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Abstract
The quantitative distribution of dominant phytoplankton species was mapped at high spatial resolution (15 km
spacing) during a quasi-synoptic, mesoscale survey of hydrographical, chemical, pigment, and zooplankton ﬁelds
carried out along the Antarctic Polar Front within a grid 140  130 km2 during austral summer. A rapid assessment
method for quantifying phytoplankton species by microscopy in concentrated samples on board enabled estimation of
total biomass and that of dominant species at hourly sampling intervals. The biomass distribution pattern derived from
this method was remarkably coherent and correlated very well with chlorophyll concentrations and the location of
different water masses covered by the grid. A ‘‘background’’ chlorophyll concentration of 0.5 mg m3 in the grid could
be assigned to the uniformly distributed pico- and nanophytoplankton; all higher values (up to 2.0 mg m3) were
contributed by large diatoms. Three species complexes (Chaetoceros atlanticus/dichaeta, Pseudo-nitzschia cf. Lineola,
and Thalassiothrix antarctica) contributed about one-third each to the biomass. Although all species were found
throughout the study area, distinct patterns in abundance emerged: The Thalassiothrix maximum was located north of
the frontal jet, Chaetoceros biomass was highest along the jet, and Pseudo-nitzschia was the most uniformly distributed
of the three taxa. Since the meridional pattern of biomass and species composition persisted for about 5 weeks, despite
heavy grazing pressure of small copepods, we hypothesize that the dominant species reﬂect the highest degree of grazer
protection in the assemblage. This is accomplished by large size, needle-shaped cells, and long spines armed with barbs.
We suggest that these persistent species sequester the limiting nutrient—iron—from the assemblage of smaller, lessdefended species that must hence have higher turn-over rates. r 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction
Phytoplankton of the Southern Ocean can be
differentiated into two categories on the basis of
size and turnover rate: the pico- and nanophytoplankton components of the ‘‘microbial food web’’
*Corresponding author.

and the microphytoplankton comprised of largecelled or chain-forming diatoms and Phaeocystis
colonies. Smetacek et al. (1990) hypothesized that
spatial distribution of pico- and nanoplankton is
fairly homogeneous and undergoes only moderate
seasonal ﬂuctuation in biomass in contrast
to microplankton biomass, which ﬂuctuates
widely and may be responsible for all substantial
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accumulation of biomass (blooms) above the
‘‘background level’’ of the microbial network.
This has since been conﬁrmed for the WeddellScotia Conﬂuence (Garrison et al., 1993) and
the Antarctic Circumpolar Current (ACC)
(Detmer and Bathmann, 1996; Waters et al.,
2000). It appears that, despite high growth rates,
the biomass levels of the pico- and nanophytoplankton are constrained by high mortality rates
exerted by protistan grazers. In contrast, the
larger, relatively slow-growing microphytoplankton are less easily grazed and can thus accumulate
biomass. It is the growth and biomass of these
larger phytoplankters that contribute most to
biogeochemical processes such as draw-down of
CO2 (de Baar et al., 1995) and vertical ﬂux of
biogenic elements to the ocean interior and
deposition in the sediments (Smetacek, 1999).
Diatom blooms have been observed in the
ACC in association with the Polar Front (APF).
The phenomenon has been explained by a favourable light climate induced by shallowing of the
surface mixed layer along convergent fronts
(Lutjeharms et al., 1985). The availability of iron
has also been shown to be a critical factor (Martin
et al., 1990; de Baar et al., 1995). The build-up of
phytoplankton biomass in relation to hydrography, nutrients (including iron), and grazing
pressure was investigated systematically by a series
of transects along the 101W meridian during
austral spring of 1992 (Smetacek et al., 1997).
Three distinct blooms, dominated in each case by a
single diatom species, developed in the Polar
Frontal Zone during the course of a few weeks
(Bathmann et al., 1997a). The comparatively rapid
growth of the blooms was attributed to unusually
high iron concentrations recorded in the ambient
water (de Baar et al., 1995). However, since high
biomass levels were also found in deeply mixed
waters (Bathmann et al., 1997a), the role of
hydrography in promoting biomass build-up
remained obscure (Veth et al., 1997). Even more
obscure were the factors determining species
dominance in the three blooms.
Not much is known about the autecology of
dominant ACC diatoms, although accumulation
of their frustules in the underlying sediments
constitutes the largest sink of biogenic silica in

the ocean (Tre! guer et al., 1995). Relatively few of
the common ACC diatom species are represented
in the underlying sediment, implying that frustules
of most species dissolve in the water column. Since
frustules of different species obviously have
different dissolution rates, the silicon dynamics in
the ACC will be governed by the species composition in the surface layer. Unfortunately, most
biogeochemically oriented studies have not addressed the species level. At best, lists of the
dominants are provided without attempts at
interpreting their distribution patterns. However,
since diatom species differ signiﬁcantly in their
growth requirements, behaviour, and life cycle
strategies (Smetacek, 1985, Crawford, 1995) but
also in properties such as Si:C:N and C:Fe ratios
(Brzezinski, 1985; Timmermans et al., 2001),
elucidating the underyling reasons for their occurrence will further our understanding of ocean
ﬂuxes and biogeochemistry. Verity and Smetacek
(1996) have pointed out that ocean biogeochemistry is driven by comparatively few species, with
the majority playing a background role. They
recommend speciﬁc studies of the biology of these
key functional species as a means to understand
the forces shaping ecosystem structure and driving
biogeochemical ﬂuxes.
Phytoplankton biomass distribution based on
pigment concentrations in the surface ocean has
been recorded extensively by remote sensing, and
the causative factors for the patterns are now
reasonably well understood. However, comparable
spatial information on distribution of individual
species is lacking. Since records of phytoplankton
species composition tend to be from individual
water columns spaced along transects, it is not
known how ‘‘species ﬁelds’’ relate to hydrographical and chlorophyll ﬁelds on the mesoscale (tens to
hundreds of kilometres) in the open ocean,
particularly within blooms. This knowledge is a
prerequisite to elucidate the biology of dominant
species.
To acquire this information, we assessed the
spatial distribution patterns of major microplankton species at high resolution over a grid of
140  130 km2 in the region of the Polar Front
during an R.V. Polarstern cruise carried out in
austral summer (December 1995–January 1996).
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The aim of the cruise was to examine the
relationship between frontal dynamics, nutrient
ﬁelds, and phyto- and zooplankton distribution,
by surveying grids across the APF with a towed
undulating instrument package (SeaSoar). The
patterns in abundance of the dominant microplankton species in surface water were mapped
during the SeaSoar surveys at sampling distances
of about 15 km. Since this entailed a large number
of samples, counting individual cells would have
been too time-consuming. Instead a rapid method
involving ranking of phytoplankton density in
concentrated samples by light microscopy was
developed, which enabled sample processing at
hourly intervals during the surveys. The density
ranks obtained on board ship were calibrated by
subsequent detailed counting of individual samples
in the laboratory and the results expressed in mg
carbon biomass m3.
Here we present the data from the mesoscale
survey and show that spatial distribution patterns
of individual species matched the hydrographical
ﬁeld. Emboldened by this coherence, we speculate
on environmental factors responsible for selecting
the dominant species in the respective water
masses.

2. Materials and methods
This study, entitled ‘‘Frontal dynamics and
biology’’, was conducted in the framework of the
Southern Ocean Joint Global Ocean Flux Study
(SO JGOFS) and carried out in the Atlantic sector
of the ACC during cruise ANT XIII/2 of R.V.
Polarstern from 4 December 1995 to 26 January
1996. The data presented here were obtained
during two quasi-synoptic SeaSoar surveys covering different scales: The coarse-scale survey (CSS)
consisted of six parallel meridional sections 75 km
apart and 220 km long; and the ﬁne-scale survey
(FSS), nested in the northeastern corner of the
CSS, consisted of 11 meridional transects 13 km
apart and 130 km long (Strass et al., 2002a, b).
The microplankton species composition and
biomass contribution of dominants were assessed
at hourly intervals. Surface water samples were
taken with a stainless steel bucket from the moving
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ship. This collection method was chosen as it
proved to be much less destructive for phytoplankton and protozooplankton when compared
with samples taken from the different seawater
pumps, which tended to break chains and even
individual cells. The bucket samples were taken
from mixed water from the rear of the ship and
were hence representative of the upper few metres.
To obtain a sample sufﬁciently dense for
immediate microscopic examination, the following
standardized steps were taken: 3 l of bucket sample
were concentrated to 50 ml by gently pouring the
sample through a 20-mm mesh net cup. To
facilitate rapid settling of the cells, samples were
ﬁxed with acidic Lugol’s iodine solution. Three
millilitres of the concentrated sample were settled
in a Hydrobios sedimentation chamber and
examined with a Zeiss inverted microscope at
magniﬁcations between 63  and 400  . The rest
of the sample was discoloured with a few drops of
sodium thiosulfate (Na2S2O3) and ﬁxed with
hexamine buffered formaldehyde for enumeration
and calibration in the laboratory (3% ﬁnal
formalin concentration).
The plankton concentration in the samples
obtained by our method was equivalent to settling
the contents of 170 ml of seawater in the sedimentation chamber. Densities in the samples ranged
from many cells or chains in close proximity to one
another to only few cells in the entire chamber. To
facilitate rapid analysis of each sample we developed a system by which overall microphytoplankton density was ranked highest (5) to lowest (0) at
0.5 step intervals. In addition, the density of
dominant microphytoplankton species (see below)
in each sample was scored as relative percentage of
total microphytoplankton by estimating the percent area occupied by the species in comparison to
the total plankton assemblage in the sedimentation
chamber. Since six persons were involved with this
subjective method of sample assessment, the
ranking system was established and cross checked
through simultaneous observation (by all six
persons) of samples from the CSS when long
meridional transects crossed from high to low
biomass regions in the north and south of the
investigation area. The differences in density were
sufﬁciently large to establish general agreement on

V. Smetacek et al. / Deep-Sea Research II 49 (2002) 3835–3848

3838

the system of ranking. Individual results were
compared regularly to ensure standardization.
Each person covered about 1.5 meridional transects of the FSS.
Independent of dominance, the contribution of
the following species or groups to total diatom
density was assessed in each sample: Chaetoceros
atlanticus/dichaeta species complex (termed C.
atlanticus below), Pseudo-nitzschia cf. lineola,
Thalassiothrix antarctica (the similar Trichotoxon
reinboldii was also present but much less abundant), Fragilariopsis kerguelensis, and Corethron
criophilum. Other diatom species were also identiﬁed and their status recorded. The apparent

(a)

physiological state of the diatom population was
assessed on the basis of frequency of dividing cells,
incidence of plasmolysis, and presence of empty or
broken frustules.
After the cruise, 14 of the concentrated and ﬁxed
plankton samples were counted in the laboratory
in order to calibrate the on-board density estimates. Samples were settled in an Hydrobios
chamber, and the microplankton assemblage
was counted over the whole chamber with a Zeiss
inverted microscope. The sizes of dominant species
were measured and their volume calculated from
equivalent geometrical shapes. Cell volume was
converted to cellular carbon content through
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Fig. 1. Calibration curves with which total microphytoplankton density and that of dominant taxa, ranked on a scale of 0–5 in
arbitrary density units (ADU), was converted to biomass (in mg C l1) on the basis of detailed cell counts: (a) total diatoms (>20 mm),
(b) C. atlanticus complex (including C. dichaeta), (c) Pseudo-nitzschia cf. lineola, and (d) T. antarctica. The calibration curves represent
the best ﬁt after comparing F values and residuals of different models. (n is the number of samples, r the regression coefﬁcient and P is
probability of density ranks; see text for more details).
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recommended carbon conversion equations (Menden-Deuer and Lessard, 2000).
Regressions of the carbon biomass of the 13
samples calculated from cell counts in the laboratory with density ranks estimated on board ship
yielded a highly signiﬁcant relationship. In all
cases the best ﬁt was given by a polynomial
relationship; however, only for the calibration of
total diatom carbon standing stocks was the
coefﬁcient for the order-2 exponent signiﬁcantly
different from zero. For the three dominant
diatom species groups, a linear calibration curve
was applied whereas for the calibration of total
carbon standing stocks a second-order polynomial
model was used. The resulting regression equation
was then applied to convert the density ranks of all
samples from the FSS to estimate diatom biomass.
The 14 calibrated samples also were analysed with
respect to cell counts and sizes of the dominant
species. The results were used to convert the
density estimate for the abundant species in each
sample to speciﬁc carbon biomass (Fig. 1).

3. Results
The microphytoplankton throughout the study
area was dominated by C. atlanticus, Pseudonitzschia cf. lineola, and Thalassiothrix spp., with
the former two species contributing most to the
total microplankton biomass. Since many chains
of the species C. atlanticus and C. dichaeta are
difﬁcult to differentiate we refer to them as
the species complex C. atlanticus because most of
the chains that could be clearly identiﬁed belonged
to this species. F. kerguelensis and C. criophilum
also occurred throughout but only in low numbers. Usually, both Rhizosolenia chunii and R.
cylindrus contributed about 5% each to the diatom
biomass. Dactyliosolen antarcticus was observed
in all samples but never contributed signiﬁcantly
to the biomass. Other species present in low
numbers were Chaetoceros aequatorialis, C. bulbosus, C. convolutus, C. criophilus, C. neglectus, C.
socialis, Corethron inerme, Eucampia spp., Membraneis spp., Pleurosigma spp., Pseudo-nitzschia
heimii, Proboscia alata, Rhizosolenia antennata,
Thalassiosira spp., and T. reinboldii, as also
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various thecate and athecate dinoﬂagellates, foraminifera, copepods, and nauplii. Phaeocystis
colonies attached to Chaetoceros chains were
observed but not systematically recorded as they
were generally at the four- to eight-celled stage and
easily escaped detection. Their contribution to
biomass was negligible throughout the ACC.
A comparison of the chlorophyll distribution
recorded with a ﬂuorometer from seawater
pumped from 8 m depth in the ship’s bow and
calibrated at 3-h intervals (Hense, 1997) with the
estimated biomass values of microphytoplankton
(Fig. 2) shows a high degree of congruence both
for the FSS (C ¼ 7:67 þ 38:2  Chl a; r2 ¼ 0:570;
po0:0001) and the CSS (C ¼ 9:4 þ 42:6  Chl a,
r2 ¼ 0:688; po0:0001).
On the basis of a three-dimensional analysis of
the hydrography of the region obtained from data
of the CSS and FSS, Pollard et al. (2002)
differentiate three major water masses in the
FSS: A tongue of colder water in the southeastern
corner of the FSS originating from the southern
ACC (Antarctic Zone Water, AAZ) and two
broad bands of water stretching across the FSS
from east to west. These bands are located on
either side of the Polar Frontal jet and are termed
northern and southern Polar Front Zone (NPFZ
and SPFZ), respectively, by Pollard et al. (2002).
The boundaries of these water masses have been
indicated in Fig. 2, which depicts the distribution
of total diatom carbon in the FSS. The NPFZ is
characterized by high biomass (>40 mg C m3)
with intermediate values in the SPFZ and very low
biomass in the AAZ (o10 mg C m3).
The biomass distribution of the dominant taxa
Pseudo-nitzschia cf. lineola, C. atlanticus, and
Thalassiothrix spp in the FSS has been depicted
in Fig. 3b–d. All three species occur throughout
the FSS but Chaetoceros and Thalassiothrix are
nearly absent in AAZ waters. Biomass of Pseudonitzschia is the most evenly distributed of the three
species, hence is the dominant contributor to
biomass at lower levels in the AAZ and parts of
the SPFZ. Chaetoceros biomass most closely
follows chlorophyll concentrations, indicating that
higher values of the latter, particularly along the
frontal jet, are due to this taxon. In contrast,
higher concentrations of Thalassiothrix spp. are
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Fig. 2. Distribution of (a) chlorophyll a (in mg m3) based on calibrated 5-min recordings of in vivo ﬂuorescence at 8 m depth (Hense,
1997), and (b) biomass distribution of total diatoms (>20 mm) in units of mg carbon m3 in the FSS grid. Diamonds indicate locations
where phytoplankton biomass was assessed on the basis of cell counts (data in Fig. 1). The lines represent the boundaries of water
masses after Pollard et al. (2002). Solid line represents the boundary between NPFZ and SPFZ. Dashed line represents the boundary
between SPFZ and AAZ (Antarctic zone).

restricted to the NPFZ, along the northern rim of
the FSS. Apparently, this species has its maximum
north of the frontal jet, also indicated by results
from the CSS, which found Thalassiothrix biomass
values in the same range as the Chaetoceros
maxima but some 30 km to the north of the FSS.
Since only four transects were recorded in the CSS,
and the species dominance patterns were similar to
those recorded in the FSS, the results are not
depicted here.
Despite the low silicic acid concentrations
(o6 mM) in the regions where Thalassiothrix was
most abundant, cells of this species invariably
looked healthy and no empty or broken shells of
this species were found. In contrast, Pseudonitzschia chains with cells that were either empty
or contained shrunken cytoplasm were often
found thoughout the FSS. Such chains tended to
be covered with bacteria. Generally chains with
degenerated cells co-occurred with healthy chains
containing many dividing cells. As these observa-

tions were not collected systematically they are not
presented here in detail.

4. Discussion
The results of the rapid assessment of total
microphytoplankton density correlated very well
with the chlorophyll distribution. However, the
latter varied by a factor of 4 across the FSS (from
ca. 0.5 to 2.0 mg Chl. m3), whereas microplankton carbon varied 7-fold (from o10 to >60 mg
C m3), with higher values corresponding well
with those of chlorophyll. This indicates that
variance in the chlorophyll ﬁeld was mostly due
to changes in the relative abundance of the
microplankton, in conformity with the two-group
view of phytoplankton composition proposed by
Smetacek et al. (1990). It follows that a ‘‘background’’ chlorophyll concentration of ca.
0.5 mg m3 can be assigned to the pico- and

V. Smetacek et al. / Deep-Sea Research II 49 (2002) 3835–3848

3841

Fig. 3. Biomass distribution in mg carbon m3 of (a) diatoms (>20 mm), (b) C. atlanticus complex (including C. dichaeta), (c)
Pseudonitzschia cf. Lineola, and (d) T. antarctica in the FSS. Note different scales in all four panels. Lines as in Fig. 2.

nanophytoplankton of the microbial network in
this season and that values above this level are
contributed by microphytoplankton.
Chlorophyll measurements on size-fractionated
samples from individual stations in the investiga-

tion area carried out by Tremblay et al. (2002)
conﬁrm this conclusion. The average microphytoplankton carbon:total chlorophyll ratio in the FSS
was 38. If the contribution of the microbial
chlorophyll is added, the ratio increases to about
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50, which lies well within the range of empirically
measured values reported in the literature. The
fact that chlorophyll distribution (recorded at
5-min, i.e. 1.2-km intervals) more or less matches
that of diatom carbon (recorded at hourly, i.e.
15-km intervals) indicates spatial homogeneity of
species ﬁelds over tens of kilometres within water
masses, accompanied by sharp demarcations
between them. It follows that similar hydrographical conditions give rise to similar species
assemblages and abundances.
Vertical proﬁles of species abundance and
compositon from discrete water samples collected
along a transect through the centre of the FSS
after its completion showed that biomass of the
different species was generally distributed homogeneously through the water column (Schulke,
.
1998). An exception was found in the Thalassiothrix population in the silica-exhausted water
along the northern boundary of the FSS. At some
stations in this region, the surface concentrations
of this species were about half those in the lower
part of the mixed layer. With these exceptions, the
surface samples analysed during the surveys can be
considered as representative of the mixed layer.
The coherence of our phytoplankton biomass
values with the other parameters measured invites
further interpretation. The species we encountered
are typical of the region and season, but the fact
that their respective biomass distributions exhibited intriguing similarities and differences encourages interpretation of the possible underlying
causes.

4.1. Physical environment
The biomass of large diatoms and chlorophyll
concentrations correspond remarkably well with
the different water masses encountered in the FSS,
indicating that hydrography is the primary determinant of phytoplankton abundance and species
composition. Interpreting the low biomass in the
colder water of the AAZ and the higher biomass in
the warmer water of the NPFZ as a temperature
effect is not justiﬁed, as the temperature range
across the water masses was only 1.21C (ranging
from o3.4 to >4.61C). Rather, the dynamics and

hence history of the water masses are likely to have
played the decisive role.
Strass et al. (2002a) analysed the mesoscale
frontal dynamics of the region in terms of its
inﬂuence on primary production. They showed
that the FSS covered a meander structure of the
Polar Front and a cold cyclonic eddy located to its
southeast—the AAZ. Because of the north–south
density gradient, there is a tendency for northern,
lighter water to overlie water from the south. The
dynamics of this cross-frontal circulation results in
patchy distribution of shallow and deep mixed
layers on horizontal scales of tens to hundreds of
kilometres and time scales of days to weeks. The
degree of patchiness increases along the southern
ﬂank of the meander, i.e. in the SPFZ and is
reﬂected in the tongues of lower and higher
biomass that extend from southwest to northeast
in the FSS. In contrast the NPFZ and the AAZ
exhibit much less spatial heterogeneity.
It follows that the phytoplankton populations in
the SPFZ region will have experienced considerable spatial and temporal ﬂuctuation in light
climate. Portions of the population will have been
favoured by shallow (o40 m) mixed layer depths
for a week or so whereas others will have been
mixed or downwelled to unfavourable depths
(>60 m). The situation for a given population
could have been reversed some days or weeks later.
This ﬂuctuating scenario is supported by the
results obtained from a series of stations occupied
along a transect through the centre of the FSS
following its completion (Hense, 1997; Schulke,
.
1998). These studies reported 2-fold differences in
mixed-layer depths of water columns 10 km apart.
Although shallow mixed layers generally carried
higher phytoplankton biomass, particularly in the
NPFZ, exceptions were found where biomass was
low in shallow mixed depths. Presumably the latter
was recently formed and the diatoms had not had
time to respond. In conclusion, frontal dynamics
subject phytoplankton to a range of growth
environments at time scales of about a week—
the average period between storms. This type of
‘‘habitat patchiness’’ is higher along the southern
ﬂank of the front and contrasts with the uniform
deep mixed layers and low biomass of the AAZ
south of the front. Fluctuating vs. stable growth
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environments could well favour different types of
growth strategies in the phytoplankton discussed
below.

in the unusually high copepod standing stocks that
occurred throughout the area (Pollard et al., 2002).
This hypothesis is developed further below.

4.2. Chemical environment

4.3. Biological environment

Macronutrient concentrations also reﬂected the
position of the three zones very accurately. The
patterns of nitrate and silicic acid showed similar
spatial trends, whereas nitrate ranged from 20
to 25 mmol m3 from the AAZ to the NPFZ,
silicic acid exhibited a much stronger gradient:
2–26 mmol m3, respectively (Bathmann et al.,
1997b). Thus, silicic acid was at limiting concentrations for the diatoms in the northern fringe of
the FSS. Since the maximum of the Thalassiothrix
population was located in the lower half of the
mixed layer at some stations in the NPFZ (Schulke,
.
1998), it seems likely that this was due to
gradual sinking out of a part of the Si-limited
population from the upper mixed layer. Schulke
.
(1998) estimated that the bulk of the biogenic silica
present in the water column was in Thalassiothrix
frustules, indicating that this population had
extracted Si down to limiting levels for net diatom
growth prior to our measurements.
Concentrations of dissolved iron, measured
continuously during the grid from an independent
uptake system, were uniformly low (0.15–0.45 nM)
throughout the study area and showed no
tendency to correlate with any of the parameters
measured on the cruise (de Jong et al., 1998).
However, this does not mean that the biomass
distribution we found was not a reﬂection of past
iron availability. Since we could not ascertain any
signiﬁcant temporal trend in the values we found
in the region of the FSS over the 5 weeks of
investigation, it seemed that little, if any, biomass
accumulation was occurring at the time, although
net primary production was substantial (see
below). Hence one might postulate that iron
concentrations behaved in a fashion similar to
silicic acid, i.e. they had been higher prior to our
arrival in the NPFZ, and that this ‘‘excess’’ iron
had been incorporated into the higher biomass we
encountered. A part of this iron would be undergoing regeneration by heterotrophs in the heavily
grazed microbial food web but also incorporated

The results of an optical plankton counter
mounted on the SeaSoar, calibrated by net
samples from a series of stations, showed the
biomass of mixed small copepods and their
juvenile stages in the PFZ was in the same range
as that of the phytoplankton—ca. 6 g C m2—
calculated on the basis of a carbon:chlorophyll
ratio of 50 (Pollard et al., 2002). This unusually
high copepod biomass will have exerted considerable feeding pressure on the pelagic system,
although we can only conjecture as to how this
will have contributed to structuring it.
Small copepods are known to be selective
feeders that collect and ingest their food item by
item. They are reported to prefer mobile prey such
as ciliates and heterotrophic dinoﬂagellates (Kleppel et al., 1991; Atkinson, 1996) but also ingest
faecal pellets (Gonza! lez and Smetacek, 1994) and
diatom chains that they crush with their mandibles. Thus, they break off the siliceous spines of
Chaetoceros cells and ingest the chains. However,
there will be an upper limit to the size of cells a
copepod can handle. Since the chains of the C.
atlanticus complex are very large (the spines are
several 100 mm across) and Thalassiothrix cells
are up to 5 mm long, these taxa are in the same size
range as the small copepods and copepodites.
Since no damaged cells or pieces of frustule of
these species were found, although looked for, we
suggest that these large diatoms were not grazed
by the smaller copepods and thus accumulated in
the water column. In contrast, the Pseudo-nitzschia
species were small enough to be grazed, although
we do not know to what extent. The chains of this
species tended to be very long, (>30 cells),
indicating that they were several weeks old or
had higher growth rates than the other dominant
species.
The fact that, by and large, the distribution of
copepods coincided with that of the large diatoms
(Pollard et al., 2002) is an indication that these
were not their preferred food item, as they would
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not have accumulated otherwise. On the basis of a
diagnostic model of primary production mapped
on the hydrographical ﬁeld of the FSS, Strass et al.
(2002a, b) calculated integrated primary production in the order of 0.3–1.0 g C m2 d1, with
higher values corresponding with biomass. Tremblay et al. (2002) measured primary production in
water columns selected for areal coverage throughout the 5 weeks of the cruise. They commented
that a net increase in biomass in the investigation
region was not evident, indicating that daily
primary production was being utilized at high
efﬁciency. Dubischar et al. (2002) reported that,
despite the high copepod stocks, faecal pellets were
present in conspicuously low numbers, also
suggesting efﬁcient reworking of organic matter
other than that of the large diatoms. Smaller
diatoms, including various Chaetoceros species,
were ubiquitous but dwarfed by the dominant
diatoms. The former are likely to have been
dividing at faster rates than larger species but
since they did not accumulate biomass, they must
have concomitantly suffered higher loss rates.
4.4. Distribution of dominant species groups
The biomass distribution patterns of the three
dominant species groups reﬂected the hydrographical ﬁeld over the breadth of 225 km covered by
the CSS. The spatial coherence of species abundance within water masses is remarkable. All three
species or groups were present in almost all the
samples of the FSS, with low numbers in the AAZ
water in the southeastern corner indicating prevalence of a potential seeding stock throughout the
area. Yet differences in abundance pattern within
this species assemblage suggest a temporal shift in
dominance status. Whereas Pseudo-nitzschia and
Chaetoceros biomass reﬂected the chlorophyll
ﬁeld, higher Thalassiothrix biomass occurred only
north of the frontal jet. Hence the higher biomass
in the NPFZ was primarily due to this latter
species. This water also had the lowest silicic acid
concentrations, indicating that it had the longest
growth history.
Pseudo-nitzschia spp. was the most uniformly
distributed of the three species groups and seemed
to suffer the highest mortality rates. Chains with

moribund cells, often covered with bacteria, were
found only in this group. Generally all the cells of
the chain were affected. Whether this signiﬁed an
end of the growth phase by apoptosis or was due
to infection by pathogens (bacteria or viruses)
cannot be determined. Interestingly, chains with
healthy dividing cells co-occurred with chains
consisting of moribund cells. Since the other
plankton species did not exhibit this co-occurrence
of healthy and ‘‘sick’’ cells, it is unlikely that these
had experienced very different growth conditions
in the recent past and been mixed together shortly
before sampling. Hence the infection explanation
seems more likely. However, since the various
species of Pseudo-nitzschia are very difﬁcult to
differentiate by light microscopy, we could have
been witnessing a species succession forced by a
species-speciﬁc pathogen. These speculations are
meant to draw attention to possible factors driving
species succession that need to be investigated.
The assemblage we encountered represents
giant, spiny plankton. The cells of the C. atlanticus
complex are up to 45 mm across and carry
chloroplast-containing spines 1–2 mm thick and
up to several hundred microns long. Thalassiothrix
antarctica (the dominant species of Thalassiothrix
observed) is also the largest and most robust
species of its genus. The cells can be up to 5 mm
long although they are only about 1.5–6 mm wide.
The silica cell walls are themselves about 1 mm
thick. The genus Pseudo-nitzschia combines a
number of species, all with much thinner frustules
than the former genera, and difﬁcult to differentiate under the light microscope. Several species,
including P. lineola, that seemed to dominate
in the FSS, are cosmopolitan. Individual cells are
56–112 mm long and 1.8–2.7 mm wide. The tips of
the cells are attached to one another forming
chains of several millimetres long. The data in this
paragraph are from Hasle and Syvertsen (1996).
The needle-like cells of Pseudo-nitzschia and
Thalassiothrix, and the long, hollow spines ﬁlled
with chloroplasts of the Chaetoceros complex, can
be interpreted as adaptations to increase the
surface:volume ratio and hence enhance nutrient
uptake rates, in this case, iron. It has been
suggested that long chains and cells could experience enhanced nutrient ﬂuxes due to turbulence
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compared to shorter chains and cells (Karp-Boss
et al., 1966; Pahlow et al., 1997). However, the
increase in uptake rates by the former is only
marginal. Further, Timmermans et al. (2001) have
shown that the small-celled Antarctic Chaetoceros
brevis can grow at much lower iron levels than the
very much larger, chain-forming C. dichaeta,
which belongs to the C. atlanticus complex. In
any case, the minute cells of the microbial network
had much higher growth and hence uptake rates
than the large diatoms. The fact that the needleshaped diatoms accumulated 3 times as much
biomass as the microbial phytoplankton and all
the other diatoms combined can only be explained
by their lower loss rates. Hence the convergence in
form to long, thin needles amongst larger diatoms
may well have evolved as a mechanism to deter
grazing; an explanation we favour here. As
mentioned above, grazing pressure by the grazer
community, in particular small copepods, will
have been very high, in the same range as the
daily primary production (Tremblay et al., 2002).
Predator defence mechanisms in the plankton
have received comparatively little attention so far
but are likely to be much more widespread than
currently assumed (Verity and Smetacek, 1996;
Smetacek, 2001a). Both the Chaetoceros spines
and the Thalassiothrix cells carry well-developed
barbs that most likely serve a common function.
We speculate that they provide protection from
metazoan grazers (copepods and salps) as the cells
will be more difﬁcult to handle than smooth ones.
In contrast, the smooth, thin-walled chains of
Pseudo-nitzschia are delicate in comparison to the
other dominants, but superﬁcially the chains
resemble the robust, long cells of Thalassiothrix.
Whether the superﬁcial resemblance is of signiﬁcance (mimicry) needs to be studied, but if large
size and spines confer protection against ingesting
protists and smaller metazoan grazers, then this
assemblage can be considered as well defended. It
should be mentioned that parasitoids—small
protists that feed on diatom plasma by inserting
themselves or a feeding tube through the frustule
(Kuhn,
.
1995)—although speciﬁcally looked for,
were not found.
We suggest the following scenario to explain our
ﬁndings. The uniformly low iron concentrations
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indicate that this was the limiting nutrient
throughout the FSS. The iron fuelling the high
primary production levels is most likely to have
emanated from regenerated sources (Barbeau et al.,
1996; Barbeau and Moffett, 2000) since high
phytoplankton biomass correlated with that of
small copepods (Pollard et al., 2002). Under such
conditions slow-growing, long-lived phytoplankton will be accumulating biomass by taking up and
sequestering nutrients from the regenerating pool.
Only large, strong grazers such as euphausiids will
be capable of handling and crushing the needleshaped diatoms, but they were patchily distributed
and not present in large numbers (Pollard et al.,
2002). Dinoﬂagellates that feed on diatom chains
by engulﬁng them with a pallium (feeding veil),
such as the genus Protoperidinium, were present
but in low numbers. Since they are selectively
grazed by copepods (Kleppel et al., 1991; Atkinson, 1996), their grazing pressure is likely to have
been low. However, although chains of smaller
Chaetoceros species can be handled by a single
dinoﬂagellate (Jacobson and Anderson, 1986), it is
probable that very long diatom cells and chains
will pose a problem also for these grazers. Buoyancy regulation by the large diatoms is a prerequisite to permit suspension over long periods.
Although the mechanisms are still poorly understood, there is little doubt that diatoms can indeed
maintain their position in the surface layer (Waite
et al., 1997; Waite and Nodder, 2001).
4.5. Comparison with other findings
The conditions encountered during our cruise in
austral summer of 1995/1996 (ANT XIII/2)
differed signiﬁcantly from those reported during
the spring of 1992 (ANT X/6). Iron concentrations
during the latter cruise were exceptionally high in
PFZ waters (de Baar et al., 1995), we believe that
the iron is most likely to have been released from
the many icebergs (5–15/100 km2) present throughout the cruise across the entire ACC (van Franeker
in Bathmann et al., 1994). The high iron values in
the PFZ are likely to have been due to increased
iceberg melt in the warmer water (21–41C) as
opposed to the much colder AAZ south of the
front (o01C), where iron concentrations were
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much lower. Que! guiner et al. (1997) reported
exceptionally high loads of suspended lithogenic
matter in the PFZ, which we interpret as ‘‘fossil’’
dust released from the melting icebergs, which
were also the source of the iron. During the
summer cruise in 1995/1996 not a single ice berg
was observed in the ACC and iron values were
uniformly low throughout (de Jong et al., 1998).
During ANT X/6 a series of diatom blooms,
dominated successively from south to north by
Fragiliariopsis kerguelensis, C. inerme, and Corethron criophilum (now pennatum, Crawford et al.,
1998) extended from 501S (the boundary between
the PFZ and the AAZ) to 461S (Bathmann et al.,
1997a). These species, although present throughout the FSS, occurred only in low numbers during
ANT XIII/2. The shapes of these diatoms are very
different to the ‘‘needle plankton’’: the Corethron
species are cylindrical with comparatively large
vacuoles. C. pennatum is solitary and carries
barbed spines more formidable than those of
C. atlanticus, whereas F. kerguelensis is boatshaped and, like Thalassiothrix, has very thick
frustules. In the growth phase the chains of
F. kerguelensis can be very long. This species also
dominated the bloom stimulated by iron fertilization during the SOIREE experiment (Boyd et al.,
2000), suggesting that it takes advantage of iron
input to a greater extent than the other species.
Smetacek (1999) has argued that its thick frustules,
which are very prominent in the ACC sediments,
also provide protection against grazing. However,
it should be mentioned that grazing pressure in the
F. kerguelensis blooms both during ANT X/6 and
SOIREE was low.
We can conclude that the spring assemblages of
1992 were characterized by species that, under
high iron availability and low grazing pressure,
built up high biomass concentrations within a few
weeks (ca. twice as high as recorded in the summer
of 1995/1996) also in deep mixed layers. In
contrast, the summer assemblage of 1995/1996
built-up biomass under low iron availability and
heavy grazing pressure. Since biomass and production did not change signiﬁcantly over several
weeks, in contrast to the spring blooms, we suggest
that these species, particularly the C. atlanticus
complex and T. antarctica, tend to persist for long

periods in the surface layer because of their low
mortality rates. Whatever the cause of their
demise, a part of their remains will eventually
sink out of the surface layer. Chaetoceros and
Pseudo-nitzschia frustules are rare to absent in the
underlying sediment, suggesting that these genera
contribute to maintaining the high silicic acid
concentrations in the sub-surface water column.
Zielinski and Gersonde (1997) report occurrence
of Thalassiothrix frustules in sediments underlying
the Polar Front but their absence further south,
suggesting that the distribution pattern reported
here is reﬂected in the sediment.
Kemp et al. (2000) proposed that two types of
diatom assemblages are represented in the sediments: the fast-growing, relatively small-celled
spring species that sediment out before the onset
of summer, and the slow-growing, large-celled
diatoms that sink out at the end of the summer.
They refer to the latter as the ‘‘fall dump’’ of giant
diatoms and include Thalassiothrix in the latter
group. They suggest that this species is part of a
‘‘shade ﬂora’’ that accumulates biomass at the
bottom of the euphotic layer where nutrient
concentrations are likely to be higher than in the
overlying layer. We propose an alternative hypothesis in which this genus, because of superior grazer
protection, builds up biomass by sequestering
nutrients, in this case iron and silicic acid, from
the regenerating pool. Testing these hypotheses
with, e.g. in situ iron fertilization experiments
(Boyd et al., 2000; Smetacek, 2001b), will provide
information on the biology of such key species and
improve our ability to reconstruct past climate
conditions on the basis of the species composition
of the sediments.
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