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Our study, as part of the Baseline Research on Oceanography, Krill and the Environment, West (BROKE-

West) survey, emphasised the vital role of sea-ice retreat and upwelling in controlling the distribution,

abundance and composition of marine microbial communities in the seasonal ice zone (SIZ).

Autofluorescence or stains were used to detect the abundance of nanophytoplankton, heterotrophic

nanoflagellates (HNF), virus like particles (VLP) and bacteria by flow cytometry. Correlations among

microbial concentrations were determined and cluster analysis was performed to group sites of similar

microbial composition and abundance. Distance to sea ice was the primary determinant of nanophyto-

plankton abundance and nanophytoplankton contributed up to 84% of the phytoplankton carbon

biomass where melting sea ice caused shallow summer mixed layer depths. To the north, nanophyto-

plankton abundance was generally low except adjacent to the Southern Boundary (SB). HNF and

bacterial abundance was positively correlated with the abundance of nanophytoplankton. Cluster

analysis identified 5 groups of sites over the BROKE-West survey area. Clusters 1-4 grouped sites of

different successional maturity of the microbial community along the continuum between bloom

formation and senescence. Maturity increased with distance from the sea ice and, in areas of upwelling,

with time since the development of phytoplankton blooms. Sites in cluster 5 occurred at the northern-

most extreme of the survey area and were typical of communities in high nutrient low chlorophyll

(HNLC) waters of the permanent open-ocean zone (POOZ) where phytoplankton growth was matched

by mortality and decomposition. Synoptic-scale studies in Antarctic waters are rare but provide vital

information about the control of microbial productivity, abundance and distribution in the Southern

Ocean. Our study, covering over 40% of the SIZ off East Antarctica, enhances our understanding of the

synoptic-scale factors that determine the structure and function of the microbial loop.

Crown Copyright & 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Marine microbes comprise the vast majority of living matter in
the ocean. Phytoplankton photosynthesis in the Southern Ocean
comprises 5.6-15% of all marine primary production on the earth
(Huntley et al., 1991). Sequestration of carbon by phytoplankton
supports the wealth of life for which Antarctica is renowned and
is one of the worlds’ greatest sinks for atmospheric CO2 (Mikaloff
Fletcher et al., 2006). Marine microbes are principal determinants
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of the fate of this fixed carbon and understanding energy flow in
the marine microbial community is pivotal to developing global
carbon budgets (Azam et al., 1991; Legendre et al., 1992;
Grossmann and Dieckmann, 1994; Bequevort et al., 2000).

Protozooplankton (2 – 200 mm) play a vital role in the transfer
and flux of carbon in the ocean. They are ubiquitous, diverse and
can be abundant in Antarctic waters (Garrison, 1991; Becquevort
et al., 2000). Their grazing can be the dominant source of
phytoplankton and bacterioplankton mortality and can regulate
the abundance, size structure and species composition of their
prey (Froneman and Perissinotto, 1996; Calbet and Landry, 2004).
Nanoprotozoa (2 – 20 mm), including dinoflagellates and HNF, can
comprise up to 60% of protozooplankton biomass (Becquevort,
1997; Becquevort et al., 2000; Froneman, 2004) and consume
prey of similar size to themselves (Becquevort et al., 1992;
rights reserved.
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Hansen et al., 1994). HNF grazing impact can exceed that by larger
zooplankton when nanophytoplankton are dominant, account-
ing for 440% of phytoplankton production (Becquevort, 1997;
Froneman, 2004; Calbet et al., 2008). Nanoprotozoa are also well
known bacterivores and can consume between 27 - 95% of
bacterial production (Safi and Hall, 1999: Christaki et al., 2008;
Pearce et al., 2010). As significant grazers of primary and bacterial
production, nanoprotozoa are regarded as important trophic
intermediates between the larger zooplankton that utilise them
as a carbon source and their small sized prey (Becquevort et al.,
1992; Jurgen et al., 1996; Froneman and Perissinotto, 1996).

Bacterial metabolism is critical for nutrient remineralisation
and element cycling and it is the principal route of carbon flow in
aquatic ecosystems, transforming dissolved organic carbon (DOC)
into bacterial biomass that supports bacterivores (Azam, 1998).
Bacteria can contribute up to 90% of the cellular DNA (Paul et al.,
1985; Coffin et al., 1990); 40% of the planktonic carbon (Pomeroy
and Wiebe, 1988; Cho and Azam, 1990; Azam, 1998); process up
to 80% of the primary production (Larsson and Hagström, 1982;
Azam et al., 1983; Cho and Azam, 1990; Ducklow and Carlson,
1992; Ducklow et al., 1993); and have nutrient uptake potentials
around 100 times faster than that of phytoplankton (Blackburn
et al., 1998). Studies have shown that bacteria are abundant in the
Southern Ocean and are a major pathway for carbon flow despite
the low water temperatures and extreme seasonal variation in
productivity (Rivkin et al., 1996; Leakey et al., 1996; Delille,
2004).

The viability of bacterioplankton can be greatly affected by
viral infection. Virioplankton are important determinants of
marine microbial composition and trophodynamics and principal
agents of bacterial mortality (Fuhrman, 1999), but little is known
of their abundance and role in the Southern Ocean. Their
concentrations and virus to bacterial ratios (VBRs), together with
the 50-100% loss of bacterial production due to viral infection,
indicate they are as important in the Southern Ocean as elsewhere
in the world’s oceans (Marchant et al., 2000; Guixa-Boixereu et al.,
2002).

Despite the vital role of marine microbes in trophodynamics
and carbon flux in the Southern Ocean, few studies have
determined the abundance and structure of entire microbial
communities over large spatial scales in relation to the physical
and biotic environment. Other surveys have investigated micro-
bial distribution and abundance off East Antarctica, in the Ross
Sea, in the Bransfield Strait, and along transects at 1701 W
(Smith et al., 2000; Wright and van den Enden, 2000; Waters
et al., 2000; Brown et al., 2001; Selph et al., 2001; Vaqué et al.,
2002). In our study we used flow cytometry to provide what, to
our knowledge, is the largest survey of marine microbes
(nanophytoplankton, HNF, bacteria and viruses) in the Southern
Ocean and the physical and biotic factors that control them.
2. Methods and materials

The BROKE-West survey covered an area of the Southern
Ocean between 301E and 801E between January and March 2006
(Fig. 1). The survey consisted of one east-west transect at the
northernmost limit of the survey between 601S and 621S (leg 12)
and 11 meridional transects separated by 51 of longitude and
extending from approximately 621S to the continental shelf. Leg
12 was undertaken first, commencing on 10 January and ending
on 19 January 2006. Sampling on the meridional transects
commenced in the west (leg 1) on 19 January and ended in the
east on 3 March 2007 (leg 11).

Williams et al. (2010) describe the instrumentation used and
measurements taken on CTD casts. Briefly, depth profiles were
collected by a suite of sensors measuring fluorescence, conduc-
tivity, temperature and dissolved oxygen mounted on a SeaBird
24-bottle rosette frame.

2.1. Flow Cytometry

Seawater for analysis by flow cytometry (FCM) was collected
from Niskin bottles (General Oceanics) at four depths over a
maximum of 100 m and on every second CTD cast to site 91 on leg
9 (Fig. 1). Sampling ended over the continental shelf on most
meridional legs, with the exception of leg 1 where sampling
ceased on the continental slope. All samples were analysed fresh
using a FACScan (Becton Dickinson) FCM except samples for
virus-like particles (VLP) which were preserved and later analysed
using a FACScanto FCM (Becton-Dickinson). Both flow cytometers
used a 488-nm argon laser. Malfunction of the FCM prevented
analysis of fresh samples beyond site 91 on legs 9 and 11. With
the exception of virus like particles (VLP), all microbial concen-
trations are reported as depth integrated concentrations derived
using trapezoid and rectangular integration of concentrations to a
depth of 100 m.

2.1.1. Nanoplankton

As picoplankton are rare in the Indian Ocean Sector of the
Southern Ocean south of 601 S (Kosahi et al., 1985), cells
enumerated here are defined as nanoplankton (2 – 20 mm).

Lysotracker Green-stained HNF (Rose et al., 2004) were
discriminated from red autofluorescent nanophytoplankton in
bivariate scatter plots of green versus red fluorescence (FL1 and
FL3, respectively). As autofluorescent nanophytoplankton in these
scatter plots rarely formed discrete clusters, individual popula-
tions were not discriminated across the survey area. Subse-
quently, nanophytoplankton abundances represent a pool of
species.

A working solution of Lysotracker Green (Molecular Probes)
was prepared daily by diluting the 1 mM commercial stock 1:10
with 0.22-mm-filtered seawater. Ten ml of seawater from each of
the four depths at each sample site were stained with 7.5 ml of the
working solution (75 nM final concentration) and incubated in the
dark and on ice for 10 min. Following incubation, a 1-ml sub-
sample was transferred to a sterile 50 ml Falcon tube and a known
concentration of PeakFlow Green 2.5 mm beads (Molecular
Probes) was added. Samples were housed in a beaker containing
ice and run for 10 min on high flow rate using 0.22-mm-filtered
seawater as sheath fluid.

Concentrations of HNF obtained by FCM were compared to
those by the standard epifluorescent microscopy method for
enumerating heterotrophic protists (Sherr et al., 1993). Briefly, up
to 200 ml of 114 samples analysed by FCM were filter-concen-
trated to 10 ml, stained by 6 drops of 100 mg l�1 4’,6-diamidino-
2-phenylindole (DAPI) stock solution for 1 hour in the dark,
filtered to dryness and the filter mounted on a glass slide. Cell
counts of Z 200 cells were obtained from 20 randomly chosen
fields of view at x400 magnification using a Zeiss Axioscop
equipped for epifluorescence. Ultraviolet excitation was used to
detect DAPI-stained cells and blue light excitation was used for
chl a autofluoresence. Cells of r 20 mm diameter that lacked chl a

autofluorescence were counted as HNF.

2.1.2. Bacteria

Abundances of total bacteria from fresh samples were dete-
rmined on all legs with the exception of leg 11 due to malfunction
of the FACScan. Total bacterial concentrations in fresh samples
were determined by adding a known concentration of Peakflow
Green 2.5mm beads and 2.5mM final concentration of SYTO13
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Fig. 1. a) BROKE-West transect legs and numbered CTD sites where samples for FCM were obtained between 30 and 80 1E. Also shown are the locations of the southern

Antarctic Circumpolar Current front (sACCf), the Southern Boundary (SB), the northern extent of the Antarctic Slope Front (ASF), the Weddell and Prydz Bay gyres, the

Cosmonaut and Cooperation Seas and the BANZARE Bank. b) Summer mixed layer depths over the BROKE-West survey area.
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(Molecular Probes) (Gasol and Morán, 1999). Samples were
incubated for 20 min in the dark on ice and analysed for 3 mins
on low flow rate with MilliQ water as the sheath fluid. Numbers
of total bacteria and beads were determined in bivariate plots of
side scatter (SSC) versus green fluorescence (FL1) and numbers of
microspheres were used to determine the sample volume
analysed, allowing the calculation of concentrations of stained
bacteria.

Total bacterial concentrations were determined from fixed
samples on leg 11. Samples were fixed to a final concentration of
0.5% glutaraldehyde for 20 min before freezing at -80 1C for later
analysis (Marie et al., 1999). In Australia, samples were rapidly
thawed at 37 1C, stained for 20 mins using 1:10000 final dilution
of SYBR Green I (Molecular Probes) and analysed by FACScan
(Marie et al., 1999). Samples were run for 3 min on low flow rate
using MilliQ water sheath and were weighed to 7 0.0001 g
before and after each run to determine the volume analysed.
Bacterial numbers were determined from bivariate scatter plots of
SSC verses FL1 and the bacterial abundance calculated. Concen-
trations of bacteria obtained using SYBR Green I may result in
overestimates of bacterial concentrations due to increased signal
to noise ratios in fixed samples (Lebaron et al., 1998). Thus,
concentrations obtained using SYBR Green I are not directly
comparable to those obtained from fresh samples using SYTO 13
and should be viewed with caution.
2.1.3. Viruses

VLP were enumerated using a FACScanto flow cytometer
(Becton-Dickinson). One-ml samples were collected in triplicate
from the depth of maximum in situ chlorophyll fluorescence
determined using the rosette-mounted fluorometer. Samples
were fixed with 0.5% (final concentration) of glutaraldehyde in
the dark at 0 1C for 15 minutes, frozen in liquid nitrogen and
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stored at -80 1C (Brussaard, 2004). After rapid thawing at 37 1C,
samples were diluted (1:10) in 0.02 mm filtered TE Buffer (10 mM
Tris, 1 mM EDTA, pH 8), stained with SYBR I Green solution
(1:5000 dilution) and incubated at 80 1C in the dark for 10
minutes (Brussaard, 2004). Acquisition was run for 2 min and 400
to 800 events s�1 were collected at �40 ml–1 min–1. VLP were
discriminated in bivariate plots of FL1 and SSC according to
Brussaard (2004). Fluorescent beads of 1 mm diameter (Molecular
Probes) were added to all samples, as an internal standard. Stock
bead concentrations were estimated after each FCM session under
epifluorescent microscopy, to ensure reliability of the beads
concentration. Populations of VLP were identified and quantified
using WinMDI 2.9 (&Joseph Trotter).

2.2. Statistical analysis

2.2.1. Exploratory Statistics

Microbial concentrations at each site were depth integrated
and log10 (X+1) transformed prior to analysis. Cluster analysis
was performed using the software package PATN (Belbin, 1993) to
determine dissimilarity in community composition and abun-
dance in the survey area. As only total bacterial concentrations
were taken on leg 11, these were excluded from the PATN
analysis. The Gower metric measure of association was used to
generate quantitative estimates of association among sites and
these were subjected to flexible hierarchical clustering by
unweighted pair-group using arithmetic average (UPGMA) to
produce a dendrogram. The mean abundance of microbial groups
in each cluster was calculated to characterise the microbial
composition of each cluster.

2.2.2. Confirmatory statistics

Microbial distribution and community structure. To determine fac-
tors influencing microbial distributions, concentrations of mi-
crobes at each sample depth (data not shown) were related to
concentrations of chl a and the microbial components themselves
by Pearson’s correlation. Only those that gave significant corre-
lations were further considered. Multivariate analysis of variance
(MANOVA) and post-hoc Bonferroni tests were used to determine
significant differences in microbial abundance amongst the clus-
ters identified by PATN. The paired FCM and epifluorescent mi-
croscopy counts were transformed using log10 (X+1) and
compared by t-test and simple linear correlation. Statistics were
performed using the software package Statistica (v8).
3. Results

3.1. Physical oceanography

The physical oceanography of the survey is detailed by
Williams et al. (2010). The Antarctic Circumpolar Current (ACC)
formed the northernmost watermass during BROKE-West, flow-
ing eastward but diverging at the BANZARE Bank in the northeast
of the survey area (Fig. 1a). The southern Antarctic Circumpolar
front (sACCf) in the Circumpolar Deep Water (CDW) of the ACC
entered the survey area at approximately 58 1E and reached
approximately 63 1S in the northeast corner of the survey. The
Southern Boundary (SB), which defines the southern extent of the
CDW and the ACC, entered the survey area at approximately 43 1E
but reached approximately 65 1S at 60 1E. The Antarctic Slope
Front (ASF) occurred closer to the continent. Two major gyres
occurred in the survey area: the eastern extremity of the Weddell
Gyre was traversed by legs 1 and 3 in the west and the Prydz Bay
Gyre was traversed by legs 7, 9 and 11 in the east.
The BROKE-West survey fell within SIZ and the history of sea-
ice cover and retreat strongly influenced the stability and mixed-
layer depth of surface waters (Williams et al., 2010). Sea ice
retreated from the northeast to the southwest of the survey area
between November 2005 and January 2006 but broken sea ice
persisted at the southern extent of all legs with the exception of
leg 5. Summer mixed-layer (SML) depths reflected the time since
retreat of sea ice, being shallow (o 18 m) at most sites along the
coast, increasing to 4 25 m to the north on legs 1 and 3, and up to
75 m towards the northeast where sea-ice retreat began (Fig. 1b).
3.2. Microbial distribution and abundance

3.2.1. Nanophytoplankton

Nanophytoplankton abundance was generally highest in the
south under or near sea ice on legs 1, 3 and 7 where SML depths
were shallow. Their abundance was lower in the absence of ice at
the base of leg 5 (Fig. 2a). In the Cosmonaut Sea, nano-
phytoplankton abundance decreased northwards as distance
from sea ice increased and the SML deepened. Along the
northern extent of the survey (leg 12), concentrations were low
in the northeast and northwest but were higher adjacent to, and
downstream of, the SB. Nanophytoplankton abundance on legs 1,
3, 7 and 12 was positively correlated with chl a concentration
(Table 1).
3.2.2. Heterotrophic nanoflagellates (HNF)

The distribution of HNF was similar to and positively
correlated with the distribution of nanophytoplankton (Table 1,
Fig. 2b). HNF abundance was also positively correlated with chl a

on all legs except leg 12 where the correlation was significant but
negative (Table 1).

Results also suggested interaction between the abundance of
HNF and bacteria on some transect legs. On leg 3, HNF abundance
was negatively correlated with that of bacteria (Table 2). HNF
abundance was moderately high within ice-covered waters
(Fig. 2b) while bacterial concentrations were high in ice-free
waters (Fig. 2c). In contrast, on leg 5 the abundances of HNF
and total bacteria were positively correlated (Table 2). Nano-
phytoplankton concentrations were moderate on this leg and
elevated concentrations of HNF and total bacteria coincided at the
northernmost sample site (site 61) and at �60 m on site 65, some
30 m below the nanophytoplankton maximum (Fig. 2 a-c, depth
data not shown). No significant correlation was found between
HNF and total bacteria on other transect legs.

Estimates of HNF concentration obtained by FCM were
significantly higher (�30%) than those obtained by microscopy
(t0.5,228,2=�5.951, Po0.0001). However, concentrations obtained
by both methods were significantly correlated (r(2),0.05, 112=0.186,
Po 0.001), indicating that counts by each method resolved
different but consistent proportions of the HNF community.
3.2.3. Bacteria

Bacterial abundance was generally highest north of the ASF in
the west on legs 3 and 5, reaching 4.76�107 cells cm�2 (Fig. 2c).
The lowest abundances of r 0.98�107 cells cm�2 occurred on
legs 7 and 9 within the Cooperation Sea. Moderate to high
abundances of bacteria were evident on leg 12 at site 4 over the
BANZARE Bank and several sites further west. Abundances on leg
11, obtained using fixed samples stained with SYBR Green I, were
very high in the south amongst broken ice cover but decreased
northwards in ice-free waters. Bacterial abundance was positively
correlated with nanophytoplankton abundance on legs 5, 7 and 12
but was negatively correlated on leg 3.



ARTICLE IN PRESS

Fig. 2. Distribution and depth integrated abundance of a) nanophytoplankton, b) heterotrophic nanoflagellates (HNF) and c) bacteria over the BROKE-West survey area.

Note: bacterial concentrations on transects 1 to 9 were obtained from fresh samples and stained using SYTO 13. On transect 11, concentrations were obtained from fixed

samples and stained using SYBR Green. Numbers identify CTD sites.
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3.2.4. Viruses

Only one flow cytometric cluster or population of VLP was
consistently identified throughout the survey. This cluster was
characterised by low side scatter and SYBR Green fluorescence
and was similar to populations observed previously in seawater
samples by Marie et al., (1999). This population most likely
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Table 1
Significant Pearson correlations for nanophytoplankton and HNF on BROKE-West.

Only significant r values are shown and marked with probability level (nPo0.05, nn

Po0.01, nnn Po0.001). Legs are grouped where similar correlations occurred and

minimum r values shown only. Probability statistic (r) for: legs 1, 3 and 7, r0.05

(2),73=0.226; legs 5 and 9 r0.05 (2),44=0.291; and leg 12, r0.05 (2),28=0.361. Note: leg

11 was not sampled for protists.

Biotic factors Nanophytoplankton – leg # HNF – leg #

1,3,7 5, 9 12 1,3,7 5, 9 12

HNF 0.76nnn 0.82nnn 0.77nnn

Chl a (lg l�1) 0.46nnn 0.56nn 0.34nn 0.32n
�0.51nn

Table 2
Significant Pearson correlations for total bacteria with biotic factors on BROKE-

West. Only significant r values are shown and marked with probability level

(n Po0.05, nn Po0.01, nnn Po0.001). Correlation statistic (r) for: leg 1 r0.05 (2),25=

0.381; leg 3 r0.05 (2),26=0.374; leg 5 r0.05 (2),22=0.404; leg 7 r0.05 (2),26=0.374; leg 9

r0.05 (2),24=0.388; leg 11 r0.05 (2),62=0.246; and leg 12 r0.05 (2),51=0.273. Note: leg 11

was sampled only for total bacterial concentrations, na=not available.

Biotic factors Leg #

1 3 5 7 9 11 12

Nanophytoplankton -0.40n 0.56nn 0.52nn na 0.36nn

HNF -0.39n 0.45n na
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represents bacteriophages as phytoplankton viruses are generally
characterised by higher side scatter and/or green fluorescence
(Brussaard et al., 1999, 2005, 2008).

The abundance of VLP at each sample site was only determined
at the depth of maximum in situ chlorophyll fluorescence. VLP
abundance reflected the northeast to southwest retreat of sea ice
over the survey area (Fig. 3a). The highest concentrations
occurred on leg 12 over the BANZARE Bank and west of the SB
at site 22 before generally decreasing in concentration towards
the base of leg 1. Leg 9 was the exception, having low
concentrations and sites that were ice free for long periods.
Abundance south of the ASF was high only on leg 5 where sea ice
had been absent for up to 83 days (Williams et al., 2010). Virus to
bacteria ratios (VBRs, Fig. 3b) were highest on legs 7 and 9 in the
Cooperation Sea, reaching 36:1 on these legs and 23:1 in the south
of leg 5.

3.3. Cluster groups

Five cluster groups, distinguished at an arbitrary dissimilarity
of 0.536, conveniently summarised variation in the composition
and abundance of marine microbes during the BROKE-West
survey (Fig. 4a,b). The mean microbial abundance of sites in
each cluster was calculated to characterise the microbial
community. Significant differences among the clusters were
determined (Table 3) and the spatial distribution of sites in each
cluster was mapped (Fig. 5a,b). The mean abundance of VLP in
each cluster varied little (between 1.00�106 and
1.45�106 ml�1) and did not differ significantly between any of
the clusters.

3.3.1. Clusters 1 and 2

Clusters 1 and 2 differed little and were similar in overall
community structure (Fig. 4a, Table 3). Cluster 1 mainly contained
coastal sea-ice or ice-edge sites between 30 1 and 70 1E (Fig. 5a).
Sites 10 and 20 were the exception, occurring along leg 12 to the
north of the sACCf at 70 1E and to the east of the SB at 45 1E,
respectively. Cluster 1 was characterised by high mean depth-
integrated concentrations of nanophytoplankton and HNF
(3.14�105 and 1.51�104 cells cm�2, respectively) (Fig. 4a) and
low mean concentrations of total bacteria (1.36�107 cells cm�2).
However, mean nanophytoplankton abundance varied consider-
ably; 4 sites having Z 3.90�105 cells cm�2 whilst concentra-
tions at the remaining sites were r 1.66�105 cells cm�2.

Most sites in cluster 2 occurred between the ASF and the sACCf
in the Cooperation Sea (legs 5, 7 and 9) (Fig. 5a). However,
sites 67, 69, 83, and 85 were located amongst the sea ice
and/or north of the ice edge. The microbial community con-
sisted of moderate mean concentrations of nanophytoplankton
(2.44�105 cells cm�2) but high mean concentrations of HNF
(1.46�104 cells cm�2) (Fig. 4). This cluster also had the lowest
mean concentration of total bacteria of all clusters (0.94�107

cells cm�2).
3.3.2. Clusters 3 and 4

The overall composition and abundance of the microbial
communities in clusters 3 and 4 were strongly dissimilar to and
significantly different from clusters 1 and 2, primarily because the
lower abundance of bacteria in clusters 1 and 2 (Table 3a,d, Fig. 4).

Sites in cluster 3 were mainly west of 50 1E on legs 1, 3 and 5 in
the eastern-most extent of the Weddell Gyre (Figs. 1a, 5b). Five
sites were located within the ASF, with 2 sites to its’ north
on leg 1. Two outlying sites occurred on leg 12 to the east of the
SB at 50 1E (site 18) and to the northeast of the sACCf near the
BANZARE Bank at 75.6 1E (site 4). The microbial community in
cluster 3 was characterised by the high mean abundance of
nanophytoplankton and HNF (3.10�105 and 1.35�104 cells
cm�2 respectively) and high concentrations of bacteria
(2.71�107 cells cm�2).

Sites in Cluster 4 also occurred mainly in the west, most being
located north of the ASF on legs 3 and 5 in the Cosmonaut Sea
(Figs. 1a and 5b). Other sites in this cluster occurred on leg 12
west of the SB at 35 1E (site 24), west of the sACCf at 55 1E (site 16)
and in the northeast near the BANZARE Bank at 78.5 1E (site 2).
Cluster 4 contained sites with moderate mean concentrations of
nanophytoplankton and HNF (1.66�105 and 1.11�104 cells
cm�2, respectively) and the highest concentrations of total
bacteria of all clusters (3.01�107 cells cm�2) (Fig. 4b).
3.3.3. Cluster 5

With one exception, sites in cluster 5 occurred on leg 12; the
east-west transect of northernmost waters in the survey (Fig. 5b).
Most sites in this cluster were located in the ACC but 2 sites fell
west of the SB from 401E. The exception was site 32 that occurred
immediately north of the ASF on leg 1.

Bacteria were relatively abundant at sites in cluster 5 but
protist concentrations were low. Concentrations of total bacteria
reached 2.06�107 cells cm�2 while the mean abundance of
nanophytoplankton and HNF was lowest of all the clusters
(0.41�105 and 0.31�104 cells cm�2, respectively) (Fig. 4b).

Cluster 5 differed significantly from the coastal and eastern
clusters (1 and 2) in overall microbial community composition
and abundance (Table 3a) and in each microbial component
(Table 3b-d). In contrast, there was no significant overall
difference between cluster 5 and the western clusters (3 and 4)
(Table 3a). However, cluster 5 had significantly lower concentra-
tions of nanophytoplankton and HNF than cluster 3 and
significantly lower concentrations of total bacteria than cluster
4 (Table 3b-d).
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Fig. 3. a) Distribution and abundance of virus like particles (VLP) from the in situ chlorophyll fluorescence maximum and b) bacteria to VLP ratios (VBRs) over the BROKE-

West survey area. Numbers identify CTD sites.
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4. Discussion

The BROKE-West survey offered an unrivalled opportunity to
investigate microbial communities over a wide range of environ-
mental variables. This survey was unique, covering approximately
1.5 million km2 of SIZ, encompassing the continental shelf, several
frontal zones, two oceanic gyres, upwelling of MCDW, and areas
of the ACC including the shoaling over the BANZARE Bank.
Temporally, the survey spanned a period of high microbial
productivity (January to March). Thus, the survey encompassed
a diverse range of factors influencing microbial distribution,
abundance and community composition.

To our knowledge, this is the first study that has used flow
cytometry to simultaneously assess synoptic-scale distributions
and abundances of auto- and heterotrophic nanoplankton,
bacteria and viruses in the Southern Ocean. Selph et al., (2001)
and Brown and Landry (2001) used flow cytometry and micro-
scopy to assess protist concentrations between the Antarctic Polar
Front and the SIZ at 1701E. However, our study provided a
detailed examination of microbial communities over nearly 40%
of the SIZ off East Antarctica.
4.1. Microbial distribution and abundance

4.1.1. Nanophytoplankton

The distribution and abundance of nanophytoplankton was
influenced by sea-ice melt and retreat, proximity to the SB, chl a

and HNF distribution but was also mediated by grazing (Pearce
et al., 2010).

In iron sufficient waters surrounding the Antarctic continent,
recent disappearance of sea ice releases fresher melt water and
creates a shallow mixed layer (Williams et al., 2010). Phyto-
plankton in these high-light, high-nutrient environments
initially escape top-down control by grazers, forming blooms
that contribute 25 to 67% of all phytoplankton production in
the Southern Ocean (Smetacek et al., 2004; Smith and Lancelot,
2004).
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Fig. 4. a) Dendrogram from PATN cluster analysis showing dissimilarity between

the 5 clusters and b) mean, depth integrated concentrations of microbes from sites

making up the clusters. Error bars denote SE.

Table 3
Probability of significant differences by Bonferroni Test (a=0.05) between PATN-

defined clusters and their microbial concentrations (Figure 8) in the BROKE WEST

survey by a) cluster (df=257): b) nanophytoplankton (nanophyto, df=39); c) (HNF,

df=38); and d) total bacteria (df=42). No significant difference where cells are

blank.

Cluster 1 2 3 4 5

a) Cluster 1

2

3 0.0417 0.0002

4 0.0002 o0.0001

5 0.0109 0.0010

b) Nanophyto 1

2

3 0.0262

4 0.0221

5 o0.0010 0.0490 o0.0010

c) HNF 1

2

3

4

5 0.0161 0.0090 0.0067

d) Total bacteria 1

2

3 0.0003 0.0002

4 0.0002 0.0001

5 0.0270 0.0002 0.0026
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Nanophytoplankton abundance on BROKE-West declined with
increasing distance from sea ice and time since the overall
northeast to southwest retreat of ice over the entire survey area,
reflecting the key role of sea ice retreat in fostering nanophyto-
plankton blooms. The positive correlations between nanophyto-
plankton and chl a concentrations on legs 1, 3 and 7 indicate that
nanophytoplankton and larger phytoplankton species were
similarly influenced by sea ice melt and retreat. Furthermore,
nanophytoplankton were important contributors to the auto-
trophic biomass on these legs, with nanophytoplanktonic carbon
ranging between 38 - 84% of the total autotrophic carbon biomass
(Davidson et al., 2010). This range was similar to reports from 13
other Antarctic studies where nanophytoplankton averaged 66%
of the total autotrophic biomass (Knox, 2006 and references
therein, p.20).

High nanophytoplankton abundances also occurred on leg 12,
at sites remote from sea ice but adjacent to the SB. Like Tynan
(1998) and Nicol et al. (2000), we conclude that the high
abundances at these sites were influenced by upwelling of
nutrient rich CDW at the SB.

Nanoplankton taxa identified during BROKE-West are detailed
by Davidson et al. (2010). Taxa included chrysophytes (predomi-
nately Parmales sp.), small diatoms (Chaetoceros, Thalassiosira and
Fragilariopsis spp.), dinoflagellates (mostly unidentified gymnodi-
niods), haptophytes (predominately gametes of Phaeocystis ant-

arctica) and prasinophytes (Pterosperma spp.).
4.1.2. HNF

We found strong, positive correlations between HNF and
nanophytoplankton on all legs. The size spectrum of HNF
overlaps that of their prey and they can ingest up to 48% of
daily phytoplankton production in the MIZ (Becquevort et al.,
1992; 1997; Froneman, 2004). The strong correlation suggests
nanophytoplankton were important as prey for HNF and were
a primary determinant of HNF abundance across the survey
area.

Concentrations of bacteria also appeared to influence HNF
abundance. On leg 5, high concentrations of HNF and bacteria co-
occurred at sites and depths where nanophytoplankton abun-
dance was low to moderate and where Pearce et al. (2010) found
high rates of bactivory. Thus, the abundance of bactiverous HNF
on this leg appeared to be higher due to the high abundance of
their prey. Conversely, the negative correlation between bacterial
and HNF abundance on leg 3 may be due to high grazer-induced
bacterial mortality (Table 2). HNF identified during BROKE-West
by microscopy included choanoflagellates, Telenema subtile and
other unidentified nanoflagellates (Davidson et al., 2010).
4.1.3. Bacterioplankton

Like HNF, the distribution and abundance of bacteria was also
apparently determined by nanophytoplankton. The linkage
between phytoplankton and bacterial abundance and productiv-
ity in Antarctic waters is controversial. Most authors report a lag
between the phytoplankton and bacterial blooms in Antarctic
waters, despite reports of correlation between phytoplankton
abundance and bacterial activity (e.g. Granéli et al., 2004; Pearce
et al., 2007 and references therein). Thus, it is unsurprising that
correlations between bacteria and nanophytoplankton abundance
were positive (legs 5, 7 and 12), negative (leg 3) or insignificant
(legs 1 and 9). Bacterial abundance on legs 3 and 5 increased
northwards of sea ice, suggesting herbivory and lysis of senescent
phytoplankton blooms increased availability of bacterial sub-
strates. However, this was not true for other legs. The reasons for
this are uncertain but may be due to bacterivory (Pearce et al.,
2010), viral infection (legs 7), disappearance of phytoplankton
blooms due to the prolonged absence of ice (legs 9 and 11), or the
absence of blooms at some sites (e.g. along leg 12).
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Fig. 5. The distribution of a) bloom type microbial communities from sites in clusters 1 and 2 and b) of senescent (clusters 3 and 4) and POOZ type microbial communities

(cluster 5) in the BROKE-West survey region. Numbers identify CTD sites.
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4.1.4. Viruses

VLP identified by FCM throughout the BROKE-West survey
appeared to be bacteriophages, a finding consistent with
assumptions that these represent the bulk of the virus commu-
nity in most marine habitats (Fuhrman, 1999; Wommack and
Colwell, 2000). Other Southern Ocean studies have found
that viral abundance increases with primary productivity
(Brussaard et al., 2008) and is higher in coastal environments
(Guixa-Boixereu et al., 2002). In contrast, on BROKE-West VLP
abundance and distribution appeared influenced by the time since
sea-ice melt, with the highest concentrations found in the north
and/or where sea ice had been absent for long periods and where
chl a biomass was low. As bacteriophages were dominant during
this survey, this pattern may reflect the higher concentrations of
bacteria that occur with increasing maturity of microbial com-
munities (see Section 4.3). However, we found no relationship
between bacterial and VLP abundance across the BROKE-West
survey area, most likely because bacterial maxima over depth
(data not shown) rarely coincided with the in situ chlorophyll
fluorescence where VLP were sampled. High VBRs were recorded
in the Cooperation Sea and are discussed below in section 4.3.2.
4.1.5. Leg 12

Like Pearce et al. (2010), we found that the microbial
community on leg 12 was characteristic of high-nutrient low-
chlorophyll (HNLC) waters. Unlike other transect legs, the
abundance of marine microbes on leg 12 was unrelated to the
proximity to sea ice, nanophytoplankton abundance was low,
bacterial abundance was moderate and the phytoplankton
community was dominated by small flagellate taxa (Pearce
et al., 2010). Furthermore, chl a concentration was negatively
correlated with HNF abundance and the abundances of nanophy-
toplankton and bacteria were positively correlated. Though
within the SIZ, most sites on leg 12 were deeply mixed (Williams
et al., 2010) and remote from land. These characteristics are
typical of HNLC waters in the POOZ where phytoplankton
abundance is limited by iron availability, deep mixing and high



ARTICLE IN PRESS

P.G. Thomson et al. / Deep-Sea Research II 57 (2010) 815–827824
grazing mortality (Becquevort et al., 2000; Smetacek et al., 2004;
Smith and Lancelot, 2004) and bacterial production is reportedly
closely coupled with phytoplankton-derived substrates (Morán
et al., 2004).

4.2. Microbial succession

The relative distribution and abundance of marine microbes is
mediated by the successional maturity of the microbial commu-
nity. Following the initiation of a phytoplankton bloom, succes-
sion occurs along a time-line that is reflected in distance from sea
ice. The peak or decline of a phytoplankton bloom coincides with
maximum heterotrophic biomass and herbivory and low concen-
trations of bacteria, limited by nutrient availability (e.g. Smith and
Lancelot, 2004; Pearce et al., 2008). Grazing and autolysis of
phytoplankton releases bioavailable DOC and particulate organic
carbon (POC) that are nutritious substrates for bacteria (Jumars
et al., 1989; Hygym et al., 1997; Agustı́ et al., 1998; Nagata et al.,
2000; Pearce et al., 2008). As a result, bacterial abundance
increases during the decline of phytoplankton blooms and can
support extensive bacterivory (e.g. Monticelli et al., 2003; Smith
and Lancelot, 2004; Pearce et al., 2008). Senescent blooms are
therefore characterised by lower phytoplankton abundance and
high heterotroph and bacterial concentrations. Viruses are
important agents of bacterial mortality in Antarctic waters
(Fuhrman, 1999; Guixa-Boixereu et al., 2002) and are thought to
control phytoplankton concentrations and restrict primary pro-
ductivity (Suttle et al., 1990; Larsen et al., 2001). Virus abundance
increases rapidly through cell lysis, thus concentrations of viruses
proliferate following the peak and decline of host populations
(Larsen et al., 2001).

4.3. Microbial communities

Cluster analysis identified 5 groups of sites that conveniently
summarised variation in the microbial community during
the BROKE-West survey. Based on microbial correlates and
supporting data (Pearce et al., 2010; Westwood et al., 2010;
Williams et al., 2010; Wright et al., 2010), these cluster groups
represented the HNLC waters on leg 12 and successional stages in
the maturity of microbial communities on other legs of the
survey.

The high nanophytoplankton and HNF but low bacterial
abundance in clusters 1 and 2 indicated these clusters contained
sites at which phytoplankton blooms were developing or near
their peak.

4.3.1. Cluster 1

The high mean nanophytoplankton abundance indicates that
sites in cluster 1 had escaped top-down control prior to sampling.
Most sites of this cluster occurred within the sea ice or near the
ice edge and nanoplankton were abundant in the shallow SML and
bacterial concentrations were low. Supporting data showed that
sites in this cluster had rates of primary productivity and
concentrations of chl a that were the highest for the entire survey
(Wright et al., 2010; Westwood et al., 2010). However, rates of
microzooplankton grazing were also high (Pearce et al., 2010)
suggesting that top-down control of phytoplankton may have
begun to limit or reduce phytoplankton abundance by the
time the community was sampled. Such communities have
previously been described from ice edge blooms in Antarctic
waters (Wright and van den Enden, 2000; Selph et al., 2001;
Vaqué et al., 2002).

Cluster 1 contained two sites (10 and 20) on leg 12 with bloom
communities clearly not derived from stabilisation of the water
column by sea ice retreat. Uniquely for leg 12, the seasonal
pynocline and SML at site 10 shoaled to depths of o 50 m and
o 20 m respectively (Williams et al., 2010). Thus, the bloom
at this site was probably due to higher light levels in the shallower
mixed layer (Nelson and Smith, 1991; Smith et al., 2000).
In contrast, the nanophytoplankton bloom at site 20 was
probably due to enhancement of primary productivity by
upwelling of nutrient rich CDW at the SB (Nicol et al., 2000;
Tynan, 1998).

Some sites (10, 34 and 71) had uncharacteristically low
concentrations of nanophytoplankton for cluster 1 but moderate
to high concentrations of chl a (0.92 - 5.99 mg L�1) (Wright et al.,
2010). Large diatoms and colonies of Phaeocystis antarctica were
abundant at these sites and nanophytoplanktonic carbon con-
tributed o 19% of the total autotrophic carbon biomass (Davidson
et al., 2010). Thus, although nanophytoplankton abundance was
low, chl a and species concentrations indicate that the identifica-
tion of these sites as bloom communities in cluster 1 were
justified.
4.3.2. Cluster 2

Microbial assemblages at sites in cluster 2 were characterised
as blooms constrained by grazing or light availability. Most sites
in cluster 2 occurred north of the ASF on legs 7 and 9 in waters of
the Cooperation Sea that had been free of ice for 4 51 d and had
SML depths 4 45 m (Williams et al., 2010). Modified Circumpolar
Deep Water (MCDW), high in nutrients, shoaled to depths of
o 150 m in this region and the Prydz Bay Gyre may have further
enriched the area with iron (Westwood et al., 2010; Williams
et al., 2010). Thus, blooms at these sites, accompanied by high
photosynthetic assimilation numbers (Westwood et al., 2010),
appear to be influenced by higher nutrient concentrations.
Though not significantly different, nanophytoplankton abundance
in cluster 2 was � 30% lower than in cluster 1, probably owing to
deeper mixing and grazing mortality by abundant HNF, zooplank-
ton and krill at these sites (e.g. Davidson et al., 2010; Jarvis et al.,
2010; Pearce et al., 2010; Swadling et al., 2010; Wright et al.,
2010).

Other sites in cluster 2 occurred at the ice edge or amongst the
broken ice cover on legs 5 and 7 (Wright et al., 2010). Like sites in
the area of upwelled MCDW, coastal sites had high nutrient
concentrations, high photosynthetic assimilation numbers
(Westwood et al., 2010) and occupied an area of the survey
where rates of phytoplankton growth and HNF grazing were high
(Pearce et al., 2010). Furthermore, the southern extent of leg 5
was ice free for up to 83 days due to the deflection of ice
northwards by Capes Anne and Darnley (Williams et al., 2010)
and had an SML depth of approximately 40 m. Thus, the
similarities in biotic and abiotic factors with the offshore sites
support the inclusion of these ice-edge sites in cluster 2.

Mean bacterial concentrations in cluster 2 were the lowest of
all clusters. The reasons for this are unclear but coincident data
suggests two possible explanations. Rates of bacterivory in the
region were variable but commonly high (Pearce et al., 2010) and
may have limited their abundance. Alternatively, VLP were
abundant on leg 7 and VBRs reached their highest levels of the
survey at 36:1. This value is consistent with high infection rates
(which typically occur for VBR values 4 10), indicating that viral
abundance increased following lysis of bacteria (Säwström et al.,
2007). Thus, a combination of grazing and viral lysis probably
accounted for the low bacterial concentrations recorded in this
cluster.

Clusters 1 and 2 in eastern and coastal waters were strongly
dissimilar from clusters 3 and 4 in the west, mainly due to
consistently higher bacterial concentrations in western clusters.
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4.3.3. Cluster 3

Cluster 3 contained sites with high concentrations of nano-
phytoplankton, HNF and bacteria, suggesting they were post-
bloom communities that were declining due to grazing and
senescence. Most sites in this cluster were located west of 50 1E,
within the eastern extent of the Weddell Gyre and were
characterised by persistent sea ice (leg 1), recent sea-ice retreat
or SMLs o 30 m (legs 3 and 5).

The high bacterial concentrations in cluster 3 indicate rapid
bacterial growth due to an abundance of bacterial substrate and/
or low mortality. This agrees with the findings of Pearce et al.
(2010) who reported that rates of herbivory exceeded phyto-
plankton growth rates in this area while rates of bacterivory were
low. Concentrations of DOC were not measured during BROKE-
West but senescence of blooms and microheterotroph grazing are
known to increase concentrations of DOC, thereby fuelling
bacterial growth (Pearce et al., 2007, 2010). Furthermore, pigment
data revealed that plumes of senescent microbial matter released
from the melting sea occurred at sites 36, 40 and 52 (Wright et al.,
2010). Thus, our results indicate that sites in cluster 3 were
consistently post-bloom, senescing microbial communities that
supported high bacterial abundance.

Post-bloom communities also occurred in the north of the
survey and were consistent with ice edge blooms that had
senesced during the extended period between the retreat of the
ice edge and sampling these sites. Site 4 over the BANZARE Bank
was the remnant of a bloom that occurred during December
(Schwarz et al., 2010), initiated by upwelling over the shoaling
bathymetry of the BANZARE Bank (Sokolov and Rintoul, 2007).
4.3.4. Cluster 4

The microbial community structure of sites in cluster 4 was
indicative of mature, post-bloom communities in a senescent
phase that was further advanced than seen in cluster 3. Sites in
cluster 4 had significantly lower nanophytoplankton abundance
than those in cluster 3. Additionally, the carbon:nitrogen ratios at
sites in the Cosmonaut Sea were high (Pasquer et al., 2010),
indicating advanced remineralisation of POC by bacteria. Like in
cluster 3, the location and composition of the microbial commu-
nity at most sites of cluster 4 were consistent with senescing ice-
edge blooms following sea-ice melt and retreat.

Other sites of similar structure occurred over the BANZARE
Bank (site 2) and north of the ice edge on leg 3 (site 54) between
cluster 3 sites. Site 2 occurred downstream of the BANZARE Bank
and, like site 4 in cluster 3, appears to be a senescent population
of an earlier bloom. The inclusion of site 54 on leg 3 may reflect
the release of senescent material from melting ice (Wright et al.,
2010).

Leg 11. Although not included in the cluster analysis due to the
absence of data on protist abundance, total bacterial concentra-
tions on leg 11 (80 1E) indicate senescent communities also
occurred along this leg. In contrast to other legs, we found very
high bacterial concentrations within the broken ice cover,
decreasing northwards to the SB. Bacterial abundance on this
leg was analysed using fixed samples and SYBR Green and are not
directly comparable to those obtained fresh using SYTO 13.
However, chl a biomass was low (Wright et al., 2010) and satellite
observations showed high chlorophyll concentrations occurring
approximately 1 month before sampling (Schwarz et al., 2010).
Westwood et al. (2010) found low assimilation numbers along the
extent of leg 11, indicating phytoplankton cells were in poor
health. Furthermore, Pearce et al. (2010) found high concentra-
tions of microzooplankton and high bacterial growth and grazing
rates, suggesting a senescent microbial community in the south of
this leg. Thus, high bacterial abundances and supporting data
indicate that communities at the southern extent of leg 11 were
profoundly senescent.
4.3.5. Cluster 5

Sites in cluster 5, with one exception, occurred on leg 12 and
had microbial communities that were typical of HNLC waters in
the POOZ, despite being situated within the winter extent of the
SIZ. Although macronutrients in this cluster were not limiting
(Westwood et al., 2010) we found the nanophytoplankton
abundance in cluster 5 was lowest of all clusters. Furthermore,
Pearce et al. (2010) found that small diatoms, pico- and
nanoflagellates dominated the phytoplankton community and
their slow growth was matched by rates of microzooplankton
grazing. In addition, bacteria abundance was moderately high in
cluster 5, suggesting they played a key role in remineralisation
and trophodynamics at these sites. The moderately high bacterial
concentrations in this cluster were coupled with high rates of
bacterial growth and grazing mortality (Pearce et al., 2010). Thus,
the bacterial concentrations we observed were probably fuelled
by DOC released by microzooplankton grazing. Overall, the
balance between production and consumption of phytoplankton
and microzooplankton and the high bacterial growth and grazing
mortality rates was typical of communities of the HNLC waters of
the POOZ.
5. Summary

To our knowledge, this study represents the largest scale
survey of microbes undertaken by FCM, providing a comprehen-
sive overview of the physical and biotic controls of microbial
community structure and abundance over the BROKE-West
survey area. Five distinct microbial communities were identified
during the survey. Four reflected different stages in the succes-
sional maturity of the microbial community. This maturity
increased with distance from the sea ice and, in areas of
upwelling, with time since the development of phytoplankton
blooms. The fifth occurred at the northernmost extreme of the
survey area and were typical of communities in HNLC waters.
However, these communities were not spatially contiguous;
bloom and post-bloom communities being interspersed on leg
1, due to broken ice cover and the release of senescent sea-ice
communities. In the north, HNLC communities were interspersed
amongst bloom and senescent communities due to the influence
of frontal zones, shallow mixed layers and areas of shoaling
bathymetry. Understanding the factors influencing microbial
communities will aid in understanding energy flow in the
microbial loop, calculating global carbon budgets and predicting
the potential ramifications of global climate change on microbial
productivity in the Southern Ocean.
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