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INTRODUCTION

The Arctic Ocean offers highly variable and com-
plex habitats that are unique in their structure and
biology. Within the sea ice, sub-habitats such as
snow, melt ponds, brine channels and the ice–water
interface can be found. While studies concerning
melt ponds and snow are rare, it is well known that
bottom ice is usually inhabited by a diverse protist
community (i.e. unicellular eukaryotes) (Horner 1985,
Hor ner et al. 1992). The sea ice community is mainly
do mi nated by Diatomea (Poulin et al. 2011, Comeau
et al. 2013), whereas the pelagic community is mainly
dominated by Dinophyceae (Booth & Horner 1997,
Jensen & Hansen 2000, Terrado et al. 2009, Kilias et
al. 2014).

The ice– water interface plays an important role in
structuring the habitats through the exchange of nu-
trients and protists during melting and freezing pro-
cesses (Ackley et al. 1987, Gradinger & Ikävalko 1998,
Melnikov et al. 2003, Róz ska et al. 2008, Lee et al.
2011). The community in the water column is influ-
enced by water mass properties and sea ice concen-
tration (Lovejoy et al. 2002, 2007, Hegseth & Sundfjord
2008, Terrado et al. 2009, Moran et al. 2012, Kilias et
al. 2014). Pelagic protist species can be entrapped in
the new ice and form the base for the succession of
protistan communities in the following spring (Niemi
et al. 2011). Furthermore, changes in sea ice tempera-
ture, salinity and nutrient composition during sea ice
melt have an impact on succession of e.g. Diatomea
(reviewed by Arrigo 2014). During the melting pro-
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cess, particulate material and ice algae are released
into the water column (Ambrose et al. 2005, Juul-Ped-
ersen et al. 2008, Boetius et al. 2013). Despite ongoing
environmental changes, particularly the constant loss
of sea ice, little is known about the impact of ambient
environmental conditions during sea ice melt or for-
mation on standing stocks of Arctic sea ice protists or
sea ice nutrient inventories (Gradinger & Ikävalko
1998, Riedel et al. 2007, Róz ska et al. 2008). Evidence
for the existence of a potential link between sea ice
origin (i.e. the region of sea ice formation) and
nutrient or protist composition in sea ice is missing.

Whereas in the past Arctic sea ice melting occurred
predominantly from the top, the combined effects of
different environmental factors such as increased
heat transport via the North Atlantic Current (Holli-
day et al. 2009, Beszczynska-Möller et al. 2012),
warmer air temperatures (Serreze et al. 2000, Comiso
2003, Stroeve et al. 2012) and strong winds (Parkin-
son & Comiso 2013, Zhang et al. 2013) now result in
an additional strong melting of sea ice from the bot-
tom. As a consequence, sea ice thickness decreases
(reviewed in Meier et al. 2014), melt ponds prolifer-
ate (Nicolaus et al. 2012) and the fraction of the ocean
covered by sea ice (i.e. sea ice concentration) de -
clines (Maslanik et al. 2007, 2011, Comiso et al. 2008,
Comiso 2012). The most recent sea ice minimum was
observed in summer 2012. During this summer, net
primary productivity of algae in sea ice, water col-
umn and melt ponds exceeded previous estimates
and were highly influenced by sea ice melting (Fer-
nández-Méndez et al. 2015). The lower sea ice con-
centration strongly influenced the community of
under-ice fauna in the Eurasian Basin with a shift to
pelagic amphipods at nearby ice-free stations (David
et al. 2015). Little is known about how the drastic sea
ice loss affects the biodiversity of sea ice and pelagic
protists (Melnikov et al. 2002, Coupel et al. 2012).
Overall, extensive large-scale studies investigating
the protist community structure and the environmen-
tal impact on their distribution in the Central Arctic
Ocean are still scarce because of this region’s limited
accessibility and methodological constraints. Large-
scale studies using molecular methods are needed to
assess biogeographic patterns of protists and their
response to changing sea ice concentrations.

This study focused on 2 hypotheses: (1) a decline in
sea ice concentration will strongly affect protist com-
munity structure in both sea ice and the water col-
umn, and (2) sea ice origin is a major driver of vari-
ability in protist community structure in sea ice. To
investigate these hypotheses, during 2 summer peri-
ods (August and September 2011 and 2012), we col-

lected sea ice and water samples with different sea
ice origins and sea ice concentrations. We used the
molecular fingerprinting method ARISA (automated
ribosomal intergenic spacer analysis) to obtain an
overview of protist community heterogeneity and to
identify potential statistical correlations between
protist communities and sea ice origin, sampling re -
gions or environmental variables (i.e. sea ice thick-
ness, temperature, salinity and dissolved nutrients) in
a total of 83 samples. Moreover, we analyzed a repre-
sentative subset of samples with Illumina sequencing
of the 18S rRNA gene (V4 region) to obtain an over -
view of protist community composition (i.e. abun-
dance of protist groups or taxa) and diversity (i.e.
number of operational taxonomic units, OTUs).

MATERIAL AND METHODS

Collection of sea ice samples

Samples of first-year (FYI) and multi-year ice (MYI;
ice that survived the previous summer period, usu-
ally thicker than FYI) were taken in the Central Arc-
tic Ocean during the RV ‘Polarstern’ expeditions
TransArc in 2011 (ARK XXVI/3 or PS78; 15 August to
23 September 2011; Fig. 1A) and IceArc in 2012 (ARK
XXVII/3 or PS80; 5 August to 29 September 2012;
Fig. 1B and Supplement 1 at www. int-res. com/ articles/
suppl/  m571 p043_ supp. pdf). A total of 11 sea ice cores
were randomly taken during the TransArc ex pe di -
tion in 2011 and 10 during the IceArc expedition in
2012 (Fig. 1A, Table S1 in Supplement 2). ‘Physical’
and ‘biological’ ice cores were drilled with a Kovacs 9
cm diameter corer (Kovacs Enterprise). In physical
cores, the temperature of the ice was directly meas-
ured on the floe by drilling into the ice and determin-
ing the temperature every 5 cm with a temperature
probe (Testo 720). These physical cores were sec-
tioned in 10 cm pieces and the salinity determined
with a Salinometer (WTW Cond.3110) after melting.
Subsamples were taken for measurements of dis-
solved inorganic nutrients (phosphate, silicic acid,
nitrate and nitrite) according to standard methods
(Kattner & Becker 1991, Aminot & Kérouel 2007).
Detection limits were 0.01 µmol l−1 for nitrate and
0.005 µmol l−1 for phosphate. Nutrients in sea ice
samples collected in 2012 were directly measured on
board the ship, while those collected in 2011 were
stored frozen and measured in the laboratory at the
Alfred Wegener Institute.

In addition, biological cores were sampled for mo-
lecular analysis of the 18S rRNA gene. The biological
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cores were sectioned in 10 cm intervals and melted in
0.2 µm filtered sea water to minimize osmotic stress to
protists during the melting process (Miller et al. 2015).
Melting of sea ice was conducted under low light con-
ditions at 4°C for 24 to 48 h. For molecular analysis, 2 l
of sea ice water was filtered through isopore mem-
brane filters (Millipore) with pore sizes of 10, 3 and
0.4 µm to ensure collection of all protist cell sizes. Fil-
ters were stored in Eppendorf tubes at −80°C.

The sea ice dataset for 2011 focused on the bottom
sea ice community, whereas in 2012 the focus was on
sampling the community of the entire sea ice core.
However, the community patterns of protists in the
sea ice samples are still comparable since the main
biomass of protists is present in the bottom ice section
(Horner 1985, Horner et al. 1992).

Collection of water samples

At the ice stations and additional open water sta-
tions, a total of 23 water samples were collected in
2011 (Fig. 1A, Kilias et al. 2014) and 39 water sam-
ples in 2012 (Fig. 1B, Table S1 in Supplement 2).
Most of the water samples collected during 2011 and
2012 were taken in the same region within the
Eurasian Basin (Fig. 1C, white box). Water samples
were collected with Niskin bottles attached to a CTD
(conductivity, temperature, depth) rosette (Seabird
type SBE32, 24 × 12 l) from the deep chlorophyll
maximum (DCM), which was confirmed with fluoro-
metric measurements from the CTD casts and varied
between 10 and 50 m (mainly 20 m) in both years. For
molecular analysis, the water samples were processed
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Fig. 1. Station maps of the RV ‘Po-
larstern’ expeditions to the central
Arctic, showing stations sampled
during (A) TransArc (ARK XXVI/3)
in 2011 (red dots) and (B) IceArc
(ARK XXVII/3) in 2012 (black dots).
Red marked station numbers indi-
cate the additional sampling of sea
ice cores. Sea ice stations were
numbered individually in 2012. Sea
ice concentrations are given for the
day of sea ice minimum extent on 9
September 2011 and 16 September
2012, respectively (data from www.
meereis portal. de). (C) Over view of
expeditions and oceanography of
the sampling area. White box: com-
mon sampling area of the 2 expedi-
tions; red arrows: Atlantic water;
blue arrows: Pacific water. The
Eurasian Basin is subdivided into
the Nansen Basin (NB) and Amund-
sen Basin (AB). The Amerasian Basin
is subdivided into the Maka rov
Basin (MB) and Canada Basin (CB)
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as described for the sea ice samples. The water sam-
ples collected in 2011 were analyzed with ARISA and
454-pyrosequencing, and are discussed by Kilias et
al. (2014). Here, we re-analyzed these samples with
Illumina sequencing to ensure that sequencing
results are comparable since the DNA pooling and
sequence preprocessing used here (see descriptions
of procedures below) were considerably different
from that of Kilias et al. (2014). Furthermore, we used
the ARISA results of the water-column focused study
of Kilias et al. (2014) to compare the patterns of
pelagic protists with the patterns of sea ice protists
collected in 2011 and 2012.

Water temperature, salinity and dissolved inorga -
nic nutrients were determined for the DCM (Ark-
XXVI/3: Kattner & Ludwichowski 2014, Ark-XXVII/3:
Bakker 2014) as described for sea ice samples. The
nutrients were measured directly on board in both
years. Water masses were classified based on a com-
bination of water temperature, salinity and nutrient
signatures at the DCM and named according to their
main signatures (Jones et al. 1998) in Atlantic water
(AW), mixed water I (MW I), Pacific water (PW) and
mixed water II (MW II) (see Table S1).

Sea ice concentration and origin

The ice concentration data used in this paper were
made available by IFREMER (Ezraty et al. 2007). The
image product is based on 85 GHz SSM/I brightness
temperatures, using the ARTIST Sea Ice (ASI) algo-
rithm developed at the University of Bremen (Spreen
et al. 2008). The use of the 85 GHz channel data
enables identification of sea ice concentration at 12.5
× 12.5 km pixel resolution.

Sea ice origin was determined based on ice drift
information obtained from satellites. Two different
sets of ice drift products were used: the first dataset,
Polar Pathfinder Sea Ice Motion Vectors (Version 2),
obtained from the National Snow and Ice Data Cen-
ter (NSIDC) was chosen because of its year-round
availability (Krumpen et al. 2013). Below, it was used
to calculate ice drift trajectories during the summer
months (June to August). The second dataset, Sea Ice
Motion provided by the Center for Satellite Exploita-
tion and Research (CERSAT) at IFREMER, shows a
good performance on the Siberian shelf where a
large part of new sea ice is formed (Krumpen et al.
2013) and was therefore used to complement the cal-
culation of ice drift trajectories between September
and May. To determine drift trajectories and source
areas of sampled sea ice, a specific ice area was

tracked backwards. A more detailed method descrip-
tion is provided in Krumpen et al. (2016).

DNA isolation and ARISA analysis

Genomic DNA was extracted from filters using the
NucleoSpin® Plant II kit (Macherey-Nagel) accord-
ing to the manufacturer’s protocol. For ARISA of the
62 water samples and the 21 sea ice cores, the ex -
tracted DNA of each size fraction (10, 3 and 0.4 µm)
was pooled in equal volumes. Triplicates of the ITS1
(internal transcribed spacer) region were amplified
using the primer-set 1528F (modified after Medlin et
al. 1988) and ITS2 (White et al. 1990) as described in
Kilias et al. (2015).

Analysis of fragment sizes achieved with ARISA
was carried out according to Kilias et al. (2015). In
short, electropherograms were analyzed with Gen-
eMapper v.4.0 software (Applied Biosystems) and all
fragments smaller than 50 bp were excluded from the
analysis. We used R (R Development Core Team
2008) for binning to remove background noise and
obtain sample-by-bin OTU tables (Ramette 2009). A
given fragment length was considered present if it
appeared in at least 2 of the 3 replicates.

Illumina sequencing

The DNA isolates of a subset of 28 water and sea
ice samples (Table S1 in Supplement 2) analyzed
with ARISA were additionally sequenced with Illu-
mina technology. Isolated DNA of each filter size (10,
3 and 0.4 µm) was pooled in equal volumes. The V4
region was amplified in triplicate using universal
primer set TAReuk454FWD1 and TAR eukREV3
(Stoeck et al. 2010). The PCR mixture con tained 10 µl
5× Phusion high-fidelity buffer, 1 µl dNTP-mix, 1 µl
of each primer, 0.5 Phusion Hot Start high-fidelity tag
polymerase (New England Biolabs) and 2 µl template
DNA in a final volume of 50 µl. DNA amplification
was carried out in 2 rounds using a Mastercycler
(Eppendorf). Initial activation was performed at 98°C
for 30 s followed by denaturation at 98°C for 10 s (10
cycles), annealing at 57°C for 30 s and extension at
72°C for 30 s. In the second round, denaturation was
performed at 98°C for 10 s (25 cycles) followed by
annealing at 52°C for 30 s and extension at 72°C for
30 s. The final extension was at 72°C for 10 min. PCR
products were then purified with NucleoSpin® Gel &
PCR clean up kit (Macherey-Nagel) according to
manufacturer’s protocol. Triplicates were pooled and
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sequencing was performed on an Illumina MiSeq
producing 2 × 300 paired-end reads.

Sequence analysis

For merging of paired-end reads, the tool fastq-join
within the open-source bioinformatics pipeline
QIIME v.1.8.0 (Caporaso et al. 2010) was used with
default settings. An analysis pipeline developed in-
house was used for sequence processing (Stecher et
al. 2016). In short, reads were quality-filtered accord-
ing to recommended settings in Bokulich et al.
(2013). Only sequences that fully matched the primer
sequences at the beginning and end of the sequence
re spectively, and which were between 330 and
460 bp in length (length of expected insert: 380 to
420 bp) were further processed. Sequence numbers
were down-sampled to the lowest number of se -
quences occurring in the dataset (~130 000 sequences).
Subsequently, the QIIME workflow ‘usearch.qf’ (based
on Usearch v.5.2.236; Edgar 2010), which incorpo-
rates UCHIME (Edgar et al. 2011), was used for
chimeric sequence detection and clustering of OTUs.
Pre-clustered sequences were checked for chimeras,
both by using reference data for comparison (Silva
119 SSU Ref NR) and with utilization of the abun-
dance-sorted query sequence pre-cluster as self-
 reference (i.e. de novo). The remaining sequence set
was clustered de novo into OTUs at a minimum simi-
larity threshold of 98%. According to Bokulich et al.
(2013), all OTUs consisting of less than 0.005% of
processed sequences were removed.

OTU sequences were classified by phylogenetic
placement utilizing PhyloAssigner v. 6.166 (Vergin et
al. 2013), which places sequences in a fixed rooted
backbone tree and assigns queries to nodes using a
last common ancestor (LCA) approach, which incor-
porates placement uncertainties (Matsen et al. 2010).
To obtain a reference set, the ARB tree of Silva 111
SSU Ref NR and respective multiple sequence align-
ment was thinned down manually by optimizing the
tree to a structurally and taxonomically representa-
tive set of 4000 leafs. This compiled reference set is
available on request. For a more detailed description,
see Vergin et al. (2013) and Stecher et al. (2016).

For subsequent interpretation of the resulting com-
munity structures, we classified the community into
an abundant (≥1% of sequence abundance) and rare
(<1%) biosphere and applied these thresholds to
each sample separately. The sequencing raw reads
were deposited at the European Nucleotide Archive
(ENA) under the accession number PRJEB18582. 

Statistics

To evaluate whether protist community patterns ob -
tained with ARISA and Illumina were comparable, a
Mantel test was performed within R v.3.2.3 (R Devel-
opment Core Team 2008) using the package ‘ade4’
(Dray & Dufour 2007). The Mantel test de scribes a po-
tential correlation between 2 different distance matri-
ces which is indicated by the correlation coefficient, r.
The p-value describes the strength of this correlation.
The Mantel test was done with 999 permutations and
the distance measurements Jaccard for ARISA and
Jaccard and Bray-Curtis for Illumina. As the ARISA
dataset is based on the presence/ absence of ITS1
fragments, we computed the Mantel test with Jaccard
as the distance measurement. To ensure that both ma-
trices had the same dimensions, we performed the
Mantel test with a subset of ARISA samples which
were also se quenced.

To visualize the protist community patterns ob -
tained with ARISA and Illumina, we applied a non-
metric multidimensional scaling (NMDS) with the
Jaccard index (i.e. presence/absence of ITS1 frag-
ments or OTUs) as the distance measurement by
using the statistics software PAST v.2.17 (Hammer et
al. 2001). In the NMDS plots, samples with similar
protist community diversity will cluster close to each
other. To test whether protist community patterns
obtained with ARISA and Illumina differed between
years and habitats, we performed the non-parametric
multivariate analysis ANOSIM (R package ‘vegan’;
Oksanen et al. 2013) with 999 permutations and Jac-
card as the distance measurement.

A potential correlation of ARISA data with all envi-
ronmental variables (i.e. ice thickness, ice concentra-
tion, temperature, salinity and dissolved nutrients of
sea ice and water) was examined by the application of
a Mantel test. This was done with 999 permutations
and the distance measures Jaccard (ARISA) and Eu-
clidean (environmental variables). If the Mantel test
gave significant results, we assessed the best fitting of
single environmental variables to the ARISA distances
by using the ‘envfit’ function (R package vegan). ‘En-
vfit’ is a random permutation method (999 permuta-
tions) which overlays the environmental variables
onto the NMDS ordination of protists and finds the
maximum correlation to the ordination configuration.

In a next step, we performed ANOSIM tests to exa -
mine possible significant groupings of protists ac -
cording to sampling region and sea ice origin (sea ice
samples) or sampling region and water mass (water
samples). For this purpose, we used the ARISA data-
set because the sample size was considerably larger
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than for the Illumina dataset, and thus allowed the
detection of potential relationships with a high confi-
dence level. The ANOSIM used no multiple testing;
hence no multiple testing correction (e.g. Bonferroni
consideration) was applied.

RESULTS

Protist community structure

The ARISA dataset consisted of, on average, 83
fragments sample−1 (SD = 14). Overall, we detected
378 different ITS1 fragments with a size range be -
tween 50 and 659 bp. Sequence processing resulted
in a total of ~2.8 million high quality reads (mean
lengths: 372 to 419 bp) that were assigned to 771
OTUs with, on average, 482 OTUs sample−1. The pro-
tist community structures obtained with ARISA and
Illumina sequencing were highly similar to each
other (Mantel test, r = 0.7, p < 0.001).

In both years, we observed a higher number of frag -
ments per sample and site-variability in the sea ice
samples compared to the water samples (Table 1).
The NMDS ordination analyses based on Jaccard’s
distances of ITS1 fragments and OTUs (Fig. 2) suggest
a highly significant clustering of the samples into 4
groups: sea ice cores and water samples, subdivided
according to the sampling years (ANOSIM with
ARISA data, R = 0.80, p = 0.001; ANOSIM with Illu-
mina, R = 0.65, p = 0.001). With both methods, sea ice
samples in 2011 showed higher site-variability than

all other samples (Fig. 2). Water communities in both
years were more diverse (i.e. higher number of OTUs)
than sea ice communities. In both years, sea ice cores
were mainly characterized by Chrysophy ceae (mainly
Ochromonadales), Dia to mea (mainly Thalassiosira)
and Cercozoa (mainly Silico filosea, e.g. Ebria) (Fig. 3).
In contrast, typical taxa found in the water column
were Chloroplastida (main ly Mami el lo phy ceae, e.g.
Micro monas) and Dino flagellata (mainly Dinophy c -
eae, e.g. Gymnodinium).

Sea ice samples

Illumina sequencing of sea ice samples resulted in
different community compositions of sea ice protists
between the 2 years. The number of OTUs was con-
siderably lower in the sea ice samples in 2012 com-
pared to 2011 (Table 1). These differences were
mainly visible in a lower number of OTUs belonging
to the rare biosphere in 2012. In 2011, a higher pro-
portion of sequences originating from Holozoa (main -
ly Choanomonada) was observed in the sea ice core
bottom compared to the entire ice cores in 2012 (Fig.
3). Chlorella (Trebouxiophyceae, which represented
the majority of ‘other Eukaryota’; Fig. 3) was highly
abundant in 2 ice cores of 2011. In contrast to 2011,
higher proportions of Gymnodinium-related species
(Dinoflagellata) and Ochromonas (Chryso phy ceae)
were observed in sea ice of 2012. In both years, the
most diverse protist group in sea ice was Diatomea
(23 OTUs), in cluding large proportions of Nitzschia
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Expedition          Region           Habitat ARISA                             Illumina sequencing                   
                                                                    No. of    Average no.   SD         No. of   Average no.   SD     Average no.    Average no. 
                                                                  samples   of fragments               samples     of OTUs                  OTUs rare  OTUs abundant 
                                                                                                                                                                          biosphere        biosphere

TransArc 2011    Eurasian        Water         16                73            13             3               556           40             536                    20
                            Basin           Sea ice         5                 91            16             3               436          139            418                    18

                            Amerasian     Water          7                 66            12             3               544           30             527                    17
                            Basin           Sea ice         6                 89            21             3               535          136            514                    21
                                                                                                                                                                                                          
IceArc 2012         Eurasian        Water         39                86            11             9               508           50             488                    20
                            Basin           Sea ice        10                94            11             7               387           30             366                    21

                            With 2011      Water         25                87            11             6               527           52             507                    20
                            common      Sea ice         6                 92            12             5               378           32             359                    19
                            sampling 
                            region

Table 1. Overview of ARISA and Illumina analysis showing number of water and sea ice samples collected during the RV ‘Polarstern’
expeditions TransArc in 2011 and IceArc in 2012 to the Central Arctic Ocean. For each region and habitat, the average number of in-
ternal transcribed spacer (ITS1) fragments or operational taxonomic units (OTUs) including standard deviations (SD) are shown. For
Illumina sequencing, a further division into rare (<1%) and abundant (≥1%) biosphere was made. A common sampling region was 

calculated for samples collected in 2012 in the same regions of the Eurasian Basin as in 2011
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and Navicula. Diatomea abundance
was lower but diversity was higher in
2011 compared to 2012. However,
Nitz schia showed higher contributions
to the sea ice algae community in 2011
(total abundance 0.2%) than in 2012
(total abundance 0.04%) while Melo -
sira was more frequently ob served in
2012 (total abundance 2.7%) than in
2011 (total abundance 1.1%).

ARISA of the sea ice samples
(Fig. 4A) revealed significant differ-
ences in protist community composi-
tion and variability at an annual scale
(ANO SIM, R = 0.32, p = 0.001). Com-
pared to 2012, the variability in sea ice
protist community patterns was higher
in 2011 (Fig. 4A and see higher stan-
dard deviation of the average frag-
ment number in Table 1). Samples col-
lected in 2011 showed a significant
sub-clustering (Fig. 4B) that was best
ex plained by sea ice origin (Table 2),
in Nansen Basin, Amundsen Basin, and
the Canada/Makarov Basin (Fig. 5). In
addition, we ob served a significant cor -
relation of protists with water masses
and sampling regions in 2011. How-
ever, these correlations were not as
pronounced as that of sea ice origin.
ARISA of sea ice protists in 2012 did
not show a significant sub-clustering
(Fig. 4C), while the sea ice origin of
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Fig. 2. NMDS plots based on the Jaccard index of water and sea ice samples col-
lected in 2011 and 2012. (A) ARISA fragment profiles; (B) Illumina sequences of 

water and sea ice samples

Fig. 3. Protist community composition obtained with sequencing. Stacked bar charts of relative sequence abundance of pro-
tists in sea ice (i) and water (w) samples collected during the TransArc expedition in 2011 (PS78) and the IceArc expedition in 

2012 (PS80). At Station PS80.335, samples are disinguished into first-year ice (fyi) and multi-year ice (myi)
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Fig. 4. NMDS plots of the ARISA fragment profiles of sea ice samples collected in (A) 2011 and 2012, (B) 2011 and (C) 2012. 
Legend for (C) can be found in graph (B). Lines illustrate groupings by sampling region
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the samples collected in 2012 was mainly in the
Laptev and Kara Seas (Fig. 5).

Overall, for both years, we found no correlation of
the environmental variables of sea ice with ITS1 frag-
ments of sea ice protist communities. This was even
true if we carried out the Mantel test only with sea ice
thickness, salinity and temperature.

Water samples

In the common sampling region of the 2 expedi-
tions, ARISA profiles of pelagic protists (Fig. 6A) dif-
fered significantly between the 2 years (ANO SIM,
R = 0.66, p = 0.001), which was also in accordance
with different community compositions obtained with
Illumina sequencing (Fig. 3). Micro monas (Mami el lo -
phyceae; Fig. 3) was most common in the water sam-
ples of 2011 (total abundance: 18.5% in 2011, 4.6%
in 2012), and a Gymnodinium-related species (Dino -
flagel lata) in 2012 (total abundance: 6.6% in 2011,
9.5% in 2012). Diatomea showed a higher contribu-
tion to the pelagic community in 2012 than in 2011
(Fig. 3). This was especially true for the sub-ice
diatom Melosira (total abundance: 0.15% in 2011,
1% in 2012). Overall, Dinoflagellata and Protalveo-
lata were the most diverse protist groups in the water
samples (18 OTUs).

Water samples collected during the record sea ice
minimum year in 2012 clustered closer to each other
than the samples collected in 2011 (Fig. 6A), indica-
ting lower ITS1-length variability in 2012 than in
2011. In addition, the average number of ITS1 frag-
ments in the water samples 2012 was higher than in
2011 (Table 1). In terms of protist diversity, Illumina
sequencing revealed, on average, fewer OTUs in the
Eurasian Basin in 2012 compared to 2011 (Table 1).

The grouping of the water samples collected in 2011
(Fig. 6B) was best explained by water masses (Table 2,
Kilias et al. 2014). Furthermore, we achieved a weak
but significant correlation of the protist communities
with the sampling regions (Table 2, Fig. 6B; Nansen,
Amundsen, Maka rov, Canada Basin). The Mantel test
revealed no relation of the ARISA dataset with envi-
ronmental variables.

In analogy to 2011, protist community composition
in water samples collected in 2012 (Fig. 6C) was cor-

Fig. 5. Sea ice drift information of sea ice cores collected in
2011 (black lines) and 2012 (blue lines). Black dots: date of 

ice formation (21 September)

                  Sea ice samples            Water samples    Water samples of common region
                              TransArc 2011   IceArc 201n2         TransArc 2011   IceArc 2012            TransArc 2011     IceArc 2012 

Water masses              r = 0.32                   ns                        r = 0.35              r = 0.29                      r = 0.36               r = 0.34
                                    p = 0.04                                             p = 0.001           p = 0.001                    p = 0.003            p = 0.001

Sampling region         r = 0.28                   ns                        r = 0.15              r = 0.53                           ns                   r = 0.71
                                    p = 0.03                                              p = 0.05            p = 0.001                                               p = 0.001

Sea ice origin              r = 0.34
                                    p = 0.02                  ns                              −                        −                                 −                         −

Table 2. ANOSIM analysis testing for correlations between ARISA distance matrixes and predefined grouping of water masses,
sampling regions or regions of sea ice origin. For comparisons between years, we repeated the statistical analysis for the water
samples of both cruises in a common sampling region within the Eurasian Basin. For this region, the number of sea ice samples 

was too small for adequate statistics. ns: not significant; (−) not tested
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Fig. 6. NMDS plots of the ARISA fragment profiles of water samples collected in (A) 2011 and 2012, (B) 2011 and (C) 2012. 
Legend for (C) can be found in (B). Lines illustrate groupings by sampling region
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related with ambient water masses (Table 2). How-
ever, we observed an even stronger regional pattern
for these samples than in 2011. The NMDS analysis
revealed 5 significantly distinct ARISA profiles
according to sampling regions (Table 2, Fig. 6C; col-
ors). This regional distinction was even more pro-
nounced if we tested only the samples of the common
sampling region (Table 2). The largest cluster con-
tained samples collected in the Nansen Basin, and
the Amundsen Basin samples were divided into 2
clusters. Nansen Basin samples were characterized
by a lower abundance of Diatomea and Protalveolata
(mainly Syndiniales) compared to the Amundsen
Basin samples (Fig. 3). The clustering significantly
correlated with the environmental variables (Mantel
test, r = 0.32, p = 0.001). The NMDS ordination was
best explained by sea ice concentration (r2 = 0.65, p =
0.001), followed by water temperature (r2 = 0.40, p =
0.001), salinity (r2 = 0.32, p = 0.002), concentrations of
silicic acid (r2 = 0.24, p = 0.005) and nitrate (r2 = 0.19,
p = 0.032).

DISCUSSION

This study focused on examining potential effects
of sea ice retreat and sea ice origin on protist commu-
nity structure in sea ice and water samples collected
in 2011 and 2012 during the same summer months in
the Central Arctic. In agreement with several publi-
cations (Booth & Horner 1997, von Quillfeldt 2000,
Ardyna et al. 2011, Comeau et al. 2011, 2013, Poulin
et al. 2011, Arrigo et al. 2012, Kilias et al. 2014), we
observed distinct protist communities in sea ice and
sea water. In contrast to the pelagic protist commu-
nity, the sea ice community was spatially highly vari-
able. This might be explained by the environmental
properties of the ice cores, which can be extremely
different even at small scales of several meters
(Eicken et al. 1991, Granskog et al. 2005). For exam-
ple, sea ice properties and algae biomass of first-year
land-fast sea ice in the Baltic Sea showed a horizontal
patchiness at scales of <20 m (Granskog et al. 2005).
This highlights that sea ice possesses a richness of
microhabitats (Horner et al. 1992), which are con-
fined small-scale habitats inhabited by different pro-
tist communities. The microhabitats are character-
ized by several properties such as ice type (e.g. FYI,
MYI), ice thickness and topography or snow and melt
pond coverage. For example, MYI sites are charac-
terized by thicker ice and a thicker snow depth; both
strongly influence the primary production of sea ice
algae by reducing light availability (Arrigo et al.

2008, Nicolaus et al. 2012, Popova et al. 2012, Lange
et al. 2015). In contrast, FYI is thinner, resulting in a
higher availability of light, which triggers the photo-
synthetic production of sea ice algae such as Dia to -
mea (Mundy et al. 2005, Lange et al. 2015).

Impact of sea ice retreat on sea ice protists

The compositions of ITS1 fragments of the sea ice
communities in 2011 and 2012 were significantly dif-
ferent, and the length-variability in the sea ice protist
community was higher in 2011 than in 2012. In anal-
ogy to this, Illumina revealed a considerably lower
number of OTUs in sea ice algae with low abun-
dances (<1%) in 2012 compared to 2011. This was
true despite the higher ability to detect rare species
in 2012, as we analyzed more samples and assessed
the protist community in the entire sea ice cores and
not only in the bottom ice section, as we did in 2011.
For example, we observed high abundances of the
pennate diatom genus Nitzschia in the sea ice 2011,
particularly in MYI, but their contribution decreased
in sea ice 2012. The loss in rare sea ice algae might
be explained by the lower sea ice thickness in 2012
(see Table S1, Fig. S1 in Supplement 2), and is in
agreement with other studies (Melnikov et al. 2009,
Hardge et al. 2017, L. M. Olsen et al. unpubl.).

The physical properties of the sea ice determine
not only the biodiversity within several microhabitats
but also the interactions of the ice with the underly-
ing water column. For example, FYI is more con-
nected to the under-ice water via brine channels than
MYI, which leads to a higher degree of exchange of
nutrients and protists between the 2 habitats (Gra -
din ger & Ikävalko 1998). In the ARISA-NMDS analy-
ses (Fig. 2A), sea ice samples of 2012 clustered closer
to the pelagic samples than those of 2011, indicating
higher similarity between the protist communities of
the 2 habitats in 2012. This might be attributed to an
increased exchange of protists between thinning sea
ice and water column during this year (Hardge et al.
2017). Indeed, the higher abundance and diversity of
pelagic dinoflagellates in the sea ice biota of 2012 sug-
gests a stronger exchange between the sea ice and
water column compared to 2011. Consequently, rare
OTUs found in the sea ice of 2011 could have reached
higher abundances in 2012 due to sea ice melting.
Overall, we can confirm our hypo thesis that a decline
in sea ice concentration has the potential to affect pro-
tist community structure in the sea ice by reducing
protist diversity and enhancing protist exchange be -
tween the habitats.
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Impact of sea ice origin on sea ice protists

The regions of sea ice origin influence the nutrient
composition of the ice and determine the protist com-
munity structure during the incorporation of particles
and protists into newly formed sea ice (Ackley et al.
1987, Róz ska et al. 2008, Niemi et al. 2011). The nu-
trient profiles of sea ice reflect the initial water condi-
tions during sea ice formation, and change during the
course of the seasons due to advection and biological
processes (Gradinger & Ikävalko 1998, Granskog et
al. 2003, Melnikov et al. 2003). Here, we observed a
relatively high correlation of sea ice nutrients with
the regions of sea ice origin in 2011 (ANOSIM, r = 0.6,
p = 0.02). The sea ice cores collected in 2011 origi-
nated from both the Amerasian and the Eurasian
Basin, while the nutrient compositions reflected the
different environmental conditions of these basins. In
accordance with data from 2007 presented by Damm
et al. (2010), sea ice originating from the Amerasian
Basin showed higher phosphate and silicic acid con-
centrations than that originating from the Eurasian
Basin (Table S1, Fig. S1A).

As was the case for sea ice nutrients, the ITS1 frag-
ment compositions of sea ice protists in 2011 were
significantly correlated with the regions of sea ice
origin, while the effect of sampling regions or water
masses was only minor. The ARISA profiles differed
between the Amerasian and Eurasian Basins, but a
distinction among all oceanographic basins (Canada,
Makarov and Amundsen) was not observed. These
findings indicate that the sea ice community was
more influenced by environmental conditions during
sea ice formation than by ambient environmental
conditions during sampling. It is known that pelagic
protists are entrapped in newly forming sea ice
(Gradinger & Ikävalko 1998, Rózȧńska et al. 2008)
and that winter communities set the stage for the sea
ice algae bloom in spring (Niemi et al. 2011), but this
study is the first to provide evidence for a possible
influence of the region of sea ice origin on the protist
community pattern in Central Arctic sea ice.

In contrast to 2011, a division of sea ice nutrient
compositions or protists based on sea ice origin was
not observed for the sea ice samples collected in
2012. This may be explained by the fact that the ice
floes originated mainly from nearby shelf regions in
the Kara and Laptev Seas (Fig. 5). Here, similar water
mass conditions were present during sea ice forma-
tion, and hence, the effect was probably too weak to
be detectable. In addition, the distribution pattern of
protists in the sea ice was more homogenous among
the stations in 2012 than in 2011.

Impact of sea ice retreat on Arctic pelagic protists

Water samples collected during the record sea ice
minimum year 2012 contained a slightly higher num-
ber of ITS1 fragments than the water samples col-
lected from the same depth range and summer
months in 2011. This indicates higher pelagic com-
munity heterogeneity in 2012 in terms of protist ITS1
fragment lengths. However, in terms of 18S rDNA
OTU number, we observed lower protist diversity in
the pelagial of 2012 compared to 2011. This was the
case despite the fact that we sequenced more water
samples in 2012.

Diatomea in water samples collected in 2012
showed a higher contribution to the pelagic commu-
nity in terms of sequence abundance and OTU num-
ber than in 2011. The main reason for this is that light
conditions in the pelagic region were more favorable
for Diatomea in 2012, as FYI transmits more light
compared to MYI (Nicolaus et al. 2012). Furthermore,
since Diatomea were mainly abundant in the sea ice,
ice Diatomea could have been released from sea ice
into the water column during ice break-up and melt.
This was also reported for several sea-ice associated
algae, such as the pennate Diatomea Nitzschia and
Navicula (von Quillfeldt 1997). A release of sea ice
algae can alter the original composition of the pelagic
community, which in turn can have far-reaching
implications for food web structure and carbon ex -
port in the Arctic Ocean. Several studies have inves-
tigated the effects of sea ice melting and the conse-
quent release of ice-associated species into the water
column (Melnikov 1997, Ambrose et al. 2005, Boetius
et al. 2013, Hardge et al. 2017). In particular, during
the record sea ice minimum in 2012, massive sedi-
mentation to the sea floor of aggregates of the sub-
ice diatom Melosira arctica were observed at the sea
ice stations we analyzed in this study (Boetius et al.
2013). Our study confirms this observation, as the
contribution of Melosira to the sea ice and especially
to the pelagic community was considerably higher in
summer 2012 than in summer 2011. Therefore, the
decline in sea ice concentration strongly affected the
diversity and composition of the pelagic community
in 2012.

During the record sea ice minimum in 2012, we ob -
served distinct pelagic communities separated in the
Nansen and Amundsen Basins which correlated sig-
nificantly with the water masses. The Nansen Basin
was characterized by high salinities and sea ice con-
centrations, as well as high nitrate concentrations,
whereas the Amundsen Basin showed higher values
of the remaining dissolved inorganic nutrients and
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higher water temperatures (Table S1, Fig. S2). In
general, AW enters the Arctic Ocean through the
Fram Strait and circulates mainly in the Nansen
Basin, whereas the Amundsen Basin is influenced by
modified AW from the Barents Sea inflow branch
(Schauer et al. 2002, Rudels et al. 2013). Changes in
community composition between the 2 basins could
also be seen at higher trophic levels as shown by
David et al. (2015), who studied macrofaunal under-
ice communities during the same cruise in 2012. The
authors also identified different environmental re -
gimes in the Nansen and Amundsen Basins which
were characterized by different under-ice fauna
communities, and were able to demonstrate a tight
pelagic coupling between primary and secondary
producers.

CONCLUSIONS

The results of our large-scale study indicate that
the sea ice and water column harbor distinct protist
communities, with partial exchange and a strong
dependency on sea ice and water mass properties.
We identified habitat-specific fingerprints, which
differed strongly between 2 years with contrastive
sea ice concentrations. We observed a possible
trend towards less complex and diverse communi-
ties in both habitats due to sea ice melting. These
observations serve as a future scenario for protist
communities in the changing Arctic. We conclude
that sea ice is a major driver of protist community
structure in both sea ice and the water column.
Furthermore, we found that sea ice protist biodiver-
sity is determined by sea ice origin. Protist commu-
nities in sea ice were mainly structured by environ-
mental conditions several thousand kilo meters
away during sea ice formation. However, whether
the sea ice communities on the shelves will still
serve as basis for sea ice biodiversity in a changing
Arctic with less sea ice is questionable. In particu-
lar, recent shifts to a later freeze-up in the winter
with less active biota being present to freeze-in
suggest a reduction of sea ice biodiversity in the
Central Arctic. Overall, we confirmed our hypothe-
ses that sea ice retreat and origin are both major
drivers of variability in protist community structure
in the sea ice and water column. Therefore, spatial
or temporal changes in sea ice formation can have
far-reaching implications for the community struc-
ture in sea ice, and could also be one reason for the
reduction of the rare biosphere in the sea ice of
2012.
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