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Abstract The distribution and abundance of transparent
exopolymer particles (TEP) was determined in and below
pack ice of the Laptev Sea from July to September 1995.
Samples were collected from the lowermost 10 cm of ice
floes and at 10 cm below the ice-water interface. Abun-
dance of bacteria, protists and TEP was determined, and
the sea ice-water boundary layer was characterized using
temperature, salinity and molecular viscous shear stress.
TEP, with a distinct size distribution signal, were found
in highest concentrations inside the sea ice, ranging from
not detectable to 16 cm? I™! (median: 2.9 cm? 171). In the
water, concentrations were one order of magnitude lower,
ranged from below detection to 2.7 cm? 1™ (median:
0.2 cm? 1Y) and decreased after the middle of August,
whereas abundances of autotrophic flagellates (AF), di-
atoms, heterotrophic flagellates (HF) and ciliates in-
creased. The abundance of TEP decreased with its size in
all samples following a power law relationship. The re-
lation of TEP to the microbial community differed be-
tween the sea ice and water, being positively correlated
with bacteria and diatoms in the ice and negatively cor-
related with HF in the sea water. The presence of a py-
cnocline significantly influenced the abundance of or-
ganisms, diatom composition and TEP concentrations.
Pennate diatoms dominated by Nitzschia frigida were
most abundant inside the ice. Though bacteria have the
potential to produce exopolymeric substances (EPS), the
results of this study indicate that the majority of TEP at
the ice—water interface in first-year Arctic summer pack
ice are produced by diatoms.
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Introduction

Most of the biomass in Arctic sea ice is located in the
lowest few centimeters. This bottom ice community
comprises bacteria, autotrophic and heterotrophic fla-
gellates, diatoms and a variety of meiofauna taxa
(Horner 1985, 1990; Horner et al. 1992). Bacteria dom-
inate in terms of number and diatoms in terms of bio-
mass (e.g. Welch and Bergmann 1989; Poulin 1990;
Bowman et al. 1997; Gradinger and Zhang 1997). Bac-
teria and diatoms, e.g. species of Chaetoceros, Nitzschia
and Melosira, are recognized as important producers of
extracellular polymeric substances (EPS) (e.g. Decho
1990; Hoagland et al. 1993; Costerton et al. 1995;
Gosselin et al. 1997) in the aquatic environment. The
EPS are composed of several mucoid substances which
aid, e.g., in cell locomotion (Wetherbee et al. 1998) and
adhesion to surfaces (Cooksey and Wigglesworth-
Cooksey 1995). In addition to direct biological functions
EPS enhance the agglutination of planktonic organic
and inorganic particles (Hamm 1994). Particles or gels
formed of EPS are referred to as transparent exopoly-
mer particles (TEP) (Alldredge et al. 1993), can be as
abundant as solid particles, e.g. phytoplankton cells, and
are considered central agents in the formation of mac-
roscopic aggregates (marine snow) (Passow et al. 1994;
Dam and Drapeau 1995; Logan et al. 1995; Engel 2000).

Though diatoms are important primary producers in
polar sea ice (e.g. Legendre et al. 1992), little is known
about the distribution and abundance of TEP in ice-
covered areas (e.g. Hong et al. 1997). Sea ice constitutes
a vast porous habitat with extensive internal surfaces
(Krembs et al. 2000) and very likely harbors large
quantities of exopolymer substances of bacterial (Sulli-
van and Palmisano 1984) and/or algal origin (Syvertsen
1991; McConville 1985). However, quantitative data on
TEP abundance and its dynamics in relation to ice or-
ganism abundances and abiotic factors in sea ice are not
available. Due to the discovery that the Arctic ice sheet
is thinning (e.g. Vinnikov et al. 1999) and an expected
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increase in melting of the sea ice, we focused on the effect
of melt water on the abundance and variability of TEP
and microorganisms located at the ice—water interface,
which we define as extending 10 cm into both sides of
the ice and water.

The Laptev Sea (662 x 10° km? Timokhov 1994) is
an important site of sea ice production and is covered
with between 29 and 47% sea ice (Eicken et al. 1997)
during the summer months. About 540 km® of ice
(Timokhov 1994) are advected from the continental
shelf of the Laptev Sea to the central part of the Arctic
Ocean (Colony and Thorndike 1985) each year, and are
subjected to strong tidal currents and shear stress, es-
pecially in eastern areas over the continental shelf
(Kowalik and Proshutinsky 1994). During the Arctic
summer, melting commences at the top of sea ice
(Spindler 1990) and flushes large quantities (Hudier and
Ingram 1994) of ice-associated organisms and organic
substances into the water (Wollenburg 1993; Reimnitz
et al. 1994; Eicken et al. 1997; Cremer 1998). As par-
ticles leave the ice, they inadvertently interact with
sediment organisms and TEP at the bottom of the ice
floes.

The Laptev Sea with its high sediment load (e.g.
Eicken et al. 1995b; Reimnitz et al. 1995), fast ice drift,
strong tidal currents and a well-developed sympagic
community (Friedrich 1997) constitutes a site where
theoretically known aggregation criteria are met. This
study describes the occurrence and variability of TEP in
and below pack ice in the northern parts of the Laptev
Sea and investigates the origin and transformation of
TEP in relation to the naturally observed biological and
physical variability occurring at the sea ice—water
interface.

Materials and methods

The study area

Seventeen ice stations were sampled on three transects (Fig. 1)
from July to September 1995. Transects I and II ran parallel to the
coast from approximately 77 to 82°N with a length of 545 km and
included closely packed drift ice near the shore, gradually changing
to a solid ice cover in the north. Transect III extended along 82°N
latitude from approximately 105 to 150°E with a length of 679 km,
and had solid ice cover. The character of the ice varied significantly
along the three transects. Ice floes on Transect I were frequently
sediment laden (Rachor 1997), displayed numerous pressure ridges
(Evers and Jochmann 1998), and often had rafted ice floes with
very uneven ice-water interfaces (Werner and Lindemann 1997).
Water depth below the ice ranged from 50 m to 2500 m. Ice on
Transects II and III carried less sediment, was less rafted and had
smoother ice-water interfaces (Werner and Lindemann 1997);
water depth always exceeded 1000 m. Ice data were obtained from
the US Arctic National Ice Center chart of 1 August 1995, during a
cruise to the Laptev Sea with the ice breaker R.V. “Polarstern”
(Expedition ARK XI/1).

Air temperature and irradiance were obtained from the ship’s
data log and varied between 4.5 and -11.0°C and 0 to
700 pE m™ s~! (Fig. 2). Melt ponds covered 20 to 50% of the
ice surface at most of the stations (Werner and Lindemann
1997).
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Fig. 1 Map of the Laptev Sea showing ice cover on 1 August 1995
(US National Ice Center chart) and station locations. I, II, III denote
main station transects
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Fig. 2 Air temperature and atmospheric irradiance from ship’s log

Drift of individual pack ice floes over ground and their rotation
was determined using a portable global positioning system sensor
(Garmin 45). Ice drift was determined at least three times in 30 min
intervals at the sampling site and at a distance of 30 m from the
sampling site to determine the relative rotation of the floe.

Ice samples consisted of first-year ice (Eicken et al. 1995a). To
compare ice samples with the water directly below the ice, ice was
collected from the lowermost 10 cm of the floe and water from
10 cm immediately below the ice—water interface. Ice cores were
obtained with a CRREL ice auger of 10 cm inner diameter. Ice
thickness was determined from the total core length. The lower-
most 10 cm of the ice were cut from the core, vertically divided into
identical sections and processed shipboard. Ice samples were
transferred into polystyrene plastic jars and melted in the dark at



0 °C after the addition of 300 ml 0.2 um prefiltered sea water of
known salinity. The brine volume of the ice was determined from
bulk salinity and ice temperature (Frankenstein and Garner 1967,
Leppédranta and Manninen 1988). Bulk salinity and in situ water
temperature below the ice were determined with a WTW 325 probe.
A current probe with an optional water intake (Krembs et al. 1996)
was lowered through the core hole to collect water samples and to
determine the direction and velocity of the under-ice boundary
current over a 180 cm interval. Water samples were collected via a
syringe system through the head of the current meter (Krembs
et al. 1996). Velocity and direction of the ice—water boundary flow
were quantified in 10 cm increments. Current velocity was recorded
every 10 s and fluctuations were averaged over 100-s intervals. The
molecular viscous stress (r, N m™2) was conservatively estimated
using the differences in current velocity between 10 cm depth in-
tervals and was calculated with:

t=pra (1)
where p is the density of water (kg m™>), v the coefficient of kine-
matic viscosity (m*s') and du/dz the gradient of velocity (s™').
Density of the water (g,)was calculated according to Dietrich et al.
(1975).

For simplicity, the molecular viscous stress was calculated as-
suming a constant density throughout the boundary layer and was
approximated with that of water of salinity 33 and temperature
—1.8 °C. Although we are aware that these are rough estimates they
allow a crude characterization of the boundary layer conditions at
the stations.

Temperature and salinity profiles in 10 cm depth intervals be-
low the ice were measured with a LF 196 microprocessor conduc-
tivity meter (WTW, Inc.) equipped with an underwater salinometer
(accuracy: salinity 0.2, temperature 0.2 °C).

Measurement of biogenic constituents

Samples for the determination of TEP and organism concentration
were obtained from replicate melted ice samples following the
protocol of Garrison and Buck (1986), which requires melting of
the ice samples in prefiltered sea water. Abundance of TEP, bac-
teria, algae, autotrophic flagellates (AF), defined as those appear-
ing autofluorescent, heterotrophic flagellates (HF) and ciliates were
examined using epifluorescent microscopy. Total volume and sa-
linity of melted ice samples and of sea water were determined prior
to filtration to allow correction of the dilution factor during
melting. Two milliliters of the melted sample for bacterial counts
and 25 ml for protist counts were filtered with <0.2 bar vacuum
pressure onto polycarbonate filters (0.2 pm, Nuclepore) supported
with a GF/F (Whatman) backing filter. The samples were fixed
with ice-cold glutaraldehyde (final concentration 4%) and stained
with DAPI (4 pg ml™") (Porter and Feig 1980) for 5 min. Filters
were mounted onto glass slides and stored at —20 °C for micro-
scopic analysis. Organisms were counted and sized under an epi-
fluorescence microscope (Zeiss Axiovert) with blue light (450 to
490 nm) and UV light (365 nm) excitation at 1000x and 400x
magnification. Bacterial concentrations were determined by
counting 20 randomly chosen fields (45 x 45 um) at 1000x mag-
nification. Protist abundances were determined along two transects
following a cross pattern over the filter at a magnification of 400x.
Sediment concentration was scored into four categories “‘no sedi-
ment”, “low sediment”” with only a few particles, “intermediate”
sediment with several visible particles, and “high” with so many
particles that counting of organisms was difficult. “High” was
approximately 50% by area covered with sediment.

For the determination of TEP, 30 ml were filtered onto 1 pm
polycarbonate membrane filters (Nuclepore) supported with 1 pm
nitrocellulose filters. Filtration was performed very carefully using
a portable syringe system with a pressure difference of <0.1 bar.
TEP samples were fixed with glutaraldehyde (final conc. 4%) and
stained with prefiltered (0.2 um) Alcian Blue solution (Alldredge
et al. 1993). TEP abundance and size were analyzed at 400x mag-
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nification. Single fields on the filter were videotaped following two
transects across the filter in a cross pattern. Individual frames were
digitized and analyzed using the image software NIH Image 1.64.
For each frame, the total percent area covered by TEP and indi-
vidual areas of TEP >4 um were measured. Relative cover of TEP
on filters was low and accounted on average for <4% by area. The
TEP size spectrum was determined from a minimum of 20 ran-
domly chosen fields, which resulted in counts of >1000 particles
per filter.

From the area of individual TEP, the equivalent spherical di-
ameter (ESD, pum) was calculated assuming the symmetry of a
sphere. TEP sizes were assigned to nine logarithmically increasing
size classes, ranging from 3 to 60 pm ESD. In the pelagic
environment the size-frequency distribution of suspended particles
is often described by a power law function: N(dp) = kdp‘f, where
N(d,) is the sum of particles larger than a given size d,. The ex-
ponent f3 is a characteristic scale of the size spectra, and its varia-
tion gives insight into particle dynamics, e.g. production,
coagulation and fate (Mc Cave 1984): k is a constant which de-
pends on the concentration of particles. The exponent (f + 1) of
the TEP size distributions was calculated from a linear regression
of log [dN/d(d,] versus log (d,,) to allow a comparison between
stations.

Results
The physical environment

Ice thickness at the sampling sites ranged between 100
and 270 cm (Fig. 3) and freeboard height never exceeded
40 cm with snow cover below detection. Salinity of the
water directly below the ice ranged between 1.7 and 34.7,
temperature varied between —1.5 and -0.1 °C. Tem-
perature deviations from the theoretical freezing point
accounted for —0.6 to 0.2 °C (0.2 °C), indicating in 9 of
12 stations moderate melting of the ice floe’s underside.
Drift of ice floes over the bottom varied between 0.03
and 0.33 m s™'. Current velocities at 180 cm below the
ice ranged between 0.05 and 0.19 m s™', with high fluc-
tuation which increased towards the ice—water interface
(for more details see Krembs et al. 1996). Current
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Fig. 4 Examples of hydrodynamic conditions below ice floes scored
as: strong, weak and unstratified water columns, based on the vertical
density (g,) and molecular viscous stress () profiles

directions changed between 0° and 180° relative to the
drift of the ice floe, indicating a multi-layered current
regime.

Melting of the ice floes resulted in a brackish water
layer below the ice at 7 out of 12 stations. Fig. 4 shows
density profiles (g;) below the ice in conjunction with the
molecular viscous shear stress (7). Vertical density pro-
files varied greatly between two samples at single sta-
tions (see Stations 42 and 49, Samples 1 and 2). Shear
stress was highly variable ranging between 0 and
1.1 x 107* m™2, and was highest close to the ice-water

Density (0,)

Density (0,)

--------- molecular viscous stress
—e— O,

interface except under rafted ice floes that extended into
the current (Stations 27 and 57).

The biological environment

In general, diatoms and bacteria were the most abun-
dant organisms inside the ice (median: 66 x 107 diatoms
and 227 x 107 bacteria I"'). The three transects (I, II, I1I)
were significantly different from each other with respect
to the relative composition of the organisms for both the
ice and the water samples (3> test for multiple indepen-
dent samples, p < 0.001). The abundances of organisms
are summarized in Table 1. Differences between tran-
sects were smaller for water samples than for ice sam-
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Table 1 Median abundance of
transparent exopolymer

Ice transects

Water transects

particles (TEP) and organisms

in the ice and water grouped I 11 111 I 11 111
after transects. Highest values 2 -1
are in bold print. Variability of TEP (cm” 17) 3.5 2.9 2.4 0.36 0.08 0.38
organism counts in parentheses, (3'9/ 4.0) (0'9/ 16.1) (O'f/ 5.6) (O'E/ 1.2) (0'9/ 0.4) (O'l/ 0.5)
with maximum and minimum n=2 n==6 n=1 n=4 n=1 n=1
values (AF autotrophic AF x 107 17! 32 2.0 3.9 0.29 6.9 6.1
flagellates; HF heterotrophic (0.4/5.1) 0.4/7.7) (2.3/9.2) (0.0/6.9) (0.3/28.1) (1.9/13.4)
flagellates; Chlam. n=238 n==6 n=2>5 n==o n=38 n==o
Chlamydomonas) Diatoms x 107 17" 28 2 66 1.9 3.1 33
(1.2/132.0) (1.2/143.0) (1.2/173.0) (0.2/27.9) (0.5/18.5) (0.6/52.7)
n=2~8 n==o6 n=>5 n==o n=328 n==o
Chlam. sp. x 10" 17" 1.8 2.3 1.6 0.065 0.025 0.051
(0.6/6.7) (0.3/6.9) 0.4/2.4) (0/0.2) (0/1.2) (0/2.15)
n=28 n==6 n=>5 n==o n=2_8 n==o
Bacteria x 107 17! 117 227 166 13 26 23
(18/166) (48/378) (26/2302) (8/138) (18/166) (10/156)
n=3>:5 n=717 n==ao6 n=2>:5 n = n==o
HF x 107 17! 4.5 13 19 42 19 11
(0.4/45.0) (4.5/55.0) (8.7/50.6) (0.4/19.5) (1.4/30.6) (5.3/24.0)
n=2~8 n==~6 n=>35 n==o n=2_8 n==o
Ciliates x 107 17 0.23 0.29 0.30 0.34 0.30 0.17
(0/0.85) (0/0.69) (0.23/0.61)  (0/0.69) (0/2.99) (0/0.38)
n=2~8 n==6 n=>5 n=2~8 n=2_8 n=2~8

ples. The highest abundance in the ice occurred on
Transect 111, with the exception of Chlamydomonas sp.
and bacteria which occurred in higher abundances on
Transect II. The lowest abundances of diatoms, bacteria,
HF and ciliates were observed on Transect I, which also
had the highest concentrations of sediment (Rachor
1997). High abundances of bacteria in the ice and water
occurred on Transect II (Table 1). For diatoms this
occurred on Transect III.

The distribution of ice-associated autotrophic or-
ganisms (AF, diatoms and Chlamydomonas sp.) was
different in the three transects: AF and diatom abun-
dances were low in the ice in Transect I especially over
shallow water (<100 m depth), AF occurred in high
numbers, irrespective of sampling date and diatoms
numerically dominated the autotrophic community on
all transects, especially after Station 044 with concen-
trations >4 x 10® I! (Fig. 5a to c).

In general, abundances of protists increased in the
water during August and September. The relative com-
position of diatom morphotypes is shown in Fig. 6.
Pennate diatoms were more frequent inside the ice and
were dominated by Nitzschia frigida. Below the ice,
centric diatoms such as Chaetoceros sp. frequently oc-
curred, but pennate diatoms dominated in melt water
layers (Fig. 7). Heterotrophic microorganisms in the ice
(Fig. 5d to f), e.g. bacteria, were more numerous after
Station 008, HF abundances increased after Station 027
and generally followed the development of ice-associat-
ed diatoms. In the water HF and ciliate abundance in-
creased after Station 042 and hence increased earlier
than diatoms. Their levels remained high, near
2 x 10® I"", until the beginning of September. Counts of

ciliates were inconsistent and occasionally dropped be-
low the detection limit.

Qualitative estimates of sediment scored into the
categories “‘no”, “low”, “intermediate” and “high” in
the samples were very erratic. The degree of stratifica-
tion of water below the ice affected its sediment content.
Elevated sediment concentrations in the water occurred
at 66% of the stations that had a strong pycnocline, at
33% with a weak pycnocline and at 16% when there was
no pycnocline (data not shown).

Abundance of TEP

TEP concentrations in the ice varied considerably
between stations, ranging from below detection to
16 cm? 1I”! (median: 2.9 cm? 1I"!) (Fig. 8). The highest
concentrations of TEP in the ice were found on Transect I,
with a median of 3.5 cm? 17! (Table 1): lowest TEP
concentration occurred on Transect III, with
2.4 cm? "', In the water, TEP concentrations were in
general one order of magnitude lower and ranged be-
tween below detection and 1.2 cm?17' (median:
0.2 cm? I""), with the highest median concentration of
(0.4 cm? 1!y on Transect III and the lowest median
concentration (0.08 cm? I™!) on Transect II.

Decrease of TEP concentrations in the water oc-
curred after the middle of August (Fig. 8) and coincided
with highest TEP concentrations inside the ice
(16.1 cm” 1""), which illustrates that TEP concentrations
across the ice—water interface did not coincide tempo-
rally or spatially. The proportions of bacteria and dia-
toms to TEP during the sampling period inside the water
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Fig. 5 Composite graph of autotrophic and heterotrophic organism
abundance and degree of water stratification: a autotrophic flagellates,
b diatoms, ¢ Chlamydomonas sp., d bacteria, e heterotrophic flagellates
and f ciliates (*, missing sample; hydrodynamic conditions: s strong; w
weak; no unstratified, see Fig. 4; transects: I, II and III)

(Fig. 9) continuously increased, although only the in-
crease of the ratio of diatoms to TEP was statistically
significant (Spearman rank correlation, p < 0.002).

The abundance of TEP was negatively correlated
with TEP size and followed a power law relationship.
Examples of the TEP frequency distributions on a nor-
malized scale are given in Fig. 10. TEP size spectra de-
clined less rapidly with size in the ice than in the water.
Slopes (f + 1) of all TEP size distributions under the ice
varied by a factor of three (Fig. 11), ranging from 1.2 to
3.7. More than 50% of the slope values ranged between
2 and 3. The range of slopes within the ice was low, with
a mean value of (f + 1) = 1.86 =+ 0.24 (Fig. 11),
excluding two stations.

Abundances of organisms and particles across
the ice—water interface and the influence of melt water

The relative abundances of TEP and organisms aver-
aged over all 17 stations across the ice—water interface
are illustrated in Fig. 12. Chlamydomonas sp. was pre-
dominantly ice-associated. Diatoms and TEP concen-
trations were about the same percent higher in the ice,
whereas bacteria, HF, ciliates and AF occurred with
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relatively higher abundances in the water. The presence
of a pycnocline influenced the abundance of organisms,
diatom morphotypes and TEP concentration in and
below the ice. Fig. 13 shows the median abundances of
particles from the ice and water, separated into stations
with and without a melt water layer. Within the ice sit-
uated above melt water a decrease in the abundance of
TEP, diatoms and Chlamydomonas sp. by over 50% and
a reduction of bacteria and HF abundance by approxi-
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mately 33% occurred. However, only the reduction of
ice-associated diatoms was statistically significant
(Mann—Whitney U-test, p < 0.05).

The total abundance of TEP and organisms found at
the ice—water interface integrated across the 20 cm ice—
water interface is graphically illustrated in Fig. 13 by the
entire length of the bars extending across the origin of
the y-axis. Total concentrations of diatoms, Chlamydo-
monas sp., bacteria and HF were lower in the presence of
a melt water layer, whereas bacteria and HF were less
affected.

Fig. 10 Size distribution of

Discussion
Method discussion

This study gives the first quantitative measurements of
TEP within natural sea ice and across the ice-water in-
terface. We measured high concentrations of TEP with a
distinct size distribution in summer sea ice of the Laptev
Sea and explored the dynamics of microorganisms and
TEP abundances across the sea ice—water interface.
However, determination of TEP inside sea ice is subject
to methodological difficulties which we tried to over-
come by combining conventional sea ice biological
methods with planktonic methods for the characteriza-
tion of TEP. Melting the samples potentially destroys
the structure of TEP inside the brine channel system and
allows free interaction of particles in the melt water.
During melting, brine channels are enlarged and TEP
are exposed to changes in salinity and sporadic density
convection (Eicken 1992). Survival of organisms from
ice samples drastically increases when ice cores are
melted in prefiltered sea water (Garrison and Buck 1986;
Spindler and Dieckmann 1986). This method was
therefore used to minimize changes in the structure and
size distribution of TEP and to best simulate natural
melting processes beneath the ice. Thus, the size distri-
bution of TEP from melted ice was compared with that
from the water, assuming that melted samples and melt
water should be identical. However, we cannot rule out
that differences between the TEP size distributions of
water and ice are partially biased by differences in
sampling procedures. Larger variations in the slope of
the size spectra in the water suggest that the TEP size
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Fig. 11 Comparison between the slopes (f + 1) of the size distribu-
tions of TEP in water and the ice. Dashed line denotes equal size
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spectra varied to a higher degree in water. More than
50% of the slopes (f + 1) of all TEP size distributions
in water ranged between 2 and 3, which is representative
of TEP size distributions in temperate pelagic ecosys-
tems (Passow et al. 1994; Mari and Kierboe 1996; Engel
1998) and supports a planktonic origin or a transfor-
mation of ice-derived TEP in the water.

The shoulder in the size spectra of TEP in the ice
around an ESD of approximately 10 um was observed
in 30% of the samples. We cannot distinguish whether
the shoulder is related to a diatom-specific artifact, i.e.,
associated with the cell surface forming a mucus envel-
ope, or by the imprint from the geometry of the brine
channels, hence directly influenced by the ice itself.
Observations of aggregates resembling the geometry of
the brine channel system in melted ice cores have been
described (Gradinger personal communication; Weiss-
enberger 1992).

Chlamydomonas sp.
diatoms
TEP

bacteria

HF

ciliates

AF

-

0% 100%

Relative distribution across
the ice-water interface

50%

Fig. 12 Relative distribution of organisms and TEP across the ice—
water interface
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The presence of a melt water lens decreased the
abundance of diatoms in the ice and increased the TEP
concentration in the water in a statistically significant
manner. Melt water also enhanced the abundance of
autotrophic flagellates and changed the species compo-
sition of diatoms from a mixed diatom assemblage to
one with exclusively pennate diatoms, which points to a
significant detachment of pennate diatoms from the ice
(Garrison and Buck 1986). We conclude that TEP in the
melt water at these stations predominantly originated
from the ice.

Production and loss terms of TEP

Both bacteria and diatoms are capable of EPS produc-
tion (Sullivan and Palmisano 1984; Decho 1990; Rieb-
esell et al. 1991). Median TEP concentrations within the
ice corresponded with values found by Passow et al.
(1994) during coastal diatom blooms. The build-up of
organic material in the ice is thought to be produced by
diatom species within the bottom ice community (Smith
et al. 1990). In our study, bacteria were relatively more
abundant in the water column than the signals of TEP
and diatoms across the ice—water interface, which was
very similar, with higher relative concentrations inside
the ice. Although bacteria have the potential to produce
EPS, the results of this study indicate that the majority
of TEP in first-year sea ice during Arctic summer are
produced by diatoms.

The significant change in the ratio of TEP to diatoms
in the water might reflect a temporal shift from a TEP-
abundant, microbial-poor to a TEP-diminished, micro-
bial-dominated scenario below the pack ice. The change
can be attributed to either a reduced TEP release from
the ice in late summer or a lower production of TEP by
ice algae due to a reduction in the photoperiod, as-
suming a proportional loss term from the ice or an
enhanced microbial degradation of TEP during late
summer by the increase in microorganisms. Since only
the ratio of diatoms to TEP in the water significantly
changed, TEP degradation is slow (e.g. Decho 1990) and
water temperatures remained constant, we propose that
less TEP were exported from the ice into the water
during the onset of fall (Fig. 9), where, due to neutral
buoyancy and the prevailing under-ice currents, TEP
will be laterally displaced at a rate of 4.32 to
16.41 km d™".

Correlation of biological parameters across
the ice—water interface

A correlation matrix (Backhaus et al. 1987) was used to
explore the relationship of TEP to biological and
physical variables across the ice—water interface. Four-
teen variables in and below the ice were correlated
(Fig. 14). Ciliates in the ice were excluded from the
analysis because abundances occasionally dropped
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below the detection limit. Fig. 14 shows the empirical
scheme of correlations across the ice-water interface
with correlation coefficients >0.5. The relationship
between TEP and the microbial community differed
between the ice and the water. While TEP in the ice
correlated positively with bacteria and diatoms, it cor-
related negatively with HF in the water. A close asso-
ciation between diatoms in the ice and the water below
could be observed. While diatoms in the water corre-
lated with three other groups of organisms in the ice
(HF, bacteria, diatoms), their correlation with organ-
isms in the water (only HF) was minimal, which also
supports seeding of diatoms into the water column
(Garrison and Buck 1986).

In both habitats HF were linked tightly in the mi-
crobial food web (Vézina et al. 1997), correlating with
five compartments in the ice and with five organism
groups and TEP in the water. AF were positively cor-
related with HF and bacteria of both habitats. These
correlations point to the close coupling between micro-
organisms across the ice—water interface. Abundances of

- no meltwater
7] with meltwater

AF increased with pycnocline thickness, but declined
under thick ice, illustrating their positive response to
melting ice which might alter the species composition
during phases of Arctic ice retreat. In the water, as well
as in the ice, Chlamydomonas sp. correlated negatively
with bacteria. Since Chlamydomonas sp. 1s an organism
typically found in the upper snow-covered layers of the
ice (Gradinger and Niirnberg 1996), we speculate that its
occurrence inside the lower ice horizons and the water is
an indication of melt water flushing from the upper ice
(Stoecker et al. 1998). This assumption is supported by
the lack of association between Chlamydomonas sp. and
the other compartments.

Correlations across the ice—water interface for AF
and HF and diatoms illustrate the intimate link between
ice and water habitats. While AF and HF from water
and HF from ice were linked to both habitats (repre-
sented by the amount of correlation with a correlation
coefficient >0.5), diatoms in the water more frequently
correlated directly with the ice habitat. We speculate
that the motility of HF enables their presence in both
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Fig. 14 Schematic representation of the correlation among parame-
ters in the ice, water and across the ice-water interface. Thickness of
arrows indicates the value of the correlation coefficient; p-values were
intentionally excluded to emphasize the explorative character of this
study. Negative correlations are marked with an encircled minus sign

habitats and free exchange across the ice—water inter-
face.

Conclusions

TEP was found in high concentrations within the low-
ermost 10 cm of the ice and in the water column directly
below. Because pennate diatoms are known to produce
copious amounts of TEP (Hoagland et al. 1993), and
TEP and pennate diatoms occurred in high concentra-
tions in the ice and to a significant extent in the melt
water layer, diatoms were flushed out of the ice together
with TEP.

The ice—water interface is a highly dynamic and
variable system where physical and biological parame-
ters are strongly influenced by the melting of sea ice.
Melt water below the ice positively influenced the con-
centration of TEP and AF in the water, but diatom and
bacteria concentrations were reduced. This suggests that
TEP, which originated from the ice, remained longer in
the melt water than diatoms.
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We conclude that advection of neutrally buoyant
TEP over large distances occurs via the prevailing under-
ice current and ice drift. The measured shear stress along
the ice—water interface should have a significant effect on
the size spectrum of TEP, which in our case was different
from the ice which harbored less but larger TEP. The
range of observed shear stress used in independent ex-
perimental studies fostered larger TEP formation (Engel
1998; Engel and Schartau 1999). We therefore infer that
larger TEP should selectively have settled out of the ice—
water interface and were hence not detected. TEP in the
water showed no direct correlation to ice parameters.
We therefore suggest that the flux of TEP into the water
in the absence of melt water occurs on different time and
length scales than the flux of diatoms and could aid in
the lateral dispersal of ice organisms.

Further investigations are needed to determine the
role and significance of microorganisms and TEP at the
sea ice—water interface of Arctic pack ice and their role
in particle formation and particle flux during the melting
season.
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