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Abstract

Bacterial communities in Arctic sea ice play an important role in the regulation

of nutrient and energy dynamics in the Arctic Ocean. Sea ice has vertical gradi-

ents in temperature, brine salinity and volume, and light and UV levels. Multi-

year ice (MYI) has at least two distinct ice layers: old fresh ice with limited

permeability, and new saline ice, and may also include a surface melt pond

layer. Here, we determine whether bacterial communities (1) differ with ice

depth due to strong physical and chemical gradients, (2) are relatively homoge-

nous within a layer, but differ between layers, or (3) do not vary with ice

depth. Cores of MYI off northern Ellesmere Island, NU, Canada, were subsec-

tioned in 30-cm intervals, and the bacterial assemblage structure was character-

ized using 16S rRNA gene pyrotag sequencing. Assemblages clustered into

three distinct groups: top (0–30 cm); middle (30–150 cm); and bottom (150–
236 cm). These layers correspond to the occurrence of refrozen melt pond ice,

at least 2-year-old ice, and newly grown first-year ice at the bottom of the ice

sheet, respectively. Thus, MYI houses multiple distinct bacterial assemblages,

and in situ conditions appear to play a less important role in structuring

microbial assemblages than the age or conditions of the ice at the time of for-

mation.

Introduction

Sea ice is a habitat for a diverse and active microbial

community (Junge et al., 2004, 2006; Mock & Thomas,

2005). The most easily recognizable feature of this com-

munity is an algal bloom, usually dominated by diatoms,

covering the bottom 10 cm of the ice sheet during the

spring and summer (Gosselin et al., 1997; McMinn &

Hegseth, 2007; McMinn et al., 2007). Heterotrophic

bacteria are key regulators of this bloom and of the sub-

sequent energy and organic matter flux from the ice to

underlying seawater via the microbial loop (Poltermann,

2001; Deming, 2007). Furthermore, during the polar

winter, heterotrophic production and growth fertilizes

the ice in preparation for the spring and summer bloom

(Riedel et al., 2008) and supplies the ice and underlying

water column with a small but stable subsidy of organic

matter through secondary production (Wing et al.,

2012).

Microorganisms that colonize sea ice are exposed to a

wide array of in situ conditions. As the sea ice forms, salts

within the water are excluded from the ice crystals, form-

ing a porous matrix of ice and saline brine, with brine

salinity and brine volume negatively and positively corre-

lated with the temperature of the surrounding ice, respec-

tively. These brines are interconnected within the ice;

thus, sea ice could be considered a semi-solid brine

matrix. Channels and pockets of brine within the matrix

are permeable (and thus can exchange brine) at a brine

volume of c. 5% which normally occurs when the tem-

perature is c. �5 °C for a typical bulk salinity of the ice

of c. 5& (Golden et al., 1998). Winter and early spring

sea ice has a strong temperature gradient, with the top

surface of the ice or snow exposed to temperatures as

cold as �40 °C and the bottom of the ice at a constant

�1.86 °C (Eicken, 2008). Thus, brines near the top of the

ice are as much as fivefold more saline and are more

isolated from each other than those near the ice-water
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interface, leading to extreme conditions for the microor-

ganisms in the upper sea ice layers (Collins et al., 2010).

Furthermore, as a consequence of this temperature gradi-

ent, brine volume increases with depth (Wadhams, 2000),

and both light intensity and ultraviolet radiation intensity

decrease with ice depth due to scattering of incident light

by the ice. Higher intensity of UV irradiation at the

upper portions of the ice leads to higher oxidative stress

than in deeper samples (King et al., 2005). The vast

majority of microorganisms within the ice reside within

the brine matrix (Junge et al., 2001); thus, sea ice micro-

organisms experience less extreme environmental condi-

tions, with higher temperatures, lower salinity, increased

brine volume, lower UV irradiation, and lower oxygen

radical concentration, with increasing depth.

Sea ice is also a highly dynamic environment: the

extent of sea ice in the Arctic region fluctuates by more

than twofold between minimal and maximal coverage in

summer and winter, respectively (Comiso, 2010). Thus,

some Arctic sea ice is perennial, that is, ice that has per-

sisted through more than one summer (known as multi-

year ice, or MYI), while other ice is seasonal (known as

first-year ice, or FYI). MYI proportions in the Arctic have

dwindled rapidly over the past few decades (from > 70%

of total Arctic sea ice c. 1980 to c. 45% today), and the

Arctic Ocean is expected to be MYI-free by end of

the century (Bo�e et al., 2009; Maslanik et al., 2011). The

implications of these shifts to Arctic Ocean ecosystem

dynamics are not well understood.

In spring, MYI consists of at least two layers: an old

layer that survived the previous season’s melt, and a new

layer that is added to the bottom of the ice during the

seasonal freeze period. The old ice layer undergoes a pro-

cess of desalination due to gravitational brine drainage

and fresh water flushing from snowmelt (Wadhams,

2000; Eicken, 2008). This flushing, along with the growth

of new ice, leads to strong vertical stratification in the

bulk concentrations (as opposed to brine concentrations)

of solutes and particulate organic matter in MYI

(Wadhams, 2000; Eicken, 2008). The old ice layer has

lower bulk brine volumes than the new ice layer and is

less permeable (Eicken, 2008). Melt water also tends to

accumulate at low points on the uneven surface of MYI,

creating fresh water melt ponds that become incorporated

into the sea ice upon freezing (Wadhams, 2000; Jungblut

et al., 2009), potentially acting as a source of microbial

inoculum into the sea ice (Harding et al., 2011). In these

areas, the upper 15–30 cm of ice is comprised of fresh

water (Wadhams, 2000), thereby adding another layer of

complexity to the ice structure.

Despite these differences in the ice with depth, previous

studies of Arctic sea ice bacterial assemblages were of

vertically homogenized ice cores. In this study, we

characterized the bacterial assemblage composition of dif-

ferent depths of a MYI core from the Lincoln Sea to

determine whether the physical and chemical stratification

in MYI leads to niche differentiation within the ice. We

explore whether bacterial communities (1) differ with ice

depth due to strong physical and chemical gradients, (2)

are relatively homogenous within a layer, but differ

between layers, or (3) do not vary with ice depth.

Materials and methods

Site description and sample collection

In collaboration with the Canadian Arctic Sea Ice Mass

Balance Observatory (CASIMBO https://sites.google.com/

a/ualberta.ca/casimbo/) expedition during May 2011, two

sea ice cores and underlying water samples (SW1, SW2)

were sampled at one site on landfast ice off the northern

shore of northern Ellesmere Island Nunavut, Canada

(82.54905°N, �62.37685°W). The landfast ice had formed

from multiyear ice floes which became immobile and

embedded in fast ice near the shore during the preceding

fall. The site was located in a depression in the ice, imply-

ing that a freshwater melt pond was present in summer

and that the uppermost ice is, therefore, likely refrozen

water from a freshwater pond. This was confirmed by

thick section analysis of the ice core texture. An accurate

age of the sampled site was not determined; however, the

ice was 2.36 m thick, which is typical of MYI and thicker

than most FYI. Furthermore, the bulk salinity profile

showed an increase in salinity with depth (Fig. 1a), and

texture analysis showed the occurrence of a possible

annual growth mark at c. 125 cm from the surface

(Fig. 1b). Therefore, we conclude that the ice appears to

have survived at least one melt season.

Two parallel cores were sampled using Kovacs Mark II

9 cm corer (Kovacs Enterprise, Roseburg, Oregon) and a

36 V electric hand drill. Prior to drilling, the core barrel

was rinsed with sterile deionized water (Milli-Q Integral

Water Purification System, EMD Millipore Corporation,

Billerica, MA). The two cores used for 16S rRNA gene

pyrotag analysis were immediately sectioned on site to

30-cm intervals using a hand saw (rinsed in deionized

water and wiped with an ethanol wipe) and placed in

UV-sterilized polypropylene bags. The third core was

used for texture analysis and was placed in polypropylene

bags with no processing in the field. For seawater sam-

pling, duplicate 2 L samples of water were pumped into

polypropylene bags from the coring hole using a manual

peristaltic pump (Cole Palmer, Montreal, QC, Canada).

Both water and ice samples were covered, kept chilled,

and processed within 4 h of sampling. The temperature

profile was estimated by measuring the temperature at
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the snow–ice interface and assuming a linear temperature

gradient to the ice–water interface (which is at the freez-

ing point of the water, i.e. �1.86 °C) (Supporting Infor-

mation, Fig. 1a).

Sample processing

Ice samples used for pyrotag analysis were thawed at

room temperature in the dark. For each ice section and

seawater sample, salinity was measured with an ExStikII�
salinity meter (Extech Instruments, Nashua, NH). A por-

tion (45 mL) of each sample was preserved in formalde-

hyde (3.7% v/v final concentration; Fisher Scientific,

Ottawa, ON, Canada) for later cell counts. The remain-

ing ice melt and seawater samples were filtered individu-

ally through 0.22-lm-pore-size polyethersulfone

membrane filters (Pall, Mississauga, ON, Canada). Direct

melting was used to avoid nonspecific addition of DNA

and dilution of samples. Although previous studies

reported some bacterial cell loss when using direct melt-

ing, it has been shown to be appropriate for sea ice bac-

terial samples (Helmke & Weyland, 1995; Kaartokallio

et al., 2005, 2008; Deming, 2010; Ewert et al., 2013). All

glassware was sterilized using 10% household bleach

solution followed by thorough washing in sterile deion-

ized water between samples to prevent cross-contamina-

tion. Each filter was placed in a microfuge tube and

submerged in RNAlater� solution (Life Technologies,

Burlington, ON, Canada) and stored at �20 °C for later

DNA extraction.

The ice texture core was kept at �10 °C and sectioned

to 10-cm intervals using a band saw. Each subsection

was then vertically trimmed with a band saw so that only

a thin slab 3–5 mm thick from the middle of the core

was kept to provide a clean surface for imaging. Each

vertical 10-cm core section was exposed to cross-polar-

ized light and photographed using a Panasonic

DMC-TZ3 for crystal structure analysis. Cell counts were

performed on formaldehyde-fixed, DAPI (Sigma-Aldrich)

stained cells with a Leica Microsystems DMRXA epiflo-

rescent microscope (Leica, Concord, ON, Canada) as

previously described (Hobbie et al. 1977; Porter and Feig

1980).

DNA extraction, amplification, and sequencing

DNA was extracted from preserved filters by bead beating

using the FastDNA� SPIN Kit for Soil (MP Biomedicals,

Solon, OH) as instructed by the manufacturer. Filters

from equivalent 30-cm sections of duplicate ice cores

were combined prior to DNA extraction to ensure suffi-

cient DNA yield. Seawater duplicate samples were pro-

cessed individually.

Molecular Research LP (Shallowater, TX) performed

pyrosequencing of the V1-V3 regions of the bacterial 16S

rRNA gene as previously described (Dowd et al., 2008).

Amplification was performed using HotStarTaq Plus Mas-

ter Mix Kit (Qiagen, Valencia, CA) under the following

conditions: 94 °C for 3 min, followed by 28 cycles of

94 °C for 30 s; 53 °C for 40 s; and 72 °C for 1 min with

a final elongation step at 72 °C for 5 min. Gene-specific

forward PCR primer sequences were tagged with the

sequencing adapters for GS FLX Titanium chemistry, an

8 base barcode, and a linker sequence. All PCRs were per-

formed in triplicate, mixed in equal concentrations, and

purified using Agencourt AMPure beads (Agencourt

Bioscience Corporation, MA). FLX-Titanium amplicon

pyrosequencing was performed using the Genome

Sequencer FLX System (Roche, Branford, CT). A list of

all primers and barcodes is provided in Supporting Infor-

mation Table S1.

(a)

(b)

Fig. 1. Chemical and physical attributes of the ice cores. (a)

Measured bulk and calculated brine salinity, (b) Texture of ice crystals.

The arrow indicates the start of a new layer of columnar ice, marking

the annual growth line between 125 and 130 cm depth. Scale bar in

cm.
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Preprocessing and quality control of raw

sequences

All preprocessing and sequence quality control steps were

performed using Mothur v. 1.33.3 following the Mothur

454 SOP (http://www.mothur.org/wiki/454_SOP) (Schloss

et al., 2009, 2011). In brief, row flowgram data were used

to discard sequences not in the range of 360–720 flows,

as recommended (Quince et al., 2011). Noise reduction

was performed using the Mothur implementation of the

PyroNoise algorithm, which corrects PCR- and

pyrosequencing-generated errors using the shhh.flows

command, which corrects PCR- and pyrosequencing-gen-

erated errors (Quince et al., 2009; Schloss et al., 2011).

Sequences shorter than 200 bp or those containing pri-

mer/barcode mismatches or homopolymers longer than

8 bp were discarded. Remaining sequences were aligned

against the SILVA reference data set and then preclu-

stered for further noise reduction as recommended (Pru-

esse et al., 2007; Huse et al., 2010; Schloss, 2010; Schloss

et al., 2011). Chimeras were detected and removed using

the Mothur implementation of UCHIME (Edgar et al.,

2011; Schloss et al., 2011). OTUs were assigned using the

average-neighbor clustering algorithm for an OTU defini-

tion of 97% similarity. The assigned OTUs were classified

to phylum, class, and/or genus level using the Ribosomal

Database Project classifier (train set 9) with a 60% confi-

dence threshold (RDP; http://rdp.cme.msu.edu/). Based

on this classification, sequences of mitochondrial origin

were removed from the data set. The sequences were sub-

sampled to the smallest library size (n = 1800) to allow

identical sequencing depth for each sample before further

alpha and beta diversity analyses (Gihring et al., 2012).

Sequences were submitted to the National Center for

Biotechnology Information Sequence Read Archive under

accession number SAMN02768838–SAMN02768847.

Assemblage analysis

Mothur v. 1.33.3 was used for all assemblage analysis and

statistics (Schloss et al., 2009). Alpha diversity was

estimated using the Chao1 and ACE nonparametric rich-

ness estimators, reciprocal Simpson’s diversity index

(invsimpson), and Shannon diversity index (Shannon,

1948; Simpson, 1949; Chao, 1984; Chao & Shen, 2003).

Yue & Clayton’s theta measure of dissimilarity (hyc) was

used to compare the assemblage structure of all samples

in an OTU-based, phylogeny-independent manner (Yue

& Clayton, 2005). A UPGMA dendrogram was generated

based on the distance matrix resulting from the hyc
analysis. The statistical support for clusters in the dendro-

gram was tested with a Mothur-modified implementation

of weighted UniFrac (Lozupone et al., 2006; Schloss et al.,

2009). Phylogeny-based analysis of assemblage similarity

was performed using the Mothur implementation of un-

weighted UniFrac (Lozupone et al., 2006; Schloss et al.,

2009). For generation of Unifrac scores, a phylogenetic

tree was generated with the Mothur implementation of

Clearcut using the relaxed neighbor-joining algorithm

(Evans et al., 2006; Schloss et al., 2011).

Results

Environmental

The core length (236 cm) and bulk salinity profile (rang-

ing from 0.28 ppt for the top 30 cm to 4.89 ppt for the

bottom 30 cm) (Fig. 1a) were typical of MYI (Eicken

et al., 1995; Haas, 2004). Based on ice crystal texture

analysis, the core had a possible annual growth mark at c.

125 cm from the surface of the ice (Fig. 1b), indicating

the presence of at least two annual layers. Furthermore,

bulk salinity for the topmost layer was extremely low

(Fig. 1a), indicating the presence of a former melt pond.

Although neither approach is definitive in dating the

core, the ice appears to have at least three layers: melt

pond (0–30 cm), 2-year-old ice (subsequently referred to

as old ice, represented by ice sections from 30 to

150 cm), and first-year ice (subsequently referred to as

new ice, represented by ice sections from 150 to 236 cm).

There were strong gradients of temperature and salinity

within the ice. The average estimated temperature for the

30-cm intervals ranged from �16.08 °C at the top to

�2.81 °C for the bottom (Fig. S1a). Brine salinity, as cal-

culated by the method of Cox & Weeks (1983), ranged

from 228.21 ppt at the top to 49.2 ppt at the bottom,

reversing the trend observed for the bulk salinity (as

expected because the brine salinity is determined solely by

temperature) (Fig. 1a). Based on these salinity and tem-

perature profiles, the ice core was permeable to the

underlying seawater for only the bottom 90 cm (Golden

et al., 1998). Seawater samples had salinities typical of the

Arctic Ocean surface waters (Wadhams, 2000): 31.01 ppt

and 32.25 ppt for SW1 and SW2, respectively.

Cell counts ranged from high 104 to 105 cells mL�1 of

ice melt: these values are on the low end of expected val-

ues for sea ice bacterial cell concentration (Junge et al.,

2002) (Fig. S1b). A peak in cell concentration was

observed at 90 cm depth, which corresponds with a local

bulk salinity maximum (Fig. 1a). However, there was no

corresponding increase in cell abundance that correlates

with the overall bulk salinity maximum at 180 cm depth;

thus, it is unclear what in situ parameters drive this

trend.
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The microbial assemblage of the top, middle,

and bottom of the ice correspond to the

occurrence of three layers of ice, melt pond,

old ice, and new ice

The microbial assemblages grouped into three statistically

significant (P < 0.001) clusters: top (0–30 cm), middle

(30–150 cm), and bottom (150–236 cm) (Fig. 2, left

panel). These sections match the melt pond, old ice, and

new ice sections predicted by ice texture and salinity

analysis. Within each group, there appears to be cluster-

ing of samples by depth (Fig. 2); however, these clusters

were not statistically significant. This apparent clustering

indicates that there may be preliminary adaptations to

local conditions; however, the ice origin exerts a stronger

influence on the microbial assemblage composition.

A phylogeny-based comparison of the assemblages

(Lozupone et al., 2006) largely agreed with the OTU-

based approach (Table 1). The phylogeny-based compari-

son, however, indicates that the section from 150 to

180 cm is not significantly different from either the 120

to 150 cm sections or the 180 to 210 cm section and thus

‘bridges’ the difference between the old ice and new ice

sections (Table 1). SW1 and SW2 formed a unique group

which excluded all ice samples, supporting the notion

that the ice assemblage is distinct from the water assem-

blage despite the predicted permeability of the bottom

90 cm of ice to seawater (Fig. 2).

Three layers, three assemblage compositions:

in-depth look at membership

The melt pond assemblage was dominated by Bacteroide-

tes, which accounted for more than 50% of all sequences.

Within this phylum, 90% of the sequences belonged to

the class Flavobacteria, and c. 10% belonged to Sphingo-

bacteriia (Fig. 2). Members of the phylum Actinobacteria

and Betaproteobacteria were the second and third most

abundant groups, with 27% and c. 15% of all sequences,

respectively (Fig. 2).

In contrast, the assemblage of the old ice layer included a

high abundance of Alphaproteobacteria, mainly from the

family Rhodobacteraceae (ranging from c. 20% to 35% of

sequences, Fig. 2). Several other groups were also more

abundant in this layer when compared to the melt

pond, including Gammaproteobacteria (c. 5–15% of total

sequences) and Sphingobacteria (c. 15% of total sequences).

Verrucomicrobia, mainly of the class Opitutae (c. 3% of total

sequences), were found in the old ice layer, but were absent

from the melt pond ice. Members of the phylum Actinobac-

Fig. 2. Similarity and composition of different ice core sections. Samples that are not significantly different (P < 0.001) based on weighted

Unifrac scores have the same color lines in the clusters. Assemblage composition at the class level is shown for each 30-cm section. Proportion is

represented as percent of total sequences per section. Classes that amounted to < 1% of the total sequences per section were pooled as ‘other’.
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teria (c. 10% of sequences) and the class Flavobacteria (c.

20% of sequences) were lower in this layer, whereas

members of the class Betaproteobacteria were similar in

abundance between the two layers (Fig. 2). Members of the

candidate division TM7, while present at low levels through-

out the old ice, exceeded 1% of sequences only in the bottom

section of the old ice (Fig. 2).

Similar to the old ice assemblage, the new ice assem-

blage was predominantly comprised of Alphaproteobactera

mainly from the family Rhodobacteraceae (c. 30–35% of

all sequences, Fig. 2), Flavobacteria (c. 15% of sequences),

and Gammaproteobacteria (c. 15–25% of sequences).

Verrucomicrobia of the class Opitutae (about 3% of

sequences) and members of the candidate division TM7

(c. 1–2% of sequences) were more abundant in the bot-

tom layer of ice than the layers above. Sphingobacteriia (c.

1% of sequences), Betaproteobacteria (ranging from 3% to

< 1% of sequences), and Actinobacteria (ranging from c.

6% to 2% of sequences) had lower representation in the

new ice assemblage than in the melt pond and old ice

assemblages (Fig. 2).

At finer phylogenetic scales, the layers differ further

(Table S2, Fig. S3). OTUs belonging to dominant phylo-

genetic groups differ between the three layers, for exam-

ple, Flavobacteria from the melt pond assemblage were

comprised of sequences belonging almost exclusively

(> 98% of sequences classified as Flavobacteria) to OTU

#1, classified to the genus level as Flavobacterium. While

this OTU was a dominant member of Flavobacteria in the

old ice assemblage (c. 25% of sequences classified as

Flavobacteria), there were other OTUs associated with the

Flavobacteria order and sequences closely related to

Ulvibacter (c. 20% of the sequences classified as Flavobac-

teria, OTU #7), and the genus Polaribacter (c. 20% of the

sequences classified as Flavobacteria, OTU #17) were

abundant. Furthermore, OTU #1 was absent from the

new ice assemblage; which was dominated by OTUs #7

(30% of the sequences classified as Flavobacteria) and #17

(15% of the sequences classified as Flavobacteria), along

with sequences closely related to the genus Maribacter

(30% of the sequences classified as Flavobacteria, OTU

#16), sequences closely related to the genus Winogradsky-

ella and an unclassified Flavobacteria (10% of the

sequences classified as Flavobacteria each OTU #21 & #23,

respectively). OTU# 23 also appeared in the seawater

samples (data not shown) and classified by NCBI BLAST as

related to the genera Flexibacter, Flexithrix, and Microscilla

(91% similarity).. All dominant phylum-level groups

showed similar variability in the OTU-level composition

between layers, even where phylum-level groups were

similar (Table S2, Fig. S3).

The seawater microbial assemblage was distinct from

the sea ice microbial assemblage (Fig. 2). SW1 and SW2

were c. 98% similar to each other. Both were dominated

by bacteria unclassified at the phylum level, which repre-

sented c. 20% and 25% of the total sequences, respec-

tively. Of the classifiable sequences, Proteobacteria, with

Alphaproteobacteria as the major class, dominated seawa-

ter (c. 20% of the sequences). However, unlike in the sea

ice assemblages, where Rhodobacteracaea were the

dominant Alphaproteobacteria, the majority of the seawa-

ter Alphaproteobacteria sequences belonged to the Pelagib-

acteraceae family (data not shown). Unlike in the ice

samples, Bacteroidetes in seawater were only represented

by Flavobacteria (c. 5% of the sequences) and unclassified

groups (c. 3% of the sequences). TM7, Opitutae, and

other Verrucomicrobia were absent from water samples.

Firmicutes were identified in the water samples (c. 5% of

sequences), but not in the ice (Fig. 2).

Although Good’s coverage estimate shows that

sequence coverage was high, with the lowest coverage at

84% (bottom 30 cm of the ice, data not shown), both

rarefaction analysis and the ratio of observed OTU to the

number of OTU predicted by the Chao1 estimator show

that the samples were not sequenced to saturation

(Fig. 2a). Thus, these analyses of microbial assemblage

should be viewed with some caution as relative abun-

dances might shift with increased taxon coverage.

Table 1. Unweighted UniFrac scores for all pairwise comparisons of samples. Samples that are significantly dissimilar (P ≤ 0.001) are highlighted

in grey

0–30 cm 30–60 cm 60–90 cm 90–120 cm 120–150 cm 150–180 cm 180–210 cm 210–236 cm SW1 SW2

0–30 cm 0.832 0.823 0.85 0.881 0.906 0.942 0.952 0.958 0.916

30–60 cm 0.832 0.602 0.654 0.712 0.764 0.835 0.867 0.912 0.898

30–90 cm 0.832 0.602 0.616 0.674 0.740 0.827 0.857 0.902 0.894

90–120 cm 0.85 0.654 0.616 0.665 0.721 0.798 0.862 0.896 0.9

120–150 cm 0.881 0.712 0.674 0.665 0.668 0.758 0.831 0.893 0.879

150–180 cm 0.906 0.764 0.740 0.721 0.668 0.693 0.77 0.856 0.848

180–210 cm 0.942 0.835 0.827 0.798 0.758 0.693 0.707 0.859 0.89

210–236 cm 0.952 0.867 0.857 0.862 0.831 0.77 0.707 0.87 0.898

SW1 0.958 0.912 0.902 0.896 0.893 0.856 0.859 0.87 0.757

SW2 0.916 0.898 0.894 0.9 0.879 0.848 0.89 0.898 0.757
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Taxon richness and overall diversity vary with

ice source

The observed OTU richness and estimated OTU richness

based on the ACE nonparametric richness estimator

shows three assemblages: top, middle, and bottom, with

OTU richness increasing with depth (Fig. 3a). However,

the Chao1 nonparametric richness estimator shows only

the bottommost section to be significantly higher in OTU

richness than the rest of the core. For most of the core,

the average number of OTUs in the ice was slightly lower

than that of the underlying seawater; however, the bot-

tom section of the ice had a higher number of observed

OTUs than that of the seawater (Fig. 3a). The melt pond

assemblage shared c. 55% of its observed OTUs with the

old ice assemblage and c. 28% of its observed OTUs with

the new ice assemblage (Fig. S4). The old ice assemblage

shared c. 35% of its observed richness with the new ice

assemblage. The new ice assemblage showed the highest

proportion of endemism, with over 75% unique OTUs;

the assemblages of the old ice and melt pond layers had

c. 60% and c. 41% unique OTUs, respectively (Fig. S4).

Overall diversity, which accounts for both OTU rich-

ness and OTU evenness, was estimated using two com-

monly utilized nonparametric diversity indexes: the

Shannon diversity index (H’) and inverse Simpson’s index

(1/D) (Fig. 3b). Both indexes showed that diversity

increases with depth in the ice core, with a clear

(a)

(b)

Fig. 3. Richness and diversity measurements

along the core. (a) Observed and estimated

(Chao1, ACE) OTU richness, (b) inverse

Simpson’s & Shannon’s diversity indices for

each sample. OTU definition set at 97%

similarity.
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separation of the values corresponding to the melt pond,

old ice, and new ice layers.

There was no significant difference between the mean

diversity of ice microbial assemblages and the mean

diversity of water microbial assemblages.

Discussion

The analyzed core had three distinct assemblages: top (0

to 30 cm), middle (30 to 150 cm), and bottom (150 to

236 cm). Based on the bulk salinity profile and crystal

texture of the core, the uppermost section was clearly a

melt pond. The texture of ice crystals in the core and

pore structure indicated that there was a break point at c.

125 cm depth, marking a separation between the 2-year-

old ice and the c. 110 cm of new ice below that was

added during the winter. The ice layering therefore

matches well with our observed three layers in the micro-

bial assemblage: the first layer (0 to 30 cm) is the melt

pond assemblage; the second layer is the old ice assem-

blage (30 to 150 cm); and the third layer is the new ice

assemblage (150 to 236 cm). The microbial assemblages

of all three ice layers, including the permeable bottom

layer, are quite distinct from the seawater microbial

assemblage (Fig. 2), indicating a strong selection process

during the formation and maturation of sea ice. Most

likely, the sea ice assemblages are not homogenized with

the seawater assemblages because the bacteria are attached

to the ice surface within the ice structure (Mock &

Thomas, 2005).

Texture analysis indicates that the ice from 120 to

150 cm contains both new and old ice; however, its

assemblage composition clusters solely with the old ice. It

is possible that as a new ice layer is formed, the tempera-

ture near the freezing front is still warm enough to allow

mixing of seawater with the brines; therefore, it is likely

that the established assemblage of the old ice influenced

the composition of the new ice assemblage. That influ-

ence diminishes as the freezing front advances further

down, away from the old ice, leading to the development

of a distinct microbial assemblage. Another possible

explanation is that DNA corresponding to members of

the old ice assemblage was more easily extracted or PCR-

amplified. Samples with higher resolution of sectioning,

especially near the annual growth mark, are needed to

differentiate between these explanations.

If the in situ physical and chemical gradients play a

major role in structuring these bacterial assemblages, we

would expect strong clustering of samples within ice sec-

tions. While the bacterial assemblages form distinct clus-

ters related to depth within each layer, this clustering is

not statistically significant. Thus, adaptation to environ-

mental gradients was weak at best. The statistical

uniformity in the structure of the old ice microbial

assemblages may result from homogenization due to melt

water and gravity-driven flushing of the ice and increased

permeability during the summer. The new ice, on the

other hand, is likely homogenized because it is permeable

and therefore exchanges microorganisms freely between

the sections and with the underlying seawater. Therefore,

it appears that the water source of the ice is the driver of

the assemblage structure and that the gradient in abiotic

conditions plays a less significant role.

There is a top-to-bottom increase in both observed

taxon richness and diversity, with a clear separation of

the values corresponding to the melt pond, old ice, and

new ice layers (Fig. 3). While the cause of the increased

taxon richness and diversity with depth is unknown, it

may be due to a decrease in how ‘extreme’ the environ-

ment is in depth, due to changes in in situ conditions

such as ice permeability, temperature, salinity, and light

levels. Therefore, while it appears that the in situ physical

and chemical gradients may play a less significant role in

structuring the composition of the MYI bacterial commu-

nity, such gradients may be significant in affecting overall

diversity.

Although comparing our work to others was not a

main objective of this paper, we still nonetheless found

some striking similarities to other studies of sea ice bacte-

rial communities. Several past studies have quantified the

taxon richness and diversity of bacterial assemblages from

sea ice (Bowman et al., 1997, 2011; Brown & Bowman,

2001; Petri & Imhoff, 2001; Junge et al., 2002; Brinkmey-

er et al., 2003). While it is problematic to compare rich-

ness estimators as they tend to inflate with increased

sequencing depth, the Shannon and Simpson diversity

indexes tend to stabilize at a relatively low sequencing

depth and thus are more suitable for such a comparison

(Gihring et al., 2012). Our mean Shannon diversity index

values were similar to those of Bowman et al. (2012),

who also analyzed a MYI sample using high throughput

sequencing of 16S rRNA genes; however, both values were

approximately threefold higher than for studies that did

not use high throughput sequencing. Thus, higher

sequencing depth shows significantly higher diversity in

the sea ice, but at similar sequencing depths, MYI from

different sites has similar levels of diversity.

The composition of bacterial assemblages in our sam-

ple was similar to that observed in other studies of sea ice

bacterial assemblages (Bowman et al., 1997, 2011; Petri &

Imhoff, 2001; Junge et al., 2002; Brinkmeyer et al., 2003).

Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes,

and Verrucomicrobia were prevalent components of the

ice core in this study. However, unlike in some other sea

ice samples, we found that Actinobacteria and Betaproteo-

bacteria were prevalent in our samples, and we did not
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find sequences related to the clade Chlamydiales. Thus,

taxon richness, overall diversity, and community compo-

sition were similar between our sample and other sea ice

samples, possibly indicating similar sea ice microbial

communities in MYI globally.

Our results show a clear separation of the MYI bacte-

rial assemblage to three groups corresponding to the

three ice layers, both in composition and in diversity.

There has been a decrease of c. 40% in the extent of MYI

cover over the past three decades, with older, thicker ice

cover lost more rapidly (Maslanik et al., 2011), and it is

likely that the Arctic Ocean will be MYI-free by the end

of the century (Bo�e et al., 2009). Refrozen melt pond ice

and old ice will be absent from an FYI-covered Arctic

Ocean. Although all three layers share many of the most

abundant OTUs (Figs S3 and S4), our data suggests that

about one-third of the observed taxa of the MYI core we

sampled is found exclusively in the melt pond and old ice

layers and therefore will be lost in an MYI-free Arctic

Ocean. Due to the high degree of functional redundancy

of bacterial communities, it is unclear what effect losing

these unique bacterial taxa will have on the ecological

functioning of sea ice bacterial communities. However,

even if these unique taxa do not perform unique ecologi-

cal functions, loss of biodiversity, and as consequence,

functional redundancy reduces the resilience of an ecosys-

tem and its ability to rebound from disturbance (Yachi &

Loreau, 1999). As the Arctic Ocean shifts toward being

MYI-free, calls of exploiting its vast resources are being

voiced in the media frequently (Dodds, 2010). This will

expose an ecosystem, already in limbo, to a potential

multitude of anthropogenic disturbances. Therefore, fur-

ther research is needed to understand the ecological func-

tioning of the communities from each layer as well as

those coming from newly formed ice sheets to understand

its importance to the ecosystem.

Conclusions

Sea ice is a complex environment. Our study had a very

modest sampling scheme, as we only sampled one site of

landfast MYI; however, taxon richness, overall diversity,

and assemblage composition all were similar to previous

sea ice studies, indicating broad applicability of our find-

ings. It is clear that the bacterial assemblage that colonizes

MYI differs between each layer of ice (i.e. melt pond, old

ice, new ice). These differences in the structure could

imply differences in function of the assemblages in each

of the layers. Furthermore, with the depletion of MYI, the

Arctic will lose the old and melt pond ice layers and their

associated bacterial assemblages. The loss of these layers,

which have unique bacterial taxa, could impact the eco-

logical functioning of the sea ice bacterial assemblage and

potentially the Arctic Ocean as a whole in unknown

ways.
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