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Abstract

Analysis of the diatom assemblage during the recent KErguelen: compared study of Ocean and Plateau in Surface water (KEOPS)

mission (January–February 2005), enabled a modern description of the summer bloom community over the Kerguelen Plateau in the

context of the community in the surrounding high-nutrient, low-chlorophyll (HNLC) Southern Ocean waters. Net samples revealed

biogeographic partitioning of certain species. Comparison of net samples with CTD-Niskin bottle samples revealed a considerable

underestimation of large diatom species in the water samples. We analysed four plateau stations and one off-plateau HNLC station for

individual species abundances and biomass contributions down to 150m. The stations can be divided into two groups based on species

composition and total biomass contributions, equating to high (45.6–99.4 mg CL�1) and low (2.5–25.7 mg CL�1) biomass regimes.

Individual species abundances were not related to the major species biomass contributions. Repeat analyses at the bloom station, A3,

and the off-plateau HNLC station, C11, revealed evolution from a Chaetoceros subgenus Hyalochaete bloom to a remnant Eucampia

antarctica assemblage. In contrast the HNLC station, C11, remained dominated by Fragilariopsis pseudonana and F. kerguelensis

throughout the survey. Comparison to artificial iron experiments reveals differences in the responses of Pseudo-nitzschia spp. and

F. kerguelensis, which may arise in part from differences in macro-nutrient supply, in particular silicic acid availability, as well as from

seasonal succession.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The Kerguelen-Heard archipelago in the south Indian
Ocean represents one of a handful of Subantarctic/
Antarctic islands where early studies of phytoplankton
were undertaken. Phytoplankton from Kerguelen-Heard
was examined by Moseley on the H.M.S. Challenger and
reported by O’Meara (1877), with 33 diatom species
documented. Sporadic and somewhat decadal sampling
from the 1950s through to recent times resulted in a list of
160 pelagic diatom species (Manguin, 1954; Ealey and
Chittleborough, 1956; Kozlova, 1962; Steyaert, 1974;
e front matter r 2008 Elsevier Ltd. All rights reserved.
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Sournia et al., 1979; Fryxell, 1991; Blain et al., 2001;
Kopczyńska and Fiala, 2003; Armand, pers. obs.). The
KERFIX time series study southwest of Kerguelen Isles in
high-nutrient, low-chlorophyll (HNLC) waters (Fiala et al.,
1998; Kopczyńska et al., 1998) revealed the generally year-
long impoverished state of the phytoplankton population,
and ranked diatom biomass behind biomass contributions
from pico/nanoflagellates and coccolithophorids. The
KERFIX study nonetheless revealed the recurrent summer
bloom was dominated by Fragilariopsis kerguelensis and
Thalassionema nitzschioides in the HNLC waters southwest
of Kerguelen Plateau.
Sullivan et al. (1993) first reported on the high

chlorophyll concentrations over the Kerguelen Plateau
from satellite images. A recent study on the north-eastern
zone of the plateau led to the hypothesis that natural
fertilisation processes sustain the bloom in this area (Blain
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Fig. 1. KEOPS station locations. Net hauls were made at all stations.

CTD diatom samples were taken at the five station locations indicated by

squares. Station A3 and C11 were repeat reference stations within and

exterior to the plateau-based phytoplankton bloom, respectively. Currents

and fronts from Park et al. (2008b, Fig. 11). APF: Antarctic Polar Front;

ACC Core: Antarctic Circumpolar Current core; FTC: Fawn Trough

Current; Thin black lines over plateau indicate flow through the Heard/

MacDonald Islands Trough. Bathymetry in metres. Plotted using ODV

(Schlitzer, 2006).
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et al., 2001; Bucciarelli et al., 2001). The KErguelen:
compared study of Ocean and Plateau in Surface water
(KEOPS) programme (January–February 2005) focussed
on the south-eastern bloom, positioned south of the Polar
Front, between Kerguelen and Heard Islands. Oceano-
graphic studies around Kerguelen and the Crozet Basins
have been produced by Park et al. (1991, 1998), Park and
Gambéroni (1995, 1997) and Charrassin et al. (2004).
Studies detailing the oceanography pertinent to the
KEOPS study are found in Park et al. (2008a, b), van
Beek et al. (2008) and Mongin et al. (2008). Oceanographic
processes in this region are dominated by tidal action
across the plateau with large vertical diffusivities (Park
et al., 2008a, b). MODIS satellite images indicated that the
summer bloom had peaked prior to our survey period
across the Kerguelen Plateau (Blain et al., 2007), and our
study reflects a survey of the diatom community towards
the end of the main bloom period. The related studies on
the heterotrophic communities were made by Carlotti et al.
(2008), Christaki et al. (2008) and Obernosterer et al.
(2008).

The objective of our study was to quantify the diatom
community and to examine the physical and/or chemical
factors potentially regulating diatom growth and species
composition. The sampling programme included regions
within and exterior to the major spring bloom to reflect
conditions within an iron-replete zone and characterised by
HNLC conditions. We provide the qualitative (net hauls)
and quantitative (CTD) assessment of diatoms encoun-
tered including their individual species contribution in
terms of biomass. Finally, we document the evolving
community composition at two repeat stations representa-
tive of conditions within the iron-replete bloom and
outside the plateau in the HNLC off-plateau region.

2. Materials and methods

2.1. Study area and physical–chemical characteristics

We illustrate the position of our sample sites in Fig. 1
and list their locations in Table 1. MODIS satellite images
indicate that the bloom over the Kerguelen Plateau formed
in early November 2004 and concluded in late February
2005 (Blain et al., 2007; Mongin et al., 2008). The mean
physical and chemical characteristics pertinent to the
diatom distribution in the surface waters at these locations
are summarised in Table 2. Surface waters above the
plateau were slightly warmer and had shallower euphotic
depths as compared to the off-plateau locations. Transect
A stations, on average, had 1% photosynthetically active
radiation (PAR) at 45m depth, transect B stations had an
average 1% PAR at 81m depth, whereas the C transect
PAR was 102m for 1% PAR. Chl a and fucoxanthin
values representative of phytoplankton concentrations in
the surface waters show clearly the difference between the
water on and off the plateau, while the difference is less
marked for the biogenic silica concentrations. Mosseri
et al. (2008) described diatoms located off-plateau as more
highly silicified than those on the plateau as observed in
high silica to nitrate and carbon uptake ratios. This is
consistent with an increased percentage of senescent cells
(see Results), thus contributing to the difference in
observations across these parameters, and also given that
the Chl a and fucoxanthin contributions are not solely
diatom-derived (Jeffery et al., 2005). Nutrient surface
distributions are presented in Mosseri et al. (2008). The
off-plateau waters were NO3 and silicate-rich, yet in spite
of the particularly low silicic acid surface values (o2 mM)
above the Kerguelen Plateau these authors show depleted
silicic acid concentrations at the surface were close to
growth limiting in the KEOPS study. Blain et al. (2008)
indicate that dissolved iron concentrations in the surface
waters were constant across the plateau stations with a
mean of 0.09 nM. The value observed off-plateau was not
significantly different with a mean of 0.073 nM. Deep-
water iron concentrations differed between the plateau and
off-plateau deep waters (e.g., at 400m: mean Fe concen-
tration values were 0.3 nM above the plateau and 0.11 nM
off-plateau). There was an elevated upward flux on the
plateau due to an increased exchange with subsurface
waters below the mixed-layer depth (MLD) (Blain et al.,
2007, 2008).
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Table 1

Locations of net hauls and CTD stations

Station Code Date Latitude Longitude Depth (m)a Mesh size (mm)

Net Hauls

A1 ZN 007 23/1/05 51100.000S 71135.800E 200 330

A3a ZN 001 18/1/05 50137.800S 72104.800E 200 330

A3b ZN 006 23/1/05 50137.900S 72104.700E 200 330

A3c ZN 008 23/1/05 50140.900S 71159.700E 200 330

A3d ZN 010 24/1/05 50143.230S 72100.950E 200 330

A3e ZN 023 4/2/05 50138.520S 72103.430E 50 53

A3f ZN 033 12/2/05 50137.890S 72103.970E 100 53

A3g ZN 034 12/2/05 50132.100S 72104.200E 100 53

A5 ZN 005 22/1/05 50115.600S 72134.000E 200 330

A7 ZN 004 22/1/05 49153.400S 73102.350E 200 330

A9 ZN 003 21/1/05 49131.500S 73130.900E 200 330

A11 ZN 002 20/1/05 49109.030S 74100.060E 200 330

B1 ZN 021 2/2/05 51130.000S 73100.000E 50 53

B3 ZN 020 2/2/05 51117.820S 73147.460E 50 53

B5 ZN 019 2/2/05 51105.900S 74135.800E 50 53

B7 ZN 018 30/1/05 50153.800S 75123.350E 50 53

B9 ZN 017 30/1/05 50141.800S 76112.100E 50 53

B11 ZN 016 29/1/05 50130.300S 76159.100E 50 53

C1 ZN 030 9/2/05 53111.270S 73153.370E 50 53

C3 ZN 029 8/2/05 52141.250S 74145.450E 50 53

C5 ZN 027 7/2/05 52122.700S 75134.900E 50 53

C7 ZN 026 7/2/05 52111.300S 76123.500E 50 53

C9 ZN 025 6/2/05 51155.050S 77112.010E 50 53

C11a ZN 011 26/1/05 51138.800S 78100.000E 200 330

C11b ZN 012 26/1/05 51137.800S 77158.000E 200 330

C11c ZN 013 27/1/05 51138.900S 78159.900E 70 53

C11d ZN 014 28/1/05 51139.050S 77159.810E 80 53

C11e ZN 024 5/2/05 51139.100S 78100.000E 50 53

Station Code Date Latitude Longitude Depth (m)b

CTD Niskin samples

A3-1 CTD 007 19/1/05 50137.800S 72104.600E 10, 50

A3-3 CTD 031 24/1/05 50141.300S 71159.900E 10, 60, 100

A3-4 CTD 076 4/2/05 50139.500S 72104.000E 10, 60, 100

A3-5 CTD 112 12/2/05 50137.790S 72105.290E 10, 60, 100

B5 CTD 064 2/2/05 51105.700S 74135.800E 10, 30, 60, 100

C1 CTD 102 9/2/05 53111.320S 73151.740E 10, 50, 70, 134

C5 CTD 094 8/2/05 52122.090S 75136.520E 30, 50, 80, 150

C11-1 CTD 040 26/1/05 51137.500S 77157.400E 20, 50, 80, 150

C11-2 CTD 045 28/1/05 51138.800S 78100.100E 10, 50, 80, 150

C11-3 CTD 082 6/2/05 51139.000S 78100.000E 10, 50, 80, 150

aNets were hauled from these depths.
bDiscrete water depth sampled.
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2.2. Diatom sampling

Qualitative sampling of surface waters was undertaken
on 21 net haul samples over the KEOPS A-C transects on
the eastern plateau region between Kerguelen and Heard
islands (Fig. 1 and Table 1). Nets were either 330 or 53 mm
in mesh size and collected using a Bongo two-net system,
from the chlorophyll maximum depth to the surface. These
net hauls were designed for zooplankton sampling (den-
sities, respiration and gut content; Carlotti et al., 2008) and
the volume of water filtered by the nets was not
determined. Three to 10mL of the netted sample were
generally observed in an Utermöhl style counting chamber
(over at least half of the base) within 1 h (max. 24 h) under
a Nikon Eclipse TE200 inverted microscope at � 10, � 20
or � 40 magnification. Species abundance observations
were divided into the following arbitrary categories:
d ¼ dominant (observed in all fields of view, major
contributor/s), c ¼ common (observed in most fields of
view), m ¼ minor (observed less than 15 times in a sample),
r ¼ rare (observed once or twice in a sample).
Quantitative sampling at discrete water depths within

the upper 150m of the water column was taken from 24
Niskin bottles on a rosette frame equipped with a Sea Bird
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Table 2

Mean properties in surface waters from studied stations

Station Sea surface temp. (1C)a Sea surface salinitya 1% PAR depth (m)a Bsi (mmolL�1)b

Net Hauls

A1 3.77 33.86 39.7 3.76

A3a 3.53 33.46 41.8 3.39

A3b 3.53 33.86 48 2.61

A3c 3.66 33.86 25.8 5.74

A3d 3.81 33.86 40.7 nd

A3e 3.78 33.87 46.9 nd

A3f 3.96 33.88 48.4 Nd

A3g nd nd 58 Nd

A5 3.58 33.86 53.9 1.09

A7 3.34 33.85 49.8 1.5

A9 3.41 33.53 nd 0.8

A11 3.75 33.59 nd 0.9

B1 3.68 33.87 47.5 4.15

B3 3.3 33.86 131.4 3.04

B5 3.09 33.87 39.9 2.96

B7 3.12 33.87 107.1 0.97

B9 2.85 33.89 nd 1.45

B11 2.08 33.77 nd nd

C1 2.73 33.84 nd Nd

C3 2.61 33.84 105 1.66

C5 2.78 33.85 82.6 1.25

C7 2.73 33.85 nd 1.62

C9 2.84 33.86 nd 2.39

C11a 1.92 33.80 97.5 2.78

C11b Nd nd nd nd

C11c Nd nd nd nd

C11d 1.82 33.78 nd 4.6

C11e 3.34 33.88 122.9 3.35

Station Sea surface temp. (1C)a Sea surface salinitya 1% PAR depth (m)a BSi (mmolL�1)b Total Chl a (mgL�1)c Fuco. (mgL�1)c

CTD Niskin samples

A3-1 3.5 33.56 41.8 3.39 0.94 0.56

A3-3 3.68 33.86 39.9 5.74 0.97 0.63

A3-4 3.58 33.86 46.0 1.26 1.34 0.51

A3-5 3.84 33.88 43.8 2.24 1.09 0.59

B5 3.09 33.87 39.9 2.96 1.32 0.77

C1 2.6 33.84 nd 4.01 0.41 0.17

C5 2.76 33.85 82.6 1.25 0.32 0.09

C11-1 1.91 33.80 97.5 18.43 0.22 0.10

C11-2 1.72 33.79 97.5 4.6 0.17 0.09

C11-3 1.91 33.80 122.9 3.35 0.16 0.07

nd: no data.
aSea-surface temperature, salinity and photosynthetically available radiation data from KEOPS community.
bBSi from Mosseri et al. (2008).
cChlorophyll a and Fucoxanthin from Uitz et al. (submitted).

L.K. Armand et al. / Deep-Sea Research II 55 (2008) 653–676656
SBE-911 plus CTD sensor. Aliquots of 125mL were
preserved with acid Lugol’s iodine solution (final concen-
tration of 0.32%) and stored in coloured glass bottles, in
the dark and at room temperature, until their analysis on
return to the laboratory.

2.3. Microscopy and taxonomy

Diatoms were identified to the lowest possible taxonomic
level, enumerated, and their linear dimensions documented
under a Nikon Eclipse TE2000-E inverted microscope
equipped with phase-contrast and a long distance con-
denser. Diatoms were enumerated from a 10-mL sub-
sample after settling for 24 h in an Utermöhl style counting
chamber. Counts were made from the entire chamber
following the Utermöhl methodology (Hasle, 1978) for all
samples at stations A3 and C11. Samples from stations B5,
C1 and C5 were concentrated by settling 25–100mL of a
sample for 48 h in the dark to a final volume of 10mL. One
microlitre of the homogenised concentrate was placed in a
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Sedgwick–Rafter counting chamber for enumeration. The
procedure of Guillard (1978) and Hötzel and Croome
(1998) was followed, whereby the diatoms within 250–500
squares (1 sq ¼ 1 mL) were enumerated, approximating to
500–1200 cells. We identify ‘‘dead cells’’ in this study as
those that we considered as empty frustules devoid of
internal contents visible to the eye during microscopy. This
includes single cells and those that occurred within chains.
We did not include, nor enumerate, clearly broken or
ingested cells within this dead cell category.

Taxonomy followed modern concepts in Hasle and
Syvertsen (1997). All species authorships are listed in
Appendix 1 (supplementary material). Several taxa group-
ings were made due to the difficulty in differentiating some
species. We grouped all small Chaetoceros species of the
subgenus Hyalochaete together although the dominant
contributor was Chaetoceros socialis. We hereafter refer to
this group as Chaetoceros Hyalochaete spp. Chaetoceros

resting spores from the subgenus Hyalochaete are poorly
known to species level and so were grouped. We employed
the Chaetoceros bulbosum complex (Ehrenberg) Heiden to
include all reported synonyms in this region of C. atlanticus

Cleve, C. atlanticus var. neapolitana (Schroder) Hustedt,
C. atlanticus var. skeleton (Schütt) Hustedt and
C. bulbosum Ehrenberg. Fragilariopsis rhombica and
Fig. 2. Micrographs of variation in Eucampia antarctica var. antarctica: (A)

atypical cells. Scale bar in all images is 10mm.
F. separanda could not be distinguished and so were
grouped. Membraneis imposter and M. challengeri and

species of the genera Banquisia, Manguinea and Plagio-

tropis represent species of the Membraneis spp. category.
These diatoms were often undergoing division, making
exact species identification difficult (images available on
request). Navicula directa and a smaller unidentified
Naviculaceae species represent the category Navicula spp.
The genus Pseudo-nitzschia was divided into two categories
based on the shape and width of the transapical axis (above
and below 5 mm). Specimens with a transapical axis 45 mm
are dominated by the species P. heimii, whereas P. lineola,
P. turgidula and P. subcurvata species were encountered in
the o5-mm category. Chain-forming pennates predomi-
nately in girdle view were assembled under Other Pennates.
Other Centrics in general contained small specimens
(o10 mm in diameter) that we considered attributable to
the genus Thalassiosira, particularly T. frenguellii and
T. gracilis var. gracilis. Finally, we divided Eucampia

antarctica v. antarctica cells into three categories based on
the cell’s frustule structure (Fig. 2). We consider typic cells
those normally reported in the literature, i.e. heavily
silicified, asymmetric cells that form coiling chains. Atypic
cells were divided into two categories, the first representing
one typic cell with an attached sibling cell (or two) that
typical coiling chain, (B and C) form 1 atypical cells, (D and E) form 2
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appeared lightly silicified, the second, representing a single
lightly silicified and un-ornamented cell. All atypical cell
measurements are reported as combined values.

2.4. Biomass

Methodology for the derivation of linear measurements,
biovolume measurements and biomass calculations for
individual species or groupings based on this study are
presented elsewhere (Cornet-Barthaux et al., 2007). We use
the definitions defined within that work to classify a specific
diatom species’ biomass contribution as small (o85 pg
C cell�1), intermediate (85–488 pg C cell�1) and large
(4488 pg C cell�1). Biomass does not include a correction
for vacuole size in our diatom species. The calculation of
an integrated biomass for each CTD sample data was
determined by the multiplication of the MLD by the
biomass extrapolated for this depth. All standing stocks
per m2 described herein are trapezoidal depth-integrated
values for the water column between the surface and MLD.

3. Results and discussion

3.1. Net hauled material

During this study 58 species or groupings were
encountered by net hauls (Appendix 2 supplementary
material). At each of the 21 stations between 16 and 32
species were noted. We tabulate the 18 most common or
dominant diatoms in Table 3. The dominant diatom across
almost every station was the long needle-shaped and
colony-bundled Thalassiothrix antarctica, followed by the
ribbon-chained F. kerguelensis. Half way through the
experiment the mesh size had to change from 300 to
53 mm due to net damage and therefore small-sized diatoms
were under represented in net samples during the initial
sampling period. Results from net hauls therefore only
represent gross findings. This aside we identified large-sized
diatom contributions in certain transects or regions of the
Kerguelen Plateau, as follows:
(i)
 Species present at all stations: Fifteen species were
noted as ubiquitous across all stations. Their geo-
graphic distributions could be divided in three. Firstly,
species such as T. antarctica (dominant), Dactyliosolen

antarcticus (common), C. bulbosum complex (minor)
and Chaetoceros dichaeta (rare) were observed at all
stations with generally the same intensity. Secondly,
another group increased in presence off-plateau, such
as Asteromphalus hookerii, Pseudo-nitzschia spp. and
Thalassiosira tumida. The third group showed a
tendency for greater concentrations on the plateau.
These included Corethron inerme and Rhizosolenia

spp. (e.g. R. simplex, R. antennata f. semispina),
F. kerguelensis (most dominant along Transect B),
Nitzschia spp. (most common along Transect A),
Proboscia alata and P. inermis (Transect A and
Transect B dominant, respectively), Membraneis spp.
(greatest occurrence at station C3) and Rhizosolenia

chunii (a rare to minor contributor, most common at
Stations B7 and B9).
(ii)
 Species observed predominately, or only, at plateau

stations. Background species (rare to minor appear-
ances) such as Actinocyclus spp., Chaetoceros dicladia,
Dactyliosolen tenuijunctus and Odontella weissflogii

occurred on the plateau. Coscinodiscus spp. were more
common on the plateau in minor occurrences than off
the plateau, where they appeared rarely or were
absent. E. antarctica v. antarctica (as curling chains
in net hauled material) were a common constituent at
all stations but were observed rarely, or in minor
abundances, at stations off-plateau. The species
Guinardia cylindrus (common), Chaetoceros convolutus

(A5 and A7 rare) and Pseudo-nitzschia heimii occurred
principally in samples over Transect A, being rare to
absent at other stations. Rhizosolenia polydactyla f.
polydactyla was rare to absent in most stations but was
common at station C1 near Heard Island. Thalassio-

sira lentiginosa was largely absent from Transect A
stations and in greater appearance at Transect B and C
stations, being curiously dominant at station C1.
(iii)
 Species observed predominately, or only, at stations off-

plateau: Azpeitia tabularis, Nitzschia sicula v. rostrata

and Chaetoceros adelanium were present as rare
to minor background taxa at stations off the plateau.
The strongly silicified winter stage of Thalassiosira

oliverana (Fryxell, 1994, not to be confused with
the synonym T. maculata otherwise considered the
summer stage of T. oliverana), was present as a
common contributor in more off-plateau located
stations, whereas the large and thinly silicified Porosira

pseudodenticulata was only encountered at Station
C11.
3.2. Quantitative diatom survey

Our results focus on the relative abundance of all diatom
species encountered (biocoenose and thanatocoenose) and
the living biomass composition. The complete dataset can
be found in Appendix 3 (supplementary material). Overall
results are summarised in Fig. 3, and diatom biomass in
Figs. 4–6. The total diatom biomass ranged more than 10-
fold from an average of 7 mg CL�1 at Stations C5 and C1
to 99.4 mg CL�1 at Station A3 (12 February 2005, Table 4).

3.2.1. Station A3

At the start of our study, 475% of the cells encountered
were viable within the surface 100m (Fig. 3A), but an
increase in the number of senescent cells was observed on
the 4 February at both 10 and 60m depths. The species
contributing to this increase in non-living cells were
Thalassionema nitz. f. nitzschioides (2% rel. abund.),
F. kerguelensis (2%) and E. antarctica (typic cells, 8%).
The increase in non-living material at 100m on the last visit
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to A3 was due to a thanatocoenose composed of both
atypic and typic E. antarctica cells (6%) and Chaetoceros

resting spores (11%).
Focussing on the A3 living assemblage (Fig. 3B), the

largest concentration was observed in the surface waters at
the start of the survey (69� 104 cells L�1), which decreased
to around 21� 104 cells L�1 by the end. The small
Chaetoceros Hyalochaete group accounted for 74% of the
initial surface assemblage, with Thalassionema nitz. f.
nitzschioides and F. kerguelensis contributing approxi-
mately 3% and 2%, respectively (Table 5). This surface
dominance of Chaetoceros Hyalochaete spp. decreased at
50m depth to 52%, against the increase of E. antarctica

(typic), Navicula spp. and F. kerguelensis (Table 5). The
trade off in numbers between depths and major species at
the start of the survey (19 January) was observed in the
total biomass conversion (Figs. 3C and 4), whereby the
decrease in the small Chaetoceros Hyalochaete spp.
biomass was offset by the large and intermediate biomass
contributing cells of T. antarctica and E. antarctica (typic).
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Fig. 4. A3 major diatom biomass contributions. Carbon biomass contribution by species, depth and date at Station A3. The average cell carbon content

per species (incorporating changes in size across the whole survey period) is given above each plot. The 19 January mid-water sample was taken at 50m

depth and at 60m on other dates. Species notes: Eucampia ant. v. ant. (typic ¼ normal chains and vegetative cells; atypic ¼ abnormal cells) Pseudo-

nitzschia spp. (o5mm and 45mm transapical width delineation). Centrics (excluding observations of Asteromphalus spp.). Centric biomass values are a

summation of the following species (mean biomass per cell listed here): A. tabularis ¼ 4812pg C cell�1, T. gracilis 70 pg C cell�1, T. lentiginosa, 1246 pg

C cell�1, Thalassiosira spp. ¼ 904pg C cell�1 taken from C11 values, Other Centrics ¼ 746 pg C cell�1.
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Table 4

Total and integrated biomass results from CTD stations

Station Date Depth (m) Total biomass

(mg CL�1)

Mixed layer

depth (m)a
Integrated biomass over

MLD (mg Cm�2)b
Av. cell abundance

� 104 L�1 (10–p80m)c

A3-1 19/1/05 10 80.8 52.3 3935 53.9

A3-1 50 75.2

A3-3 24/1/05 10 60.3 50.8 2560 33.1

A3-3 60 47.8

A3-3 100 92.1

A3-4 4/2/05 10 57.5 78.5 5369 14.8

A3-4 60 56.8

A3-4 100 88.4

A3-5 12/2/05 10 99.4 83.9 5588 22.8

A3-5 60 70.5

A3-5 100 63.9

B5 2/2/05 10 45.6 83.6 4875 18.0

B5 30 54.6

B5 60 56.2

B5 100 59.8

C1 9/2/05 10 9.6 128.5 708 4.3

C1 50 7.5

C1 70 6.5

C1 134 5.5

C5 8/2/05 30 3.4 80 824 16.0

C5 50 10.7

C5 80 10.3

C5 150 5.0

C11-1 26/1/05 20 15.8 77.7 1554 45.0

C11-1 50 25.7

C11-1 80 19.3

C11-1 150 5.8

C11-2 28/1/05 10 15.1 78.3 1119 33.5

C11-2 50 18.9

C11-2 80

C11-2 150 2.5

C11-3 6/2/05 10 16.4 56 1137 25.1

C11-3 50 21.0

C11-3 80

C11-3 150 4.9

aMixed layer depth data (MLD) is sourced from the KEOPS shipboard data.
bIntegrated biomass values were calculated from the samples within the mixed layer.
cThe cell abundance in the surface waters for each station/visit is an average of values encountered at depths between 10 and 80m dependent on sample

availability.
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The second visit repeated the dominating cellular abun-
dance of Chaetoceros Hyalochaete spp., Navicula spp.,
T. nitz. f. nitzschioides and F. kerguelensis in the 10 and
60m layers. At 100m depth Chaetoceros Hyalochaete spp.
abundances decreased, but the taxa remained the most
abundant group, regardless of the large increases in
Chaetoceros resting spores and E. antarctica typic cells
(Table 5).

The number of cells per litre on the third visit
(4 February, Fig. 3B) was dramatically diminished in the
surface layers and represented a major change in the
diatom community; dominated by E. antarctica at 10 and
50m (av. 30% atypic and 17% typic cells, Table 5). At
100m depth the assemblage was dominated exclusively by
typic E. antarctica cells (45%) and Chaetoceros resting
spores (30%) (Table 5 and Fig. 4). At the end of the survey
(12 February) the cell concentrations varied little with
depth (between 20–25� 104 cells L�1). In contrast to the
third visit assemblage, the surface water abundances during
the final visit increased due to a build up of three large
cylindrical species (P. alata, G. cylindrus, and R. chunii), the
small Leptocylindrus danicus and the most abundant
species, atypic E. antarctica (Appendix 3). Chaetoceros

resting spores and normal E. antarctica cells again
dominated the 100m sample (Table 5).
The conversion of these cell abundances to biomass (via

volume), changes the structure of assemblage composition
and dominance. Thus, although the number of cells in the
waters at Station A3 decreased over time the contribution
to biomass in fact marginally increased dependent on depth
(Fig. 3B and C). In essence this was due to the replacement
of the small and numerous Chaetoceros Hyalochaete spp.
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Table 5

Major species abundances at Station A3a

Date Depth

(m)

haetoceros

Hyalochaete

spp.

Chaetoceros

resting spores

Eucampia

antarctica

(atypic)

Eucampia

antarctica

(typic)

Fragilariopsis

kergulensis

Guinardia

cylindrus

Navicula

spp.

Pseudo-nitzschia

spp. (o5 mm)

Thalassionema

nitz. f. nitz.

19-

Jan

10 57.3b (74c) 0.03 (0.04) 0.01 (0.01) 1.6 (2.1) 1.9 (2.4) 0.8 (1.1) 1.7 (2.2) 1.4 (1.9) 2.5 (3.2)

50 23.4 (51.8) – 0.7 (0.3) 3.2 (7.2) 2.1 (4.7) 0.8 (1.6) 2.6 (5.7) 1.4 (3.1) 1.7 (3.9)

24-

Jan

10 26 (63) 0.1 (0.2) 0.5 (0.1) 0.5 (1.2) 1.3 (3.2) 0.7 (1.7) 1.6 (4) 0.7 (1.7) 1.4 (3.4)

60 21 (58) 0.1 (0.3) 0.1 (0.3) 0.7 (1.9) 1.39 (3.9) 0.6 (1.8) 1.6 (4.5) 0.6 (1.5) 1.39 (3.9)

100 22 (33.7) 14.8 (22.9) 0.01 (0.02) 10.2 (15.8) 1.8 (2.8) 0.3 (0.5) 0.7 (1.0) 0.8 (1.3) 1 (1.6)

4-

Feb

10 0.3 (1.5) 0.6 (3.3) 5.8 (31.8) 3.1 (15.6) 0.2 (1.1) 1.4 (7.2) 0.4 (1.8) 0.05 (0.3) 0.7 (3.3)

60 0.1 (0.4) 0.7 (4.1) 5.1 (28.7) 3.2 (18.3) 0.6 (3.5) 0.8 (4.5) 0.5 (2.7) 0.05 (0.3) 0.9 (4.9)

100 0.1 (0.2) 11.8 (30) 1 (1.4) 17.5 (44.5) 0.3 (0.8) 0.3 (0.6) 0.3 (0.8) 0.07 (0.2) 0.5 (1.2)

12-

Feb

10 0.01 (0.04) 0.1 (0.2) 15 (54.8) 1.4 (5.2) 0.4 (1.6) 2.6 (9.4) 0.4 (1.6) 0.2 (0.8) 0.4 (1.4)

60 0.04 (0.2) 0.01 (0.04) 15.2 (59) 1.3 (5) 0.7 (2.8) 2.1 (8) 0.4 (1.5) 0.2 (0.6) 0.4 (1.6)

100 – 5.3 (20.6) 3.2 (12.3) 8.6 (33.1) 0.3 (1) 0.6 (2.1) 0.3 (1) 0.02 (0.1) 0.8 (2.9)

aThis data is a subset of Appendix 3.
bCell abundance � 104 cells per litre.
cBracketed value ¼ percentage contribution to the complete diatom assemblage encountered (living and dead cells inclusive).

L.K. Armand et al. / Deep-Sea Research II 55 (2008) 653–676 663
(from a surface average of 36.6–0.1 mg CL�1) with a larger
sized E. antarctica assemblage (from a surface av. of
17.6–87.1 mg CL�1) between the first two and last two
visits. We noted above that there was an abrupt shift in
species composition during the first visit from a diatom
community dominated by Chaetoceros Hyalochaete spp. at
10m to one dominated by E. antarctica (typic) at 60m
depth. In terms of biomass, this shift was marked by
increased biomass contributions of E. antarctica and
T. antarctica (Fig. 4). At the second visit (Fig. 3C), the
large increase in biomass at 100m was attributable to the
following species: E. antarctica (typic, 46.8 mg CL�1),
T. antarctica (14.5 mg CL�1), Chaetoceros Hyalochaete

spp. (11.3 mg CL�1), Chaetoceros resting spores (4.7 mg
CL�1), Membraneis spp. (3.9 mg CL�1), F. kerguelensis

(2.9 mg CL�1) and C. inerme (2.6 mg CL�1) (Fig. 4). Some
of these species occurred in low cell numbers in the
samples; however, due to their large size, they contributed
substantially to the biomass total. The surface sample
biomass total (10–60m) was dominated in both cases by
three large-sized diatom species (T. antarctica, Membraneis

spp. and Corethron inerme), followed by small-sized but
numerous Chaetoceros Hyalochaete spp. Membraneis spp.
were also undergoing division during the first two sampling
dates, enhancing their population size and thus biomass.
At the third visit (4 February) the diatom assemblage
composition changed radically from the previous samples.
We observed large biomass decreases in the small
Chaetoceros Hyalochaete spp., Membraneis spp., F. ker-

guelensis, Navicula spp., both Pseudo-nitzschia spp., Tha-

lassionema nitz. f. nitzschioides and various pennate spp.
(Fig. 4). However, this decrease was compensated by a
concomitant increase in large cylindrical diatoms (e.g.
Corethron inerme, G. cylindrus and P. alata) and the
sustained dominance of typic E. antarctica cells (no longer
in coiling chains) and Chaetoceros resting spores at 100m
depth explaining the rather stable total biomass between
visits 2 and 3 (Fig. 3C).
At the last visit (12 February) the peak in surface

biomass at 10m (Fig. 3C) was mainly due to atypic
E. antarctica (52.6 mg CL�1), G. cylindrus (12.0 mg CL�1),
C. inerme (9.6 mg CL�1), typic E. antarctica (8.4 mg CL�1),
P. alata (8.3 mg CL�1), R. chunii (3.0 mg CL�1) and
L. danicus (2.2 mg CL�1) (Fig. 4). The drop in biomass at
100m depth from the 4 to 12 February was the result of
decreases in Chaetoceros resting spores and E. antarctica

(typic), but included an offset by G. cylindrus and
T. lentiginosa cells (Appendix 3, the latter species are
shown in Fig. 4 as an increase in the plot ‘‘Centrics’’ at
100m).
The average cell biomass contribution averaged over

depth and date for each species is given above each species
plot in Fig. 4 (a complete list of individual biomass values
per species and date are found in Appendix 4—Supple-
mentary Material). Of the major total biomass contribu-
tors at station A3, six are considered small biomass
contributors, nine as intermediate and eight as large. The
largest total biomass contributor at A3 was the inter-
mediate-sized E. antarctica (all types).
In general, the average size of more than half of the

species observed (e.g., Chaetoceros Hyalochaete spp.,
E. antarctica typic, F. kerguelensis, G. cylindrus, P. alata,
Odontella weissflogii, Haslea trompii, Pseudo-nitzschia and
Membraneis spp.) taken over all the depths for any one
date were larger when sampled at the first visit (19 January)
(Appendix 4—Supplementary Material). Species such as
Membraneis (average volume at 10m: 101,992 mm3, at
50m: 200,877 mm3) and E. antarctica (typic) (average
volume at 10m: 8860 mm3, at 50m 13,3326 mm3) were
larger at 50m depth than in the surface sample.



ARTICLE IN PRESS
L.K. Armand et al. / Deep-Sea Research II 55 (2008) 653–676664
3.2.2. Station C11

Station C11, located off-plateau in the HNLC region,
revealed a larger percentage of dead and empty cells
ranging between 17.6% and 49% over the upper 150m
(Fig. 3D). The thanatocoenose assemblage accounted for
nearly 50% of the total diatom assemblage at the last two
station visits. The first visit (26 January) revealed an
elevated thanatocoenose abundance in the surface waters
above 150m. The major contributors at 10m, where 40%
of the assemblage was dead, were the minute pennate
Fragilariopsis pseudonana (30%) and F. kerguelensis (4%).
At the second visit (28 January) the thanatocoenose of the
surface waters comprised 20% of the total diatom
assemblage and increased to 49% at 150m depth. This
large contribution was reflected by a 24% relative
abundance of F. kerguelensis (against a 7% biocoenose
contribution), a 5% contribution from the Fragilariopsis

separanda/rhombica group and an 8% contribution from
F. pseudonana. At the last visit (6 February), surface
contributions of non-living material diminished to �18%,
but remained elevated at 150m depth with 46% of the total
diatom assemblage allocated as dead cells. Again
F. kerguelensis, F. pseudonana and F. separanda/rhombica

played major roles in this thanatocoenose with 19%, 9%
and 3%, respective contributions. Pseudo-nitzschia spp.
(o5 mm) and ‘‘Other Centrics’’ also contributed 3%
equally to this total thanatocoenose percentage.

The total abundance of the living assemblage generally
remained between 10� 104 and 40� 104 cells L�1 in surface
waters (10–80m) (Fig. 3E). The exception being at 50m,
during the first visit, where 78� 104 cells L�1 were encoun-
tered. In this instance 56% were contributed by
F. pseudonana (Table 6). At 80m depth F. pseudonana

continued to contribute around half of the observed
cellular count in the living fraction (Table 6). In both
cases this species far outweighed any other species in terms
of abundance by a factor of at least 11–13 times to the next
Table 6

Major species abundances at Station C11a

Date Depth

(m)

Cylindrotheca

closterium

Fragilariopsis

kergulensis

Fragilariopsis

pseudonana

Fr

rho

26-

Jan

20 1b (4c) 5.7 (23) 3.7 (15) 0

50 2.4 (2) 5.1 (4) 67.3 (56) 0

80 1.4 (2) 3.8 (6) 34.6 (53) 0

150 1.1 (13) 1.7 (20) 1.7 (20) 0

28-

Jan

10 2.2 (5) 3.4 (8) 22.9 (54) 0

50 2.4 (5) 3.8 (8) 24.8 (54) 1

150 0.4 (4.1) 0.6 (6.6) 1.9 (21.9) 0

5-

Feb

10 1.0 (4) 1.2 (5) 15.4 (63) 0

50 1.8 (4.7) 2.8 (7.4) 23.4 (63) 0

150 0.9 (11) 0.6 (7.2) 2.1 (26) 0.0

aThis data is a subset of Appendix 3.
bCell abundance in � 104 cells per litre.
cBracketed value ¼ percentage contribution to the complete diatom assemb
abundant species F. kerguelensis. Cylindrotheca closterium

was generally the third most abundant species but was
poorly represented at 2–6% of the total assemblage over
10–80m depth. The 150-m depth samples clearly indicated
a drastic reduction in living cell contributions (Table 6 and
Fig. 3E). All species were still present as live cells at this
depth, albeit at low abundances. Fragilariopsis kerguelen-

sis, F. pseudonana and C. closterium represented the ‘‘most
abundant’’ taxa at this depth.
Biomass contributions at C11 as a total and by species

are presented in Figs. 3F and 5, respectively. The average
cell biomass contribution averaged over depth and date for
each species is given above each plot in Fig. 5 (Appendix 4).
Of the total biomass contributors at C11, seven were
considered small biomass contributors, six as intermediate
and ten as large. Similar to station A3 the numerically
dominant taxa did not control the carbon budget. Total
biomass over the survey period at C11 remained relatively
constant with respect to depth, varying between 15 and
25 mg CL�1 at and above 80m depth and between 2 and
5 mg CL�1 at 150m (Fig. 3F). The largest biomass
contributors in decreasing order were F. kerguelensis

(intermediate biomass species), T. lentiginosa (large),
T. antarctica (large), F. pseudonana (small) and F. separanda/

rhombica (intermediate) (Fig. 5). The biomass contribution
of F. kerguelensis declined over the course of the survey at all
depths (i.e. F. kerguelensis’ total biomass decreased from
21.8mg CL�1 on 26 January to 6.97mg CL�1 on 6 February,
Fig. 5). Its biomass was principally replaced by the increased
contributions from T. lentiginosa and T. antarctica, both
large biomass contributing species. By the last visit to C11,
centrics were the greatest biomass contributors at all depths
(10–50m ¼ 8–10mg CL�1, 150m ¼ 3mg CL�1). At 150m
the living diatom community was low in numbers and the
biomass rather equally distributed over all species. With the
exception of four species (F. kerguelensis, T. lentiginosa,
‘‘Other Centrics’’ combined and T. antarctica, Fig. 5), the
agilariopsis separanda /

mbica

Pseudo-nitzschia spp.

(o5 mm)

Other

Centrics

Other

Pennates

.4 (1.7) 0.3 (1.3) 0.4 (1.8) 1.4 (6)

.2 (0.1) 0.2 (0.1) 0.7 (0.6) 0.8 (0.7)

.6 (0.9) 0.7 (1) 0.8 (1) 0.7 (1)

.1 (1.6) 0.5 (6) 0.2 (2) 0.1 (1.2)

.9 (2) 0.5 (1.3) 0.7 (1.5) 0.9 (2)

.6 (3) 0.5 (1) 0.8 (1.7) 0.5 (1.1)

.3 (3.3) 0.5 (5.1) 0.1 (1.3) 0.01 (0.1)

.4 (1.7) 0.3 (1.1) 0.5 (2) 0.5 (1.9)

.9 (2.5) 0.2 (0.6) 0.5 (1.3) 0.6 (1.5)

2 (0.3) 0.2 (2.5) 0.1 (1.5) 0.1 (1.5)

lage encountered (living and dead cells inclusive).
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Fig. 5. C11 major diatom biomass contributions. Carbon biomass contribution by species, depth and date at Station C11. The average cell carbon content

per species (incorporating changes in size across the whole survey period) is given above each plot. Notes: The 26 January surface sample was taken at 20m

depth and at 10m on other dates. Pseudo-nitzschia spp. (o5mm and 45mm transapical width delineation). Centrics (excluding observations of
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centrics ¼ 259pg C cell�1.
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remaining diverse assemblage contributed no more than 1mg
CL�1 per species. The exceptions contributed at different
times biomass up to �3mg CL�1.

In terms of community structure we did not observe the
abrupt change from one community to another over the
late January/early February period at C11 in contrast to
Station A3. Nonetheless, there was evidence for a small
shift in the community to larger biomass species as
mentioned above. In parallel, the size of F. kerguelensis

was larger at the first visit than at the last (26 January:
average apical axis 41 mm–180 mg CL�1; 6 February:
35.3 mm–158 mg CL�1), whereas for Thalassiosira lentigi-

nosa, size increased over time (26 January: average
diameter 41.5 mm–1347 mg CL�1; 6 February: 72.8 mm–
4864 mg CL�1). Other species, such as Pseudo-nitzschia

spp. (45 mm), Thalassionema nitz. f. nitzschioides,
G. cylindrus and Membraneis spp., were absent or reduced
in presence at the last survey visit to C11 (Fig. 5).

3.2.3. Station B5

The three remaining stations were sampled during early
February on single occasions during the KEOPS mission.
Station B5 revealed the lowest contribution of non-living
cells of the KEOPS study (average 10.3%, Appendix 3,
Fig. 3G). The greatest number of dead species was
observed at 60m depth, where the contribution of Pseudo-

nitzschia spp. (5%), F. kerguelensis (2.1%), Navicula spp.
(1.1%) and C. inerme (1%) dominated the thanatocoenose.
Living cell contributions of this diverse community
increased with depth, varying between 15� 104 cells L�1

at 10m and 23� 104 cells L�1 at 100m (Fig. 3H, Appendix
3). As a function of species composition the major
contributors over all depths studied were: Chaetoceros

Hyalochaete spp. averaging 34–53% relative abundance
(6.9–11.5� 104 cells L�1), F. kerguelensis 7–13% (1.5–2.7�
104 cells L�1), C. bulbosum complex 7–10% (1–1.6�
104 cells L�1), E. antarctica typic cells 6–9% (1.0–2.3�
104 cells L�1) and Pseudo-nitzschia spp. (45 mm) with
5–8% (0.7–2� 104 cells L�1). Chaetoceros Hyalochaete

spp. clearly increased in abundance at 60 and 100m
compared to surface observations.

Station B5 Biomass total was large, coming second to
Station A3. In contrast to A3, biomass contributions at
Station B5 increased with depth but ranged closely from
45.6 to 59.8 mg CL�1 over 90m (Fig. 3I). The major
contributor of biomass was the large-sized C. inerme

community (Fig. 6, Appendix 4). This species played a
minor role in cell abundance (o1%) but accounted for
22–31% of the carbon biomass, due to its average 7983 pg
C cell�1 contribution, the largest observed by any diatom
species in the entire KEOPS study. Other species con-
tributing to the high biomass totals included the E.

antarctica typic (intermediate biomass species contributor,
average 12% total biomass contribution over depth),
Membraneis spp. (large, average 14%), T. antarctica (large,
average 9%), Chaetoceros Hyalochaete spp. (small, average
8%), F. kerguelensis (intermediate, average 6%) and
P. alata (large, average 4%). Station B5 was represented
in general by six small, ten intermediate and ten large
diatom biomass contributing species. The major species
departure at Station B5 from all other stations was the
presence and diversity in the C. bulbosum complex. We
recognised three types: the typical Chaetoceros atlanticus

Cleve, the small and rectangular C. atlanticus var.
neapolitana (Schroder) Hustedt, and the single, inflated
setae (horned) cell, identified in the literature as the
bulbosum phase. These variations were observed at 2.8,
2.5 and 0.04� 104 cells L�1 and contributed 7.3, 2.2 and
0.1 mg CL�1, respectively, depth integrated.

3.2.4. Station C1

Station C1 in the vicinity of Heard Island (Fig. 1)
contained a large thanatocoenose in the surface waters
representing by 35–42% of the total, decreasing to 27% at
134m (Fig. 3G, Appendix 3). Species contributing to this
assemblage included F. kerguelensis (13%), E. antarctica

typic (2%), Thalassionema nitz. f. nitzschioides (8%) and
other Pennates (3%). Cell abundance presented in Fig. 3H,
was the lowest encountered ranging from 2 to
6.9� 104 cells L�1. The living assemblages at 10 and 50m
were similar, both dominated by Thalassionema nitz. f.
nitzschioides (32–38%, 1.6–2.2� 104 cells L�1), very short
chains of F. kerguelensis (19%, 0.8–1.3� 104 cells L�1),
Chaetoceros resting spores (8–11%, 0.3–0.8� 104 cells L�1)
and F. pseudonana (7–16%, 4.5–6.6� 104 cells L�1). At
70m, there was a loss of F. pseudonana and F. sep./
rhombica cells. Dominant species remained in order of
greatest impact, Thalassionema nitz. f. nitzschioides,
F. kerguelensis, and Chaetoceros resting spores, but the
abundance of E. antarctica typic cells increased to 10%,
placing it as the 4 important species. At 134m depth
Chaetoceros resting spores increased to 55%
(2.9� 104 cells L�1), with the other remaining abundant
species following in order as at 70m, albeit at lower
abundances.
Biomass was low at Station C1 ranging between 5.5

and 9.6 mg CL�1, with dominant contributions from
F. kerguelensis (20% total contribution of biomass) and
E. antarctica (18%) in the surface waters (10–50m), but at
depth no single species dominated (Fig. 6). Station C1
represented a poor community with respect to the diversity
and abundance observed at the other stations. Never-
theless, one benthic species was unique to this station
alone: Psammodictyon panduriforme (synonym Nitzschia

panduriformis, Round et al., 1990). It was observed at less
than 1% at all depths sampled and supplied 3–4% of the
total biomass. No other benthic species were observed.

3.2.5. Station C5

Station C5 located in the northeastward trending
bathymetric channel over the plateau was sampled on the
6 February. The diatom assemblage was represented by a
low proportion of dead cells in the surface waters
(12–15%), which increased to 33% at 150m (Fig. 3G).
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The thanatocoenose was dominated by pennates, most
notably F. pseudonana (average 7%), F. kerguelensis

(average 4%) and F. rhombica/separanda (average 0.8%).
At 150m F. kerguelensis dominated the thanatocoenose
outright at 19% (Appendix 3). The living assemblage in
terms of cells per litre (Fig. 3H) revealed a large increase at
50m in comparison to the 30m ‘‘surface’’ sample
(8.2–26.1� 104 cells L�1). This peak was due almost en-
tirely to increases in F. pseudonana (6.78–21.58�
104 cells L�1) and F. kerguelensis (0.76–3.21� 104 cellsL�1),
although centric species played an important role in the
abundances at this depth. The subsequent decrease in
cell numbers at 80m corresponded to the drop in
F. pseudonana abundance to 9.5� 104 cells L�1. Fragilar-

iopsis kerguelensis abundance remained similar to the
abundance at 50m. The sole appearance of R. chunii and
the highest abundance of Haslea trompii, a large pennate,
occurred at this depth and location.

The living assemblage at 150m was very poor and low in
abundance (35� 103 cells L�1). Fragilariopsis kerguelensis

replaced F. pseudonana as the dominant species, the latter,
which in turn was almost absent at this depth in contrast to
previous depths (5.2� 103 cells L�1). Chaetoceros resting
spores (7.9� 103 cells L�1), Pseudo-nitzschia spp. (o5 mm)
(1.4� 103 cells L�1) both increased in dominance at 150m
even though their numbers were low.

Station C5, like Station C1, had low biomass contribu-
tions ranging from 3.4 to 10.7 mg CL�1 (Fig. 3I, Appendix
4). ‘‘Surface’’ values of 3.39 mg CL�1, were mainly
composed of F. kerguelensis (1.35 mg CL�1), a combination
of all other centrics (0.63 mg CL�1) and F. pseudonana

(0.4 mg CL�1) (Fig. 6). Regardless of the large abundance
of F. pseudonana at 50m depth (total biomass equal at 50
and 80m), F. kerguelensis continued to be the major
dominant supplier of carbon (5.7 and 5.5 mg CL�1,
respectively, 450% of the total biomass), with all the
centrics combined coming second (2.04 and 1.9 mg CL�1,
respectively). At 150m the total biomass of all species
decreased to 5.4 mg CL�1. The only change to the
individual species biomass contributions were a loss of
F. pseudonana and a minor increase in Chaetoceros resting
spores. Fragilariopsis kerguelensis remained the major
biomass contributor.

Finally, Station C5 although similar in biomass con-
tribution to Station C1, did not show the same fragmented
assemblage. The species assemblage was in fact much closer
to that observed at Station C11 off-plateau, although the
size of certain species, such as F. pseudonana and R. chunii

remained small compared to observations of the same
species at C11 (Appendix 4).

4. Community assessment

4.1. Net and CTD variations

Comparison between the net hauled material and CTD
analysis revealed a loss of information in the CTD samples,
as previously noted by Kopczyńska et al. (1986). In general
though, changes in the species community agreed between
the net hauls and CTD assessment. This was most clearly
seen with the change in community composition at Station
A3 with the loss of T. antarctica as the dominant
constituent being replaced by P. alata and C. inerme in
later net hauls. A similar trend also was observed under the
CTD sampling at A3. The role of D. antarcticus proved
troublesome, it was abundant in net hauls but was often
difficult to find complete in CTD samples. In contrast, the
surface assemblage defined by net hauls at C1 near Heard
Island was dominated by either large centrics (Thalassiosira

lentiginosa, T. tumida and Asteromphalus hookerii) or large
cylinder shaped taxa (Rhizosolenia spp. D. antarcticus and
Corethron inerme) none of which made any large impact on
the abundance or biomass reported from the CTD sample.
In general, the larger taxa dominant in the net hauls was

not captured by the CTD sampling. Settling within Niskin
bottles and small sub-sample size from the Niskins may
have resulted in the discrepancies observed between the
two sampling protocols. The net technology also has
limitations of course, including varying depth control,
changes in mesh size and variable clogging due to large or
needle-shaped species abundance in certain regions. This
continuing methodological discrepancy between net and
CTD analyses represents a limitation to diatom biomass
estimates undertaken by the latter method; a point that
Kemp et al. (2006) highlighted as a future challenge in
sampling larger diatoms and their true contribution to the
Si and C cycles. A solution may be to use in-situ pump
filtering or phytoplankton-adapted rectangular mid-water
trawls (RMTs). The remainder of our discussion focuses on
the CTD results.

4.2. Geographic patterns

On the plateau, stations A3 and B5 were the most similar
in terms of the species and high biomass encountered.
These stations representative of bloom conditions had
elevated abundances of Chaetoceros Hyalochaete spp.,
E. antarctica var. antarctica, F. kerguelensis and, with
increasing depth, Chaetoceros resting spores. Stations C1
and C5, also on the plateau but southerly located, had
reasonably different assemblages; station C1 in particular
with its benthic species and bias for centrics, and C5
with its assemblage resembling the off-plateau HNLC
station C11 assemblage. A common feature of these
last two stations was the presence of F. pseudonana and
F. kerguelensis as dominating species. Viewed by total
biomass, the stations are divided into two distinct groups
of high (Stations A3 and B5) and low (Stations C1, 5 and
11) biomass levels (Fig. 7), indicating that the plateau is not
highly productive in all locations since Stations C1 and C5
were the least productive observed during our study. The
temporal shift in biomass at Station A3 is discussed in
Section 5. Geographical differences were in tune with
the observations from the sea-floor diatom assemblage
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Fig. 7. Carbon biomass at KEOPS stations: (A) total carbon biomass by depth at all stations. Key indicates the relevant station visits. Stations are divided

into low and high biomass groupings. (B) Mixed-layer depth-integrated diatom biomass over time. Depth of the mixed layer (m) at each site is identified on

the plot. Key indicates the station and visit.
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(Armand et al., 2008), where Thalassionema nitz. f.
nitzschioides, Chaetoceros resting spores, F. kerguelensis

and elevated E. antarctica abundances dominated over the
plateau region, while typical open-ocean species, like
F. kerguelensis, T. lentiginosa and T. antarctica, were found
in the surface sediments below station C11.

4.3. Vertical distribution of biomass

The vertical profiles of diatom biomass at each CTD
station are shown in Fig. 7A. Two of the three low biomass
stations, C5 and C11, revealed a slight elevation in biomass
around 50m depth from the surface values, which reduced
towards or after 80m and diminished to values o6 mg
CL�1 by 150m depth. In comparison, the KERFIX
surface diatom biomass values during the summer max-
imum were considered poor, reaching 8.9 mg CL�1

(Kopczyńska et al., 1998). This value was closest to our
poorest station surface estimates at C1 and C5, and
essentially half the estimate obtained at Station C11
(Table 4). Direct comparison between our diatom-derived
biomass estimates at Station C11 and those of various
diatom proxy indicators, fucoxanthin, total Chl a and
biogenic silica (Fig. 8), clearly reveal strong relationships,
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Fig. 8. Mean vertical profiles of biological parameters at A3 and C11.

Mean values of biomass, fucoxathnin, total chlorophyll a (TChl a) and

Biogenic silica (BSi) for stations A3 (start ¼ first two visits and end ¼ last

two visits) and C11. Fucoxanthin and TChl a from Utiz et al. (submitted),

BSi from Mosseri et al. (2008).
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most closely with biogenic silica concentrations, and verify
the proxy analyses as indirect indicators of the diatom
contribution in the water column. We can use the proxies
thus, to suggest that the major diatom biomass at C11 was
located at a water depth between 80 and 100m.

Station B5 and repeat station A3 both had large biomass
contributions from 45.6 to 99.4 mg CL�1 (Fig. 7A). These
values were greater than those reported around another
Antarctic Island, Elephant Island (21–40 mg CL�1, Villa-
fane et al., 1993), or along the Polar Front in the South
Atlantic (10–40 mgCL�1, Smetacek et al., 2002). Unfortu-
nately our sampling did not enable diatom biomass
estimation deeper than 100m, where we presume a
decrease in biomass would have been encountered follow-
ing the Chl a max below 125m and as otherwise noted
from data retrieved from HPLC analyses (Uitz et al.,
submitted, Fig. 8). Our biomass estimates at B5 increased
steadily with depth climaxing at 100m. A similar peak at
100m was observed in two of the four repeat visits to A3,
although estimates clearly decreased between the surface
and the 100m-depth peak (A3-3, A3-4). The last station
visit to A3 revealed maximal abundances at the surface
alone. This was a result of the 450% biomass input from
atypic E. antarctica cells along with additional contribu-
tions from large cylindrical forms (Proboscia, Corethron,
Guinardia) to the surface standing stock. Curiously, the 1%
PAR level was found between 40 and 46m at the B5 and
A3 stations, which was well short of the maximum diatom
biomass peak at 100m. Evidence from the series of
fucoxanthin, total Chl a and BSi analyses (Fig. 8) indicate
the true diatom biomass maximum was most likely found
between 80 and 130m depth in the first half of the survey
and only at 130m depth during the last half of the sampling
survey. The MLD for these stations was variable, being
shallow (�51m) in January and deeper (78–84m) in
February. Similarly, a bacterial biomass accumulation
peak was also observed between 50 and 120m, particularly
on the third visit to Station A3 (Christaki et al., 2008).
The question is raised as to why various groups

accumulated below the photic zone, especially when earlier
studies in proximity to our study region suggest that
biomass accumulation and large diatoms were related to
prolonged surface water stability (Fiala et al., 1998) and
that wind-induced vertical mixing provided uniform dis-
tribution of cells in the photic zone (Kopczyńska et al.,
1986). Our assessment of living and non-viable cells at
100m at our stations clearly indicate that the living
community accounted for 478% of the total number of
cells encountered (Fig. 3, A3 and B5). Although the
pycnocline could be observed down to �200m (data not
shown, Park et al., 2008b) an associated broad nutricline of
both dissolved iron and silicic acid concentrations occurred
within 125 and 150m over the plateau (Blain et al., 2008;
Mosseri et al., 2008) and could be an additional factor in
the presence of elevated viable diatoms at depth. The fact
that the dominant diatoms at Station A3 were notably
more silicified and present as resting stages (e.g., single or
doublet E. antarctica typic cells and Chaetoceros resting
spores) in comparison to the surface assemblage raises the
possibility of a dormant assemblage waiting for ‘‘improved
environmental conditions’’ (Kemp et al., 2000).
Finally, we found that both size and abundance clearly

do matter inequitably across species when determining
biomass estimates. Small species only accounted for a



ARTICLE IN PRESS
L.K. Armand et al. / Deep-Sea Research II 55 (2008) 653–676 671
significant proportion of the standing stock when present
in very high numbers, as illustrated in the following
examples: At Station A3 more than 50% of the cellular
count was required by Chaetoceros Hyalochaete spp. to
achieve 20% of the biomass total. At C11 the same was
true for Fragilariopsis pseudonana, with cellular abun-
dances 450% required to account for 413% of the
standing stock. Thus, in the case where community
abundances were used in earlier studies to imply the
contribution of diatom or phytoplankton biomass standing
stocks from an alternatively derived biomass estimate (e.g.,
Chl a determined) caution is in order, since the inference is
not supported by this study. Our results indicate that many
rare or moderately abundant species were generally those
that underpinned the biomass totals.

4.4. Integrated biomass

Integrated biomass estimates (Table 4) over the MLD
are presented against time in Fig. 7B. The stations with
highest integrated biomass increased their standing stock
when the MLD deepened. The same is true over time at
Station C11 where the highest integrated biomass was
observed at the start of the survey prior to the MLD
shallowing. In contrast to this trend, integrated biomass
was very low with elevated MLD’s at stations C1 and C5.
The former, related specifically to its unique shallow
environment and the latter potentially due to the disruptive
influx of currents into the Heard–MacDonald Shoal via the
northwestward trending Heard/MacDonald Islands
Trough (Park et al., 2008b; van Beek et al., 2008).

Interestingly, the total standing stock over 80m at
EisenEx increased from 790 to 3508mg Cm�2 inside the
fertilised patch during their initiated bloom experiment
(Assmy et al., 2007). Their values fell below our lowest
estimates in the bloom Stations A3 and B5 (Table 4),
nevertheless they remained larger than estimates produced
for other stations on the plateau in a non-bloom state. The
EisenEx integrated estimates outside the patch reached a
maximum of 1150mg Cm�2 during their survey period.
This value sits extremely well within our evolving estimates
of integrated biomass over the same depths at Station C11
(Table 4), however, our biomass extremes in this off-
plateau HNLC region were not influenced as seriously by
cylindrical-shaped species as was observed outside the
patch during EisenEx.

5. Temporal changes in community composition at station

A3

Our results indicate that a substantial change in the
diatom community structure occurred at Station A3, where
small and numerous Chaetoceros Hyalochaete spp. were
replaced after the second visit (24 January) by Eucampia

ant. v. antarctica. Mosseri et al. (2008) suggested from the
examination of silicic acid uptake kinetics that the change
from a Chaetoceros to an Eucampia dominated community
could be related to species affinities for silicic acid, which
were higher for E. antarctica. This implies Eucampia has an
enhanced ability to grow in low Si(OH)4 waters.
Temporal changes also occurred in other components of

the ecosystem aside from the change in diatom community
structure at station A3. Christaki et al. (2008) observed the
highest bacterial abundances over Station A3, with
biomass substantially decreased between the first two and
last two repeat visits. Bacterial biomass and production
were found to be significantly correlated with phytoplank-
ton biomass derived from integrated Chl a measurements
(Christaki et al., 2008). Copepod abundances, subject to
artefacts inherent in diel vertical migration, did not
respond in the same manner before and after 30 January
at Station A3, in fact abundances remained the same with a
very minor decrease on 12 February (Carlotti et al., 2008).
However, copepod gut pigment contents were noted to
have changed from high to low phytoplankton consump-
tion between the first two and last two visits. Finally, a
distinct shift in the net community production from a
previously dominant autotrophic to heterotrophic plank-
ton metabolism was observed between the last two
sampling events (Lefèvre et al., 2008).
The physical environment over A3 was subject to

continuous tidal influenced semi-diurnal internal waves
with subsequent vertical change in the MLD and enhanced
vertical mixing (Park et al., 2008a). The injection of
subsurface winter water, positioned at �200m depth and
elevated in dissolved iron and silicic acid (Blain et al., 2008;
Mosseri et al., 2008), via this vertical transport mechanism
would serve as an intermittent and continuous nutrient
inoculum in the otherwise deplete surface waters. A large
storm event occurred on 3 January when winds were on
average 3177 knots for 2.5 days. A deepening of the mixed
layer due to the increased winds in conjunction with the
effects of the internal waves makes it impossible for us to
attribute a mechanism of physical change that may have
lead to the transformation of the autotrophic assemblage
between 24 January and 4 February.
Chemical analysis of the water column indicated

silicic acid concentrations remained continuously low
(�2 mmolL�1) in contrast to the high nitrate concentra-
tions in the surface waters (Mosseri et al., 2008). This
chemical environment presents an interesting insight into
either the formation and/or seeding of Chaetoceros resting
spores as a bloom response species. We only observed
Chaetoceros resting spores at depth in large numbers, and
although the relative abundance of viable Chaetoceros

resting spores remained in the 20% range, their abundance
did increase slightly to 30% at 100m-depth after the storm
event (Appendix 3); a value equivalent to that observed
maximally in experimental resting spore trigger studies
(Kuwata and Takahashi, 1990).
The formation of Chaetoceros resting spores has been

reported as an early response survival tactic to nutrient
stress, typically related to nitrogen deficiency (Hargraves
and French, 1983) and increasing the sinking rate 5 times
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greater than in the vegetative form (Bienfang, 1981).
Nitrogen was not limiting and unlikely as the spore trigger
at KEOPS sites. Silicic acid and iron concentrations,
however, in the surface waters were consistently low and
may have been sufficient, with storm-induced mixing, to
trigger an additional or final spore formation event.
Another small Chaetoceros Hyalochaete species (C. brevis)
had been shown to grow regardless of low iron conditions
both during the KEOPS study and earlier experiments
(Timmermans et al., 2001, 2008), deeming silicic acid
availability as a control on population growth.

Our populations of Chaetoceros vegetative cells were
unhealthy and no longer in chain formation by the end of
the survey, as observed in experimental studies of resting
spore formation affected by silica limitation (Kuwata and
Takahashi, 1990). These authors concluded that the
presence of both resting spores and unhealthy vegetative
cells provided two mechanisms of survival in regions of
pulsed nutrient supply; unhealthy vegetative cells respond
immediately to short-term nutrient supply and resting
spores to longer-term nutrient availability. Garrison (1984)
raised the idea that resting spores provided a short-term
survival strategy where mixing events periodically interrupt
stratification and thus repeated blooms could continue
through a seasonal cycle through rapid resuspension. This
hypothesis is a likely scenario for our Station A3
observations, and supports the observations (Pitcher,
1986; Ferrario et al., 1998) and hypothesis (Smetacek,
1985) of a ‘‘seeding’’ population below the pycnocline. Our
observations suggest the supply of increased nutrient
concentrations from below, particularly silicic acid, as a
trigger for Chaetoceros Hyalochaete species germination
with concurrent spore resuspension. Our observations lend
support to the idea of nutrient-stress-induced changes in
the diatom community in response to presumably regular
punctuated physico-chemical variation over the plateau
and the influence of a wind-forced MLD.

The subsequent E. antarctica bloom development at
Station A3, gave rise to an atypical E. antarctica

community in the surface waters and a typic form at
100m (Fig. 2). Eucampia antarctica had not been identified
as a major bloom forming species and, within the
Kerguelen region, was generally reported as sporadic or
in low numbers (Jacques et al., 1979; Fiala et al., 1998;
Kopczyńska et al., 1998). Elsewhere in the Southern
Ocean, at South Georgia Island, the species has been
reported as a dominant constituent (Froneman et al., 1997;
Ward et al., 2006). In the latter of the two studies at South
Georgia E. antarctica and Corethron (as C. criophilum)
were observed as widely co-occurring species and pre-
sumably stimulated by the influx of warmer Subantarctic
surface waters (Froneman et al., 1997). The A3 surface
water community was also composed of large cylindrical
form species with small surface to volume ratios (Cornet-
Barthaux et al., 2007) presumably making them ill-adapted
for nutrient uptake in the Si(OH)4-depleted waters.
Smetacek (1985) speculates that large, un-ornamented
diatoms with a potentially large vacuole size, improve
their positive buoyancy and ability for vertical migration
between the nutricline and photic zone. This may be the
scenario for the post-storm diatom surface assemblage we
see after the depression of the MLD. In effect, the diatoms
in the photic zone are all lightly silicified and preferentially
smooth walled forms, including the atypic E. antarctica

cells (Fig. 2). In the case of E. antarctica, the heavily
silicified and intricate frustule design appears to have been
minimised in aid of improved buoyancy and potentially
reduced surface to volume ratio for nutrient uptake.
6. Comparison to previous studies

6.1. Cell densities and biomass

Cell abundances from earlier studies in the southwest
Indian sector of the Southern Ocean vary dependent on
methodology, integration depth or season. Average cell
densities from our stations are listed in Table 4, and range
from 4.3� 104 cells L�1 at Station C1 to 53.9� 104 cells L�1

at Station A3-1. Our lowest values are closest to the highest
surface values (2.3–4.9� 104 cells L�1) reported by Blain
et al. (2001) in their off-plateau, high iron and stable light-
mixing environment. This difference is large in contrast to
our bloom samples and we assume that a higher cell density
may have been observed with deeper photic zone sampling
in their Zone 3. At the fixed station KERFIX, west of
Kerguelen Plateau, summer cell densities ranged from 2.3
to 17.5� 104 cells L�1 (Fiala et al., 1998; Kopczyńska et al.,
1998); again these values remained lower than the summer
values we observed over our HNLC station C11, where our
values were 1.2–2.6 times greater, yet are similar to the
values observed at Station C5 at the south-eastern border
of the Kerguelen Plateau (Table 4).
High depth-integrated cell densities have nevertheless

been reported from the Polar Front in the southwest Indian
Ocean. Steyaert (1973) observed 33.6� 104 cells L�1,
whereas Kopczyńska et al. (1986) observed 99�
104 cells L�1, both studies identifying 50 or 70m depth as
the zone of greatest cell density. Our results at C11 and C5
support this finding of higher cell abundances at depth,
whereas plateau stations were far more homogeneous in
the surface layers (Fig. 3).
The experimental, Polar Front eddy, EisenEx study

reported elevated cell densities integrated over 80m of up
to 44.4� 104 cells L�1 as a result of iron fertilisation after 3
weeks (Assmy et al., 2007). This estimate is within the
highest values obtained at Station A3, but remains also
within the numbers averaged over 80m at C11 in our study
(Table 4). The EisenEx out of patch values are 2.8–5.6
times lower than our C11 observations. Whether this
implies that our HNLC station experienced bloom condi-
tions or was influenced by physio-chemical conditions
leeward of the plateau cannot be determined without
studying winter background diatom levels.
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Fig. 9. Comparison of total biomass values between this and Fe

fertilisation studies. Diatom carbon biomass integrated within the mixed

layer in Fe-enriched and HNLC waters of the Southern Ocean Fe studies:

KEOPS (this study), SOIREE (Gall et al., 2001), EisenEx (Assmy et al.,

2007), SOFeX (Coale et al., 2004). The biomass in Fe-enriched waters was

taken from Station A3 (averaged over the four visits) for the KEOPS

program while it was taken from the final conditions of each experiment

for the mesoscale Fe-enrichment experiments. The biomass in HNLC

waters was taken from the station C11 (averaged over the three visits) for

the KEOPS program while it was taken from the initial conditions of each

experiment for the mesoscale Fe-enrichment experiments.
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In all mesoscale Fe-fertilisation experiments, the diatom
biomass observed after iron enrichment clearly contrasted
with the HNLC initial conditions prevailing at the
beginning of Fe additions. The diatom carbon biomass
measured during the KEOPS study is compared with these
artificially Fe-enriched diatom patches in the Southern
Ocean in Fig. 9. In the mixed layer, the diatom carbon
biomass of the Kerguelen Plateau was not statistically
different to other Fe-enriched waters, although it attained
one of the highest levels of C biomass. This comparison
does not take into account the large biomass accumulated
below the mixed layer in the KEOPS study.

6.2. Species/community differences with iron addition

The low abundance of F. kerguelensis in the Kerguelen
bloom contrasts with the SOIREE artificial iron fertilisa-
tion in the open ocean (Gall et al., 2001). Assmy et al.
(2006, 2007) considered F. kerguelensis as a slow growing
species along with Thalassionema nitzschioides, with both
species being representative of Fe depleted environments.
Timmermans et al. (2004) put such increased responses in
F. kerguelensis down to the lower requirement of Fe to
stimulate this diatom species growth in comparison to
other larger species. F. kerguelensis was nevertheless
important both inside the bloom at A3 and outside at
C11 because, as at EisenEx (Assmy et al., 2007), it was one
of the major biomass contributors. Assmy et al. (2006)
found that Fe-aided stimulation of the natural sexual phase
of F. kerguelensis leading to the size definition for newly
formed initial cells (76–90 mm). We did not observe size-
related evidence of a recent sexual phase at our bloom
station, A3, either before or after the change in species
community (data not shown). Most of our specimens were
in the 20–58 mm size range, most likely indicative of an aged
population. At Station C11 very small numbers of
F. kerguelensis cells greater than 76 mm were observed.
These large cells were encountered on the first visit to C11
in the 20–50m samples, possibly indicating a recent sexual
size restoration event prior to our arrival. The remainder of
the specimens were slightly larger than the populations
observed at Station A3. Chain length of F. kerguelensis was
not studied in great detail due to the biased affect of CTD
sampling (i.e. shorter chains to that observed in net haul
samples, breakage of chains prior to lab assessment).
Nevertheless, a small subset of CTD-based observations
over the course of the study indicated chain length at
Station A3 was longer at the first two visits (average 7 cells
chain�1) than the last two (average 2 cells chain�1). At the
HNLC Station, C11, chain length was longer (average
8 cells chain�1) but decreased by the end of the survey
(average 5 cells chain�1).

Hyalochaete Chaetoceros blooms have been observed in
artificial iron experiments carried out in the subarctic
Pacific, with Chaetoceros debilis responsible for the massive
iron-mediated bloom reported during SEEDS (Tsuda
et al., 2004) and Chaetoceros spp. forming an early bloom
and decline species after iron addition during SERIES
(Boyd et al., 2005). As discussed previously, the bloom
response over Station A3 appears to have been dominated
prior to our arrival by Chaetoceros Hyalochaete spp., the
partial remains of which are most likely stocked in the
subsurface maximum diatom biomass layer. We assume
that the small Chaetoceros Hyalochaete spp. were the major
bloom species during the seasonal phytoplankton increase.
We also believe that the role of spore formation was
triggered with the depletion of silicic acid. Unhealthy
vegetative cells (cellular contents considerably diminished,
previous chained assemblages reduced to single cells or a
few in a chain) left at the end of the bloom particularly
after 24 January were either due to zooplankton grazing,
natural cell death or viral lysis. These cells also may have
been the remnants of rapid growth unable to produce
spores (as observed by Kuwata and Takahashi, 1990) and
thus dependent on the punctuated influx of nutrients by
physical processes, unique to the plateau, for continued
survival.

Pseudo-nitzschia spp. did not play an important role in
the KEOPS study region either on or off-plateau. At best,
Pseudo-nitzschia spp. (o5 mm) appeared as a background
species elevated in abundance with depth at A3, C11 and
C5 stations. This is in contrast to experimental Fe studies
elsewhere in the Southern Ocean (SOFEX, Eifex, EisenEx,
de Baar et al., 2005). The observations from SEEDS in the
Subartic Pacific (Tsuda et al., 2004) may be closest to the
events at Kerguelen with a replacement of a Pseudo-

nitzschia-dominated community to a Chaetoceros Hyalo-

chaete spp. bloom on addition of Fe. This assumes that the
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Kerguelen bloom maximum is Chaetoceros dominated at
it’s peak and that dominances of Pseudo-nitzschia species
(P. heimii, P. lineola) previously noted in summer surface
waters at KERFIX (Kopczyńska et al., 1998) are less
competitive with greater Fe supply.

7. Conclusions

Diatom communities and biomass contributions were
considerably different within and external to the iron-
enriched plateau, and species abundance alone could not
account for the major carbon biomass contributor species
at any site. Floristic succession was observed over the
plateau with the loss of the smaller Hyalochaete Chaeto-

ceros spp. and the development of a remnant E. antarctica

population towards the end of the bloom at Station A3.
The diatom community at C11, outside of the bloom
region, showed little change over 25 days, remaining
distinct from the bloom community over the plateau.
These differences in the two regions also were observed in
diatom signatures preserved on the sea-floor (Armand
et al., 2008). The diatom observations and combined
indices also clearly point to a subsurface maximum of
diatom biomass. At the HNLC stations (C11) this biomass
peak was situated at �80–100m. Biomass peaks at
80–130m depth at the bloom stations A3 and B5 were
considerably below the 1% PAR depth and the MLD, and
likely related to the iron and silicic acid nutricline (i.e.
125–150m depth) and the sinking of cells and resting
spores from the surface. The surface waters 0–100m
were dominated by the living fraction whereas indications
from the 150m sample at C11 and the diatom biomass
indices of biogenic silica, total Chl a and fucoxanthin,
suggest the diatom assemblage was increasingly senescent
below 150m.

The change in community structure over time at the A3
plateau site suggests links between nutrient availability and
diatom ecological responses. Chaetoceros Hyalochaete spp.
demise and spore formation and E. antarctica changes in
morphology provided tantalizing glimpses into possible life
cycle strategies taken by these diatoms in response to
interrupted nutrient supply. The role of wind-forced mixed-
layer deepening in conjunction with vertical mixing
requires further investigation to determine the ultimate
interplay between nutrient sources and light limitations on
the Kerguelen bloom ecosystem structure.
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