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INTRODUCTION

Sea ice is a defining feature of the marine ecosys-
tems of polar and some subarctic seas, and is an
ephemeral biome of immense size comparable to the
world’s deserts or grasslands (Thomas & Dieckmann

2002, 2010). Sea ice has characteristically strong and
highly variable gradients in temperature, salinity,
space and light that are ultimately governed by air
temperature and depth of snow cover (Thomas &
Dieckmann 2002). The internal sea ice habitat, i.e.
small pores and channels filled with hyper-saline
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tats to biofilm-like systems rather than to open-water systems.
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brines, can be thought of as resembling biofilm-like
systems due to the high densities of organisms and
large amounts of exopolymeric substances (EPS) pro-
duced by both sea ice algae and bacteria (Krembs &
Deming 2008, Underwood et al. 2010, 2013, Krembs
et al. 2011). It is also an extreme habitat since salinity
varies as a function of ice temperature and can
exceed 200, and the temperature is constantly below
seawater freezing temperature, reaching down to
−30°C in the uppermost parts of the ice on occasions
(Petrich & Eicken 2010).

Heterotrophic bacteria are the most abundant
organism group in ice and important in terms of car-
bon cycling and biodiversity. The typical bacteria
found in sea ice in all ice-covered marine waters
belong to the Bacteroidetes (e.g. Flavobacteria) as
well as Alpha- and Gammaproteobacteria, although
other bacterial groups are also found (Deming 2010).
Dissolved organic carbon and nitrogen resources are
generally thought to be non-limiting for bacteria in
sea ice (Pomeroy & Wiebe 2001, Thomas et al. 2010).
Many of the sea ice bacteria are copiotrophs, and up
to 60% of them can be cultured (Junge et al. 2002).

Generally marine bacteria can be divided into high
nucleic acid (HNA) bacteria and low nucleic acid
(LNA) bacteria based on their DNA content detected
by flow cytometry, and also related to cell size (Gasol
& del Giorgio 2000, Lebaron et al. 2001). Bacteria in
sea ice have been enumerated by flow cytometry
(Fransson et al. 2011, Martin et al. 2011, Mundy et al.
2011), although the proportions of HNA and LNA
populations in the total bacterial abundance have not
been reported. HNA bacteria are often attributed to
the dynamic part of the bacterial community that is
able to respond to changes in nutrient and carbon
availability (Morán et al. 2007), whereas abundance
of LNA bacteria is generally linked to oligotrophic
ecotypes in both freshwater and marine environ-
ments (Mary et al. 2006, Wang et al. 2009). In sea ice,
algal and bacterial biomass is often concentrated in
lower ice layers, and HNA and LNA bacteria can be
expected to exist in different proportions in different
horizons of the ice; for example, Collins et al. (2010)
found dominance of SAR11 cluster bacteria in upper
horizons of winter Arctic sea ice, a group whose sin-
gle cultivated member is an obligate oligotroph
(Rappé et al. 2002).

Since the late 1980s, bacterial production in sea ice
has been measured, to our knowledge, in less than 15
studies in both polar oceans and the Baltic Sea. These
have primarily used thymidine (TdR, Fuhrman &
Azam 1980, 1982) or leucine (Leu, Kirchman et al.
1985) incorporation methods, both widely utilized in

aquatic studies. TdR and Leu methods are based on
biochemical theory allowing incorporation of radio-
chemical tracer by DNA (TdR) or protein (Leu) syn-
thesis to be extrapolated into bacterial cell or biomass
growth. Bacterial production measurements in sea
ice have mostly been made on melted ice samples
(e.g. Smith & Clement 1990, Mock et al. 1997, Sø-
gaard et al. 2010), brines extracted from ice cores or
ice cube/crush slurries (e.g. Kottmeier et al. 1987,
Helmke & Weyland 1995, Kaartokallio 2004). Nor-
mally only one of the incorporation methods has been
applied, and measurements combining both tracers
are limited to the Antarctic (Grossmann & Dieckmann
1994) and Baltic Sea ice (Mock et al. 1997, Kaar-
tokallio et al. 2006, 2008, Kuosa & Kaartokallio 2006).
To our knowledge, dual-labeling has never been
done in Arctic or subarctic sea ice investigations. Pre-
vious studies in polar and sub-polar sea ice have
mostly used only one tracer or revealed conflicting or
unclear patterns of Leu and TdR incorporation
(Grossmann & Dieckmann 1994, Helmke & Weyland
1995, Guglielmo et al. 2000, Pusceddu et al. 2008)

The aim of this paper was to study short-term tem-
poral variability in ice bacterial abundance, cell
properties and production with particular emphasis
on use of both Leu and TdR methods and the satura-
tion kinetics of the tracers employed. We also applied
flow cytometry to study nucleic acid content and
apparent size of bacterial cells.

MATERIALS AND METHODS

Sampling

Sampling was conducted from 11 to 15 March 2010
in first-year land fast ice in a small fjord belonging to
Kangerluat fjord system in SW Greenland, close to
the Kapisillit settlement (64° 26’ N, 50° 13’ W). Further
details are given by Long et al. (2012) and Søgaard et
al. (2013). Sampling was done over 5 consecutive
days at the same sampling site (within 10 m2), situ-
ated approximately 100 m from the fast ice edge. The
water depth at the sampling site was 42 m. The sea
ice thickness was 64 cm and snow thickness was
2 cm over the entire study period.

On each sampling occasion, 2 to 4 ice cores were
retrieved within an area of 0.5 m2 with a Kovacs
MARK II CRREL-type core auger. The first core was
used for determination of bacterial activity, cell
counts and population characteristics. The second
was used for salinity, dissolved organic matter
(DOM) and inorganic nutrient determinations. The
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remaining cores were used for more detailed salinity,
temperature and brine volume profile determination.
For investigation of small-scale variability, 5 separate
10 cm ice top sections were retrieved on each sam-
pling day and analyzed in the same way as the sec-
ond core above. The first 2 cores were sectioned
using a stainless steel hand saw within minutes from
retrieval. As biomass is typically concentrated in the
lowermost centimeters of ice, a 4 cm section was cut
from the bottom, and the remaining core was divided
into 12 cm sections. Ice sections were put into 1 l
plastic pots and transported to the laboratory.

Bacterial production was measured immediately af-
ter sampling using crushed ice, for the other variables,
samples were processed after complete melting in a
cool laboratory deck. Direct melting was used for all
ice samples. Water samples were obtained immedi-
ately below the ice and, on Days 3 and 5, also from 9 m
under the ice using a peristaltic pump (Cole-Palmer,
Master Flex, E/P) with trace metal-free tygon tubing.

To construct detailed ice temperature, salinity and
brine volume profiles, temperature and salinity were
measured on Days 1, 3 and 5 with a 4 cm depth reso-
lution. Temperature was measured, in situ, directly
after extraction of the cores, using a calibrated probe
(Testo 720) inserted in pre-drilled holes (perpendicu-
lar to core side) at the exact diameter of the probe
and with a depth resolution of 4 cm. The precision of
the measurements was ±0.1°C. Bulk ice salinity
measurements were centered on the temperature
probe measurements. The temperature core was
immediately sliced in the field and stored in polyeth-
ylene containers, and left to melt in the laboratory.
Salinities were measured after melting at room tem-
perature, with a portable salinometer (Orion Star
Series Meter) with a precision of ±0.1.

To get additional information on bacteria moving
with the brine in the ice, brines were collected by
coring sackholes at about 40 (sackhole 1) and 50
(sackhole 2) cm depth, to allow gravity-driven brine
collection (Thomas & Dieckmann 2010). Brines were
collected after 15 to 45 min (depending on the rate of
percolation into the hole) using the portable peri-
staltic pump described above for temperature, salin-
ity and further measurements.

The theoretical brine volume fraction (Vb/V, Eq. 1)
and brine salinity (Sb, Eq. 2) are calculated from ice
temperature (T) and bulk ice salinity (S) using the for-
mulae of Petrich & Eicken (2010), neglecting the air
volume fraction (Va/V) and using the coefficients F1(T)
and F2(T) from Cox & Weeks (1983) to define 2 empir-
ical functions related to the temperature. ρi and Si are
pure ice density and bulk ice salinity respectively.

Vb/V = (1 − Va/V) (ρi/1000)Si /  
(1)

[F1(T) − (ρi/1000)Si F2(T)]

Sb (‰) = (1 − 54.11/T)−1 × 1000 (2)

Salinity, dissolved organic carbon/nitrogen and
inorganic nutrients

To obtain the salinity value corresponding to inor-
ganic nutrients, the salinity of melted ice, brine and
water samples was measured at laboratory tempera-
ture using a SEMAT Cond 315i/SET salinometer with
a WTW Tetracon 325 probe. Samples were filtered
through Whatman GF/F syringe filters (pore size
0.45 µm), stored on ice and frozen (−18°C) on return
to the laboratory until further analysis. The concen-
trations of the major dissolved inorganic nutrients,
nitrate (NO3

−), nitrite (NO2
−), SRP (soluble reactive

phosphorus,) and silicic acid (Si(OH)4) were deter-
mined by standard colorimetric methods (Grasshoff
et al. 1983) as adapted for flow injection analysis
(FIA) on a LACHAT Instruments Quick-Chem 8000
autoanalyzer (Hales et al. 2004). The concentration of
dissolved ammonium (NH4

+) was determined with
the fluorimetric method of Holmes et al. (1999) using
a HITACHI F2000 fluorescence spectrophotometer.
Dissolved organic nitrogen (DON) concentrations
were determined by subtraction of the concentration
of dissolve inorganic nitrogen (DIN = [NO2

−] + [NO3
−]

+ [NH4
+]) from that of the total dissolved nitrogen

(TDN) determined by FIA on the LACHAT autoana-
lyzer using on-line peroxodisulfate oxidation coupled
with UV radiation at pH 9.0 and 100°C (Kroon 1993).
The concentrations of dissolved organic carbon
(DOC) were determined by high temperature com-
bustion of acidified samples on an MQ 1001 TOC
Analyzer (Qian & Mopper 1996).

Bacterial abundance and cell population
characteristics

Bacterial abundance and cell population character-
istics were determined by flow cytometry following
the methods outlined by Gasol et al. (1999) and Gasol
& del Giorgio (2000). Samples for determination of
bacteria abundances were fixed with 0.2 µm filtered
electron microscopy-grade glutaraldehyde (final
concentration of 0.5%) and stored at 4°C. Cells were
stained with SYBR Green I (Molecular Probes) and
samples were analyzed with an LSR II flow cytometer
(BD Biosciences) using a 488 nm laser. A known
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amount of CountBright absolute counting beads
(Molecular Probes) were added to each sample to
calculate the accurate measured volume of each
sample. Bacterial data were typically acquired until
50 000 events were recorded and HNA and LNA cell
populations identified from bivariate plots of green
fluorescence (FITC) vs. right-angle light scatter
(SSC). Gating analysis was performed using FACS
Diva software (BD Biosciences). Cell abundance was
calculated from processed sample volumes and num-
ber of events recorded. In addition, the median SSC
parameter was defined for each cell population.

Microscopic detection of 
polyhydroxyalkanoate-containing bacteria

Potential polyhydroxyalkanoate (PHA) production
in bacteria was identified using a modification of the
widely used Nile Blue A staining method of Ostle &
Holt (1982) as follows: 5 ml of each sample (same
samples as for flow cytometry) were filtered onto a
black 0.2 µm polycarbonate filter (Osmonics) and
stained for 15 min with 0.2 µm-filtered 1% (w/v)
aqueous solution of Nile Blue A sulfate (Sigma
Aldrich). After staining, filters were rinsed 3 times
with deionized water to remove excess stain. Filters
were examined using a Leitz Aristoplan epi fluo -
rescence microscope with blue excitation (I3 filter)
and a PL Fluotar 100 × 12.5/20 oil-immersion objec-
tive. Cells with orange-fluorescing bodies within
them were imaged using a Photometrics CH250/A
charged-couple device camera connected to a Leitz
Aristoplan epifluorescence microscope and PMIS
image- acquisition software. In addition to PHA, Nile
Blue A can also selectively stain neutral lipid or wax
ester inclusions inside bacterial cells. However, the
production of these compounds has only been re -
ported in a  limited number of bacterial phyla that do
not generally occur in sea ice (Ishige et al. 2003, Wäl-
termann & Steinbüchel 2005, Deming 2010). In con-
trast, the ability to produce PHA is widespread
among prokaryotes.

TdR and Leu incorporation, bacterial production

For the measurement of bacterial production, sam-
ples containing a known amount of ice crush and
seawater (Kaartokallio 2004) were prepared as fol-
lows: Each intact 5 to 10 cm ice core section was
crushed using a spike and electrical ice cube crusher.
Approximately 10 ml of crushed ice was placed in a

scintillation vial and weighed (with an accuracy of
±0.1 g). To maintain salinity and ensure even distri-
bution of labeled substrate, 2 to 4 ml sterile-filtered
(through 0.2 µm Sartorius minisart syringe filters)
seawater was added to the scintillation vials. All ice
processing work was done in a cool laboratory deck
at near-zero temperatures.

Bacterial production was measured using 14C-Leu
(Kirchman et al. 1985) and 3H-TdR (Fuhrman & Azam
1980, 1982) incorporation methods and dual labeling.
Two replicate samples and a formaldehyde-killed
absorption blank were amended with L-[U-14C] Leu
(PerkinElmer, specific activity 324 mCi mmol−1)
diluted with carrier Leu at a proportion of 1:5 and
[methyl-3H] TdR (PerkinElmer, specific activity 20 Ci
mmol−1). Working concentrations of 20 nmol l−1 for
TdR (all sample types) and 1000 nmol l−1 (ice and
brine samples) and 500 nmol l−1 (water samples) for
Leu were used. We used high concentrations of Leu
exceeding typical concentrations used for seawater
by 2 orders of magnitude, whereas the TdR concen-
trations used were of same order of magnitude as
typically used for marine waters. The choice of the
concentrations had to be made in advance due to the
logistical constraints of working at a remote field sta-
tion and the lack of opportunity to re-evaluate the
working concentrations during the investigation. The
concentrations were based on previous experience
with Baltic Sea ice (Kaartokallio 2004, Kaartokallio et
al. 2006).

Samples were incubated in the dark in a seawater-
ice crush water bath (at −0.5 ± 0.3°C) for 17 to 18 h,
and incubations were stopped by adding formalde-
hyde. Samples were processed using a standard cold
trichloroacetic acid (TCA) extraction (with 5% TCA)
and filtration procedure (using Advantec MFS 0.2 µm
MCE filters). A Wallac Win-Spectral 1414 counter
and InstaGel (Perkin-Elmer) cocktail were used for
scintillation counting. Bacterial production was cal-
culated using a cell conversion factor of 2.09 × 1018

cells mol−1, cell volume of 0.473 µm3 and carbon con-
version factor of 0.12 pg C µm3 for TdR (Smith &
Clement 1990). Leu-based bacterial production was
calculated using a factor of 3.0 kg C mol−1 (Bjørnsen
& Kuparinen 1991).

A saturation kinetics experiment was conducted on
Day 2 for both TdR and Leu and the 3 major sample
types. Ice samples were combined from 4 separate
bottom ice sections taken alongside the normal sam-
pling on Day 2, brine was sampled from the upper
brine horizon on Day 1 (sackhole depth approxi-
mately 40 cm) and water was taken from 9 m depth
on Day 2. The concentrations used were 5, 10, 14, 30
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and 50 nmol l−1 TdR for all sample types, 200, 700,
1500, 2000 and 2500 nmol l−1 Leu for ice and brine
samples, and 100, 350, 750, 1000 and 1250 nmol l−1

Leu for water samples.
Experimental data were fitted with the single

kinetic Michaelis-Menten equation V = Vmax × S/[(Kt

+ Sn)+S], (where V = incorporation rate, Vmax = maxi-
mum incorporation rate, Kt + Sn = apparent half-
 saturation constant, i.e. half-saturation constant +
natural leucine/thymidine concentration),  S = added
leucine/thymidine concentration), using SigmaPlot
10 software (SPSS). Saturating concentrations were
defined as substrate concentrations where 90% of
Vmax was reached and calculated as Vmax90 = 9 × Kt +
Sn (Ayo et al. 2001). Isotope dilution was assessed as
a ratio of Vmax and Vmeasured at the saturating concen-
tration (van Looij & Riemann 1993, Buesing & Gess-
ner 2003). Incorporation kinetics experiments were
conducted with a 16 h incubation at 4 h intervals for
all 3 sample types on Day 3 using water from imme-
diately under the ice, and brine and bottom ice sam-
ples from Day 3 sampling.

Statistical analyses

Statistical analyses were done using base, Psych,
Vegan and MASS packages of R software (R Devel-
opment Core Team 2011). Differences between more
than 2 sample types were verified using the Kruskal-
Wallis rank (KW) sum test with the pairwise
Wilcoxon rank sum post hoc test (Wp-h) and Bonfer-
roni adjustment or, when  comparing 2 sample types
using Wilcoxon rank sum tests (W). For non-metric
multidimensional scaling (NMDS),
Spearman’s rank-order correlations
between bacterial and environmental
parameters were calculated. NMDS
was performed on a Bray-Curtis dis-
similarity matrix of bacterial parame-
ters with metaMDS wrapper routine
included in the Vegan package
(Oksanen et al. 2012). Environmental
parameters were fitted on the NMDS
plot using the function, ef, included in
the Vegan package.

RESULTS

For analyses, ice core sections were
divided into 3 classes: ‘upper ice’,
the 2 uppermost ice sections (upper-

most 24 cm of ice), ‘bottom ice’, the lowermost 4 cm
ice section at ice-water interface, and ‘middle ice’,
the ice sections between the other 2 classes. Brine
samples from both brine sampling horizons as well
as water samples from 2 sampling depths were
pooled to form sample classes ‘brine’ and ‘water’,
respectively.

Physical and chemical parameters

Ice temperature, salinity and brine volumes are
presented in Fig. 1 and Table 1. Differences in the 3
parameters between sampling days were not statisti-
cally significant as verified by the KW tests. The ice
temperature varied from −3.8 to −0.8°C, displaying
typical near-linear profiles increasing with ice depth
(Fig. 1). Ice bulk salinity was significantly higher in
bottom ice compared to upper and middle ice (KW χ2

= 17.64, p < 0.001, Wp-h both p < 0.008). Calculated
brine volumes were generally below 10% except in
the bottom ice. The underlying water had median
salinity of 33.1 with small temporal variability.

Inorganic and organic nutrient concentrations are
presented in Table 1. Both DOC and DON concentra-
tions were higher in bottom ice compared to middle
and upper ice (KW, DOC: χ2 = 8.39, p = 0.015, DON:
χ2 = 11.89, p < 0.003). NO3

− concentrations were sig-
nificantly higher in bottom ice compared to middle
ice (NO3

−: χ2 = 10.61, p < 0.005) but not upper ice
(Wp-h for DOC, DON and NO3

− all p < 0.05). Surpris-
ingly, apart from silicate, brine and ice concentra-
tions of dissolved inorganic nutrients were similar,
despite the salinity contrast between bulk ice and
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brine. Small scale spatial variability, measured from
5 separate upper ice sections, was lowest for salinity
and Si(OH)4 with a coefficient of variation (CV) of
9%. The CV was 16% for DOC and DOC:DON, 25 to
32% for DON, NO3

−, SRP and NH4
+, and 54% for

NO2
−. Temporal variability in the top 12 cm section

over the study period was lowest for salinity (CV
2%), 63% for NH4

+, and 21 to 41% for all other
parameters mentioned above. Temporal variability
significantly exceeded small-scale spatial variability
in the ice top section as seen in higher average CVs
(W = 85, p < 0.0005).

Bacterial abundance, cell
 population characteristics

Bacterial abundance was rather
low in all sample types (Fig. 2), but
comparable to the abundances
described by Middelboe et al.
(2012) in the water column of an
adjacent fjord system. Bacterial
abundance in ice was highest in
the bottom ice layer (KW χ2 =
21.18, p < 0.001, Wp-h p < 0.004).
Abundances in water and brines
were similar and not significantly
different from bottom ice. Bacterial
abundance in brine was signifi-

cantly higher than in the corresponding ice sections
(W = 120, p < 0.001), but approximately 2 times lower
than expected based on the calculated brine volume
fraction.

HNA and LNA cells contributed almost equally to
the total bacterial abundance in ice. HNA:LNA ratios
(Table 2) ranged from 0.66 in upper ice to 1.09 in bot-
tom ice and were significantly different be tween
sample types (KW χ2 = 9.85, p < 0.008). The HNA:
LNA ratio in water was only 0.33, and significantly
lower than in bottom ice (W = 34, p < 0.05). The HNA
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Upper ice Middle ice Bottom ice Brine Water

Salinity 3.42 (2.90−4.00) 2.55 (1.8-3.5) 5.18 (4.6−6.1) 48.3 (42.9−55.6) 33.1 (32.7−33.4) 
0.46, n=10 0.62, n=15 0.66, n=5 4.61, n=8 0.36, n=3

SRP (µmol l−1) 0.13 (0.06−0.26) 0.19 (0.04−0.72) 0.63 (0.1−2.56) 0.2 (0.16−0.32) 1.42 (0.78−2.56)
0.07, n=10 0.2, n=15 1.08, n=5 0.05, n=8 0.99, n=3

Si (µmol l−1) 5.38 (2.80−7.74) 4.72 (2.29−7.96) 5.97 (5.2−6.7) 83.1 (75.6−97.1) 6.87 (6.68−7.01)
2.16, n=10 2.0, n=15 0.65, n=5 7.43, n=8 0.15, n=3

NO3
− (µmol l−1) 0.77 (0.31−1.66) 0.40 (0.06−0.95) 0.93 (0.68−1.47) 0.82 (0.41−2.2) 8.67 (8.60−8.80)

0.40, n=10 0.2, n=15 0.31, n=5 0.57, n=8 0.12, n=3

NO2
− (µmol l−1) 0.05 (0.0−0.10) 0.04 (0.0−0.11) 0.04 (0.0−0.12) 0.03 (0.0−0.09) 0.07 (0.03−0.11)

0.03, n=10 0.03, n=15 0.05, n=5 0.04, n=8 0.04, n=3

NH4
+ (µmol l−1) 0.47 (0.01-0.86) 0.64 (0.24−2.75) 0.71 (0.35−1.34) 0.76 (0.56−0.94) 0.31 (0.28−0.35)

0.27, n=10 0.62, n=15 0.38, n=5 0.11, n=8 0.04, n=3

DON (µmol l−1) 2.51 (1.49−3.06) 3.35 (1.64−7.4) 6.09 (5.14−7.03) 24.3 (21.1−28.0) 1.6 (1.50−1.70)
0.53, n=8 1.48, n=13 0.7, n=5 2.34, n=8 0.1, n=3

DOC (µmol l−1) 56.0 (34.6−80.9) 52.1 (34.2−78.5) 80.2 (64.0−106) 620 (581−651) 62.9 (55.3−68.5)
12.6, n=10 14.9, n=15 17.0, n=5 25.6, n=8 56.8, n=3

DOC:DON 22.0 (15.9−28.9) 16.9 (5.89−26.7) 13.1 (11.0−15.2) 25.7 (23.2−30.9) 39.3 (37.0−42.0)
4.8, n=8 6.53, n=13 1.56, n=5 2.64, n=8 2.51, n=3

Table 1. Salinity, inorganic nutrients, dissolved organic carbon (DOC) and nitrogen (DON) in melted sea ice, brine and water.
SRP = soluble reactive phosphorus, Si = silicic acid (Si(OH)4). Mean, range (in parentheses) and standard deviation for each 

sample class are given
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(HNA + LNA) bacteria (BA) in ice layers and underlying water
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bacteria cell size proxy in brines (mean SSC para -
meter, Table 3) was significantly higher than in
under-ice water, and the upper and middle ice layers
(KW χ2 = 23.74, p < 0.001, Wp-h all p < 0.015) but
there was no significant difference for bottom ice. In
ice, HNA SSC was significantly higher in bottom ice
than upper ice (KW χ2 = 8.81, p < 0.013, Wp-h p <
0.04). Under-ice water had lower mean HNA SSC
than bottom ice or brine, although only the differ-
ences between brine and water were statistically sig-
nificant (W = 36, p < 0.008). The variability of LNA
SSC was generally low with significantly higher LNA
SSC in brine and middle ice layers as compared to
under-ice water (KW χ2 = 21.43, p < 0.001, Wp-h all
p < 0.015).

TdR and Leu incorporation, bacterial 
production and respiration

Bacterial production data are presented in Table 2
and Fig. 3. For both Leu and TdR, temporal variabil-
ity was moderate and pronounced incorporation in
the bottom ice occurred throughout the study period.
Leu in corporation in the bottom ice significantly
exceeded the under-ice water values (W = 32, p <
0.005), whereas bottom ice and under-ice TdR values
were not significantly different. Temporal variability
of TdR in under-ice water was higher than for Leu,
and both under-ice water and water from 9 m depth
had comparable values. In the brines, both Leu and
TdR ex ceeded upper and middle ice values by a fac-
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Upper ice Middle ice Bottom ice Brine Water

Leu (pmol l−1 h−1) 23.4 (0.9−48.8) 24.4 (9.22−52.8) 737 (546−1030) 179 (141−229) 181.6 (148−210)
15.1, n=8 13.2, n=12 219, n=4 27.64, n=8 25.1, n=5

TdR (pmol l−1 h−1) 0.17 (0.02−0.32) 0.41 (0.17−0.65) 2.55 (1.45−3.8) 3.45 (1.84−5.56) 2.65 (1.83−3.88)
0.10, n=10 0.16, n=15 1.08, n=5 1.21, n=8 0.83, n=7

Leu:TdR 145 (41.7−202) 60.1 (42.3−85.8) 269 (205−313) 57.6 (35.7−98.8) 69.1 (52.3−80.9)
46.7, n=8 14.4, n=12 46.0, n=4 21.4, n=8 12.2, n=5

BP Leu (µgC l−1 h−1) 0.07 (0−0.15) 0.07 (0.03−0.16) 2.21 (1.64−3.09) 0.54 (0.42−0.69) 0.45 (0.03−0.63)
0.05, n=8 0.04, n=12 0.66, n=4 0.08, n=8 0.23, n=5

BP TdR (µgC l−1 h−1) 0.02 (0−0.04) 0.05 (0.02−0.08) 0.30 (0.17−0.45) 0.41 (0.22−0.66) 0.32 (0.22−0.46) 
0.01, n=10 0.02, n=15 0.13, n=5 0.14, n=8 0.10, n=7

HNA bacteria 1.91 (0.59−3.79) 5.32 (3.43−8.08) 21.4 (15.7−30.3) 25.4 (17.5−34.4) 13.0 (8.88−16.1)
(×104 cells ml−1) 1.05, n=10 1.48, n=15 5.54, n=5 6.52, n=8 2.89, n=7

LNA bacteria 3.36 (1.0−6.81) 5.49 (3.43−8.83) 21.6 (11.0−28.3) 21.0 (11.0−36.1) 49.2 (12.5−73.7)
(×104 cells ml−1) 2.00, n=10 1.43, n=15 7.31, n=5 8.62, n=8 20.1, n=7

HNA:LNA 0.61 (0.32−0.97) 0.99 (0.67−1.48) 1.09 (0.55−1.67) 1.30 (0.89−1.77) 0.33 (0.19−0.71)
0.23, n=10 0.24, n=15 0.43, n=5 0.32, n=8 0.19, n=7

Total bacteria 5.28 (1.58−9.92) 10.9 (6.98−16.9) 43.0 (29.4−55.0) 46.4 (28.6−68.4) 62.2 (21.3−89.6)
(×104 cells ml−1) 2.85, n=10 2.64, n=15 9.9, n=5 14.3, n=8 23.0, n=7

Table 2. Leucine (Leu) and thymidine (TdR) incorporation, bacterial production (BP) and bacterial abundance in melted sea
ice, brine and underlying water. HNA = high nucleic acid, LNA = low nucleic acid. Mean, range (in parentheses) and standard 

deviation for each sample class are given

Upper ice Middle ice Bottom ice Brine Water 0 m Water 9 m

HNA SSC 688 (421−913) 763 (610−914) 926 (747−1135) 989 (846−1111) 748 (678−838) 512 (499−524)
131, n=10 97.8, n=15 140, n=5 82, n=8 66.5, n=4 18, n=2

LNA SSC 444 (327−582) 446 (386−523) 375 (283−568) 528 (399−582) 328 (299−349) 364 (361−367)
84, n=10 53.4, n=15 112, n=5 62, n=8 18.0, n=5 4, n=2

Leu cell−1 (× 10−7 7.13 (0.30−30.8) 2.38 (0.70−5.21) 16.5 (10.8−23.4) 4.14 (2.06−5.77) 2.69 (2.27−3.13) 8.01
pmol cell−1 h−1) 9.97, n=8 1.43, n=12 6.48, n=4 1.10, n=8 0.46, n=5 n=1

TdR cell−1 (×10−9 5.19 (0.50−18.9) 4.02 (1.29−7.02) 6.15 (3.45−10.1) 7.84 (4.06−12.8) 3.85 (2.83−5.07) 10.7
pmol cell−1 h−1) 5.80, n=10 1.95, n=15 2.89, n=5 3.11, n=8 0.95, n=5 n=1

Table 3. Right-angle light scatter (SSC) parameter for the high (HNA) and low nucleic acid (LNA) populations and cell-specific
thymidine (TdR cell−1) and leucine (Leu cell−1) incorporation in sea ice, brine and underlying water. Mean, range (in parentheses) 

and standard deviation for each sample class are given
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tor of 7 to 8, which is in line with the estimated brine
volume fraction in the middle layer (Fig. 1). Bacterial
production estimates produced with the 2 tracers
were not significantly different in middle ice, brine
and water, whereas the mean Leu-based production
estimates for the upper and bottom ice were signifi-
cantly higher than the TdR-based estimates, being
3.5 times (W = 65, p < 0.03) and 7.3 times (W = 20, p <
0.016) higher, respectively.

To assess whether bacterial productivity measure-
ments gave realistic results they were related to inde-
pendent oxygen flux measurements from the same
site and study period, published by Long et al. (2012).
Bacterial respiration was calculated for the bottom ice
layer, using 3 different bacterial growth efficiencies
and 2 Leu conversion factors to generate a range of
values. The bacterial growth efficiency values used
were (1) a calculated value of 0.384 according to
Rivkin & Legendre (2001), (2) a mean value of 0.386
for a control unit at 0°C presented by Kuparinen et al.
(2011), and (3) the high Arctic sea ice-bottom average
value of 0.24 from Nguyen & Maranger (2011).

For respiration estimates, theoretical conversion
factor extremes of 1.5 and 3.0 kg C mol−1 Leu were
used (Simon & Azam 1989), which have also been
empirically validated for cold seawater environments
(Bjørnsen & Kuparinen 1991, Ducklow et al. 2000,
Ducklow 2003). Bacterial carbon respiration was con-
verted to oxygen consumption assuming a respira-
tory quotient of 1. Ranges and median (in parenthe-
ses) values for bottom-ice bacterial respiration for the
entire study period were 1.7 to 6.72 (3.37) O2 m−2 d−1

for Leu-, and 0.50 to 1.02 (0.52) O2 m−2 d−1 for TdR-
based production estimates.

Leu:TdR ratios

Leu:TdR ratios in the ice were con-
sistently lowest in the middle ice lay-
ers and highest in the upper and bot-
tom ice layers during the sampling
period (Fig. 3). The ratio was higher
(W = 32, p < 0.005) in the bottom ice
and variability was lower in bottom
than in upper ice horizons (Fig. 3). In
middle ice layers and brine and
under-ice waters, the Leu:TdR ratios
were not significantly different. The
Leu:TdR ratios in under-ice water
were at the higher end of the range
reported for other marine systems
(Chin-Leo & Kirchman 1990, Kirch-
man 1992, Shiah & Ducklow 1997).

Saturation and incorporation kinetics

Apparent half-saturation constants (Kt + Sn) were
variable across sample types for both Leu and TdR
tracers (Fig. 4). We did not take natural background
concentrations into account in the calculations, and
apparent (Kt + Sn) values include the ambient Leu and
TdR concentrations. The results indicated that, despite
the high Leu working concentrations used, the ice
samples were still under-saturated in respect to both
tracers (Vmax90:working concentration ratio was 1.6 for
TdR and 2.07 for Leu). In brines, the Vmax90:working
concentration ratio was 1.8 for TdR, whereas added
tracer concentration exceeded the estimated satura-
tion level in brines for Leu and in water for both trac-
ers. Isotope dilution was estimated to be small and
varied little across sample types and tracers (range
1.02 to 1.08 for TdR and 1.08 to 1.10 for Leu). Vmax val-
ues reflecting the maximum incorporation potential in
samples were equal in brine and water for both trac-
ers, but 2 times higher for TdR, and an order of magni-
tude higher for Leu in bottom ice. In a separate incor-
poration linearity test, the incorporation rates were
stable over the 16 h incubation used for both tracers
and for all sample types (data not shown).

Cell-specific incorporation

Cell-specific incorporation for Leu and TdR was cal-
culated using total bacterial abundance and incorpo-
ration (Table 3). Cell-specific TdR was less variable
as a function of ice layer than cell-specific Leu. Cell-
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and water



Kaartokallio et al.: Bacterial production and cell properties in sub-Artic sea ice

 specific TdR was not significantly different in ice lay-
ers (KW χ2 = 2.250, p < 0.325), whereas mean cell-spe-
cific Leu was almost 7-fold and significantly higher in
the bottom ice (χ2 = 9.037, p < 0.011) compared to mid-
dle ice (Wp-h p < 0.013), but not upper ice samples
(p < 0.152). In brines, the cell-specific TdR and Leu
were significantly higher than in the middle ice layers
(Leu: W = 79, p < 0.016; TdR: W = 102, p < 0.006). In
the under-ice water, the cell-specific incorporation

was not significantly different from upper and middle
ice layers for both tracers, but significantly lower than
in bottom ice for Leu (W = 0, p < 0.007).

NMDS

Following NMDS analysis, different ice layers
were separated into distinct clusters (Fig. 5), whereas
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sampling days were not different from each other.
Based on the NMDS results, the main NMDS axis 1
was identified as ‘ice depth’. Parameters presented in
Table 1 were correlated with the NMDS distance
matrix and only the DOC:DON ratio and salinity
were correlated on a 95% significance level. Highest
non-significant correlations were with DOC:DON
(80% confidence level) and DON, SRP and NO3

−

(70% confidence level).

Cells containing putative PHA granules

Cells containing putative PHA granules (i.e.
brightly fluorescing intracellular inclusions observed
following the Nile Blue A stain) were found in all ice
layers and in the underlying water samples (Fig. 6).

They were most abundant in the bottom ice, al -
though they were only a minor portion of all bacterial
cells present. Unfortunately, the method employed
did not allow their quantitative determination. Three
main morphotypes of ‘PHA-containing’ cells were
found: (1) long filaments with numerous PHA gran-
ules inside the cells; (2) shorter filaments or elon-
gated rods with 3 to 4 granules inside the cell; and (3)
cells with single and double granules. In doubles,
one of the granules was typically brighter, the less-
intense granule possibly being inside a daughter cell.
All 3 general morphotypes were present in bottom,
middle and upper ice, and brine. In the under-ice
waters, only single or double granules were ob served.
Granule-containing bacteria were often associated
with diatoms in bottom ice and detrital particles in
other parts of the ice. In acridine orange-stained sam-
ples, bacterial cells and filaments with visible inclu-
sions corresponding to the shape and size of PHA
granules were recorded (not shown).

DISCUSSION

The sea ice sampling design covered both temporal
and small-scale spatial variability. Limited as sess -
ment of small-scale spatial variability of salinity, dis-
solved nutrients, DOC and DON indicated that it was
significantly lower than the temporal variability over
the study period (c.f. Søgaard et al. 2013). The small-
scale spatial variability investigation did not include
bacterial parameters, but low spatial variability in
salinity and nutrients is expected to be reflected in
bacterial parameters as, based on NMDS, environ-
mental variables seemed to drive changes in them
(see below). Furthermore, snow cover, a major con-
trolling factor for organism biomass variability in
lower ice (Gosselin et al. 1986), was low and consis-
tent throughout the study and sampling site. Tempo-
ral variability for ice bacterial and background pa-
rameters was not pronounced over the 5 d, suggesting
that during stable weather conditions and excluding
periods of fast biomass increase (ice algal blooms), a
single ice sampling event can be temporally repre-
sentative on weekly scales, a commonly used sam-
pling interval in time series studies including biologi-
cal parameters (Kaartokallio 2004, Mikkelsen et al.
2008, Søgaard et al. 2010). Pronounced vertical gradi-
ents, typical for sea ice and with highest values in the
bottom ice, were seen in the salinity and calculated
brine volume (Fig. 1) profiles as well as all bacterial
parameters (Figs. 2 & 3). Based on the NMDS analysis
(Fig. 5), distance from interfaces (water−ice and air−
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ice interface), which drive the steep environmental
gradients, is a key parameter influencing the consti-
tution and activity of the bacterial communities. The
observed significant correlations (Fig. 5) between
bacterial and environmental variables in NMDS illus-
trate the effect of environmental drivers on bacterial
communities (salinity) or substrate availability pro-
duced by ice algae in bottom ice (i.e. DOM).

The proportion of HNA bacteria was higher in bot-
tom ice than in upper ice, where LNA bacteria were
dominant (Fig. 2). This observation is supportive of
the findings of Collins et al. (2010), who found a dom-
inance of oligotrophic bacterial lineages in upper sea
ice layers. In under-ice water, the HNA:LNA ratio
was more than 3 times lower than in bottom ice. This
pattern is coherent with the assumption of greater
carbon availability (as seen in the highest DOC and
DON concentrations, Table 1) leading to higher
abundance of HNA cells in bottom sections of ice.
Also, the HNA bacterial cell size was larger in bottom
ice. In the LNA populations, cell size was stable, indi-
cating that the LNA bacteria indeed formed a natural
distinct population of small cells (oligotrophs) and
were not senescent large HNA bacteria with low
nucleic acid content.

Simultaneous sampling of ice and brine provides
insights into the partitioning between the brine frac-
tion (that moves inside the brine channel system into
the collection sackholes) and the total bacterial com-
munity within the ice matrix (that contains the entire
bacterial population in ice including brines). We sam-
pled brines at 40 and 50 cm depth, corresponding to
the depth of the middle ice layers. The bacteria in
brine (Tables 2 & 3) had a higher HNA:LNA ratio,
and the cells were larger and more active than those
in the whole ice fraction in middle ice layers, indica-
ting that LNA bacteria were present in the upper ice
horizons and did not move as readily with brines as
HNA bacteria. The sackhole sampling technique
used to extract brines is based on gravity drainage of
brines and it may lead to under-representation of
particulate material or bacteria associated with parti-
cles or trapped in EPS. Collins et al. (2010) discuss
entrapment in EPS as a potential refuge for oligotro-
phic bacterial lineages in upper sea ice, which is in
keeping with our results of higher proportions of
LNA bacteria being retained within the ice matrix
and not moving into brine sackholes by gravity.

The low concentrations of SRP and dissolved
nitrogenous nutrients in the brines are evidence of
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Fig. 6. Photomicrographs of Nile Blue A-stained bacterial cells containing polyhydroxyalkanoate granules. (A to C) Long fila-
ments, (D) cells embedded in exopolymeric substance (EPS) matrix, (E) short filament, (F) long rods with multiple granules and
(G to I) single and double granules. (A) to (G) are from bottom ice sections, (H) is from a brine sample and (I) is from an upper 

ice section
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their non-conservative partitioning relative to salin-
ity within the brine channel system. Similar low con-
centrations of dissolved nutrients in brine have been
reported form Antarctic sea ice (Becquevort et al.
2009). As NO3

− and SRP concentrations in brine and
bulk ice were low, and upper and middle ice layers
were not biomass-rich, it can be assumed that the
reason for similar concentrations was more likely
entrapment of nutrients inside the brine channel sys-
tem than release of nutrients from organisms or par-
ticulate matter during direct melting of bulk ice sam-
ples (c.f. Thomas et al. 1998). Becquevort et al. (2009)
discuss entrapment within EPS as a potential cause
for low nutrient concentrations in brines obtained by
sackhole sampling, as in this study. For NH4

+, direct
incorporation into the ice matrix in addition to
entrapment in EPS has been discussed by Zhou et al.
(2013).

Although the bottom ice and under-ice water rep-
resent strongly diverging habitats by nature, the bac-
terial abundance, activities and cell properties in
them were not significantly different (apart from the
Leu incorporation and abundance of LNA cells),
pointing to the influence of ice cover on waters
immediately below the ice (0 m depth). This influ-
ence was likely mediated by ice melt and brine trans-
porting sea ice bacteria across the ice-water interface
(Long et al. 2012). Nguyen & Maranger (2011) attrib-
ute the presence of large bacteria in under-ice water
to the immediate proximity of ice in the western Arc-
tic. Belzile et al. (2008) found a higher proportion of
HNA bacteria under ice cover in spring compared to
the open water season on the Beaufort Shelf, which
also indicates the effect of ice on surface water bacte-
rial communities.

In marine pelagic environments, saturation of both
TdR and Leu incorporation is typically observed at 5
to 20 nmol l−1 extracellular concentrations of labeled
substrate (e.g. Fuhrman & Azam 1982, Simon &
Azam 1989, Ducklow et al. 2000), whereas saturation
levels for Leu in eutrophic or freshwater systems can
be an order of magnitude higher (100 to 200 nmol l−1,
Jørgensen 1992, van Looij & Riemann 1993, Fischer &
Pusch 1999). In biofilms, saturating concentrations of
Leu are in the range of 1000 to 2000 nmol l−1 (Fischer
& Pusch 1999, Törnblom & Søndergaard 1999,
Buesing & Gessner 2003, Miranda et al. 2007) and 15
to 100 µmol l−1 in freshwater sediments (Tuominen
1995, Fischer & Pusch 1999, Buesing & Gessner
2003). We estimated high saturating concentrations
(Fig. 4) for Leu in bottom ice crush samples (2100
nmol l−1) and brine originating from middle ice layers
(830 nmol l−1), which were close to the biofilm satu-

rating concentration range and clearly higher than in
underlying water (230 nmol l−1).

The use of Leu in bacterial production measure-
ments in sea ice has been limited to a few studies in
Antarctica and in the Baltic Sea, but these provide
clear indications that Leu working concentrations
used in oceanic waters are not adequate in sea ice.
Grossmann & Dieckmann (1994) used a 10 nmol l−1

Leu concentration for Weddell Sea brine samples and
discuss possible Leu under-saturation as a reason for
anomalous low Leu:TdR ratios. Guglielmo et al.
(2000) and Pusceddu et al. (2008) also used a 10 nmol
l−1 Leu concentration for Antarctic fast ice crush sam-
ples and report extremely low or negligible bacterial
carbon production compared to measured enzyme
activities. However, they did not discuss the effect of
under-saturation on their results. Studies done on
Baltic Sea ice that have used 1 (Mock et al. 1997) to 2
orders of magnitude higher Leu saturating concen-
trations (Kaartokallio 2004, Kuosa & Kaartokallio
2006, Kaartokallio et al. 2006, Piiparinen & Kuosa
2011) do not report problems attributable to under-
saturation.

The calculated isotope dilution in ice corresponds
to the 80 to 100 nmol l−1 natural Leu concentration.
This is in the same range as the measured 54 nmol l−1

Leu concentration in melted multiyear Arctic ice floe
(Amon et al. 2001), but is perhaps unrealistically high
for under-ice water. Based on the TdR saturation
kinetics experiment, the TdR working concentrations
used were still not saturating in ice and brine. How-
ever, the estimated degree of under-saturation was
comparable in both Leu and TdR and we assume
their ratios to be valid without correction to the satu-
rating level.

Sea ice brine channels have been thought to re -
semble biofilm-like habitats, due to the high organ-
ism densities and large amounts of EPS creating gel-
like matrices (Krembs & Deming 2008). Also, based
on our results, Leu-saturating concentrations are
close to those measured in aquatic biofilm systems,
mostly freshwater and marine epi- and periphyton,
where TdR and Leu methods have been  routinely
used. Nearly identical Leu saturating concentrations
of 1 to 2 µmol l−1 over a wide range of biofilm systems
and sea ice in this study point to a common underly-
ing cause, possibly related to the bacterial adaptation
to the biofilm environment.

We hypothesize that the variation in Leu incorpora-
tion saturating concentrations over 5 orders of mag-
nitude in adjacent natural aquatic habitats (open
water, biofilm, sediment) and the striking cross-sys-
tem (fresh and marine waters, sea ice) stability in sat-

68



Kaartokallio et al.: Bacterial production and cell properties in sub-Artic sea ice

urating concentrations might be explained by the
bacterial communities’ differential use of the primary
and secondary Leu transport systems in these en -
vironments. Heterotrophic bacteria are known to
possess bi- or multiphasic uptake systems for low
molecular weight compounds, operating from nano -
molar to millimolar concentration ranges (Azam &
Hodson 1981, Nissen et al. 1984, Fuhrman & Fergu-
son 1986). Biphasic amino acid or Leu uptake/ incor-
poration kinetics have been reported in marine
waters (Unanue et al. 1999), bacterial culture ex -
periments (Logan & Fleury 1993) and freshwater sub-
merged plant litter (Gillies et al. 2006). A bi- or
 multiphasic Leu incorporation kinetic pattern is con-
sistent with the 3 known separate transport systems
for branched-chain amino acids, or specifically Leu in
gram-negative bacteria: 2 associated high-affinity
primary ATP-binding cassette (ABC) transporter sys-
tems (LIV-1 and LS) and a secondary low-affinity
Na+-dependent symporter system (LIV-2, Calvo &
Matthews 1994, Saier 2000). Both general types of
amino acid transporter are also expressed by natural
marine coastal bacterioplankton (Poretsky et al.
2010) as a response to DOC addition.

If the first 2 of the 3 distinct Leu saturation regimes
mentioned above can be attributed to the ABC trans-
porters LIV-1 and LS, the very much higher saturat-
ing concentrations of between 15 and 100 µmol l−1

possibly reflect the use of the secondary low-affinity
Leu transport system LIV-2. This would be in keep-
ing with the findings of Logan & Fleury (1993), who
reported a Leu saturation plateau between 1 and
1000 µmol l−1. ABC transporters are typically highly
conserved, and a novel binding-protein-related homo -
tropic autoregulation model for the maltose ABC
transporter described by Bao & Duong (2012) may
also be valid for Leu ABC transporters. Under the
homotropic autoregulation model, saturating behav-
ior is an inherent property of the transporter system
and the actual saturating concentration dependent
on the amount of transporters on the cell membrane,
i.e. their expression level. Variation within the lower
2 regimes could thus possibly be due to community
composition or expression levels of particular ABC
transport systems.

As in aquatic biofilms, TdR-saturating concentra-
tions in the ice were close to open-water values (Törn-
blom & Søndergaard 1999, Pollard 2010) and in good
agreement with earlier results from Arctic ice-associ-
ated waters (Garneau et al. 2008). TdR uptake activity
in gram-negative bacteria is regulated by immediate
phosphorylation inside the cell (Mizushima et al.
1997), resulting in non-saturated kinetics at higher

concentrations (Logan & Fleury 1993). Use of TdR
concentrations of 10 nmol l−1 in Antarctic sea ice have
produced realistic production estimates (Grossmann
& Dieckmann 1994, Helmke & Weyland 1995). For
TdR, under-saturation at 20 nmol l−1 (ratios added to
Vmax90 1.6 to 1.8) in ice and brines point to a need for
higher TdR working concentrations in ice and brines
than used in cold polar surface waters.

Unfortunately, our saturation kinetics experiment
did not extend to a higher range of TdR concentra-
tions, or lower range of Leu concentrations, but were
initially designed to validate the working concentra-
tions used. Thus, we cannot verify the existence of bi-
or multiphasic TdR or Leu incorporation kinetics in
sea ice but point to the existence of differing saturat-
ing concentrations across the sample types and trac-
ers used. Our results suggest that in sea ice bacterial
production measurements, Leu concentrations typi-
cal for biofilms, rather than oceanic seawater, should
be used, and saturating concentrations for both TdR
and Leu should be tested over a broad range.

The Leu:TdR ratio is a widely employed indicator
for physiological or metabolic status of bacterial com-
munities, since it reflects the ratio of the 2 major basic
metabolic functions in bacteria: protein and DNA
synthesis. In a range of aquatic systems, the Leu:TdR
ratios typically vary between 5 and 70, and departure
from balanced growth is indicated by increased
ratios (Chin-Leo & Kirchman 1990, Kirchman 1992,
Shiah & Ducklow 1997). Leu:TdR ratios presented in
this study were generally high and showed a consis-
tent pattern in ice over the entire study period: ratios
were highest in bottom ice, elevated in upper ice sec-
tions and lowest in the middle ice section. The obvi-
ous explanations for high Leu:TdR ratios in the upper
and bottom ice are unbalanced growth (i.e. bacteria
increasing their biomass without DNA synthesis) or
non-specific incorporation of Leu into non-protein
macromolecules. Uncoupling between Leu and TdR
has also been reported in coastal marine epiphytic
biofilms, where increasing Leu incorporation was
positively correlated with the age of the biofilm
(Törnblom & Søndergaard 1999).

To estimate the validity of divergent Leu- and TdR-
based bacterial production estimates, we calculated
the production estimate based on previously pub-
lished data for oxygen exchange at the ice−water
interface obtained during the same campaign at the
same site (Long et al. 2012), which gave a net mean
oxygen flux into bottom ice of −2.13 mmol O2 m−2 d−1

and an average gross primary productivity equal to
production of 0.69 mmol O2 m−2 d−1 (assuming a 1:1
C:O2 ratio). Primary productivity was mostly confined
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to the lowermost ice layers (Søgaard et al. 2013). Our
mean bacterial respiration estimates for bottom ice,
0.52 and 3.37 mmol O2 m−2 d−1 for TdR and Leu,
respectively, are in the same range as the oxygen
exchange values presented by Long et al. (2012),
suggesting that bacterial respiration alone was close
to the observed oxygen fluxes. However, bacterial
respiration accounts for only a part of the community
respiration. If bacterial respiration is assumed to be
44% of community respiration (Robinson 2008,
Kirchman et al. 2009, Nguyen & Maranger 2011),
TdR and Leu incorporation results provide an esti-
mated community respiration of 1.18 and 8.45 mmol
O2 m−2 d−1, respectively, the latter being unrealisti-
cally high. If estimated tracer under-saturation in ice
is taken into account, the TdR community respiration
estimate is 1.89 mmol O2 m−2 d−1, being close to the
oxygen flux estimate of Long et al. (2012).

The saturation-level-corrected estimate for Leu is
almost an order of magnitude too high, a difference
unexplained by the conversion factors used. The high
Leu incorporation implies that the incorporated Leu is
not only ending up in the protein fraction. Mock et al.
(1997), working on Baltic Sea brines, found 2-fold
lower Leu incorporation after hot TCA extraction as
compared to cold TCA extraction, which also points to
non-protein incorporation. One possible route for
non-protein Leu incorporation is the inclusion into
PHA granules via the branched-chain amino acid
degradation pathway to the important PHA precursor
acetyl-coenzyme A (CoA). The full Leu degradation
pathway is known to be present in some ice-inhabiting
proteobacterial genera (Kazakov et al. 2009). A key
enzyme of this degradation pathway, methylcrotonyl-
CoA carboxylase, has been recently associated with
high dark bicarbonate uptake and possible Leu
degradation by natural Arctic surface water Gamma -
proteobacteria (Alonso-Sáez et al. 2010). Leu usage
for intracellular polymer production has also been
proposed by Ducklow & Yager (2007) to explain rapid
Leu turnover in cold polynya surface waters.

PHAs are highly reduced, structurally simple ma -
cromolecules that are deposited into water-insoluble
inclusion bodies within bacterial cells (Anderson &
Dawes 1990, Madison & Huisman 1999) and can be
used as carbon and energy storage and to alleviate
oxidative stress (Ayub et al. 2009). The regulation of
PHA production may be directly linked to biofilm for-
mation (Campisano et al. 2008, Tribelli et al. 2012).
PHA-producing bacteria in marine habitats have so
far been mostly found in sediments or biofilms (Koller
et al. 2011), although 2 species of the genus Oceani-
cola (Alphaproteobacteria), isolated from seawater at

the Bermuda-Atlantic Time-series Study Site, have
been shown to produce intracellular PHA granules in
culture (Cho & Giovannoni 2004). We found various
bacterial morphotypes containing putative PHA gran-
ules in the bottom ice samples (Fig. 6), suggesting ac-
tual PHA production by multiple sea ice bacterial spe-
cies beyond the only currently known (by genomic
traits) sea ice-inhabiting PHA producer Colwellia
psychrerythrea (Methé et al. 2005). A hypothetical
ecological function for PHA production by sea ice bac-
teria could be storage of excess carbon (Pomeroy &
Wiebe 2001), thereby enhancing their survival in the
more dilute planktic environment following ice melt.

CONCLUSIONS

Our results demonstrate small diel variability in
bacterial parameters and suggest that a weekly sam-
pling strategy can be temporally representative in
sea ice bacteria monitoring studies in subarctic sea
ice. Under climatically unstable conditions (e.g. ice
warming introducing melting and brine instability)
or during periods of rapid biomass growth in spring,
more frequent sampling may be needed to ade-
quately cover the variability (Maranger et al. 1994,
Riedel et al. 2007).

Our results support earlier views of sea ice habitats
acting as biofilm-like systems rather than being
analo gous to open-water systems. We found biofilm-
like saturating concentrations for Leu incorporation
in bottom sea ice horizons and we suggest that it
would be pertinent for future investigations into sea
ice and adjacent permanently cold waters to test a
wide concentration range and establish saturating
con centrations.

Bacterial cell properties as revealed by flow cytom-
etry imply a distribution of copiotrophic and oligotro-
phic ecotypes in ice and underlying water, reflecting
DOM distribution, and show that flow cytometry is a
useful tool for studying sea ice bacteria. We have pro-
vided evidence that subarctic sea ice bacteria in the
natural environment can produce PHA. Taking into
account the vast areal coverage of sea ice, our results
suggest that there may be a significantly wider spa-
tial and geographical occurrence of natural bacterial
PHA production in marine environments than previ-
ously acknowledged. Furthermore, our results point
to the influence of ice cover on the underlying water
bacterial community and the need to consider ice-
covered surface waters as a habitat for bacteria that
is quite distinct from open marine waters not influ-
enced by sea ice.
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