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INTRODUCTION

Bacterial dissolution and degradation of particles is
an important process in the cycling of organic matter
in the ocean. Because particles are the primary vehi-
cles for vertical export of organic material from the
oceans’ productive surface layer to the deep sea, bac-
teria associated with marine particles contribute to
the export of organic matter and to the regulation of

its magnitude and composition (Turley & Mackie
1995). Studies based on size-fractionation of water
column suspended samples have shown that parti-
cle-associated bacterial communities differ in com-
position from free-living communities (DeLong et al.
1993, Kellogg & Deming 2009) and that particle-asso-
ciated bacteria are metabolically more active and
have higher growth rates than free-living bacteria
(Smith et al. 1992, Huston & Deming 2002, Baltar et
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al. 2010). Large particles, such as aggregates, zoo -
plankton faecal pellets and algal resting stages, are
not efficiently sampled by standard water bottle
techniques due to their high sinking speed, and
therefore tend to be overrepresented in sediment
trap samples compared to water bottle samples
(Wassmann et al. 1999, Spilling et al. 2006). These
important components of the biological carbon pump
may host a characteristic bacterial biota (Ditchfield et
al. 2012, Jing et al. 2012), which is overlooked in
studies focusing on water column suspended parti-
cles alone.

Field studies of bacteria associated with vertically
exported material collected in sediment traps have
largely focused on total bacterial abundance, BA
(Turley & Mackie 1995), or on the flux of cyanobac-
teria vs. eukaryotic protists (Amacher et al. 2013).
Bacterial solubilisation of sinking particles directly
impacts the composition and magnitude of the verti-
cally ex ported material, but investigations of the
metabolic activity of bacteria in sediment traps are
scarce and reveal conflicting results from compara-
ble marine environments. While Huston & Deming
(2002) found higher cell-specific hydrolytic enzyme
activity and a higher proportion of actively respiring
bacteria in sediment trap samples from the Baffin
Bay, Tammert et al. (2008) found an equal contribu-
tion of actively respiring bacteria in sediment traps
and ambient water samples in the Barents Sea. The
community composition and source of total bacteria
associated with sinking material as well as the tem-
poral and geographical variation in the composition
and activity of these communities largely remains
unknown, and knowledge of how bacteria impact the
biological carbon pump is therefore incomplete.

Modelling and experimental work reveal that
motile bacteria colonise particles faster than non-
motile bacteria and that rapid exchange between
attached and free bacteria occurs as a result of
attachment and detachment from aggregates (Kiør-
boe et al. 2002). While BA on suspended particles
may reach steady state within only 2 h (Kiørboe et al.
2003), particles sinking through the water column
are exposed to different ambient communities and
may undergo multiple colonisations, resulting in
community shifts over time and with increasing
depth. In the deep sea, pressure may act as a selec-
tive force with increasing depth. Incubations of parti-
cles retrieved from sediment traps revealed an
increase in the proportion of Bacteria over Archaea
over time in treatments exposed to pressure equiva-
lent to 1500 m depth (Tamburini et al. 2009), suggest-
ing that changes in the community may take place

during sinking, at least through abyssal regions.
Methanogenic bacterial taxa were recently discov-
ered in sediment trap samples in a Scottish loch and
in zooplankton faecal pellets from the same location
(Ditchfield et al. 2012), supporting earlier findings
that these taxa proliferate on large marine particles
and sinking organic particles (Karl & Tilbrook 1994,
Marty et al. 1997).

The bacterial community composition (BCC) and
extracellular enzyme activity was investigated in
sinking particulate organic matter (collected by
 sediment traps) and in the ambient water column in
contrasting environments represented by a North-
Norwegian fjord (Balsfjord) and the Barents Sea
(Arctic Ocean). Characteristic of high-latitude envi-
ronments, large fast-sinking particles such zooplank-
ton faecal pellets typically contribute significantly to
the downward flux of organic matter in these regions
(Wexels Riser et al. 2010, Tamelander et al. 2012). It
was hypothesised that (1) the sediment trap samples
would reveal similar bacterial communities across
locations, characterized by different water masses
and between seasons. It was further hypothesised
that (2) the community on sinking particles would
change with depth as a result of succession of the
dominant groups over time. The sediment traps were
assumed to host a higher fraction of particle-associ-
ated bacteria than the ambient water column, lead-
ing to the hypothesis (3) that bacteria in sediment
traps would have higher cell-specific extracellular
enzyme activity, reflecting the high metabolic activ-
ity of particle-associated bacteria.

MATERIALS AND METHODS

Study area

Field sampling was carried out in the north Norwe-
gian fjord Balsfjord (sampling position 69° 22.0’ N,
19° 7.0’ E) in April, June and October 2010, and in the
Barents Sea in June 2011 (Fig. 1). The fjord receives
freshwater from rivers and from snowmelt in spring.
Water exchange between the fjord and the shelf,
dominated by more saline Atlantic-influenced Nor-
wegian Coastal Water, is restricted by a ca. 30 m deep
sill (Eilertsen & Skardhamar 2006). In the Barents Sea,
the 3 stations visited were positioned in N to S direc-
tion across the polar front and therefore dominated by
different water masses (Fig. 1). Stns M1 (78° 5.8’ N,
28° 7.6’ E) and M2 (76° 57.0’ N, 29° 42.7’ E) had partial
ice-cover (40 to 70% and 10 to 40%, respectively),
while Stn M4 (74° 54.6’ N, 30° 0’ E) was outside the
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seasonal extent of sea ice. Descriptions of the water
masses and ice conditions in the Barents Sea can be
found in Loeng (1991) and Sundfjord et al. (2007).

Sample collection, bacterial abundance 
and biochemical analyses

Standard CTD casts were obtained at each station.
Water samples for suspended particulate organic mat-
ter were collected with Niskin bottles, and sinking
particles were collected by sediment traps de ployed
for ca. 24 h without fixatives. The sediment traps (KC
Denmark A/S) consisted of parallel cylinders with a
height:diameter ratio of 6.25 and a volume of 1.8 l,
mounted in a gimballed frame equipped with a vane.
An array of 8 sediment traps positioned at fixed
depths between 20 and 120 m (fjord) or 200 m
(Barents Sea) was deployed. Upon deployment, the
sediment traps became filled with ambient seawater
and therefore received a background of suspended
organic matter and bacteria. No correction was made
for this background because it was considered to be
small compared to the material accumulated in the
traps during deployment. Upon retrieval, the contents

of the 2 cylinders from each depth were
combined to form 1 sample. An aliquot
of 250 ml was collected for bacterial pa-
rameters after mixing the original sam-
ple by gently turning the bottle several
times. From this sample, smaller vol-
umes were drawn by pi pette for BA,
en zyme assays and DNA extraction.
BA and enzyme activity were deter-
mined at 4 depths in both sample types
(suspended and sediment traps), with 1
sample taken from the depth of maxi-
mum fluorescence and from the closest
sediment trap (see Table 1). The BCC
was determined at 2 depths. In the
fjord, the sediment trap array was an-
chored to the seabed, and in the Bar-
ents Sea, a free-drifting array tethered
to a drifter at the surface was used.

Samples for BA were fixed with fresh
formaldehyde to a final concentration
of 2% and filtered directly without fur-
ther treatment (e.g. sonication) onto
black 0.2 µm pore size membrane fil-
ters. The filters were stained with DAPI
and mounted on slides which were
stored at −20°C until BA was obtained
using an epifluorescence microscope.

One sample was analysed from each depth, and mini-
mum of 10 frames and 500 cells were counted in each
sample. BA is considered to reflect the total abun-
dance since no size- fractionation was performed to
quantify free and attached bacteria separately.

Samples for analyses of the BCC by denaturing gra-
dient gel electrophoresis (DGGE) were collected at 2
depths: one corresponding to the depth of maximum
fluorescence and at 120 m (fjord) or 200 m depth (Bar-
ents Sea). Between 50 and 150 ml of sample aliquots
were filtered within a few hours after water-bottle or
sediment-trap retrieval, through polycarbonate mem-
brane filters with 0.2 µm pore size (Whatman). One
sample was prepared from each depth, and the filters
were stored at −20°C in sucrose buffer (40 mM EDTA,
50 mM Tris [pH = 8] and 0.75 M sucrose) until pro-
cessed further. April samples from the fjord were
frozen without buffer, and amplification of these sam-
ples by polymerase chain reaction (PCR) failed. From
the Barents Sea, samples were analysed from Stns M1
(Arctic Water) and M4 (Atlantic Water), representing
end-members of the environmental gradient. Because
no size- fractionation was performed, the samples rep-
resent the total bacterial community including both
particle- associated and free-living bacteria.

213

Fig. 1.North Norwegian coast and the Barents Sea with sampling locations in
2010 (Balsfjord, white star) and in June 2011 (Stns M1, M2 and M4). Grey
lines: bathymetry (m). Arrows: main (black) Atlantic Water and (grey) Arctic 

Water currents
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Sampling and analyses of particulate organic
 carbon (POC) and nitrogen (PON) followed Reigstad
et al. (2008). Briefly, sample aliquots were filtered
through glass fibre filters (GF/F) and stored frozen
until processed further. C and N content was deter-
mined on a CHN elemental analyser after the sam-
ples had been dried (60°C overnight) and exposed to
HCl fumes to remove inorganic carbon.

Chlorophyll a (chl a) concentration was determined
both for the total community and for the >10 µm size
fraction by filtering samples through GF/F filters and
10 µm pore size membrane filters, respectively. Chl a
was determined on board according to Holm-Hansen
& Riemann (1978) using methanol extraction. For
details of sampling and extraction, see Reigstad et al.
(2008). Chl a data are not available from the sedi-
ment traps at Stn M4 due to contamination of these
samples.

Extracellular enzyme assays

Extracellular enzyme activity (EEA) was deter-
mined using fluorescence-labelled artificial substrates
following the method of Hoppe (1983). The activities
of β-glucosidase (BG) and leucine-amino pepotidase
(LAP) were assessed in triplicate using 4-methylum-
belliferyl-b-D-glucoside and L-leucine 7-amido-4-
methylcoumarin as substrates, respectively. Assays
were performed on the total material without size-
fractionation at saturating substrate concentrations
(200 µmol substrate l−1), determined in saturation
experiments beforehand, yielding maximum EEA. In
the Barents Sea, the incubation volume was 5 ml, and
fluorescence was detected with a Turner Designs
10 AU fluorometer with excitation at 365 nm and
emission at 436 nm. In Balsfjord, incubations were
performed in 96-well plates with a sample volume of
0.4 ml, and fluorescence was determined on a plate
reader fluorometer (Molecular Devices Spektromax
Gemini) at excitation and emission wavelengths of
355 and 460 nm, respectively. Fluorescence was con-
verted to substrate concentration using calibration
curves prepared from 4-methylumbelliferyl (for BG)
and 7-amido-4-methylcoumarin (for LAP). The sam-
ples were mixed by inverting the tubes (Barents Sea)
or by shaking the 96-well plates automatically in the
plate reader (fjord) prior to fluorescence readings,
and the samples were incubated without mixing in
temperature-controlled rooms at close-to in situ tem-
perature until a significant increase in fluorescence
was recorded. Incubation time never exceeded 12 h
to minimize effects of eventual changes in the BCC

and to avoid substrate limitation and oxygen deple-
tion. EEA was calculated from 2 fluorescence record-
ings and blank-corrected for fluorescence in heat- or
formalin-killed controls. EEA obtained with only
start and end measurements did not differ from trials
with 5 readings and regression-based determination
of EEA. Some assays gave a slight decrease in fluo-
rescence, yielding negative EEA; in these, EEA was
assumed to be zero. BG and LAP were normalised to
BA to obtain cell-specific rates (amol substrate h−1

cell−1).

DNA extraction and molecular analyses

Nucleic acids were extracted using a MO BIO
Ultra Clean Soil DNA Isolation kit (MO BIO Laborato-
ries), following the provided instructions. Samples
were quantified and quality checked using a
 Nano Drop spectrophotometer (Thermo Scientific).
Amplifications of 16S rRNA gene fragments were
performed with the touchdown PCR procedure using
a Bio-Rad thermocycler (Bio-Rad). To perform DGGE
amplifications, the following primers designed by
Muyzer et al. (1997) were used: 358f-GC 5’-CCT
ACG GGA GGC AGC AG-3’ (target group: bacteria;
with a 40 bp GC-clamp sequence attached to the 5’
end) and 907RM 5’-CCG TCA ATT CMT TTG AGT
TT-3’. The PCR mixtures (50 µl) each contained 5 µl
of extracted DNA as a template, 1 µl of deoxynucleo-
side triphosphate mix at a concentration of 10 mM
each, 2 µl of MgCl2 (25 mM solution), 5 µl of BSA
(3 mg ml−1), 5 µl of PCR buffer (Invitrogen), 2.5 µl of
each primer at a concentration of 10 µM, 0.25 µl of
Taq DNA polymerase (Invitrogen) and 27 µl of
0.2 µm-filtered sterilized water. The PCR program
included an initial denaturation at 94°C for 5 min, fol-
lowed by 10 cycles of denaturation at 94°C for 1 min,
annealing at 65°C for 1 min (decreased by 1°C every
cycle until 55°C, at which an additional 20 cycles
were carried out), and extension at 72°C for 3 min,
with a final extension cycle at 72°C for 10 min. An
aliquot of the PCR product was separated by electro-
phoresis in a 1% agarose gel and compared to a stan-
dard (Low DNA Mass Ladder; Invitrogen) as a qual-
ity control (visual inspection). All 16 samples and the
standard were loaded in the same gel for the DGGE.

DGGE was performed with a DGGE-2000 system
(CBS Scientific Company). Electrophoresis was per-
formed with a 0.75 mm thick 6% polyacrylamide gel
(acrylamide:bisacrylamide ratio of 37:5:1) sub-
merged in 1× TAE buffer (40 mM Tris base, 20 mM
acetic acid and 1 mM EDTA, pH 7.4) at 60°C.
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Approximately 800 ng of PCR product from environ-
mental samples were applied to individual lanes in
the gel. The gel was run at 100 V for 16 h in a linear
40 to 80% denaturant agent gradient (100% denatu-
rant agent was defined as 7 M urea and 40% de -
ionised formamide). The gels were stained for 45 min
in 1× TAE buffer with Sybr-Gold nucleic acid stain
(Invitrogen) and visualized with UV radiation using a
Chemidoc system (Bio-Rad). Digitized DGGE images
were analysed using the Quantity One software (Bio-
Rad). Similarities of the resulting band patterns were
assessed by constructing a matrix taking into account
the intensity of individual bands in each sample.

Statistical analyses

Hierarchical clustering of the DGGE data was used
to investigate patterns in the BCC. Band intensity
was expressed as the percentage of the row (band)
total, and the data were arcsine and square root
transformed to calculate Bray-Curtis dissimilarities
among samples. The cluster analysis was performed
in R (www.r-project.org). The relationship between
BCC and environment was assessed by canonical
correspondence analysis (CCA) based on chi-squared
distances using the package ‘vegan’ in R. The envi-
ronmental data (temperature, salinity, POC: PON
ratio, POC:chl ratio and proportion of chl a >10 µm)
were centred and standardized prior to the CCA. The
sediment trap sample from Stn M4 was excluded due
to missing chl a data. The significance of the CCA
was assessed by a permutation test with 199 permu-
tations. An ANOVA of log-transformed cell-specific
BG and LAP with Tukey’s post hoc test was per-
formed with station as predictive parameter because
the untransformed data were not normally distrib-
uted. Substrate preference was assessed by compar-
ing the cell-specific BG and LAP activity in sediment
trap samples and in the water column by means of
Mann-Whitney U-tests on untransformed data.

RESULTS

Differences in water mass, stratification, 
and chl a among stations

The physical properties of the water column
revealed distinct features at each station, represent-
ing 3 main water masses: fjord/coastal water influ-
enced by freshwater runoff from land, Arctic water
and Atlantic water (Fig. 2). The fjord station further

underwent seasonal changes in temperature and
water column stratification. In April, the water col-
umn in the fjord was nearly homogeneous with
depth, with temperatures between 2.1 and 2.7°C
and salinities between 33.3 and 33.9 (Fig. 2A). In
June, a thin layer of relatively fresh (28.5) water in
the uppermost 2 m had developed, and the temper-
ature had increased to ca. 8°C at the surface. By
October, the surface water salinity had increased to
32, and the temperature was ca. 6°C and slightly
lower than at 20 m depth. At 120 m depth, the tem-
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Fig. 2. Temperature-salinity plots from the stations in (A)
Balsfjord and (B) the Barents Sea. Open symbols: depth of
maximum fluorescence; filled symbols: 120 m (the fjord) or
200 m (Barents Sea) depth, corresponding to sampling
depths for bacterial community. In (A), the symbols for deep
samples in April and June are overlapping. Data were 

bin-averaged for 5 m intervals for clarity
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perature was more stable and remained between
2.5 and 3.6°C during the whole period (Fig. 2A).
The chl a concentrations at the depth of maximum
fluorescence were 1.6, 1.3 and 0.3 mg m−3 in April,
June and October, respectively.

Stn M1 in the Barents Sea had temperatures be -
tween −1.7 and −0.8°C and salinities between 32.9
and 34.2 to ca. 80 m depth, reflecting the Arctic water
dominance at this station (Fig. 2B). Below this depth,
a gradual increase in temperature and salinity indi-
cated intrusion of water of Atlantic origin. Stn M2
was located over the polar front, with the cold and
relatively fresh surface layer extending to ca. 50 m
depth on top of warmer (>1°C) and more saline
Atlantic Water (Fig. 2B). The temperature at Stn M4
was between ca. 5°C at the surface and 0.5°C near
the bottom (371 m), and salinity was above 35
throughout the water column, characteristic of
Atlantic water (Fig. 2B). Maximum chlorophyll con-
centrations were 2.3, 1.4 and 1.6 mg m−3 at Stns M1,
M2 and M4, respectively.

Patterns in bacterial community composition

The BCC was analysed in samples from the Arctic
Stn M1 and from the Atlantic Stn M4 in the Barents
Sea, representing end-members of the environmen-
tal gradient. Because amplification of the fjord sam-
ples from April failed, only the June and October
samples were analysed. A total of 80 individual
bands (on average, 25 bands per sample), correspon-
ding to particular operational taxonomical units,
were identified in the DGGE. Most bands occurred in
both sample types (suspended and sediment traps). A
total of 18 bands were unique to ≥1 of the suspended
samples, and 12 were unique to at least 1 sediment
trap sample. Within stations, the number of bands
per sample was slightly higher in the deep sus-
pended samples (26 to 31) than at the depth of the
maximum fluorescence (13 to 30), whereas the deep
sediment traps usually had a lower number of bands
(17 to 29) than the shallow-positioned traps (22 to 32).
Stns M1 and M4 and the June sample from the fjord
revealed a higher number of bands in the shallow
sediment trap than the corresponding suspended
sample, whereas the deep samples revealed no con-
sistent difference in the band numbers between sus-
pended and sediment trap samples.

The cluster analyses taking into account band
intensity separated the samples into 2 main groups
corresponding to the fjord and the Barents Sea, with
the exception of 1 Barents Sea sample (Stn M1 sus-

pended 200 m) that clustered with the fjord samples
(Fig. 3). Within the main groups, the sediment trap
samples clustered according to station. In the fjord,
suspended samples from the depth of maximum fluo-
rescence clustered together with the sediment traps
from 20 and 120 m in separate groups for June and
October. The deep suspended samples (June and
October) formed 1 group. The Barents Sea samples
were more heterogeneous. The sediment trap sam-
ples clustered according to station and were more
similar to the suspended sample from the depth of
maximum fluorescence than to the deep suspended
sample (Fig. 3).

Relationship between community and physical
environment or organic matter composition

A CCA was used to determine how the environment
influenced BCC. The model accounted for 58.3% of
the total variation in the BCC (permutation test p =
0.005) and confirmed the importance of differentiation
between water masses or location. The first CCA axis
accounted for 25% of the total variation and separated
the samples ac cording to temperature and salinity,
with the fjord stations being characterized by higher
temperature and lower salinity than the Barents Sea
stations (Fig. 4). The second axis accounted for 13% of
the total variation and was mainly influenced by the
POC:chl and the POC:PON ratios, but this axis re-
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Fig. 3. Cluster dendrogram of DGGE band intensity data
from the fjord and the Barents Sea. Sample names indicate
region (‘BS’: Barents Sea, ‘Bals’: Balsfjord), station or month,
sample type (suspended or trap), and sampling depth. The
y-axis is the Bray-Curtis dissimilarity index (dissimilarity 

increasing upwards)
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vealed no obvious grouping of sampling locations or
sample types (sediment traps or suspended samples).
The untransformed environmental data used in the
CCA are presented in Table 1.

Cell-specific EEA

Cell-specific BG and LAP varied significantly
among stations both for the suspended and sediment
trap samples (separate 1-way ANOVAs for substrate
and sample type; all p-values < 0.001) and were gen-
erally higher in the fjord than in the Barents Sea
(Fig. 5). April samples from the fjord had the highest
BG activity in both sample types (Tukey’s tests, p <
0.03). LAP activities did not differ between April and
June (p > 0.05) but were significantly lower in Octo-
ber in both sample types (p < 0.05). Among the Bar-
ents Sea stations, rates were highest at Stn M4,
where both LAP and BG activity were similar to the
activity measured in the fjord in October (p > 0.05).

In the fjord, the sediment trap samples had signifi-
cantly higher cell-specific BG than the water column
samples (Fig. 5, Mann-Whitney test, p = 0.01). The
Barents Sea stations revealed a similar trend, but the
differences were not significant (p > 0.1). Cell-spe-
cific LAP was higher in the traps than in the water
column in April in the fjord and at Stn M4 (p = 0.01),
whereas no difference was observed at the other sta-
tions (p ≥ 0.1). BG and LAP were not related to chl a
concentration, vertical flux, POC:chl or POC:PON
ratios in either sample type (not shown).

DISCUSSION

The present study is among few that have investi-
gated the BCC associated with sinking particles col-
lected using sediment traps and the first conducted in
polar regions. The sources of bacteria associated with
sinking particles were inferred by comparing sam-
ples from different physical environments and by
seasonal comparisons at a location where repeated
sampling was performed. Based on the differences in
BCC found among locations and seasons, the hypo -
thesis that the sediment trap samples would reveal
high similarity due to colonisation by specialised taxa
was rejected. The variation in the BCC rather seems
to reflect dominant taxa characteristic of the corre-
sponding water masses sampled (Arctic, Atlantic and
coastal/ fjord water) and temporal variability, as sug-
gested by the difference between the summer and
autumn samples in the fjord. This is supported by the
difference in temperature and salinity both horizon-
tally (among stations) and vertically (shallow vs.
deep samples) and was statistically confirmed by the
CCA (Fig. 4).

Because the samples were not size-fractionated,
free-living and particle-associated bacteria were
present in both suspended and sediment trap sam-
ples. The BCC of these fractions differs to a variable
degree, with macro-aggregates and marine snow
hosting distinct communities (DeLong et al. 1993).
While several taxa have been found both on small
(1 to 60 µm) particles and free-living in the water col-
umn (Kellogg & Deming 2009, Crespo et al. 2013),
significant differences in the BCC were found
between these fractions and aggregates >60 µm in
the Laptev Sea (Arctic Ocean; Kellogg & Deming
2009). Large, fast-sinking particles typically consti-
tute an important part of the organic matter exported
from the surface ocean, and would presumably
strongly contribute to the BCC in sediment traps.
Although not quantified in the present study, faecal
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Fig. 4. Canonical correspondence analysis (CCA) biplot
showing the relationship between the bacterial community
composition in the different samples and environmental fac-
tors (arrows: temperature [T], salinity [S], C:N, C:chl, and
chl>10µm: total chl ratios). Sample names specify the region
(Bals: Balsfjord; BS: Barents Sea), month or station name,
sample type (suspended or trap), and depth. CCA1 accounts
for 25% and CCA2 for 13% of the total variation. Sediment
trap samples at Stn M4 were not included in the analysis due 

to missing chlorophyll data
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Fig. 5. Cell-specific activity of (A) β-glucosidase and (B) leucine-aminopeptidase in water column suspended samples and in
sediment trap samples in the fjord (3 occasions) and in the Barents Sea (3 locations). Asterisks indicate significant differences 

(Mann-Whitney test, p = 0.01) between suspended and sediment trap samples

Station                  Depth (m) POC:PON (mol:mol)  POC:chl (wt:wt)  Chl>10 µm:Tot chl                                                         Suspended           Traps                Suspended          Traps               Suspended           Traps

Balsfjord
April                       13 (20)                     8.3                    8.6                         254                  151                       0.45                  0.74
April                          60                       12.5                   9.7                         347                  125                       0.75                  0.70
April                          90                       15.3                   9.4                         411                  115                       0.74                  0.65
April                         120                      15.9                  10.6                        703                  133                       0.59                  0.67
June a                    18 (20)                    7.82                   9.3                         282                  386                       0.50                  0.65
June                           60                       12.4                   9.8                        2837                 746                       0.15                  0.35
June                           90                       12.9                  10.1                       3589                 669                       0.18                  0.33
June a                       120                      12.0                   9.6                        3987                 681                       0.19                  0.40
October a                  20                        9.5                   10.9                        379                  491                       0.54                  0.58
October                     60                       10.8                  13.3                       1328                 587                       0.55                  0.64
October                     90                       10.3                  10.6                       1631                 577                       0.45                  0.57
October a                 120                      12.1                  12.3                       2028                 605                       0.33                  0.48

Barents Sea
M1                             20                        7.5                   10.1                        172                  578                       0.79                  0.68
M1 a                       31 (30)                     8.1                   10.0                        146                  222                       0.84                  0.79
M1                             90                       17.3                  12.2                       1697                 321                       0.87                  0.58
M1 a                         200                      18.0                  10.7                       5571                 308                       0.44                  0.64
M2                             20                        8.5                    7.9                         570                  978                       0.19                  0.39
M2                         44 (50)                     8.3                    8.7                         195                  291                       0.14                  0.48
M2                             90                       11.6                   9.9                        5214                 726                       0.24                  0.02
M2                            200                      14.7                   8.7                        9527                 694                       0.28                  0.69
M4                             20                        8.4                    7.7                         556                   nd                        0.38                   nd
M4 a                       45 (50)                     7.6                    6.8                         205                   nd                        0.11                   nd
M4                             90                       15.1                   7.8                        4352                  nd                        0.41                   nd
M4a                           200                      13.1                   7.1                        4762                  nd                        0.26                   nd

aIncluded in the CCA (Fig. 4)

Table 1. Composition of suspended and sinking (sediment trap samples) particulate organic matter. POC:PON is the ratio of
particulate organic carbon:particulate organic nitrogen, POC:chl is the ratio of particulate organic carbon:total chlorophyll a
(chl a), and Chl>10µm:Tot chl is the proportion of chl a in the size fraction >10 µm relative to the total chl a level. Sediment trap
depth is given in brackets where this differed from suspended sample depth. CCA: canonical correspondence analysis
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pellets from calanoid copepods were present in all
sediment trap samples. These pellets are typically 50
to 90 µm wide and 250 to 1000 µm long (Wexels Riser
et al. 2002) and may account for up to 75% of
exported POC in the studied regions (Wexels Riser et
al. 2010). Amorphous material and marine snow
appeared not to be an important fraction of the sedi-
ment trap material since sample processing was pos-
sible without severe clogging of the filters. At the
depth of maximum fluorescence, both the suspended
and sediment trap samples likely contained a high
proportion of relatively fresh phytoplankton with
associated bacteria, which would explain the high
similarity in BCC between these samples. Deeper in
the water column, the BCC clearly differed between
the suspended and sediment trap samples. These
samples also revealed large discrepancies in their
biochemical composition, with higher POC:PON and
POC:chl ratios of the suspended material (Table 1).
The more refractory composition of suspended parti-
cles suggest longer residence time in the water col-
umn, which would have given more time for the bac-
terial community to develop compared to the
sediment traps, which received an important input of
material from the euphotic zone.

The second hypothesis, that the BCC changes dur-
ing sinking, was also rejected based on the high sim-
ilarity between shallow and deep traps, which again
were closely related to the suspended sample from
the depth of maximum fluorescence. The bacterial
community rather seems to have been ‘inherited’
from the chlorophyll maximum, where formation of
large particles takes place through aggregation of
algal cells and through faecal pellet production by
zooplankton (Wexels Riser et al. 2008). Peaks in bac-
terial fluxes at 3000 m depth have previously been
found to correspond to peaks in POC flux, suggesting
a common source in the productive surface layer
(Turley & Mackie 1995). Dominance of large phyto-
plankton cells in the upper water column in June and
October in the fjord and at Stn M1, indicated by a
high proportion (≥50%) of chl a in the fraction
>10 µm, would have favoured aggregation (Table 1).
Faecal pellets also occurred regularly in the sediment
traps. The sinking speed of large faecal pellets is on
the scale of 100 m d−1, leaving <2 d for a particle to
reach the deepest trap (Wexels Riser et al. 2007),
which may be too little time for significant shifts in
the BCC to take place. Published growth rates of
attached bacteria vary considerably from 0.023 d−1

(Tang et al. 2006) to 1.8 d−1 (Grossart & Ploug 2001).
The lower value would only result in a 5% increase
in the resident bacterial population size over 2 d.

Even with higher bacterial growth rates, Kiørboe et
al. (2004) found that grazing losses to flagellates
were more important in controlling bacterial popula-
tions on aggregates than bacterial growth. Changes
in the BCC on sinking particles due to growth of the
resident population are therefore likely negligible in
the relatively shallow (<300 m) environments investi-
gated here. In abyssal areas, the longer transit time
for particles from the euphotic zone to the mesopela-
gic and deep sea would probably favour succession
of bacterial communities on sinking particles. Rapid
colonisation of newly formed particles and their sub-
sequent export to the mesopelagic was also proposed
by Ghiglione et al. (2007) based on diel and seasonal
sampling of free-living and particle-associated bac-
teria in the Mediterranean Sea. Earlier investigations
also demonstrated the importance of aggregates for
flux of bacteria to the deep sea (Turley & Mackie
1994). The present findings are therefore consistent
with colonisation processes found outside the Arctic.
Because certain bacterial groups possess traits for
attachment to surfaces, such as motility and synthesis
of extracellular polysaccharides (González et al.
2008, Grossart 2010), sinking particles may further
provide a selective force for bacteria in the ambient
water column.

The maximum cell-specific EEA exceeded those
from other more oligotrophic parts of the Arctic
Ocean, such as the Northeast Water Polynya (Vetter
& Deming 1994) and the East Beaufort Sea (Kellogg
et al. 2011), by orders of magnitude. Cell-specific
EEA was also higher than in the North Water Polynya
(W Greenland; Huston & Deming 2002), a region
with new production comparable to that of the Bar-
ents Sea (Tamelander et al. 2013), but mostly at the
same order of magnitude. It was not evaluated
whether the difference in incubation volume (5 ml in
the case of the Barents Sea and 0.4 ml in the fjord)
affected EEA. Cell-specific EEAs were generally
higher in the fjord than in the Barents Sea, but this
may also be related to the higher temperature and,
conceivably, higher abundance of organic matter in
the fjord than in the open sea. It should be noted that
because no attempt was made to dislodge bacteria
from particles, the BA estimates are likely conserva-
tive, and this would have inflated the cell-specific
EEA values.

Although no distinction between free-living and
particle-associated bacteria was made in the present
study, it was assumed that the fraction of bacteria
associated with particles was higher in the sediment
traps than in the water column. Cell-specific EEA
was therefore expected to be higher in the sediment

219



Aquat Microb Ecol 69: 211–221, 2013

trap samples. This was partially supported by the
present results: the cell-specific BG in the fjord was
significantly higher at all 3 sampling occasions, and a
similar trend, albeit not statistically significant, was
also present in the Barents Sea (Fig. 5). Cell-specific
LAP tended to be higher in the sediment traps, but
only 2 stations revealed a significant difference
between the sample types. Differences in activity
may have been related to community composition
(Sala et al. 2008), but because BCC only differed
between suspended and sediment trap samples at
the greater sampling depths, other factors likely con-
tributed to the observed pattern. Aggregation may
have caused an increase in metabolic activity, as bac-
teria have been shown to up-regulate their protease
activity within 2 h following attachment to artificial
aggregates (Grossart et al. 2007). Differences in the
composition of suspended and sinking organic mat-
ter may further have contributed to maintaining a
high activity of bacteria in sediment traps. While the
quality of the suspended material decreased with
depth, indicated by increasing C:N and POC:chl
ratios, the sediment traps revealed a more uniform
composition of the settled material (Table 1). Below
60 m depth, the sinking material had consistently
lower C:N and POC:chl ratios than the suspended
material. The more labile composition of sinking
material deeper in the water column may therefore
have sustained the somewhat higher enzyme activi-
ties of bacteria in the sediment traps.

While the present study is based on a limited num-
ber of observations, it demonstrates that the composi-
tion of the bacterial community associated with
exported organic matter varies among water masses,
reflecting the community present in the surface
layer. The present observations also support the view
that particle colonisation in the surface layer and
subsequent vertical export provides an input of bac-
teria to deeper water layers (Turley & Mackie 1995,
Ghiglione et al. 2007). Future attempts to evaluate
the metabolic activity and community composition of
bacteria associated with sinking particles would ben-
efit from quantifying the abundance of free and
attached bacteria separately and from molecular tax-
onomical tools with higher resolution than DGGE,
such as direct sequencing.
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