas show the extent of the Milne and Ward Hunt Ice Shelves as

of 2011. (B) Local geography of Milne Fiord. The gray area shows the extent of the Milne Fiord epishelf lake, the main sampling location in Neige Bay (triangle), and a

secondary sampling location where oxygen samples were collected in 2012 (circle), as well as the location of the automated weather station (AWS; square). Ice shelf

outlines are from Mueller et al. (2017).

Yulee, FL, USA) from various depths (1.5–30m). Twelve liters
of water were transferred into acid- and fiord water rinsed 20-l
propylene Cubitainers, and kept cold and dark until transport
to the field laboratory on Ward Hunt Island. The water was
subsampled for nutrients, flow cytometry and high-performance
liquid chromatography (HPLC) pigment analyses within 4 h.

Chemical Analysis
Water samples for chemical analyses were collected from 1.5, 16,
and 30m depths in all years, and an additional sample at 10m
was obtained in 2010 and 2012. Aliquots of 40 ml were placed
in brown bottles for total organic carbon analyses. For total
phosphorus (TP) and total nitrogen (TN), 0.833ml of H2SO4

(30%) was added to 125 ml of sample water and stored in
the dark at 4◦C until later analysis at the Institut National de
Recherche Scientifique–Eau, Terre & Environnement, Québec,
Canada (INRS-ETE). TN and dissolved organic carbon (DOC)
were assessed using a Shimadzu VCPH Lachat with detection
limits of 0.02mg l−1 and 0.05mg l−1 respectively. UV-VIS
spectrophotometry was used for TP quantification with detection
limits of 0.5 and 0.2µg l−1, respectively. Dissolved inorganic
carbon (DIC) was analyzed using a CombiPal 3800 Varian with
a detection limit of 0.02mM.

Cell Enumeration by Flow Cytometry (FCM)
In 2010, the water column was sampled at 10 depths: 1.5, 6, 8, 10,
12, 14, 16, 18, 22, and 30m. In 2011 and 2012, an eleventh sample
depth was added at 3m. Aliquots of 4 ml were placed in Cryovials
and fixed with 160 µl of glutaraldehyde 25%, Grade I, for a final
concentration of 1%.While in the field, these samples were stored
in a dry-shipper previously cooled with liquid nitrogen, and upon
returning to the lab at−80◦C. Cell analyses were performed using
a BD FACSCalibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) following the method of Casamayor et al. (2007).
In the present study, two fluorescence channels were used: FL3

(670 nm) for picoeukaryotes, and a combination of FL3 and
FL2 (585 nm) for picocyanobacteria. FL3 and FL2 detected the
natural fluorescence of chlorophyll a (Chl a) and phycobilins
respectively. Beads of 1-µm diameter (Fluoresbrite, Calibration
Grade; Polysciences, Inc., Warrington, PA, USA) were added
to samples to assess picoeukaryote and picocyanobacteria size.
Trucount beads (BD Biosciences, Franklin Lakes, NJ, USA)
were used to calibrate the 1-µm bead solutions and to assess
population size. To ensure quality of cell detection, a minimum
of 15,000 events were measured per analysis, with less than 1000
events s−1. Each sample was analyzed in triplicate.

Pigment Analysis
In 2010, samples for pigment analysis by HPLC were collected
from the same four depths as for nutrient analyses, while in
2011 and 2012 they were collected from the same 11 depths
as for FCM analyses. We filtered 0.3–2 l of water through 25-
mm diameter Whatman GF/F glass fiber filters. These were then
wrapped in aluminum foil and immediately placed into a dry
shipper (previously cooled with liquid nitrogen) in the field,
then transferred to −80◦C for storage until pigment analysis
at Laval University. Within 1 month of collection, the filter
samples were extracted in the dark by sonication treatment
for 30 s at 17W in 3ml of 95% methanol (by volume). The
supernatant was recovered after vortexing and centrifugation
(4150 rpm for 15 min at 4◦C), filtered through a 0.2-µm
pore size Polytetrafluoroethylene (PTFE) Acrodisc filter (PALL
Corporation, Ann Arbor, MI, USA) and placed in a 2-ml amber
vial with an argon gas atmosphere for immediate analysis by
HPLC.

HPLC analyses in 2010 were performed using a ProStar
HPLC system (Varian, Palo Alto, CA, USA) with a Symmetry C8
column (3.5-µm pore size, 4.6 × 150mm; Waters Corporation,
Milford, MA, USA) at 25◦C, and a C8 guard column (5-µm
pore size, 3.9 × 20mm; Waters Corporation). In 2011 and 2012,
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HPLC analyses were performed using a Thermo Scientific system
(Thermo Scientific, West Palm Beach, FL, USA) with a Hypersil
Gold C8 HPLC column (3.0-µm pore size, 4.6 x 150mm,
Thermo Scientific) at 25◦C, with a C8 guard column. Carotenoids
were quantified by their absorbance at 450 nm in a Diode
Array Detector (350–750 nm) and chlorophylls were detected
by fluorescence (excitation at 400 nm and emission at 650 nm).
The HPLC separation method followed Zapata et al. (2000).
Pigments were identified based on retention time and spectral
comparisons with standards from DHI (Water & Environments,
Horsholm, Denmark). The HPLC data are archived in NEIGE
(2016b). Clustering analysis was performed using Bray-Curtis
distance, as implemented in the R package vegan (Oksanen
et al., 2010). Pigments were interpreted as indicators of specific
phytoplankton phyla following Wright and Jeffrey (2006).

RNA Collection and Extraction
Water samples for RNA extractions were collected from Milne
Fiord epishelf lake (82◦ 35.479N; 80◦ 35.824W) on 5 July 2011
using a Kemmerer bottle at three depths: 1.5, 16, and 30m.
Samples were transported in 20-l polyethylene containers in
darkness, and processed within 4 h. Four liters of water were
filtered sequentially through a 47-mm diameter 3-µm pore
size polycarbonate filter and a 0.22-µm Sterivex filter cartridge
(Millipore, Etobicoke, ON, Canada). For the 1.5-m sample, the
3-µm filters were replaced as they became clogged with material,
for a total of four filters, which were stored in a single 1.5-ml
tube. The Sterivex cartridge for this sample was replaced after 2 l,
and the two cartridges were preserved separately. Samples were
preserved by adding 1ml RLT buffer (Qiagen, Germantown, MD,
USA), and frozen in liquid nitrogen for transport. Samples were
stored at−80◦C.

RNA was extracted from filters and Sterivex cartridges using
a Qiagen AllPrep DNA/RNA Mini Kit. For the 1.5-m sample, all
four 3-µm filters were used for the large size fraction, while only
the first Sterivex cartridge was used for the small size fraction.
The RLT buffer was removed before extraction and replaced
with RLT-plus from the extraction kit. Cells were lysed by an
initial incubation with 3 µg ml−1 lysozyme (Sigma-Aldrich,
St. Louis, MO, USA) at 37◦C for 45 min, and 0.78mg ml−1

proteinase K (Bio Basic, Markham, ON, Canada) with 1.11%
SDS at 65◦C for 15 min. The lysate was then homogenized using
the QiaShredder columns included with the extraction kit. An
incubation with DNAse I (0.23 units µl−1) for 15 min at room
temperature in RDD buffer (Qiagen, Hilden, Germany), was
added between wash steps. To increase the final concentration of
RNA, 35µl of elution buffer was passed twice through the RNeasy
column at the last step. The absence of DNA was immediately
confirmed by a PCR of the 16S rRNA gene on the extracted
RNA using the primers 8F and 1492R (Edwards et al., 1989;
Stackebrandt and Liesack, 1993) in a 25-µl reaction volume
containing High-Fidelity buffer 1X, 0.2µM of each primer, 0.2
µM dNTPs, 0.2mg ml−1 bovine serum albumin (BSA), and 1U
of Phusion High-Fidelity DNA polymerase (all reagents from
New England Biolabs, Ipswich, MA, USA), using a 16S amplicon
from a bacterial clone library as a positive control. The thermal
cycling protocol was an initial denaturation at 98◦C for 30 s,

followed by 30 cycles of denaturation at 98◦C for 10 s, annealing
at 55◦C for 30 s, and extension at 72◦C for 30 s, with a final
extension of 72◦C for 4.5 min. PCR products were checked on
a 1% agarose gel stained with 4% v/v ethidium bromide. No
band was observed on the gel. Extracted RNA was converted to
cDNA using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA).

High Throughput Multiplex Tag Sequencing
The V4 region of the eukaryotic 18S rRNA gene, and the V6-
V8 and V3-V5 regions of the respective bacterial and archaeal
16S rRNA genes were amplified using the primers described in
Comeau et al. (2011). PCR was carried out as above, but in a
total volume of 20µl and with BSA omitted. Three reactions were
performed for each sample, using 0.5, 1, and 2µl of template
cDNA. For eukaryotes, the thermal cycling protocol was as
described above. For Bacteria, the protocol was as described
above but with 25 cycles instead of 30 and a final extension step
of 7 min. For Archaea, the protocol was also as described above
but with an annealing temperature of 52◦C, 35 cycles, and a final
extension step of 5 min. PCR products from the three different
concentrations of template cDNA were pooled and purified by
use of magnetic beads (Axygen, Corning, New York, NY, USA).
PCR product bound to magnetic beads was washed twice with
80% ethanol and eluted in 10 mMTris buffer (pH 8.13). A second
PCR used primers provided by Illumina (San Diego, CA, USA) to
add barcodes to the PCR products. Each sample received a unique
combination of forward and reverse primers. The purified DNA
template was diluted 10X, and concentrations of reagents and
thermocycler protocol were the same as in the first PCR, except
that the thermocycler was run for only 15 cycles. Two reaction
volumes of 25µl each were run for each sample and then pooled
before PCR products were again purified using magnetic beads.
The DNA concentration was measured spectrophotometrically
using a Nanodrop 1000 (Nanodrop, Wilmington, DE, USA).
Samples were mixed equimolarly, along with barcoded samples
from other projects, and the amplicons were then paired-end
sequenced on an Illumina MiSeq platform at the IBIS/Laval
University Plate-forme d’Analyses Génomiques (Québec, QC,
Canada). Raw reads have been deposited in the NCBI database
under accession number SRP076684. An initial runwas truncated
because of an error in reagent volumes. The sequences from this
run were analyzed together with the sequences from a completed
run, resulting in 16% more total reads.

Sequence Processing
Sequences were analyzed using the UPARSE pipeline (Edgar,
2013) as implemented in QIIME (Caporaso et al., 2010). Reads
with phred quality scores <20 were discarded. Chimeras were
detected both de novo and by reference to the SILVA database
(Pruesse et al., 2007) and the intersection of good sequences
from these two methods were retained, before clustering into
Operational Taxonomic Units (OTUs) at 97% similarity (98%
for eukaryotes). Singleton OTUs were discarded. OTUs were
assigned a taxonomic identity using the Mothur classifier
(Schloss et al., 2009) with a 0.8 confidence threshold using
an in-house curated taxonomic database (Lovejoy et al., 2016).
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Very abundant OTUs were manually checked for chimeras by
performing separate BLAST searches on the front and back
halves of the sequence, and a few abundant OTUs that could
not be identified with Mothur were successfully identified using
a BLAST search.

The sequences amplified with Archaea-specific primers were
found to contain a number of sequences from the other two
domains even after processing. These were detected and removed
using the Ribosomal Database Project Classifier (Wang et al.,
2007). An Archaea reference tree was constructed using an
alignment of 73 16S rRNA sequences obtained from GenBank
and aligned using MUSCLE (Edgar, 2004). The alignment had
1496 characters. A maximum-likelihood tree was constructed
using RAxML v7.2.7 (Stamatakis, 2006), with 100 bootstraps, and
rooted usingKorarchaeum cryptofilum. Short archaeal reads were
mapped onto the reference tree using the Evolutionary Placement
Algorithm (EPA) of RAxML (Berger et al., 2011). Only read
placements with likelihood weight of >0.5 were retained.

The phylogenetic distance among communities from different
depths and size fractions was analyzed for each of the three
domains of life using the weighted Unifrac beta diversity metric
(Lozupone and Knight, 2005) as implemented in Mothur.

RESULTS

Air Temperature and Water Column
Structure
Meteorological records from nearby Ward Hunt Island
beginning in 1996 have shown that regional summer air
temperatures were warmer during 2010–2012 in comparison
to most of the preceding decade (Paquette et al., 2015; CEN,
2016). Air temperature records from an automated weather
station in Milne Fiord are shorter, beginning in 2009, but reveal
that 2011 and 2012 were particularly warm summers. For the
period 2009–2015, the mean (standard deviation) number
of melting degree days was 203 (76), compared to 185, 278,
and 253 in 2010, 2011, and 2012, respectively. The maximum
hourly air temperature for 2009–2015 was 19.9◦C, occurring
in July 2012.

Water column profiles showed a several meter thick relatively
warm (up to 1.5◦C) freshwater layer above colder (<−1.5◦C)
seawater in all years (Figure 2). Salinity increased from about
0.1 at the surface to >30 below 25m depth, with a sharp
salinity gradient at the base of the freshwater layer. The depth
of the halocline, defined as the level of the maximum salinity
gradient, varied from approximately 15m in 2010, to 14m
in 2011, and 11m in 2012. In each year, the depth of the
thermocline and oxycline coincided with the halocline, with the
warm freshwater layer relatively well-oxygenated compared to
that of seawater below. The nutricline also appeared to coincide
with the halocline, with the surface freshwater depleted in both
nitrogen and phosphorus each year (Figure 3).

Water properties above 23m depth in Neige Bay were similar
to measured water properties in the main fiord (not shown),
while the properties of deep water in Neige Bay were distinct,
and nearly homogenous with depth to the bottom. These

FIGURE 2 | Physical profiles of Milne Fiord epishelf lake over 3 years

(2010–2012) showing salinity, temperature, oxygen concentration, and

chlorophyll a concentration. Note the fewer depths for chlorophyll a in 2010

(dashed line). Oxygen data in 2012 are for the main fiord; all other profiles are

from Neige Bay.

FIGURE 3 | Chemical profiles of Milne Fiord epishelf lake over 3 years

(2010–2012) showing total nitrogen, total phosphorus, dissolved

organic and inorganic carbon. Note that the 10-m sample is missing for

some variables in some years (dashed line).

observations suggested the existence of a 23 m-deep sill at the
mouth of Neige Bay. The 2012 oxygen profile was collected in
the main fiord and showed higher oxygen concentrations below
25m compared to the other years when profiles were collected in
Neige Bay. This suggests that the deep water in Neige Bay was
slightly depleted in oxygen relative to the main fiord, but oxygen
concentrations were >7mg l−1 at all depths suggesting that the
water was likely renewed annually or even more frequently.

Pigment Composition
Maximum Chl a (Figure 2) was observed in the surface
freshwater layer and reached 0.72µg l−1 at 10m in 2011,
and 2.53µg l−1 at 6m in 2012. In 2010, a peak was not
observed in the upper layer, perhaps because only one sample
was taken in this layer, at 1.5m. In all years, zeaxanthin,
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likely associated with picocyanobacteria, was observed in the
upper water column down to 22m (Figure 4). Violaxanthin,
chlorophyll b, alloxanthin and lutein were found as important
pigments in the freshwater surface layer, indicating the presence
of chlorophytes and cryptophytes. In 2011, the presence of
chlorophyll c2, peridinin and diadinoxanthin just beneath the ice
suggested the presence of dinoflagellates. In the deeper seawater
layer, fucoxanthin and chlorophyll c3 were observed, indicating
the presence of either diatoms or prymnesiophytes.

Flow Cytometry
Picocyanobacteria and Chl a-containing picoeukaryotes were
mainly detected in the surface freshwater layer (Figure 5).
Maximal abundance of picocyanobacteria was observed at
different depths across years of sampling: at 8m in 2010 with
2.1 × 104 cell ml−1, and at 14m in 2011 with 2.8 × 103 cells
ml−1. In 2012, no maximum was observed and the abundance
was in general lower, ranging from 0.3 to 1 × 103 cells ml−1

down the water column. The picoeukaryotes were more evenly

distributed through the water column, with minor peaks at 18
(2010), 16 (2011), and 14m (2012). The average abundance in
the freshwater layer was 3.4 (±0.8) × 103 cells ml−1 in 2010 and
2.7 (±0.5) × 103 cells ml−1 in 2011, rising to 6.6 (±1.9) × 103

cells ml−1 in 2012.

High Throughput Sequencing (HTS)
Approximately 925,000 reads were retained after processing for
quality control (Table 1), consisting of a total of 3575 microbial
OTUs. In all domains, OTU richness was lowest in freshwater
sample immediately beneath the ice (1.5 m). This richness was
similar in both size fractions, with the exception of 30 m, where
Bacteria had a greater OTU richness in the >3µm size fraction,
pointing to a greater diversity of particle-attached bacteria at this
depth. Archaeal sequences could not be identified below phylum
level using sequence similarity, but with EPA approximately 70%
of sequences could be placed on a reference tree at class level
or below (Figure 6; Figure S1B). Most of the sequences whose
placement fell below the Maximum Likelihood cut-off of 0.5

FIGURE 4 | Mass ratios of photosynthetic pigments relative to chlorophyll a in the water column of Milne Fiord epishelf lake over 3 years (2010–2012),

determined by HPLC analysis. Note the fewer sample depths in 2010 (dashed line). Fuco, fucoxanthin; Viol, violaxanthin; Lut, lutein; Zea, zeaxanthin; Chl,

chlorophyll; Allo, alloxanthin; Diadin, diadinoxanthin; Perid, peridinin.
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FIGURE 5 | Concentrations of photosynthetic cells determined by flow cytometry over 3 years (2010–2012). Top panels: picocyanobacteria; bottom panels:

picoeukaryotic cells containing Chlorophyll a. Note the order of magnitude difference in the x-axis of the leftmost top panel. “*” indicates depths at which values of

zero cells were measured, while in 2011 picocyanobacteria data from 22 and 30m were not available.

TABLE 1 | Number of sequences and Operational Taxonomic Units (OTUs)

for samples from Milne Fiord epishelf lake in July 2011, according to

depth and size fraction, after quality screening.

Sample Eukarya Bacteria Archaea

Sequences OTUs Sequences OTUs Sequences OTUs

>3 µm

1.5m 109,197 740 78,842 651 15,202 83

16m 90,111 846 54,478 826 13,525 144

30m 65,231 1164 46,325 1209 16,409 150

<3 µm

1.5m 68,998 688 97,826 655 11,496 98

16m 86,269 650 57,818 830 18,973 148

30m 61,744 1169 15,563 746 16,925 122

Total 481,550 1715 350,852 1600 92 ,30 260

appeared related toMarine Benthic Group B (at 30m) and Group
I.1a (at the surface), both members of Thaumarchaeota.

Samples clustered based on their phylogenetic distance by
depth rather than size fraction for all three domains of life,
and surface samples were the most distinct from other depths
(Figure 7). The surface community of Eukarya separated from
the 16 and 30-m communities, while for the Bacteria and Archaea
the 30-m sample separated from the cluster of surface and 16-m
communities.

With the exception of the 30-m sample, the bacterial
community was dominated by the phylum Proteobacteria
(Figure 8). A few taxa, such as Flavobacteria and the

Roseobacter-group were more abundant in the >3 µm
(particle-attached) fraction, while Sphingobacteria and
Polaromonas were more abundant in the <3µm (free-
living) fraction, but the majority of taxa showed no distinction
by size. Some bacterial taxa showed no clear pattern with
depth when considered at a high taxonomic level (for example
Gammaproteobacteria, which constituted 5–15% of reads in
all samples), but evidence of vertical structure was observed
when Unifrac distances were applied at the OTU level. The
bacterial community at the surface was strongly dominated
by a single betaproteobacterium OTU (45%) which was
99.5% identical to the corresponding V4 region of Rhodoferax
saidenbachensis. At the halocline, there were noticeable peaks
of the betaproteobacterium genus Polaromonas (17%) and the
alphaproteobacterial Roseobacter-group (33% in the >3 µm
size fraction), while several non-Proteobacteria taxa appeared
restricted to 30-m samples, including Acidobacteria, Chloroflexi,
Planctomycetes, and the environmental clade PAUC34f.

The dominant microbial eukaryotes were the Chlorophyte
group Radicarteria, dinoflagellates, and, in the freshwater layer,
a species of cryptophyte (Figure 9). Fungi were not detectable
in our sequences. Although the surface had the lowest OTU
richness, it had the greatest evenness of high-level eukaryote
groups, including the cryptophyte Teleaulax gracilis (23%),
chrysophytes (3.5% of reads in surface samples), and the
rhizarian Protaspis (4.7%) (Figure 9A). Ciliates at the surface
included a higher proportion of Litostomatea (3.4%), and
dinoflagellates included the photosynthetic genus Woloszynskia
(4.0%). The community composition of photosynthetic taxa
agreed well with pigment data from HPLC. All of these
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FIGURE 6 | Phylogenetic mapping of archaeal short reads. The reference tree, constructed using maximum likelihood from an alignment of 73 sequences and

1496 characters, is rooted using Korarchaeum cryptofilum (not shown). Small closed circles indicate nodes with bootstrap support of >50 (of 100). Large open circles

indicate where short reads from Milne Fiord samples in July 2011 mapped to nodes using Evolutionary Placement Algorithm (EPA). Scale bar indicates the number of

substitutions per position.

surface-associated taxa diminished markedly in relative
abundance at greater depth, or disappeared entirely. In contrast,
Radicarteria comprised a high proportion of reads at all depths,
though it reached its greatest dominance at the halocline
(57%; Figure 9A, Figure S1A), while a Unifrac analysis of this
taxon did not separate the 16 and 30-m depths (analysis not
shown). The distribution of several alveolate taxa showed vertical

structure (Figure 9B), with the chloroplast-bearing dinoflagellate
Prorocentrales becoming dominant at 16 and 30m, while the
genus Katodinium increased to 2.9% in the <3 µm fraction at
30m. Marine Alveolates, mainly the parasitic MALV I, appeared
restricted to the 30-m sample (4.1%).

Although there was a large number of unclassified reads
in Archaea, some structuring by depth was apparent. The
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FIGURE 7 | Clustering of samples using weighted Unifrac distance based on sequences from each of the three domains in July 2011, in two size

fractions, Large (>3µm) and Small (<3µm).

FIGURE 8 | Relative abundance of taxa detected with small-subunit rRNA high through-put sequencing from July 2011. (A) Bacteria, excluding

Proteobacteria. (B) Proteobacteria. Pink colors are alphabacteria, blue colors are betaproteobacteria.

Archaea environmental clade Pendant-33 was only detected
in the freshwater layer (3.8% in the small size fraction), while
Halobacteriales was restricted to 30m. At all depths, the
most dominant taxon by far was Group I.1a Thaumarchaeota
(Figure S1A).

DISCUSSION

General Features of the Milne Fiord
Epishelf Lake Ecosystem
Previous studies on Milne Fiord epishelf lake (Veillette et al.,
2008, 2011) have drawn attention to the highly stratified nature
of this ecosystem, with freshwater overlying saltwater and a
vertical separation of freshwater and marine biota, as found in
Antarctic epishelf lakes (Laybourn-Parry and Wadham, 2014).
Our observations confirmed this vertical structure, with a strong
halocline separating the upper layer, derived from snow and
glacial meltwater, from the water below which was derived
from the Arctic Ocean. Similarly, the HPLC results showed a
separation between pigmented organisms above and below the
halocline (Figure 10), although this transition was less sharply

defined in the FCM data (Figure 5). The RNA sequences showed
some taxa present at all depths, but in general there was
strong separation between the upper and lower communities
(Figures 7–9). Particularly for the eukaryotes, this separation was
less evident at higher taxonomic levels (Figure 8A) than with
OTU-level analysis (Figure 7), highlighting the importance of
analyzing communities at the appropriate taxonomic scale.

Microbial Community Composition
Identifying the taxonomic affiliation of short reads generated
by HTS requires comprehensive, curated taxonomic databases.
While many excellent resources exist, such as SILVA and
the Ribosomal Database Project (Pruesse et al., 2007; Cole
et al., 2014), these large databases cannot keep pace with the
current rapid rate of phylogenetic revision. To improve the
taxonomic resolution of our reads, we developed and applied
a curated database for Eukarya and Bacteria (Lovejoy et al.,
2016), following the approach in Comeau et al. (2011) and
incorporating the published taxonomic revisions for abundant
groups in our northern lake and ocean datasets, including Milne
Fiord epishelf lake. This tailored database allowed a high degree
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FIGURE 9 | Relative abundance of taxa detected with small-subunit rRNA high through-put sequencing from July 2011. (A) Eukarya. The category “Other”

includes small numbers of choanoflagellates, katablepharids, Picozoa, and Telonemia. (B) Alveolates. A small number of non-GPP dinoflagellates (<0.1%) were also

detected.

FIGURE 10 | Bray-Curtis clustering of samples from different depths in

2010–2012 according to pigment composition. Sample salinity is shown

by gradient.

of taxonomic resolution for some groups, as far as species-
level. On the other hand, the lack of reference sequences for
Archaea made taxonomic identification by sequence similarity

ineffective. We therefore used EPA as described in Thaler and
Lovejoy (2015) to identify short reads by mapping them onto
a reference phylogenetic tree (Figure 6). Since 16S rRNA gene
analysis is known to be poor at resolving high-level taxonomy
in Archaea, particularly in distinguishing Crenarchaeota
and Thaumarchaeota (Brochier-Armanet et al., 2008), future
environmental studies may choose to target other marker genes.

The microbial community in the Milne Fiord epishelf lake
identified by HTS in 2011 was in broad agreement with FCM
and HPLC results. In the same year, phytoplankton in the layer
beneath the lake ice were dominated by a combination of the
microplanktonic chlorophytes in the Radicarteria group that
have a reported cell diameter of 30µm (Balzano et al., 2012)
and the nanoplanktonic cryptophyte Teleaulax gracilis, that has
a reported cell diameter of 7–12µm (Laza-Martínez et al., 2012;
Figure 9). The dominance of these larger cells may account for
the lower concentrations of pigmented picoeukaryotes detected
by FCM in 2011 relative to other years (Figure 5). In 2009, a
high proportion of prasinophytes was detected at the halocline
from HPLC (Veillette et al., 2011), likely Micromonas sp.
(Lovejoy et al., 2007); in contrast, this group was among
the least abundant phytoplankton taxa in 2011. HTS did not
indicate any particular taxon that could have accounted for
the fucoxanthin and chlorophyll c3 detected at 30m (Figure 4),
although prymnesiophytes (2.7% of reads) seem more likely
than diatoms (<1% of reads). One discrepancy between the
approaches was the Cyanobacteria, which appeared as high as
3000 cells ml−1 in FCM, but were always <1% of sequences.
This was likely because heterotrophic bacteria were present at
a much higher concentration than cyanobacteria, competing
for PCR primers. Overall, FCM, HPLC, and HTS provided
complementary views of the communities.
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Clustering analysis showed that pigment composition
grouped primarily according to salinity of the sample, and to
a lesser extent by sampling year (Figure 10), suggesting that
different photosynthetic communities occurred above and
below the halocline. However, at least one abundant taxon, the
eukaryote Radicarteria, was abundant at all depths. Samples were
clustered by depths based on the abundance and phylogenetic
distances between different rRNA sequences, in contrast to other
studies which found that community composition of particle-
attached and free-living bacteria correlated with different
environmental variables (Dupont et al., 2014). This may be
because, in the Milne Fiord epishelf lake, most physico-chemical
variables are so strongly correlated with depth (Figure 2) that
their differing effects cannot be disentangled.

For Bacteria, the overall dominance of Betaproteobacteria is
indicative of a freshwater influence, as found elsewhere in the
Arctic (Galand et al., 2008b). We found Betaproteobacteria at
a lower proportion in deeper, more saline waters (Figure 8).
Finer taxonomic identification indicated the presence of both
marine and freshwater groups in the halocline, with peaks in the
relative abundance of the typically-marine alphaproteobacterial
Roseobacter-group (Pujalte et al., 2014) and the sometimes
freshwater or ice-associated betaproteobacterium Polaromonas
(Darcy et al., 2011). This latter taxon has also been reported
from the water column beneath Antarctic sea-ice (Irgens et al.,
1996), and it dominated the 5-m enrichment sample from
Milne Fiord epishelf lake in 2007 (Veillette et al., 2011).
In addition to marine and freshwater influences, the lake
also receives glacial inputs. To date, there have been few
HTS studies of glacier microbial communities. One study of
cryoconite holes in Svalbard (Edwards et al., 2014) found
similar groups at a high taxonomic levels, but a detailed meta-
analysis would be needed to determine whether glacial meltwater
may have had an influence on the Milne Fiord epishelf lake
community.

Two previous HTS studies of freshwater environments on
northern Ellesmere Island have reported Fungi, although at
relative abundances of <1% (Comeau et al., 2016). Their absence
from our sequencing data indicates that their concentration
in Milne Fiord Epishelf Lake must have been quite low. The
MALV I found in the deep layer (Figure 9B) belonged to the
Radiolarian-associated clade RAS1 identified by Bråte et al.
(2012). Radiolarians, though found in many mesopelagic water
columns, were very rare in our 30m samples (<0.001%).
However, these authors found that transitions between hosts may
be common in the evolutionary history of this group, so these
MALV could conceivably be infecting other protist groups in the
seawater layer below the lake.

Mixotrophy may be a key survival strategy for manymicrobial
flagellates that are at the base of food webs in nutrient-
poor Arctic lakes (Charvet et al., 2014), and many of the
taxa found in the freshwater layer of the lake were potential
phagotrophic mixotrophs. For example, one species of the
chloroplast-bearing woloszynskioid dinoflagellates is known to
feed on nanoplanktonic algal prey (Kang et al., 2011), and has
previously been reported to form a bloom in the freshwater that
accumulates beneath sea-ice in the Baltic Sea (Spilling, 2007).

Unrein et al. (2014) detected bacterivory in cryptophytes in a
mixed natural community that included the genus Teleaulax.
Finally, one of the ciliate groups associated with the surface,
Litostomatea, includes species which can acquire phototrophy
through a cryptophyte endosymbiont or through kleptoplasty of
cryptophyte plastids (Stoecker et al., 2009). Given the relative
abundance of available cryptophyte prey immediately below the
ice, it may be speculated that the litostomate ciliates in the
surface of the lake might use this strategy; however, microscopy
combined with fluorescent in situ hybridization would be need
to confirm this conjecture. Dinoflagellate mixotrophs, in the
class Prorocentrales (Stoecker, 1999), also comprised a high
proportion of eukaryote reads at 16 and 30m (Figure 9B).

Many of the dominant taxa in Milne Fiord epishelf lake have
previously been reported from Arctic water columns, and some
are known to be ice-associated, such as the eukaryotes Teleaulax
(Piwosz et al., 2013) and Protaspis (Werner et al., 2007), the
bacterium Polaromonas (Irgens et al., 1996), and the archaeon
Halobacteriales (Collins et al., 2010). Teleaulax gracilis has only
been described recently, with accompanying revision of the genus
(Laza-Martínez et al., 2012), and therefore there are no historic
records for this species. However, the related species T. acuta, has
been reported to form a bloom in an Atlantic-influenced fiord in
Svalbard (Kubiszyn et al., 2014). Similarly, among the Archaea,
Thaumarchaeota are generally thought of as marine in Arctic
estuarine systems (Galand et al., 2008a), and Group I.1a has been
reported as the dominant archaeon in first-year sea-ice (Collins
et al., 2010). However, Group I.1a is also reported from diverse
freshwater environments worldwide (Bomberg et al., 2008), and
Galand et al. (2008b) identified a freshwater clade within the
group. The increase in relative abundance of this group at 16-m
depth (Figure S1B) suggests they were primarily marine, though
able to tolerate euryhaline conditions. Since Veillette et al. (2011)
found that Group I.1a also dominated archaea in the enrichments
from Milne Fiord epishelf lake in 2007, they may be a consistent
feature of this community.

Other taxa identified in Milne Fiord epishelf lake have either
not been previously reported from the Arctic, or have never
been observed as dominant in a fiord environment. For example,
the Radicarteria clade, which includes Carteria radiosa and
Carteria obtusa from the polyphyletic chlorophyte genusCarteria
(Nakada et al., 2008), dominated the eukaryote community at
all depths and size fractions (Figure 9A). Historically, these
two species have mainly been reported by researchers in Russia
and the Ukraine, perhaps because of a greater familiarity
with their taxonomic descriptions in those countries. Nearly
all microscopic records are from terrestrial, mainly freshwater
systems (Compère, 1966; Khondker et al., 2007; Tsarenko, 2008;
Demchenko, 2011; Hindáková and Hindák, 2012; Gorokhov,
2013; Tarasova et al., 2013), but also one hypersaline lake
(Gheorghievici et al., 2015). However, two marine strains have
been brought into culture, both from the Arctic: one from
the ice algae community in Baffin Bay (Bigelow National
Center for Marine Algae and Microbiota, CCMP1189), and
one from the deep chlorophyll maximum of the Beaufort Sea
(Balzano et al., 2012). The identities of both these cultures
were confirmed by phylogenetic analysis relating them to
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cultured freshwater strains of C. radiosa and C. obtusa. This
suggests that members of this clade are euryhaline, or have
diversified to fill different ecological niches, similar to the
dinoflagellate Polarella (Rengefors et al., 2015) or the Peridinium-
Scrippsiella complex, which is found in both seawater and
cold water lakes (Logares et al., 2009). The dominance of
this eukaryote phytoplankton in Milne Fiord epishelf lake
is in distinct contrast to other aquatic Arctic communities
studied by HTS. For example, in meromictic lakes located
near Milne Fiord, the dominant phytoplankton taxa were
chrysophytes (Charvet et al., 2014), while coastal marine waters
in the Arctic are dominated by haptophytes, diatoms, and
picochlorophytes, depending on the season (Pedrós-Alió et al.,
2015).

Protaspis, the most abundant genus among OTUs of the
Phylum Rhizaria, has been detected in Arctic and Baltic sea-
ice (Werner et al., 2007; Majaneva et al., 2012), but its presence
here in the water column may be unusual. The only planktonic
record to date is a parasitoid of diatoms, Protaspis longipes
(=Cryothecomonas longipes; Hoppenrath and Leander, 2006);
however, the low frequency of diatom sequences in this layer
(<1%) suggests that these Protaspis were either bacterivorous or
parasitic on non-diatom taxa.

The betaproteobacterium OTU that dominated the surface
water of the lake (Figure 8B) had closest sequence similarity
to R. saidenbachensis, a non-photosynthetic, strictly aerobic,
psychrotolerant species which has been described from the
sediments of a temperate lake (Kaden et al., 2014). Based on
related environmental sequences, these researchers speculated
that it has an affinity for low-nutrient environments, which
would be the case for Milne Fiord epishelf lake. The genus
has also been recovered in a clone library from sediment
in the perennial ice of an Antarctic lake (Gordon et al.,
2000). However, our phylogenetic analysis of the whole 16S
rRNA gene using reference sequences obtained from NCBI
GenBank suggested there is a high level of undescribed
diversity in the genus Rhodoferax (Figure S2), which may
conceal a large amount of phenotypic variability. Zwart et al.
(2002) describes an environmental clade they call “Rhodoferax
sp. Bal47,” which they report as widespread in freshwater,
estuarine and coastal habitats worldwide, and which was
also detected in the Mackenzie River outflow in the Arctic
(Galand et al., 2008b). However, our analysis shows that their
clade was misidentified and actually corresponds to the well-
studied freshwater genus Limnohabitans (Figure S2), which
occurred at very low relative abundance in our samples
(<0.001% in the >3µm fraction only). The present study may
therefore be the first to demonstrate that Rhodoferax can be a
dominant component of a bacterial community in a freshwater
environment.

The Archaea order Halobacteriales was originally believed to
be obligately halophilic, but they have since been detected in
tidal sediments of low to moderate salinity (Purdy et al., 2004).
Members of this taxonomic order have also been detected by T-
RFLP fingerprinting in first-year Arctic sea ice, under conditions
of extreme salinity many times that of seawater (Collins et al.,
2010). To our knowledge, ours is the first study that shows them

to be a major fraction of the archaeal community in a marine
water column.

Ecosystem Effects of Deteriorating Milne
Ice Shelf
The multi-annual time series presented in this study is for
only 3 years of study, reflecting the great difficulty of accessing
this remote site in the extreme high Arctic. However, in the
context of other Arctic epishelf lakes that have experienced
abrupt, non-linear changes right before total break-up (Mueller
et al., 2003; White et al., 2015), the shorter time-scale may
nevertheless be sufficient to capture regime-changing events.
The freshwater layer of the Milne Fiord epishelf lake had
a recorded thickness of 17.5m in 1983, and similar values
were measured in 2004 (Veillette et al., 2008). However, in
2007 the halocline was at 16.6m, rising further to 14.3m by
2009 (Veillette et al., 2011). Our observations in the present
study indicated a similar halocline depth in 2010 and 2011,
shoaling to 14m (Figure 2), but the chemical data imply some
degree of mixing between these 2 years, with a pronounced
increase in TP and DIC at 16 m, accompanied by a drop
in DOC (Figure 3). The presence of the most abundant taxa
in the RNA sequence data at all sampling depths in 2011 is
also consistent with halotolerant species in a partially mixed
layer.

Much greater physico-chemical changes were observed in
2012, by which time the halocline had risen to 11m. The salinity
profile was particularly striking in that the halocline had lost
the extreme sharpness of transition from freshwater to saltwater
observed in previous years, and there was a pronounced increase
in TP and decrease in DOC at 10m (Figure 3), possibly as a
result of this mixing. In part these changes may relate to the long
term thinning of the ice shelf that is evident over timescales of
decades. However, short term variations have also been observed,
including strong seasonal changes in the thickness of the lake (by
several meters), and episodic mixing events in the fiord that can
change the depth of the lake, including in the winter of 2011–2012
(Hamilton, A.K. et al., unpublished data).

The biological observations from 2012 showed marked
differences relative to the previous years. The picocyanobacteria
declined by an order of magnitude, and were distributed
throughout the water column, consistent with mixing, and the
picoeukaryotes showed a more than twofold increase (Figure 5).
Chl a concentrations were higher in 2012 than 2011, while
oxygen concentrations also indicate potentially higher net
photosynthetic rates in 2012 than in either of the two previous
years (Figure 2). There was a rise in the ratio of some accessory
pigments per unit Chl a, notably Chl b (Figure 4), implying
an increased proportional abundance of green algae. In part
these changes may be the result of year-to-year variability, but
the trend of decreasing freshwater layer thickness over the
period 2004–2012 and the weakening of the density gradient
at the halocline implies that this ice-dammed ecosystem is
in a period of transition associated with the meltdown of its
ice shelf. If the Milne Ice Shelf thins further and fractures,
the freshwater layer would completely drain from the lake,
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as observed in Disraeli Fiord (Mueller et al., 2003), and the
microbial community would shift to an exclusively marine
composition. Although the ultimate ecosystem of Milne Fiord
remains uncertain, it may come to resemble the stratified,
flagellate-dominated fiords observed in Svalbard by Carrier
(2016).

CONCLUSIONS

The epishelf lake in Milne Fiord has many features that
appear unique among Arctic aquatic ecosystems, including a
combination of marine and freshwater taxa, the predominance
of the eukaryotic phytoplankton Radicarteria, and a number
of other taxa rarely reported from marine water columns. Our
multi-annual observations cover a limited period, but they imply
that 2010–2012 corresponded to a period of transition in terms
of community structure as inferred from pigments, as well as
in the physical and chemical environment. If the ice cover
of the lake continues to break up seasonally, increased light
and the mixing of nutrients and salt into the nutrient-depleted
surface freshwaters will likely have further effects on microbial
community structure.
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