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Despite the long-standing belief that seawater viscosity is driven by temperature and salinity,
biologically increased seawater viscosity has repeatedly been reported in relation to phytoplankton
exudates in shallow, productive coastal waters. Here, seawater viscosity was investigated in relation to
microbial and phytoplanktonic communities off the coast of East Antarctica along latitudinal transects
located between 30°E and 80°E in sub-surface waters and at the deep chlorophyll maximum (DCM). The
physical component of seawater viscosity observed along each transects ranged from 1.80 to 1.95 cP,
while the actual seawater viscosity ranged from 1.85 to 3.69 cP. This resulted in biologically increased
seawater viscosity reaching up to 84.9% in sub-surface waters and 77.6% at the DCM. Significant positive
correlations were found between elevated seawater viscosity and (i) bacterial abundance in sub-surface
waters and (ii) chlorophyll a concentration and the abundance of flow cytometrically-defined auto- and
heterotrophic protists at the DCM. Among the 12 groups and 108 species of protists identified under
light microscopy, dinoflagellates and more specifically Alexandrium tamarense and Prorocentrum sp.
were the main contributors to the patterns observed for elevated seawater viscosity. Our observations,
which generalised the link previously identified between seawater viscosity and phytoplankton
composition and standing stock to the Southern Ocean, are the first demonstration of increases in
seawater viscosity linked to marine bacterial communities, and suggest that the microbially-increased
viscosity might quantitatively be at least as important as the one related to phytoplankton secretion.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

temperatures they may experience in the ocean. Specifically,
changes in seawater dynamic viscosity (hereafter referred to as

Seawater dynamic viscosity # (cP) is traditionally considered
to be controlled by temperature (Miyake and Koizumi, 1948). The
dynamic viscosity more than doubles from tropical (30 °C) to
polar (0 °C) waters (Dorsey, 1968). In addition, because changes in
temperature have a much greater impact on dynamic viscosity of
seawater than on its density p (kg m~3), which increases less than
1% over a 30 °C decrease in temperature, the kinematic viscosity v
(i.e. v=n/p, , cm? s71) typically changes with #. This is critical for
microscopic planktonic organisms as the spatial scales influenced
by the physical effects of viscosity depend on the natural range of
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seawater viscosity) directly affect diffusion, the drag experienced
by swimming organisms, the Reynolds number and the minimum
scale of turbulent velocity and nutrient gradients, i.e. the so-called
Kolmogorov and Batchelor length scales. Consequently variation
in viscosity may directly affect the ecological processes of
exchange dynamics at the surface of plankton and other
suspended particles, aggregation and sedimentation rates, moti-
lity and the related encounter and ingestion rates. In this context,
and considering that these small scale processes control matter
transfer through the food chain and hence influence processes
such as climate and fisheries productivity up to the global scale
(Kolber et al., 2001; Rivkin and Legendre, 2001), seawater
viscosity could modulate ocean production and global climate.

A few studies have been devoted to assess the physiological
and the mechanical effects of temperature-controlled viscosity on
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bacteria (Berg and Turner, 1979; Atsuni et al., 1996), zooplankton
(Podolsky and Emlet, 1993; Podolsky, 1994; Bolton and Haven-
hand, 1997, 1998, 2005; Hagiwara et al., 1998; de Araujo et al.,
2001), mussels (Riisgard and Larsen, 2007) and fish (Johnson et al.,
1998; Weiser and Kauffman, 1998; Fuiman and Batty, 1997; von
Herbing and Keating, 2003). Much is still, however, to be done to
understand how seawater viscosity impacts oceanic processes at
different latitudes, and more specifically relates to biological
factors. While a drastic 30 °C decrease in temperature induces a
2- to 3-fold change in seawater viscosity, similar changes are
generated by the mucous materials produced during phytoplank-
ton blooms (Jenkinson, 1986, 1993a; Jenkinson and Biddanda,
1995; Seuront et al., 2006, 2007; Seuront and Vincent, 2008).
More specifically, positive correlation has been found between
seawater viscosity and chlorophyll a concentration during blooms
of the colony-forming Prymnesiophyceae Phaeocystis sp. in the
German Bight and the North Sea (Jenkinson, 1993a; Jenkinson and
Biddanda, 1995). In contrast, studies conducted over the course of
a Phaeocystis globosa bloom in the eastern English Channel
showed the existence of positive and negative correlations
between chlorophyll concentration and seawater viscosity re-
spectively before and after the disruption of colonies by turbulent
mixing (Seuront et al., 2006, 2007). These results showed that the
viscous properties of seawater are mainly driven by extracellular
materials associated with Phaeocystis colony formation, main-
tenance and disruption rather than by cell composition and
standing stock (Seuront et al., 2006, 2007). Despite the acknowl-
edged ability of marine heterotrophic bacteria to secrete viscous
polysaccharides under certain growth conditions (Grobben et al.,
1998) and contribute to the production of transparent exopoly-
mer particles, TEP (Stoderegger and Herndl, 1998, 1999; Passow,
2002; Sugimoto et al., 2007), to our knowledge their potential
contribution to seawater viscosity has never been investigated.

Phaeocystis antarctica cells and colonies have repeatedly been
reported in Antarctic waters, with cell concentration ranging from
10° to 108 cells I~ ! in summer; see Schoeman et al. (2005) for a
review. However, to our knowledge, no attempt has been made to
assess the relative effects of temperature and phytoplankton
composition and abundance on seawater viscosity in Antarctic
waters in general and over the Antarctic shelf, slope and rise of
East Antarctica in particular. The Antarctic margin of the Southern
Ocean south of the Polar Front is, however, host to an important
marine ecosystem that supports substantial fisheries and is a
significant component of the global carbon cycle. Given the
hypothesised mechanical hindrance of grazing by increased
viscosity (Schnack et al., 1985; Weisse et al., 1994; Schoemann
et al., 2005), and the related consequences on secondary
production and carbon export and cycling, it is then critical to
identify the relative role of physics (i.e. temperature) and biology
(i.e. phytoplankton composition and abundance, and hetero-
trophic bacteria abundance and activity) on seawater viscosity
in the area.

In this context, the aims of this study were (i) to provide
baseline information on the relative contribution of physics and
biology on seawater viscosity, (ii) to relate seawater viscosity to
phytoplankton composition and abundance, and (iii) to assess the
potential link between seawater viscosity and bacterial abun-
dance and metabolic activity.

2. Material and methods
2.1. Sampling experiment

Sampling was undertaken during austral summer, January-
February 28, 2006 off East Antarctica in the area between 30°E

and 80°E. The cruise track consisted of 11 meridional transects
separated by 5° of longitude with sampling transects alternating
with transects where underway data were collected. Detailed
biological oceanographic sampling was performed along transect
1 (30°E), 3 (40°E), 5 (50°E), 7 (60°E), 9 (70°E) and 11 (80°E).
Between 12 and 18 stations were sampled per transect, using a
SeaBird SBE9plus CTD system with dual temperature and
conductivity sensors and a single SBE43 dissolved-oxygen sensor,
mounted on a SeaBird 24-bottle rosette frame together with a
SBE32 24 position pylon and 22 x 10-litre General Oceanics Niskin
bottles. At selected stations (Fig. 1A) along each of these transects,
samples were obtained for seawater viscosity measurements
from a depth of 10 m (subsurface waters) and from the depth of
the Deep Chlorophyll Maximum (DCM). On each occasion water
from the same Niskin bottle was sampled for salinity, dissolved
oxygen, nutrients (phosphate, nitrate+nitrite, silicate and
ammonia; Westwood et al., 2010), phytoplankton pigments and
community composition (Wright et al., 2010), protist species
composition (Davidson et al., 2010)), bacterial concentration and
metabolic activity (Thomson et al., 2010) and viral concentration
(Thomson et al., 2010).

2.2. Chlorophyll a concentration

Water samples from Niskin bottles, or a clean seawater line,
were filtered from 1-2 L seawater onto 13-mm GF/F filters using
vacuum < 0.5 atm. The filters were blotted dry and frozen in
1.5-ml cryotubes in liquid nitrogen until analysis. The pigments
were extracted by shaking (Biospec Products Mini-beadbeater,
20 sec, 4800 cycles/min) in 300 pL dimethylformamide, following
addition of 140 ng apo-8’-carotenal (Fluka) internal standard in
50 pL methanol. Chlorophyll a concentrations (pgl~—') were
subsequently estimated as detailed in Wright et al. (2010).

2.3. Bacterial abundance

Fresh sea water samples were stained with 2.5 pM of SYTO13
(Molecular Probes) (Gasol and Moran (1999)) and SYTOX Green
(Molecular Probes) (Lebaron et al., 1998) to estimate concentra-
tions of total bacteria and bacteria with compromised cell
membranes (CCM bacteria), respectively. Fresh samples were
also stained with 1pLmL~! of 1% (w/v) 6-carboxyfluorecein
diacetate (6-CFDA, Polysciences) in acetone to estimate concen-
trations of bacteria with high esterase activity (Est+ bacteria); see
Davidson et al. (2004) for more details. A known concentration of
Fluoresbrite 2 um microspheres (Polysciences) was added to each
bacterial sample. Samples were then incubated in the dark for
20 min at 0 + 0.5 °C of the ambient sea water at the sample site.

Concentrations of stained bacteria and fluorescent micro-
spheres were quantified using a FACScan (Becton Dickinson) flow
cytometer. Samples were analysed for 3 min on low flow rate
using settings in Table 1 and MilliQ water as the sheath fluid.
Numbers of SYTO13 and SYTOX Green stained cells and
microspheres were determined in bivariate plots of side scatter
(SSC) versus green fluorescence (FL1). Concentrations of Est+
bacteria and microspheres were determined in bivariate plots of
FL1 versus red fluorescence (FL3). Numbers of microspheres in
each analysis were used to determine the sample volume
analysed, allowing the calculation of concentrations of stained
bacteria.

2.4. Auto- and heterotrophic protists

A 1:10 working solution of Lysotracker™ Green was prepared
daily by diluting the 1 mM commercial stock with 0.22 pm
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Fig. 1. BROKE-West survey area between 30°E and 80°E showing (A) transect legs and CTD sites where seawater viscosity was investigated, and seawater elevated viscosity
1 measured in subsurface waters (B) and at the Deep Chlorophyll Maximum (C). The circle area is proportional to seawater elevated viscosity.

filtered seawater. Five ml seawater samples were stained with the
working solution to a final stain concentration of 75 nM, mixed
and incubated in the dark and on ice for 10 min. Following
incubation, 1-ml stained sub-samples were transferred to sterile

5-ml Falcon tubes. A known concentration of 2.5 pm Molecular
Probes green PeakFlow beads was added and samples were
run in the flow cytometer for 10 min on high flow rate using
0.22-pm filtered seawater sheath fluid. Microautotrophic and
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Descriptive statistics of the viscosity components of seawater along the 6 latitudinal transects. #,,,: measured viscosity (#m=7rs*"gi,, Where #rs and g, are the physically-
controlled and biologically-controlled viscosity components (cP); DCM: Deep-Chlorophyll Maximum; #: relative excess viscosity (%); SD: standard deviation; Min and Max:

minimum and maximum values, respectively.

Transect

1 3 5 7 9 11

10 m DCM 10 m DCM 10m DCM 10m DCM 10 m DCM 10 m DCM
nr,s(cP)
Mean 1.88 1.94 1.85 1.93 1.86 1.93 1.87 1.94 1.85 1.90 1.89 1.89
SD 0.13 0.11 0.05 0.08 0.07 0.10 0.10 0.07 0.08 0.11 0.11 0.08
Min 1.82 1.93 1.80 1.93 1.82 1.91 1.82 1.93 1.83 1.84 1.82 1.83
Max 1.93 1.94 1.90 1.94 1.91 1.95 1.93 1.95 1.87 1.95 1.96 1.94
Hm(cP)
Mean 2.74 2.32 2.65 2.44 2.61 2.65 2.39 2.53 2.35 235 2.67 2.16
SD 0.21 0.24 0.40 0.29 0.44 0.29 0.15 0.51 0.29 0.45 0.37 0.08
Min 2.39 2.12 1.99 2.10 2.05 2.27 2.26 1.94 2.06 2.06 2.22 2.03
Max 2.95 2.81 3.08 2.81 3.44 3.14 2.63 3.42 2.72 3.37 3.14 231
”Bio(cp)
Mean 0.86 0.38 0.80 0.51 0.75 0.72 0.52 0.59 0.50 0.45 0.82 0.27
SD 0.21 0.24 0.40 0.29 0.44 0.29 0.15 0.51 0.29 0.45 0.37 0.08
Min 0.51 0.18 0.14 0.17 0.19 0.34 0.39 0.13 0.21 0.16 0.37 0.14
Max 1.07 0.87 1.23 0.88 1.58 1.21 0.76 1.48 0.87 1.47 1.29 0.42
n(%)
Mean 45.7 35.8 435 26.3 40.1 37.2 279 352 26.9 23.6 414 143
SD 11.6 14.2 211 15.0 23.8 15.5 7.5 26.2 16.4 241 19.0 5.2
Min 27.2 20.7 7.6 8.8 10.2 17.6 21.0 6.6 11.5 8.6 17.4 7.5
Max 57.1 58.8 66.3 45.8 84.9 62.9 40.7 76.5 47.0 77.6 66.0 22.2

heterotrophic protists were discriminated and enumerated by
flow cytometry on a scatter plot of green fluorescence versus red
fluorescence from their high red and green fluorescence, respec-
tively; see Thomson et al. (2010) for a thorough assessment of the
quality and sensitivity of the method. Due to cell diameter
restrictions of the FACScan sample probe, only protists smaller
than 50 um were discriminated by flow cytometry. As a
consequence, further information on the auto- and heterotrophic
protist community composition were obtained through water
samples preserved in Lugol’s iodine solution (2% final concentra-
tion) and enumerated under light microscope; see Davidson et al.
(2010) for further details.

2.5. Viscosity measurement

Viscosity measurements were conducted using a portable
ViscoLab400 viscometer (Cambridge Applied Systems Inc., Bos-
ton) from 10 ml sub-samples following Seuront et al. (2006,
2007). Viscosity was measured in triplicate from 3-ml water sub-
samples poured into a small chamber, where a low mass stainless
steel piston is magnetically forced back and forth, with a 230-um
piston-cylinder gap size. The force driving the piston is constant,
and the time required for the piston to move back and forth into
the measurement chamber is proportional to the viscosity of the
fluid. The more viscous the fluid the longer the length of time it
takes for the piston to move through the chamber, and vice versa.
As viscosity is influenced by temperature and salinity (Miyake and
Koizumi, 1948), the measured viscosity #, (cP) can be thought of
as the sum of a physically-controlled viscosity component #1s (cP)
and a biologically-controlled viscosity component #pg;, (cP):

Nm = Nr.s+Ngio (M

As the piston-cylinder gap is only 230 um, any organism or
colony of organisms larger than 230 pm would still be destroyed
in the measurement chamber and result in a biased increase in
seawater viscosity (Seuront et al., 2007), each water sample was

carefully screened through a 200-pum mesh before measurements.
For each triplicate sample, 10 successive viscosity measurements
(nm) were taken. The physically-controlled component #rs was
estimated from viscosity measurements conducted on sub-
samples after passing through 0.20-pum pore-size filters. The
biologically-induced elevated viscosity #g;, (CP) was subsequently
defined from each water sample as:

Ngio =Nm—N1s (2)
The relative elevated viscosity # (%) is finally given as (Seuront
et al., 2006, 2007):

N=Un—"Nrs)/Mrs 3)

Between each viscosity measurement, the viscometer chamber
was carefully rinsed first with deionised water and then with bulk
phase seawater filtered through 0.2-pm pore-size filters to avoid
any potential contamination of the next sample by viscous
compounds.

2.6. Statistical analysis

As the number of viscosity measurements per station was low
(N <30) non-parametric statistics were used throughout this
work. Multiple comparisons between transects and stations were
performed using the Kruskal-Wallis test (KW test), and a
subsequent multiple comparison procedure based on the Tukey
test (Zar, 1996) was used to determine which transects were
significantly different from each other. Correlation analysis
between variables were conducted using the Spearman’s rank
correlation coefficient p.

The presence of monotonous trends along each transect was
tested by calculating Kendall's coefficient of rank correlation, t,
between biological parameters and the latitudinal coordinates of
each station. Correlation between variables was investigated
using Kendall's coefficient of rank correlation, t. Kendall's
coefficient of correlation was used in preference to Spearman’s
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coefficient of correlation p because Spearman’s p gives greater
weight to pairs of ranks that are further apart, while Kendall’s ©
weights each disagreement in rank equally; see Sokal and Rohlf
(1995) for further information.

Spatial patterns in seawater elevated viscosity were related to
multivariate protist community structure using the BIOENV
procedure (PRIMER-E version 5; Clarke and Warwick, 2001). This
procedure (Clarke and Ainsworth, 1983) was used to identify the
protist groups and species that best explained variation in
seawater elevated viscosity. A square-root transformation was
used prior to the analysis to stabilise variance (Clarke, 1993).
Combinations of the protist groups and species were considered
at increasing levels of complexity, i.e. k variables at a time (k=1, 2,
3), to yield the best matches of biotic and abiotic similarity
matrices for each k, as measured by Spearman’s rank correlation
p. This method then selects the protist groups and species that
best explain the seawater elevated viscosity pattern by maximiz-
ing a Spearman’s rank correlation between their respective
similarity matrices. The best three explanatory variables were
taken into account to determine which combination of protist
groups and species induces the changes observed in seawater
elevated viscosity.

3. Results

The physical and biological properties that are relevant to the
distribution of seawater viscosity of the survey regions have been
extensively described in this volume; these include the physical
oceanography, circulation and water mass properties of the region
(Williams et al., 2010; Meijers et al., 2010), and their contribution
to the distribution patterns observed for chlorophyll a concentra-
tion (Williams et al., 2010), phytoplankton community structure
and stocks (Wright et al., 2010), protist species composition and
abundance , and marine microbes (Thomson et al., 2010). As a
consequence, to avoid redundancy, we only present here the
results of the viscosity measurements and the related correlative
and multivariate analyses.

3.1. Seawater viscosity

The physically-controlled viscosity component #rs due to
temperature and salinity only weakly varied along the six
latitudinal transects, ranging from 1.80 to 1.96 cP in sub-surface
waters and from 1.84 to 1.95 cP at the DCM (Table 1; Fig. 2). In
contrast, the actual seawater viscosity #,, ranged from 1.99 to
3.44 cP in sub-surface waters and from 1.94 to 3.42 cP at the DCM
(Table 1). This resulted in the biologically-driven viscosity
component #g, ranging from 0.14 to 1.58 cP in sub-surface
waters and from 0.13 to 1.48 cP at the DCM (Table 1; Fig. 2).
Seawater elevated viscosity # thus ranged from 7.6 to 84.9% in
subsurface waters, and from 6.6 to 77.6% at the DCM (Table 1;
Fig. 1B, C).

Significant differences were found between transects for each
depth (KW test, p < 0.05). More specifically, sub-surface samples
break into two distinct groups of decreasing viscosity including (i)
transects 1, 3, 5 and 11, and (ii) transects 7 and 9, respectively. In
contrast, DCM samples break into three groups of decreasing
viscosity including (i) transects 1, 5, 7 and 11, (ii) transects 3 and
9, and (iii) transect 11, respectively. Seawater elevated viscosity
was significantly higher in sub-surface waters than at the DCM for
transects 1, 3 and 11 (p <0.05), and significantly higher at the
DCM than in sub-surface waters for transect 7 (p <0.05). In
contrast, no significant differences were found in seawater
elevated viscosity between the two depths for transects 5 and 9
(p <0.05).

(A)
15

—_
[«
T

W
T

A seawater viscosity

1 3 5 7 9 11
(B)
15
= —
Z 10 |
2
=
5
<
2
g8 5
<
ol | ﬂ
3 5 7 9 11
Transects

Fig. 2. Maximum changes (defined as the ratio between the observed maximal
and minimal values) observed in the physically-controlled viscosity component
nrs (black bars) and the biologically-controlled seawater viscosity 7z, (grey bars)
along each latitudinal transects in sub-surface waters (A) and at the Deep
Chlorophyll maximum (B).

When considered by transect, significant differences were
found between stations for each transect (KW test, p <0.05).
There was also a significant effect of depth on elevated viscosity
(p <0.05), with significant differences found between the two
depths for most stations of each transect (p <0.05; Fig. 3).
Significantly increasing trends in # towards the continent were
observed in sub-surface waters along transects 9 and 11, and at
the DCM along transects 3, 5 and 7 (Kendall 7, p<0.05). In
contrast, elevated seawater viscosity significantly decreased
towards the continent in the sub-surface waters of transect 5
(p <0.05).

Finally, differences in seawater viscosity across oceanic fronts
and between ice and open-water stations were inferred pooling
elevated viscosity measurements conducted (i) at stations located
north and south of the Southern Boundary and north and south of
the Antarctic Circumpolar Current front, and (ii) at stations with
no sea-ice present and at stations that had sea-ice present or that
had sea-ice up to four days prior to sampling. In both cases, no
significant differences were found between the different groups of
stations in sub-surface waters and at the DCM (KW test, p < 0.05).

3.2. Seawater viscosity and microbial community

The abundance of total bacteria, bacteria with high esterase
activity (Est+ bacteria) and bacteria with compromised -cell
membranes (CCM bacteria) ranged from 2.81 x 10 to 69.29 x 10*
ml~', 033 x x 10*t0 12.36 x 10* ml~ ', and 1.29 x 10 to 19.13 x
129 x 10 ml~" over the survey region (Table 2). More
specifically, significant differences in the abundance of total
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Fig. 3. Elevated seawater viscosity # (%) shown for sub-surface waters (white bars) and the deep-chlorophyll maximum (DCM; black bars) along each latitudinal transect.
The error bars are the standard deviations. The stations are numbered in ascending order relative to their respective latitudes. *: stations where sub-surface and DCM

elevated seawater viscosities were not significantly different (p > 0.05).

bacteria, Est+ bacteria and CCM bacteria were found between
transects for each depth (KW test, p < 0.05). Total bacteria break
into two groups of decreasing abundance including (i) transects 1,
3,5 and 11 and (ii) transects 7 and 9. In contrast, Est+ and CCM
bacteria break into three distinct groups of decreasing abundance
including (i) transects 1, 3 and 5, (ii) transect 9 and (iii) transect 7.
No significant differences between depth were found along each
transect for the abundance of each category of bacteria considered
(p < 0.05), except for the CCM bacteria that were more abundant
at the DCM for transect 3. Est+ bacteria were consistently less
abundant than CCM bacteria, with Est+/CCM ratio ranging from
0.41 to 0.89 in sub-surface waters and from 0.32 to 0.56 at the
DCM. The reader is referred to for further information on the
impact of physical oceanography, circulation and water mass
properties on the dynamics of microbial communities.
Correlation analyses revealed highly significant positive corre-
lation (p <0.01) between seawater elevated viscosity # and the

abundance of total bacteria, bacteria with high esterase activity
(Est+ bacteria), and significant positive correlation (p < 0.05) with
the abundance of bacteria with compromised cell membranes
(CCM bacteria; Table 3) in sub-surface waters. In contrast, at the
DCM no significant correlations were found between seawater
elevated viscosity # and the abundance of total, Est+ and CCM
bacteria (p > 0.05; Table 3).

3.3. Seawater viscosity, chlorophyll a concentration and protist
community

Chlorophyll a concentration (Table 2) significantly differed
between transects for each depth (KW test, p < 0.05). Chlorophyll
a concentrations were significantly lower for transect 3 than for
transects 1, 5, 7, 9 and 11. Except for transect 3, chlorophyll a
concentrations were consistently higher at the DCM than in
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Descriptive statistics of chlorophyll a concentration (Chl. a), the abundance of flow cytometrically-defined total bacteria, bacteria with high esterase activity (Est+bacteria),
bacteria with compromised cell membranes (CCM bacteria), microautotrophic protists (Microautotrophs) and microheterotrophic protists (Microheterotrophs). DCM:

Deep-Chlorophyll Maximum; SD: standard deviation; Min and Max: minimum and maximum values, respectively.

Transect

1 3 5 7 9 11

10m DCM 10m DCM 10m DCM 10m DCM 10m DCM 10m DCM
Chla(pgl—")
Mean 0.70 0.82 0.44 0.47 0.61 1.09 1.18 1.31 0.66 0.77 0.49 0.72
SD 0.33 0.12 0.21 0.09 0.17 0.25 0.54 0.53 0.36 0.35 0.10 0.11
Min 0.10 0.31 0.10 0.18 0.26 0.46 0.21 0.30 0.17 0.30 0.19 0.44
Max 2.63 1.23 1.67 0.78 1.38 2.10 3.35 3.61 2.83 2.83 1.11 1.20
Total bacteria ( x 10* ml1—1)
Mean 18.48 23.51 22.97 25.72 2424 29.56 6.55 7.88 8.22 9.33 39.82 36.78
SD 2.11 3.58 2.34 1.23 6.57 8.27 0.46 1.38 1.87 1.99 2.34 1.92
Min 9.69 13.03 11.44 317 8.65 12.42 3.99 4.68 2.81 421 13.81 18.74
Max 19.92 35.77 24.77 12.36 24.24 60.61 7.32 15.31 17.91 17.91 69.29 63.91
Est+bacteira ( x 10° ml—1)
Mean 4.52 4.72 5.63 6.82 5.39 420 1.43 1.39 2.88 2.73 - -
SD 1.07 1.12 1.14 1.23 1.81 1.06 0.47 0.42 0.62 0.55 - -
Min 2.54 1.79 2.55 3.17 1.03 1.65 0.38 0.33 1.25 1.49 - -
Max 4.52 8.40 9.76 12.36 5.39 7.82 3.67 2.95 5.59 5.59 - -
CCM bacteira ( x 10* ml—1)
Mean 10.20 1091 7.43 13.32 11.06 11.72 3.48 3.61 4.81 5.16 - -
SD 3.02 2.31 0.90 1.24 2.36 2.14 0.59 0.49 0.83 0.71 - -
Min 3.05 4.61 4.47 8.74 4.25 6.41 1.29 1.72 1.36 2.56 - -
Max 10.85 18.04 11.35 19.13 11.06 17.67 6.16 5.59 7.63 7.60 - -
Microautorophs ( x 10° ml—1)
Mean 31.90 34.38 36.71 32.79 21.78 20.12 42.96 41.90 25.71 16.41 - -
SD 11.63 11.49 7.64 7.78 3.39 4.18 9.27 14.81 6.57 4.85 - -
Min 18.41 8.40 9.06 7.97 11.71 12.44 17.70 25.51 12.79 6.83 - -
Max 66.62 52.35 59.65 54.89 25.24 32.41 78.34 86.29 25.71 16.41 - -
Microheterotrophs ( x 10* ml1—1)
Mean 2.33 1.76 1.19 1.20 1.44 2.03 1.90 2.47 1.56 1.09 - -
SD 0.40 0.59 0.25 0.25 0.29 0.43 0.26 0.67 0.49 0.37 - -
Min 1.32 0.13 0.37 0.58 0.58 0.80 0.94 1.51 0.35 0.25 - -
Max 3.29 2.82 217 2.14 1.75 3.10 247 4.47 1.56 1.09 - -

Table 3

Spearman correlation analysis between seawater excess viscosity #, the abun-
dance of total bacteria, bacteria with compromised cell membranes (CCM
bacteria), and bacteria with high esterase activity (Est+bacteria), Chlorophyll a
concentration (Chl. a) and the abundance of auto- and heterotrophic protists. * and
** are the 5% and 1% significance levels, respectively.

Seawater excess viscosity

Sub-surface DCM
Total Bacteria 0.57** 0.15
CCM bacteria 0.33* -0.03
Est+bacteria 0.74** -0.03
Chl.a 0.11 0.76™*
Microautorophs —0.08 0.60™*
Microheterotrophs —0.04 0.56**

sub-surface waters (p < 0.05). A similar pattern of variation was
observed for both microautotrophic and microheterotrophic
protists (Table 2), that were both significantly correlated with
chlorophyll a concentrations; see Thomson et al. (2010) for
further details on the links between water mass properties and
planktonic communities.

Elevated seawater viscosity did not exhibit any significant
correlation with chlorophyll a concentration and the abundance
of auto- and heterotrophic protists in subsurface waters (p > 0.05;
Table 3). These correlations became, however, highly significantly
positive at the DCM (p < 0.01; Table 3). None of the 12 groups and

108 species of protists observed over the survey region exhibited
significant correlation with elevated seawater viscosity in sub-
surface waters and at the DCM (p > 0.05).

The potential role played by protist community composition
on the observed elevated seawater viscosity n was specified
by the BIOENV procedure that revealed that dinoflagellates
best explained the patterns of elevated seawater viscosity
(Tspearman=0.260, p <0.05; Spearman’s rank correlation coeffi-
cient). More specifically, among the 17 species identified within
the dinoflagellates group, two species (Alexandrium tamarense and
Prorocentrum sp.) best explained the seawater elevated viscosity
spatial patterns (rspearman=0.324, p <0.01). This result was con-
firmed by a BIOENV procedure conducted on the 108 species
identified over the study region which showed that the two
species that best explained the spatial patterns of seawater
elevated viscosity were also Alexandrium tamarense and Prorocen-
trum sp. (Tspearman=0.324, p < 0.01).

4. Discussion

4.1. Elevated viscosity and phytoplankton composition and standing
stock

The positive correlation between elevated seawater viscosity
and chlorophyll a concentration at the DCM is consistent with
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observations conducted during the growth phase of intense
Phaeocystis globosa blooms in the coastal waters of the English
Channel (Seuront et al., 2006, 2007; Seuront and Vincent, 2008).
This is also consistent with the observed increase in transparent
exopolymer particles (TEP) production during the growth phase of
a P. globosa bloom (Mari et al., 2005). Biologically-increased
seawater viscosity has previously been specifically related to the
secretion of extracellular polymers by phytoplankton cells,
through the identification of significant positive correlations
between seawater viscosity and chlorophyll concentration
(Jenkinson, 1993a; Jenkinson and Biddanda, 1995; Seuront et al.,
2006, 2007; Seuront and Vincent, 2008). Significant negative
correlations between elevated seawater viscosity and chlorophyll
a concentration have also been identified during the wane of a
P. globosa bloom, when the physical disruption of the colonial
matrix by turbulent mixing leads to the release of P. globosa cells
and other phytoplankton cells from the mucilaginous materials
(Seuront et al., 2007; Seuront and Vincent, 2008). In contrast to
previous observations that have related the temporal patterns of
biologically-controlled seawater viscosity to the presence and
abundance of P. globosa (Seuront et al., 2006, 2007; Seuront and
Vincent, 2008), no significant correlation was found between
elevated seawater viscosity and the abundance of single celled or
colonial Phaeocystis antarctica off East Antarctica. The contribution
of dinoflagellates to the carbon biomass of phytoplankton
assemblages was relatively low (Davidson et al., 2010). This
group (and in particular Alexandrium tamarense and Prorocentrum
sp.), however, appears to be the main contributor to the
biologically-driven increase in seawater viscosity. This is consis-
tent with the previously reported viscous properties of dino-
flagellate species such as Gyrodinium aureolum and Noctiluca
scintillans (Jenkinson, 1993b; Jenkinson and Biddanda, 1995), the
reported production of exudates by Alexandrium tamarense and
Prorocentrum sp. (Ogata and Kodama, 1986; Taylor, 1987; Hansen,
1989), the observation of sticky mucus layer embedding resting
cysts of Alexandrium species in the water column (Persson, 2006),
and the scarcity of the Prymnesiophyceae Phaeocystis antarctica
(Davidson et al., 2010).

4.2. Microbial versus phytoplanktonic control of seawater viscosity

The positive correlations found between elevated seawater
viscosity and bacteria abundance in sub-surface waters and
between elevated seawater viscosity and chlorophyll a concen-
tration at the DCM (Table 3) suggest a distinct control of seawater
viscosity in these two waters masses. More specifically, the
positive correlation found between elevated seawater viscosity
and bacteria abundance in the phytoplankton depleted surface
waters is consistent with previous observations of correlations
between heterotrophic bacterial abundance and the amount of
viscous transparent exopolymeric (TEP) material in seawater
(Corzo et al., 2005). The relationship between bacteria and TEP is,
however, quite complex (Passow and Alldredge, 1994) and
appears to vary according to environmental conditions (Grossart
1999), with bacteria apparently responsible for both the produc-
tion and dissolution of TEP. Bacteria are often found attached to,
or embedded within, TEP (Passow and Alldredge, 1994; Mari and
Kigrboe, 1996) and may in some instances be important agents in
TEP degradation (Mari and Kierboe, 1996). Indeed polymeric
materials may be an important source of organic carbon for
marine bacteria and microbial transformation and exploitation of
organic polymers has been predicted to play an important role in
the oceanic carbon cycle (Azam, 1998; Bhaskar and Bhosle, 2005).
Alternatively, bacterial activity can also lead to increased TEP
production. Levels of TEP production by diatoms have been shown

to increase in the presence of bacteria (Grossart, 1999), and it is
possible that in some circumstances the intense enzymatic
dissolution of POC by bacteria attached to organic aggregates
(Smith et al., 1992) could lead to TEP accumulation. Bacteria also
secrete viscous polysaccharides under certain growth conditions
(Grobben et al., 1998) and marine bacteria have been directly
implicated in the production of TEP (Stoderegger and Herndl,
1998, 1999; Passow, 2002; Sugimoto et al., 2007). Indeed marine
bacteria may be an important source of TEP production in the
absence of phytoplankton (Ramaiah et al., 2001). Our observa-
tions are the first demonstration of increases in seawater viscosity
linked to marine bacterial communities, but are consistent with
previous observations linking bacterial abundance and activity to
the production and distribution of polymeric materials in sea-
water. These observations, in conjunction with previous evidence
(Stoderegger and Herndl, 1999; Passow, 2002; Sugimoto et al.,
2007) indicate that, like phytoplankton, bacteria may modify the
viscosity of seawater by producing polymeric materials. Addi-
tionally, changes in polymeric materials in seawater may
influence bacterial growth (Azam et al., 1983; Azam, 1998) and
related changes in the viscosity of seawater can also influence the
ecology and morphology of marine bacteria (Atsuni et al., 1996).

The present work is then the first report supporting micro-
bially-increased seawater viscosity. In addition, except for
transect 1, the elevated seawater viscosity reported here in
surface waters is significantly higher or similar to that observed at
the DCM. This suggests that the microbially-increased viscosity
might quantitatively be at least as important as that related to
phytoplankton secretion. The lack of any significant differences
between the abundance of bacteria in sub-surface waters and at
the DCM further suggests that the increase in seawater viscosity
in sub-surface waters might be related to the level of activity of
the microbial community. This hypothesis is not supported by
significant differences in the relative abundance of Est+ and CCM
bacteria in sub-surface waters and at the DCM. However, the
method employed to assess bacteria abundance and activity
intrinsically considers free-living bacteria, and as such under-
estimate the fraction of attached-bacteria which are likely to be
more abundant in the particle-rich DCM (e.g., Middelboe et al.,
1995; Unanue et al., 1997). Further studies investigating the link
between bacterial abundance and activity and seawater viscosity
should then take care in identifying the relative abundance and
contribution to seawater viscosity of free-living and attached-
bacteria.

4.3. Biologically-increased seawater viscosity: eastern Antarctic
waters versus temperate waters

The elevated seawater viscosity observed in the present work
ranged from 3 to 89% (Table 1). These values are consistent with
recent estimates ranging from 1 to 362% (Seuront et al., 2006,
2007; Seuront and Vincent, 2008). Taking into account the
temperature differences encountered in the present work off East
Antarctica over the duration of our survey (— 1.6 to 1.26 °C) and in
the eastern English Channel over the duration of the phytoplank-
ton spring bloom (February to July, 6-18 °C), the corresponding
physically-controlled viscosity component #7s ranged from 1.80
to 1.95cP, and from 1.15 to 1.57 cP, respectively. This converts
into actual viscosity #,, ranging from 1.85 to 3.69 cP off East
Antarctica, and from 1.23 to 4.58 cP in the eastern English
Channel. Because of the limited temperature changes observed
in Antarctic waters over the survey region, most of the variability
in seawater viscosity is induced by the modifications observed in
the biologically-controlled viscosity component #g;,. In contrast,
in the eastern English Channel, the actual seawater viscosity
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Nm results from the interplay between the decreasing #rs with
summer heating and the complex dynamics of #, driven by the
concentration and the composition of the phytoplankton com-
munity. Further work would then be needed to assess the impact
of the temporal dynamic of a phytoplankton bloom on seawater
viscosity in Antarctic waters and also the potential contribution of
the microbial community to the observed viscosity fluctuations in
temperate waters.

In the temperate waters of the North Sea and the English
Channel, the intensity of the phytoplankton spring blooms, i.e. up
to 60 pg of chlorophyll a per litre, the related organic exudation
and the numerical dominance of P. globosa on the phytoplankton
community have been shown to be the main contributors of the
increase in seawater viscosity (Seuront et al., 2006, 2007; Seuront
and Vincent, 2008). However, other phytoplankton species are
also contributing to increased seawater viscosity as an elevated
viscosity of up to 12% has been observed in the absence of
P. globosa in the phytoplankton community (Seuront et al., 2006,
2007). It is then likely that the viscosity increases related to
phytoplankton biomass at the DCM are not only driven by the
abundance of A. tamarense and Prorocentrum sp., but the cumula-
tive result of the exudates produced by the whole phytoplankton
community.

4.4. On the relevance of biologically-increased seawater viscosity

While this is beyond the scope of the present work, it is also
stressed that biologically-increased seawater viscosity may have a
variety of implications for a range of physical processes such as
eddy diffusivity, the scale of the smallest turbulent eddies or
propagation of acoustic waves in seawater. A novel acoustic
absorption mechanism has recently been suggested for frequen-
cies above 100 kHz as the result of biologically-increased sea-
water viscosity (Rhodes, 2008). The predicted additional
absorption typically lies in the frequency band of bio-acoustic
spectra and high frequency navigational sonars, acoustic Doppler
velocimeters, fish-finding sonars and mine-hunting and side-scan
sonars. Biologically-increased seawater viscosity therefore might
have significant impacts on a range of ecological processes
involving marine mammals and anthropogenic activities. This
issue, however, has only been theoretically investigated (Rhodes,
2008), and still critically needs to be thoroughly assessed.

5. Conclusions

The potential contribution of phytoplanktonic exudates to
increase seawater viscosity has only marginally been considered
in the literature. The present work then extends previous
investigations conducted in the laboratory or in relation to
intense bloom formation to the waters of the Southern Ocean.
We also provide the first evidence of the link between bacterial
abundance and seawater viscosity, and suggest that the micro-
bially-driven contribution to seawater viscosity might be at least
as important as the one related to phytoplankton secretion. The
role played by biologically-driven seawater viscosity is potentially
far reaching as it may directly affect sedimentation and
remineralisation processes, but also predator-prey, male-female
and virus-host encounter rates, and as such impact biogeochem-
ical fluxes. Due to the intricate links existing between polymeric
materials, seawater viscosity and the dynamics of planktonic
organisms (e.g. Azam, 1998), the elucidation of the relative
contributions of phytoplanktonic and microbial communities to
seawater viscosity, through, e.g., viral lysis, over a wide range of
habitats is likely to provide new insights into the structure and
function of marine ecosystems.
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