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Abstract Global warming has led to a strong deterioration
of the Arctic sea ice cover. Ice thickness, age and coverage
have been strongly declining in recent years. Brine chan-
nels that form in sea ice when seawater freezes represent a
unique habitat for bacteria, algae, proto- and small meta-
zoans. We hypothesized that the loss of multi-year ice and
the more prevalent formation of first-year ice even in
central regions of the Arctic will lead to changes in the
Arctic sea ice meiofauna community composition. We
therefore analysed the sea ice meiofauna community
composition of three different ice types sampled in summer
and autumn 2007. Young, thin ice of few cm thickness was
typified by taxa of pelagic origin or with good swimming
abilities (ciliates, pelagic foraminifera, rotifers and platy-
helminthes). Harpacticoid copepods and nematodes with
poor swimming abilities were prevalent in older,
thicker (>0.5 m) first- and multi-year ice. Brash ice—
which was likely a mix of older broken ice, slush and
pancake ice—was characterized by a high abundance of
platyhelminthes and rotifers. An experimental analysis of
colonization efficiencies of artificial thin ice also revealed
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that species with poor swimming ability are less successful
to colonize newly forming thin ice. We conclude that
observed and predicted changes in the ice formation regime
will likely result in changes in the composition of Arctic
sea ice communities. We predict negative effects particu-
larly for species with low dispersal capacities like
harpacticoid copepods and endemic nematodes, as these
are less successful in colonizing newly forming thin ice.
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Introduction

Global warming has resulted in a strong decrease in Arctic
summer sea ice extent in the last decades (Stroeve et al.
2007, 2011; Serreze and Stroeve 2015), and climate models
predict a further decrease in Arctic summer sea ice extent
and sea ice volume and an almost ice-free Arctic Ocean
(<10® km® sea ice in summer) in the 2050s (Melia et al.
2015). The amount of summer open-water areas in the
central Arctic increased significantly with the strong decline
in sea ice extent in the recent past and coincides with a
gradual loss of multi-year ice and a decrease in average sea
ice thickness (Maslanik et al. 2007; Haas et al. 2008; Kwok
etal. 2009; Barber et al. 2009; Kwok and Cunningham 2015;
Serreze and Stroeve 2015). A very pronounced loss of
summer sea ice in the central Arctic Ocean occurred in 2007,
followed by a slight recovery in 2009-2011. A new record
minimum was reached in 2012, and further very low extents
were observed in 2015 and 2016 (Serreze and Stroeve 2015;
Vizcarra 2016). Ongoing global warming will likely lead to
a further destabilization of the Arctic sea ice cover and to
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further increases in open-water areas in summer (e.g.
Barnhart et al. 2016). Increased open-water areas in summer
will naturally coincide with increased new ice formation in
autumn, especially in Russian shelf areas like the Laptev
Sea, but also over the deep waters of the central Arctic. How
such changes in sea ice dynamics impact the Arctic sea ice
meiofauna diversity is not well understood.

Sea ice is pervaded by small brine channels, which form
when seawater freezes, as salts in solution are not incorpo-
rated into the crystal matrix, but accumulate as brine between
forming ice crystals (Weeks and Ackley 1986). These brine
channels form a habitat for a unique community of bacteria,
algae, proto- and small metazoans (Horner et al. 1992).
Metazoans found within Arctic sea ice comprise species of
evolutionarily benthic origin like harpacticoid copepods
(Carey and Montagna 1982; Kern and Carey 1983; Grainger
1991; Carey 1992), nematodes (Tchesunov 1986; Tchesunov
and Riemann 1995; Riemann and Sime-Ngando 1997; Blome
and Riemann 1999), platyhelminthes (Janssen and Gradinger
1999; Friedrich and Hendelberg 2001), cnidarians (Bluhm
et al. 2007; Siebert et al. 2009) and polychaete larvae (Carey
and Montagna 1982; Grainger et al. 1985; Carey 1992), as
well as species of pelagic origin like rotifers (Chengalath
1985; Friedrich and De Smet 2000) and calanoid copepods
(Kramer and Kiko 2011). Several nematodes are endemic to
Arctic sea ice (Riemann and Sime-Ngando 1997).

We hypothesize that these sea ice meiofauna organisms
have different dispersal capacities and different capabilities
to colonize newly formed ice. Further loss of multi-year ice
and increased open-water areas in summer could have a
negative impact on low-dispersal species and benefit spe-
cies with high dispersal capacities. We tested our hypoth-
esis using two approaches. On the one hand, we sampled
the bottom layer of thick first-year and multi-year sea ice,
newly formed thin ice and brash ice—which was likely a
mix of older broken ice, slush and pancake ice—at dif-
ferent locations in the central Arctic. In case of similar
long-range dispersal capacities and colonization efficien-
cies of all sea ice meiofauna taxa, we would expect similar
meiofauna communities in all three ice types. Furthermore,
we sampled the sub-ice water layer underneath the thin and
the brash ice in order to characterize exchange processes
between the water and the ice. On the other hand, we
conducted an experimental analysis of colonization success
of one pelagic and three sea ice meiofauna taxa.

Materials and methods
Sampling region and ice conditions

The present study was undertaken as part of the expedition
ARK XXII/2 of R/V Polarstern (28 July—7 October 2007)
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to the central Arctic Ocean during the boreal summer—au-
tumn transition in 2007. Ice from three larger categories was
sampled: old thick ice (9 first-year, 1 second-year and 1
third-year ice floe; ice thickness 101-262 cm; information
on ice age based on delta-'%0 data determined at the same
station but at a different location on the same floe, personal
communication Tobias Roeske), young thin ice (dark and
light nilas; ice thickness 2-5 cm) and brash ice (a mix of
older broken ice, slush and some pancake ice; ice thickness
~8 cm; Fig. 1). Fifteen samples of young thin ice were
obtained during 8 station occupations, and 2 samples of
brash ice were obtained during 1 station occupation.
Between samplings during one station occupation, RV
Polarstern was moved several hundred metres to provide a
true replication. Samples of old thick ice were taken within
the closed pack ice zone of the central Arctic Ocean
(Fig. 1a). The ice concentration along the cruise track in
this part of the study area was between 8/10 and 10/10. The
modal ice thickness (obtained from airborne electromag-
netic induction sounding) was 0.9 m without secondary
modes; the mean ice thickness was 1.2 m (Haas et al. 2008).
The open-water fraction based on these airborne surveys
was about 2%. From 18 August on, new ice (dark or light
nilas) occurred occasionally on melt ponds, narrow breaks
or leads. According to daily AMSR-E ASI sea ice con-
centration distribution maps (not shown), the minimum ice
extent in the study area northeast of Severnaja Semlaya was
observed on 13 September 2007. Continued advection of
mild air inhibited substantial new ice growth for another
2 days; before on 16 September 2007, the ice cover in the
study region started to increase. Samples from thin ice (dark
and light nilas) were taken from 17 to 19 September in an
area covered with 90% new thin ice and approximately 10%
older ice floes (ship-based observations; Fig. 1b, c). This
area of mainly new thin ice extended in a belt from the thick
pack ice to a band of brash and pancake ice, which separated
the thin ice cover from the open water. The belt of thin ice
had a width of 150-200 km. The area in the sampling
region covered by thin ice was approximately 40,000 km?;
that of the entire thin ice region along the thick ice tongue
was about 75,000 km? on 17 September. The latter area
increased within 1 day by 10,000 km? to about 85,000 km?
on 18 September. Please see online resource 1 for a detailed
description of the algorithm to derive thin ice thickness and
a comparison to in situ measurements. Brash ice samples
were taken from within the band of brash and pancake ice.
This brash ice tongue marked in Fig. 1b) was likely a relict
of the sea ice cover of the last winter mixed with some
newly formed pancake and slush ice. Water depths at all
sampling stations was >1000 m, except for sampling near
Franz-Josef-Land (327 m) and Severnaja Zemlya (726 m).
According to the routine meteorological observations
aboard the R/V Polarstern, air temperatures remained above
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Fig. 1 Sampling region and sampling positions. a Cruise track, ASI
algorithm ice concentration as derived from Advanced Microwave
Scanning Radiometer (AMSR-E) 89 GHz data for 6 September 2007
and sampling positions for bottom ice samples (BI), indicated by
circles. The first and last bottom ice sampling stations are indicated
with sample ID (BI-MonthMonthDayDay). The boxed area is shown
in b. Ice concentration legend only apply to a. b NOAA-17 Advanced
Very High-Resolution Radiometer channel 1 reflectance image of the
young ice sampling region for 17 September 2007, 5:42 UTC.

—10 °C during the entire expedition. While passing through
the thin ice covered region, air temperatures were —3 to
—4 °C with only light winds. No precipitation was observed
during this time.

Sampling of sea ice and sub-ice water

Thick level sea ice was sampled along the cruise track
every 3—10 days from 2 August to 16 September 2007 (11
stations in total). During each station, four bottom ice
sections (lowermost 5 cm) of thick level ice were sampled
within a 1 m? area using an engine-powered KOVACS ice
corer with an internal diameter of 9 cm. The respective
samples are abbreviated BI-mmdd—BI as short form for
bottom ice, mmdd being the sampling date (month and
day). Sampling was restricted to the lowermost 5 cm, as
previous research had revealed that in summer, more than

Sampling positions are indicated through rectangles. The northern-
most rectangle indicates TI-1, and the southernmost Br-1 and Br-2 as
well as W-9 and W-10. Areas covered by old thick ice or brash and
pancake ice are indicated. ¢ Picture of the typical appearance of the
areas covered by new ice, lower border of the picture approximately
10 m. d Picture of the typical appearance of the area covered by brash
ice with the sampling cage in operation. e Sample retrieval through an
opening in the bottom of the cage

90% of sea ice meiofauna within a vertical section through
an ice floe is found in the lowermost 2—-6.5 cm (Gradinger
et al. 1999). The median sample volume was 0.29 1 melted
ice. Thickness of snow and deteriorated ice was measured
at five randomly chosen locations around each coring site
using a ruler stick. Deteriorated ice is here defined as ice
that has lost its coherent structure due to brine drainage and
melting, but is distinguishable from snow due to its large
ice grains.

Thin and brash ice samples were obtained on ten stations
from 17 to 19 September 2007 (abbreviation for thin ice
samples: TI-numerical a/b). For this, a cage was craned
right above the ice surface and samples were retrieved
through an opening in the floor (Fig. 1d, e). Pieces of thin
ice were cut out of the ice sheet in close vicinity to each
other with a saw. A large opening was thereafter cut into
the thin ice to lower a 20-um plankton net with an opening
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diameter of 25 cm. Ice shavings were carefully removed
from the opening, and exclusion of ice shavings and
crystals was checked visually during sample retrieval. To
deploy the plankton net in brash ice, all ice pieces were
pushed away or removed to yield a large opening for the
net. The special sampling setting (hovering above the ice in
a craned cage) did not allow for more sophisticated
methods of sub-ice fauna sampling (e.g. the use of an
under-ice pump). The employed net samples—besides sea
ice meiofauna potentially present in the sub-ice water
layer—were mostly micro-zooplankton and meso-zoo-
plankton in the same size range as sea ice meiofauna. Two
tows from 5.5 m depth to the surface were performed, and
the samples were fixed with borax-buffered formaldehyde
for later zooplankton counts. Water samples for the
determination of salinity and Chl-a concentration were
taken directly from the surface through the same opening
(abbreviation for Water samples: W-Numerical). Entire
chunks of brash ice were sampled with large beakers (ab-
breviation for brash ice samples: Br-numerical a/b).

Sample processing and analysis

One bottom ice section or two thin or brash ice samples per
station were melted directly in the dark at 4 °C within
24-36 h for the determination of bulk salinity (witha WTW
microprocessor conductivity meter LF 196) and chloro-
phyll-a (Chl-a) and phaeopigment (Phaeo) concentration
(as described previously, Kiko et al. 2008). In short, melted
ice samples were filtered on Whatman GF/F filters,
extracted in 90% acetone, homogenized and analysed flu-
orometrically with a Turner Designs 10-AU digital fluo-
rometer. Calibration of the fluorometer was conducted
using a dilution series of spinach Chl-a measured with a
photometer. Ice samples for meiofauna analyses (three
bottom ice sections, two ice cuts or two ice blocks per
station) were melted in the dark at 4 °C in a surplus of 0.2-
pm-filtered seawater (FSW; 200 ml per 1-cm core length)
in order to reduce salinity stress for the organisms (Garrison
and Buck 1986). Within 24 h after complete melting of the
ice, the samples were concentrated over a 20-um gauze.

Samples of thin and brash ice as well as sub-ice water
for faunistic analyses were fixed with borax-buffered
formaldehyde (2% in FSW) for later analyses; samples of
thick ice were analysed directly onboard at 0 °C. In total,
33 bottom ice sections, 15 thin ice samples, 4 brash ice
samples and 8 water samples were taken. Meiofauna was
identified and counted using a stereomicroscope (Leica
WILD MZ 12.5 and Leica MZ 16 F, 20-100x magnifi-
cation, transmitted and impinging light). Samples were not
split prior to analysis. A detailed compilation of all data
stemming from the environmental sampling can be found
in online resource 2.
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Enrichment indices accounting for abundance changes
due to brine loss were calculated according to Gradinger
and Ikévalko (1998) as Is = (Xi/Sp * (Sw/Xw), where Xj is
the ice parameter value, S; the bulk salinity of the ice, Sw
the water salinity, and Xy the water parameter value. An
index value of 1 indicates no change in the parameter
relative to changes in ice salinity, an index value >1
indicates enrichment, and an index value <1 indicates
depletion.

It needs to be kept in mind that differences in sampling
techniques and sample volumes have impact on the size
distribution and diversity of the communities observed.
This holds particularly true for the comparison of water and
ice samples, as for the former considerably larger volumes
were sampled. This could—as more specimens are caught
and analysed—Iead to a higher diversity estimate. Never-
theless, the relative contributions of the dominant taxa,
which are the focus of our analysis, are not expected to
change with different sampling volumes.

Statistical comparisons of faunal communities

Nonparametric two-tailed Mann—Whitney U tests were
performed to test for differences in the population means
between (1) all possible combinations of the three ice types
sampled and (2) each of the three ice types against the
underlying water in terms of bulk abundances of different
taxonomic groups of metazoans, protozoans and eggs.
Missing cases were excluded test-by-test. If several sam-
ples were taken, these were included in the tests as indi-
vidual samples.

To test for differences in community structure between
the different sample types, a one-way analysis of similari-
ties (ANOSIM; max 999 permutations) was applied pairwise
to the abundance data. This nonparametric permutation test
contrasts differences between sample types with differences
between stations of the same sample type to test the null
hypothesis that the similarity between the stations of the
same sample type is greater than or equal to the similarity
within the sample type. In order to visualize and further
investigate grouping patterns of the samples with respect to
community structure, a hierarchical agglomerative cluster-
ing (group-average linkage) was performed and signifi-
cance of clustering was tested with a similarity profile test
(SIMPROF; 1000 permutations, 999 simulated profiles).
Furthermore, non-metric multi-dimensional scaling (MDS)
to two dimensions was performed (starting configuration
from MDS to three dimensions, method of steepest descent,
Kruskal fit scheme 1, stop criterion: improvement in stress
value <0.01, 25 restarts) to visualize the similarity of
sample types. Meiofauna taxa discriminating and typifying
the different sample types were identified by the similarity
percentages method (SIMPER). Eggs and the samples W-3,
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WO and TI-1 were not included in the ANOSIM, MDS and
SIMPER analyses. In cases where two or more samples
were taken, arithmetic means of these were used for
analyses.

All multivariate analyses normally included metazoans,
protozoans and eggs and were based on the Bray—Curtis
similarities or dissimilarities calculated from fourth-root-
transformed abundance data. The significance level for all
statistic tests on biological parameters was 5% (p value
<0.05). Univariate and multivariate analyses were per-
formed with the software packages SPSS (2001) and
PRIMER version 6 (Clarke and Gorley 2006), respectively.

Experimental investigation of the colonization
of new ice

The ability of different sympagic and pelagic taxa to col-
onize newly forming and formed sea ice was tested in two
parallel experiments. Abundant representatives of the sea
ice meiofauna (Halectinosoma spp., rotifers, red acoel
platyhelminthes) and the sub-ice community (Oithona sp.)
were chosen for the experiment. Nematodes and Tisbe spp.
were not available in sufficient numbers. Experiments were
performed in a temperature-controlled room (set at —2 °C)
in the dark. Five hundred-millilitre beakers were filled with
350-ml-filtered seawater diluted with Millipore® water to
an initial salinity of 20 g/kg. A relatively mild freezing
temperature was chosen to avoid complete freezing of the
experimental beakers, whereas a low initial salinity was
chosen to reach a water salinity close to 35 g/kg after ice
formation. As the air temperature was below the freezing
point of the seawater, ice formation took place at the water
surface in all beakers. Ice growth proceeded for about
2 days, after which only little further growth occurred and
about 170 ml of water remained unfrozen. Ice temperature
and bulk salinity of the newly formed ice were measured
on three ice samples grown and incubated in parallel to the
experiment proper under the same conditions as described.
Brine volume for these three ice samples was calculated
according to Frankenstein and Garner (1967).

Ice formed during the colonization experiment had a
thickness of 3.2 £ 1 cm (average £ SD, n = 20). Ice
temperature was —1.3 £ 0.3 °C (n = 20), water tempera-
ture —1.6 £03°C (n=24), and water salinity
32.5 £ 3.5 gkg™' (n = 24). Mean bulk salinity of artifi-
cial ice, grown in parallel to the experiment proper under
the same conditions, was 10.0 & 0.3 gkg~' (n = 3).
Mean brine volume fraction was 33 4+ 5% (n = 3).

In the first experiment, animals were added to the beakers
prior to ice formation, whereas in the second experiment,
animals were added to the water fraction at day 2, i.e. when
the ice had already formed. In both experiments, red acoel
platyhelminthes (n = 14), Halectinosoma sp. (n = 21),

rotifers (n = 60) and Oithona sp. (n = 25) were used, with
three replicates each. The experiments were incubated for
6 days, after which ice temperature and thickness as well as
water temperature, salinity and volume were measured.
After measurement of the abiotic parameters, the ice was
separated from the water fraction and melted in a surplus of
filtered seawater. Dead and alive animals from the water
fraction were counted immediately. Dead and alive animals
from the ice were counted after melting in a surplus of 0.2-
pm-filtered seawater and enrichment over a 20-pum gauze as
described above. For each treatment, a colonization index
C was calculated as the ratio of live animals in the ice to total
live animals (ice and water) by the end of the experiment.
Nonparametric U tests and Kruskal-Wallis tests were
applied to test for differences in colonization efficiency both
between the different experimental approaches (with and
without ice present at the start) and between taxa.

Results
Characteristics of the different sample types

Bulk salinity was low and quite uniform in the bottom ice
sections of thick ice, whereas it was higher and more
variable in thin ice and brash ice (Table 1). Pigments (Chl-
a and Phaeo) were enriched in thin and slightly enriched in
brash ice in comparison with the underlying water column
(Tables 1, 2). Significantly higher pigment concentrations
(U test) were found in the bottom ice sections of thick ice
compared to thin ice, brash ice and water. Protozoans and
rotifers were found in significantly higher numbers (U test)
in thin ice and brash ice compared to the underlying water.
Platyhelminth abundance was also slightly but not signifi-
cantly higher (Fig. 2). Abundance of protozoans was found
to be highest in bottom sections of thick ice. In bottom
sections of thick ice, protozoans were dominant, which was
also the case for the water column, while in thin ice roti-
fers, and in brash ice rotifers and platyhelminthes were
dominating. A detailed account of environmental and
biological measurements, including abundance of all
meiofauna taxa, is given in online resource 2.

Composition of thick ice meiofauna

Thick ice had the most heterogeneous meiofauna and the
highest number of taxa of the ice types examined. The
meiofauna was usually dominated by ciliates which
accounted for 59-97% (median 83%) of total abundance
(Fig. 2; online resource 2). The most abundant metazoan
components of the meiofauna were rotifers (range 1-19%;
median 6%), Halectinosoma sp. (range 0-31%; median
0%), platyhelminthes (range 0-17%; median 0%) and
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Metazoa Metazoa and Protozoa

1.4 ick i
2.5 Level thick ice 324.5

1.1

e Nauplii Plathyelminthes

[— Halectinosoma sp. LILILH] Rotifera

I Tisbe sp. [ Ciliata

[ Oithona sp. I Foraminifera
-C_—_—""71 Oncaea sp.

Tisbe sp. (range 0-5%; median 0%). Nematodes were
abundant at one station (8% relative meiofauna abundance
at that station). Only few nauplii were found, mainly on the
last four stations, which coincides with the observation that

«Fig. 2 Composition of zooplankton and meiofauna in the respective

sample types. The relative proportion in terms of median abundance
of all metazoans or all meta- and protozoans is depicted in the pie
charts, and the median bulk abundance in Ind. 17! for each group is
indicated by the number associated with the respective pie
chart piece. Values to indicate the median abundance of metazoa
are associated with the left, and of protozoa with the right pie charts

egg-bearing harpacticoids (Halectinosoma sp.) were
mainly found at those stations. Median egg abundance
before 20  August was 194 eggs. 17" (range
0-86.4 eggs. 17"), whereafter considerably more eggs were
found, with a median abundance of 582.8 eggs 17 (range
34.3-1614.7 eggs. 17 h).

Composition of the thin ice meiofauna

The thin ice meiofauna was usually dominated by meta-
zoans, with a median proportion of 87% (range: 0-97%) of
the total meiofauna abundance (Fig. 2; online resource 2).
In particular, the thin ice meiofauna was strongly domi-
nated by rotifers, with a median proportion of 68% (range
0-91%) and maximum abundance of 187.8 Ind. 17!, The
only other abundant taxa were ciliates (range 6—100%;
median 12%) and platyhelminthes (range 0-26%; median
4%). Nauplii were very scarce (range 0—1%; median 0%),
and harpacticoid copepods and nematodes were missing in
all thin ice samples, except for one nematode found at
station TI-8b.

Composition of brash ice meiofauna

The brash ice meiofauna was always dominated by meta-
zoans, with a median proportion of 73% (range: 68—77%) of
the total meiofauna abundance (Fig. 2; online resource 2).
Rotifers and platyhelminthes were most abundant with
median shares of 40% (range 34-47%) and 31% (range
29-34%), respectively. Ciliates and foraminifera (mainly
the pelagic Neogloboquadrina pachyderma) were less
abundant with respective shares of 13% (range 12-15%)
and 14% (range 11-16%) of the meiofauna. Median total
abundance of foraminifera in brash ice was 5.1 Ind. 17
(range: 4.0-6.2 Ind. 1), which was higher (not significant,
U test) than within thin ice (median O Ind.17%; range
0-2.3 Ind. I™") and significantly higher (U test) than in
bottom ice sections of thick ice (median 0 Ind. 1™'; range
0-6.7 Ind. 17"). Harpacticoid copepods and nematodes were
missing in all brash ice samples. Few nauplii were found.

Composition of the sub-ice fauna

The sub-ice fauna was always dominated by ciliates
accounting for 46-93% (median 75%) of the total
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abundance. Other protozoan components were foraminifera
ranging from O to 7% (median 2%) and radiolaria ranging
from 0 to <1% (median <1%) of the total zooplankton
(Fig. 2; online resource 2). Metazoans made up 6-52%
(median 22%). Amongst metazoans nauplii, Oithona sp.
and rotifers were most abundant, accounting for 44—67%
(median 52%), 18-41% (median 25%) and 5-24% (median
7%) of the zooplankton, respectively. Harpacticoids were
not present, but single nematodes were found at two thin
ice sampling stations and one brash ice sampling station.
Two individuals of the cnidarian Sympagohydra tuuli were
found: one at station W-6 and one at W-7.

Enrichment indices

Although radiolarians were present in low, foraminifera
and Oncaea sp. in medium and Oithona sp. in high num-
bers in the water column, none of the four taxa was enri-
ched in thin ice (Table 2). Foraminifera were, nevertheless,
strongly and Oncaea sp. slightly enriched in brash ice.
Ciliates as well as platyhelminthes, rotifers and eggs were
enriched in both ice types, with ciliates being only weakly
enriched and the others being strongly enriched. Nauplii
were found only in one out of two brash ice stations
(070919-Br) and were slightly enriched in thin ice. Abun-
dance of cnidarians, nematodes and harpacticoid copepods
in the water column was too low to allow the calculation of
a reasonable enrichment index.

Comparison of the different sample types

Total abundance of metazoans was not significantly dif-
ferent between thin, brash and bottom ice sections of thick
ice, and metazoans were significantly more abundant in
these ice types than in the water column (U test). Proto-
zoans were significantly more abundant in bottom ice
sections of thick ice than in thin and brash ice and again
significantly more abundant in all three ice types than in
the water column. Protozoan abundance did not differ
significantly between brash and thin ice. Eggs were sig-
nificantly more abundant in thin ice than in brash ice and
bottom ice sections of thick ice and significantly more
abundant in all three ice types than in the water column.
Abundance of eggs was not significantly different between
brash ice and bottom ice sections of thick ice.

The community structures of each thin ice, brash ice and
bottom ice sections of thick ice on the one hand and water
on the other hand were significantly different with regard to
the abundances of the different taxa (pairwise ANOSIM).
Furthermore, also thick ice on the one hand and both thin
and brash ice on the other hand differed significantly in
meiofauna composition, whereas thin ice and brash ice
were not significantly different from each other (pairwise
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ANOSIM). This is also obvious from a multi-dimensional
scaling (MDS) analysis, according to which particularly the
water samples are distinctly separated from the ice samples
(Fig. 3). Also the thick ice is clearly separated from the
other two ice types. The water samples on the one hand and
all ice samples on the other hand formed two statistically
significant clusters with only 34% similarity between these
clusters; the similarity between the likewise significant
clusters of thick ice on the one hand and the two other ice
types on the other hand was 51% (cluster analysis,
SIMPROF).

A SIMPER analysis, based on average contributions of
the taxa to overall similarities within sample types or dis-
similarities between sample types (within-group similarity,
sim, or between-group dissimilarity, dissim, and similarity
or dissimilarity divided by standard deviation, sim/sd or
dissim/sd), revealed that nauplii, rotifers, Oithona sp. and
Oncaea sp. (sim > 9%, sim/sd > 7) typified samples from
the water column. The typifying taxa for thin ice as well as
for thick ice were rotifers and ciliates (sim > 17%, sim/
sd > 3). (Identification of typifying taxa for brash ice was
not possible by this method, which requires at least three
samples.) Rotifers and platyhelminthes discriminated water
from thin ice (dissim > 10%, dissim/sd > 1), while the
taxa discriminating water from brash ice were rotifers,
foraminifera and platyhelminthes (dissim > 9%, dissim/
sd > 8). Thin ice and brash ice were discriminated from
each other by ciliates and rotifers (dissim > 10%, dissim/
sd > 2). Thick ice was discriminated from thin ice by
ciliates, platyhelminthes and Halectinosoma spp. (dis-
sim > 6%, dissim/sd > 1) and from brash ice by ciliates,
foraminifera, platyhelminthes and Halectinosoma spp.
(dissim > 6%, dissim/sd > 1).

-
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Fig. 3 MDS plot of the different sample types, based on fourth-root-
transformed abundance of proto- and metazoan taxa (Ind. 17" melted
sample or Ind. I”' water). Similarity levels of significant clusters
(cluster analysis, SIMPROF, significance level 5%) are also shown
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Colonization efficiencies

Tests for differences between the two experiments (ice
present when animals were added to the experimental
beakers versus ice growing after the addition of animals)
revealed no significant differences (U test) in colonization
efficiency C for any of the taxa. Therefore, treatments of
both experiments were regarded as replicates, and differ-
ences in C between the taxa were tested for with a Kruskal—
Wallis test, which revealed significant global differences.
Mann—Whitney U tests applied thereafter to each pair of
taxa revealed that Halectinosoma sp. (median proportion
C of organism found within the ice = 0.36) colonized the
ice more efficiently than Oithona sp. (median proportion
C = 0.00) (Fig. 4). Furthermore, platyhelminthes (median
proportion C = 0.83) colonized the ice more efficiently
than rotifers (median proportion C = 0.07), and again
rotifers colonized it more efficiently than Oithona sp. There
were no significant differences between the colonization
efficiencies neither of platyhelminthes and Halectinosoma
sp., nor between rotifers and Halectinosoma sp. A detailed
account of the animals found in the ice and water fraction
after the experiment is given in online resource 3.

Discussion

Our study confirms the hypothesis that interspecies dif-
ferences in dispersal strategies and colonization efficien-
cies exist for sea ice meiofauna organisms and result in
different capabilities to establish and maintain populations
within sea ice. Observed differences in sea ice meiofauna
communities in the different ice types sampled are likely
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the result of different long-range dispersal, colonization,
survival and reproduction strategies.

Long-range dispersal of sea ice meiofauna

Our comparison of the different ice types revealed significant
differences between young and older ice, with the latter
harbouring a community that also contains taxa with a ben-
thic lifestyle (harpacticoid copepods, nematodes and platy-
helminthes). It is mostly assumed that these species colonize
sea ice in shallow water areas of the Eurasian and Alaskan
shelves mainly when the sea ice forms (e.g. Kern and Carey
1983; Gradinger et al. 2009). Pack ice motion, especially the
transpolar drift, can then result in the long-range dispersal of
these organisms throughout the Arctic. Another possibility
suggested recently is the colonization of younger ice from
older persisting floes (Kramer et al. 2011). The thick ice
observed during our study was mainly first-year ice (Haas
etal. 2008), probably originating from the Eurasian shelf, but
nearby Svalbard and Franz-Josef Land, also second-year ice
and third-year ice were found (Haas et al. 2008) and colo-
nization in some areas might thus have occurred from sec-
ond-year ice. Dispersal within the sympagic realm can take
place within the ice and to a larger extent via the sub-ice layer
(Kiko et al. 2008). Horizontal dispersal of single organisms
within the ice is probably restricted to a few metres. Friedrich
and Hendelberg (2001) observed that Arctic acoel platy-
helminthes moved with an approximate speed of 14.4 m/d
through the brine channel system. As this movement is
probably not directed, dispersal distances per day will be
considerably smaller and thus not sufficient to effectively
colonize new habitats. The sub-ice layer is probably more
important for the dispersal of sympagic species (Kiko et al.
2008). During the melt season, sympagic organisms (e.g.
harpacticoid copepods) are found within a low-salinity sub-
ice layer directly underneath the ice, whereas pelagic species
mostly seem to avoid the low-salinity sub-ice layer (Werner
2006). The establishment of a halocline could restrain the
dispersal of sympagic organisms vertically and result in
almost exclusively horizontal transport in close vicinity to
the ice underside. Such a mechanism could thus be effective
on scales of at least tens to hundreds of metres. Whether it is
effective on larger scales remains to be shown. During our
expedition, a low-salinity sub-ice layer was no longer
observed from 13 September 2007 onwards (data not shown)
shortly prior to the thin ice sampling. This might partly
explain why only species with a pelagic origin or good
swimming ability were found in the thin ice samples.

Colonization of new sea ice habitats

Sea ice meiofauna species found in the sub-ice layer need
to re-colonize the sea ice. We observed signs of both,
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passive entrainment—the incorporation of sea ice meio-
fauna organisms into newly forming ice due to physical
mechanisms—and active colonization or habitat choice. A
slight enrichment of foraminifera in newly formed thin ice
was likely the result of passive entrainment. Spindler and
Dieckmann (1986) already proposed earlier that high
abundances of foraminifera—small, sticky protozoans with
no means of active movement—are the result of passive
enrichment during frazil ice formation. Active choice of
habitats has been suggested to account for differences in
community composition of the mobile components of the
sub-ice zooplankton and sea ice meiofauna (Werner 2006;
Kiko et al. 2008; Gradinger et al. 2010). The results of our
colonization experiment partly mirror the results from
environmental sampling. Oithona sp. was not found in any
of the ice types sampled and was able to avoid incorpo-
ration into newly forming artificial thin ice. Enrichment
indices for platyhelminthes and rotifers are high for thin
ice. For platyhelminthes, this goes in hand with our colo-
nization experiments, during which we observed a very
high affinity of platyhelminthes to growing and already
present sea ice. The particular enrichment of platy-
helminthes observed in bottom sections of Arctic pressure
ridges in summer has likewise been suggested to be related
to a high sea ice affinity (Gradinger et al. 2010). For roti-
fers, the environmental results are contrary to our experi-
mental results, as we found a low colonization efficiency in
the experiment. As we performed our experiment in the
dark, we omitted light as a potentially decisive clue for sea
ice colonization. Several rotifers show a positive photo-
tactic response (Clement 1993 and references therein),
including sea ice rotifers (S. Siebert, personal communi-
cation). In nature, the ice cover is the brightest object in the
habitat and rotifers will probably direct their movement to
this light source. Studies on Arctic polychaete larvae
(Gradinger et al. 2009) and the Antarctic calanoid copepod
Paralabidocera antarctica (Tanimura et al. 2002) have
shown that these also show positive phototactic responses.
Light thus seems to be a major cue for the colonization of
sea ice for at least some sympagic meiofauna taxa.

The harpacticoid copepod Halectinosoma sp. showed a
considerable affinity to artificial sea ice, but was not found
in environmental thin ice samples, nor in the sub-ice water
directly underneath. Our experimental design did not test
for differences in swimming ability, as the distance
between the beaker bottom and the ice underside was only
about 8 cm. Therefore, colonization of the artificial ice in
our experiment was relatively easy even for taxa with poor
swimming ability. We suggest that poor swimming ability
was the reason for the absence of harpacticoids in our
environmental thin ice samples, as source habitats such as
level thick ice floes were several kilometres away. In
comparison, thin ice that developed on saline meltwater
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ponds on level thick ice was colonized by harpacticoid
copepods and nematodes (Kramer and Kiko 2011). Simi-
larly, in coastal areas the sea floor and the ice cover are in
close proximity, which makes the colonization of sea ice
through species with a (partly) benthic lifestyle or poor
swimming ability (P. antarctica nauplii, polychaete larvae,
harpacticoids and nematodes; Carey and Montagna 1982;
Carey 1992; Tanimura et al. 2002; Gradinger et al. 2009)
easier. The fact that some of these species like polychaete
larvae are only found in coastal sea ice supports the
hypothesis of differential dispersal and colonization
capacity as a major factor in shaping sea ice communities.

Succession and differential survival

Whereas differences in colonization capacity are one likely
explanation for the differences in community structure
found for the different ice types, also different suitability of
sea ice in terms of abiotic factors, food availability and
predation pressure for the incorporated and colonizing
organisms is probably partly responsible for the different
community structures found. In our MDS analysis, thin ice
samples grouped in between thick ice and water, and we
found significant differences between thick ice, thin ice and
water. This could be interpreted as a change from a com-
munity dominated by pelagic organisms (thin ice) to one
dominated by organisms with a sympago-benthic lifestyle
(thick ice). This is likely a result of a slower colonization of
new ice by sympago-benthic organisms, which, neverthe-
less, are better adapted to a life within the brine channel
network due to their evolutionary origin and resulting
adaptations to an interstitial lifestyle (Krembs et al. 2000).
These adaptations enable them to use the sea ice habitat as
arefuge from predators and as a feeding ground with ample
food supply. This seems to be especially valid for ciliates,
which were much more abundant in thick ice than in thin
ice in our data set. Variable, sometimes extreme salinities
and temperatures within the brine channel system
(Schiinemann and Werner 2005), furthermore, select for
sympago-benthic organisms, as these are often more
salinity tolerant and temperature tolerant than pelagic
organisms (Grainger and Mohammed 1990; Gradinger and
Schnack-Schiel 1998; Kiko 2010).

Reproduction and seasonality

Sea ice is a very dynamic habitat; large areas are lost every
year during the melt season or through export to lower
latitudes, where the ice finally melts. Maintenance of viable
populations in sea ice seems only possible if successful
dispersal strategies are coupled with a reproduction of the
respective species, thereby accounting for losses due to
displacement into unsuitable habitats. Very high egg
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abundances were found in thick ice and also in thin ice and
brash ice during our late summer/early autumn expedition.
Furthermore, in samples taken for life observations, more
egg-carrying harpacticoids were found towards the end of
the summer season. This goes in hand with the observation
of Schiinemann and Werner (2005) that in summer, cope-
podids, platyhelminthes, nematodes and rotifers are found
in sea ice, whereas these are nearly absent in winter, when
nauplii dominate. We suggest that many meiofauna species
reproduce in late summer/early autumn, when the food
availability and quality within the ice is still good (as
indicated through high Chl-a concentrations in all ice types
observed during our study), the habitat becomes more
stable (no melting of the ice) and the sea ice habitat extends
due to new ice formation.

Deterioration of old ice—who is last?

We interpret the brash ice sampled as being mainly rem-
nants of deteriorated older ice, possibly with a fraction of
newly formed ice. The observed meiofauna species com-
position therefore likely is representative for the last stage
of an ice floe and is influenced by the flushing with sea-
water as indicated by the high bulk salinity of the ice. If we
assume that the meiofauna composition of the original ice
cover was similar to that observed in our first- and multi-
year ice samples, consisting of mainly harpacticoids,
nematodes, platyhelminthes and rotifers, we can conclude
that flushing is detrimental to nematodes and harpacticoids,
likely due to their low swimming ability. Platyhelminthes
seem to be able to remain within or in close contact with
the ice also under these conditions, likely due to their high
affinity to sea ice mentioned above. Nevertheless, it seems
that they are also flushed out of the ice, as their enrichment
index is lower for brash ice than for thin ice. This is also
the case for rotifers. Both taxa are worm like and likely
rather negatively affected by flushing in comparison with
foraminifers. High abundance and enrichment of for-
aminifera in the brash ice could be a result of scavenging
when the ice is flushed with sea water. Scavenging of
particles was observed during formation of brash and
pancake ice under turbulent conditions (Ackley 1982;
Garrison et al. 1989). Again, differential affinity to the ice
and differential scavenging properties are able to partly
explain the community composition of the ice sampled.

Summary, conclusions and outlook

The general composition of the Arctic sea ice meiofauna of
thick ice > 0.5 m observed during this study is consistent
with  previous studies (e.g. Gradinger et al
1999, 2005, 2010). Mainly harpacticoids, nematodes,
platyhelminthes and rotifers were found also in 2007.

Nevertheless, there are indications that taxa with a low
dispersal capacity—which often are dominant and charac-
teristic components of the sea ice meiofauna—are less
successful in very young ice (this study) and seasonal sea
ice (Kramer et al. 2011). We therefore conclude that con-
comitant with a decline of multi-year ice, changes in the
community composition and possibly also an overall
reduction in diversity and abundance already has taken
place in the Arctic and will continue in case of further
global warming. This conclusion is supported by the
observation that thin ice (dark and light nilas) over deep
waters is colonized by only few representatives of the
Arctic sea ice meiofauna. The area successively covered by
thin ice in our sampling region was with 85,000 km? (the
size of, for example, Austria, Europe or South Carolina,
USA) extremely large. The increasing likeliness of forma-
tion of such extensive new ice covers in a warmer climate
will negatively affect the overall diversity of the Arctic sea
ice meiofauna as these areas are difficult to colonize.
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