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ABSTRACT: This paper describes spatial distribution patterns of the phytoplankton community (composition, cell abundance and biomass concentration) in relation to local environmental conditions in the
Southern Ocean. Sampling was performed during summer 1997 off the coast of the western Antarctic
Peninsula between Anvers Island and Marguerite Bay. Phytoplankton was characterized by relatively
low biomass throughout most of the study area and was dominated by nanoalgae (< 20 µm). Phytoplankton varied along an on–offshore gradient, with decreasing total cell abundance, chlorophyll a
(chl a) concentration and carbon biomass toward the open ocean. Chl a concentration showed surface
or subsurface maxima in coastal and middle-shelf waters, and deep maxima between ~40 and 100 m in
oceanic waters. Across-shelf variability in phytoplankton correlated with vertical stability in the water
column, which appears to be the major parameter affecting phytoplankton community structure in the
area. We hypothesize that the deep chl a maximum offshore may be associated with iron limitation in
near-surface waters and higher iron concentration in ‘winter waters’ (subsurface remnant of Antarctic
Surface Waters). On a smaller spatial scale, a cluster analysis showed great regional variability in phytoplankton assemblages. The area was divided into 4 main regions based on differences in the phytoplankton composition and concentration. Three peaks in phytoplankton abundance were found on a
north-to-south gradient in near-shore waters: a Cryptomonas spp. bloom near Anvers Island, a small
unidentified phytoflagellate bloom in Grandidier Channel, and a diatom bloom in Marguerite Bay. These
assemblages resemble different stages of the phytoplankton seasonal succession, and may be related to
the progressive sea-ice retreat, which might have regulated the timing of the onset of the phytoplankton seasonal succession in a north–south gradient. Biological environmental factors, such as seeding of
the water column by epontic algae and selective zooplankton herbivory, are hypothesized to affect community composition in coastal regions. We conclude that large-scale variability in phytoplankton community structure is related to water column physical conditions and possibly iron availability, while
mesoscale variability, as seen in coastal waters, is more likely due to seasonal succession of different
algae groups.
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Early studies in the Southern Ocean suggested that
the marine ecosystem has a high autotrophic biomass
and primary productivity, and is characterized by a
short food chain composed of diatoms → krill → higher

consumers (Smith & Sakshaug 1990, Marchant & Murphy 1994). Now it is known that these characteristics
are found primarily in inshore, ice-edge and frontal
regions (Smith & Nelson 1985, Tréguer & Jacques
1992, Bidigare et al. 1996, Bathmann et al. 1997).
Throughout most of the Southern Ocean, the auto-
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trophic biomass is low and the base of the food chain is
a ‘microbial network’ of bacteria, phytoplankton and
zooplankton (von Bröckel 1981, Marchant & Murphy
1994). This variability in the structure of the phytoplankton community has important implications for the
entire ecosystem, since phytoplankton, as the autotrophic component of the marine ecosystem, affects the
structure and efficiency of the food web. Furthermore,
the flow of autotrophic carbon through grazing or
microbial food webs determines a high or low carbon
export to deep waters, and has major relevance in the
possible role of the ocean in regulating the global biogeochemical carbon cycle and the atmospheric carbon
dioxide drawdown (Priddle et al. 1992, Smetacek 1996,
Walsh et al. 2001).
The phytoplanktonic community west of the Antarctic Peninsula (WAP) has been studied extensively.
Most studies have concentrated on the Bransfield
Strait (Brandini & Kutner 1986, Holm-Hansen et al.
1994, Priddle et al. 1994, Helbling et al. 1995, Kang &
Lee 1995, Bidigare et al. 1996, Lorenzo et al. 2002),
which has complex hydrographic characteristics due to
the mixing of water masses of the Drake Passage,
Weddell Sea and Bellinghausen Sea (Niiler et al. 1991,
Hofmann & Klinck 1998). South of Bransfield Strait,
research was sporadic before the establishment of the
‘Palmer Long-Term Ecological Research (LTER) Program’ (Smith et al. 1995, Baker et al. 1996), which has
been conducting an integrated study of the marine
pelagic ecosystem in an area between Anvers Island
and Marguerite Bay since 1990 (Fig. 1). This area is
distinct from Bransfield Strait because it is entirely
occupied by the waters of the Bellingshausen Sea
(Hofmann et al. 1996, Hofmann & Klinck 1998). Therefore, we expected the characteristics of the phytoplankton communities and ecosystem dynamics of
Bransfield Strait and southern areas of the Bellingshausen Sea to differ due to their different hydrographic regimes.
Previous results indicated major spatial and temporal variations in the phytoplankton biomass from the
area west of the Antarctic Peninsula between Anvers
Island and Marguerite Bay. Phytoplankton biomass
begins to accumulate in the marginal ice zone during
early spring (Holm-Hansen et al. 1989, Bidigare et al.
1996, Moline & Prézelin 1996, Moline et al. 1997). This
high biomass zone moves from the northwest toward
the southeast as the sea-ice cover retreats during the
spring and summer (Smith et al. 1996, 2001). The summer phytoplankton distribution pattern, as characterized by the chlorophyll a (chl a) concentration, shows
2 major concentration gradients, one across-shelf and
another along shore, with the coastal and southern
zones enriched. Surface chl a data from satellites and a
multiyear study done from ships have documented this

same pattern for multiple years (Smith et al. 1996,
1998, 2001). These studies concluded that coastal
blooms dominated the annual autotrophic production
of the area, and that the annual advance and retreat of
the pack ice is a major determinant of summer phytoplankton distribution. However, in a recent analysis of
this same area during the 1993 summer, Prézelin et al.
(2000) stated that phytoplankton dynamics in this area
were dominated by episodic diatom blooms in open
waters of the continental shelf that were probably
related to the intrusion onto the continental shelf and
upwelling of the Upper Circumpolar Deep Water
(UCDW). These authors concluded that phytoplankton
dynamics are non-predictable in the area, and suggested that the zooplankton community and the entire
ecosystem dynamics are highly influenced by these
upwelling processes. Thus, we lack consensus on the
distribution patterns and dynamics of the summer
phytoplankton in the area of the western Antarctic
Peninsula studied by the Palmer LTER project.
In the present study, we analyzed the composition
and biomass of the phytoplankton community during
the summer of 1997 in the same mesoscale region as
the above studies (Palmer LTER project) (see Fig. 1).
The aim of this study was to contribute to the understanding of the structure and dynamics of the Antarctic
phytoplanktonic community. Our main question was to
what extent do stable patterns or episodic events dominate the dynamics of the phytoplankton in this area.
To answer this question, the spatial variability of the
community was analyzed in relation to local physical,
chemical and biological environmental parameters,
and compared to previous studies. Microscopic analyses provided valuable information on phytoplankton
taxonomic composition, size-fractions, cell abundance
and biomass.

MATERIALS AND METHODS
The study area is located on the continental shelf
west of the Antarctic Peninsula, between 64 and 68° S
and from the coast to approximately 200 km offshore.
Samples were taken from 5 January to 9 February 1997
at stations located at 20 km intervals along 5 acrossshelf transect lines plus additional coastal stations
(Fig. 1), during the annual Palmer LTER summer cruise
on board the RV ‘Polar Duke’. Transects are labeled
200 to 600, as explained by Waters & Smith (1992). At
each station, a conductivity-temperature-depth (CTD)
rosette package was used to obtain vertical profiles of
the physical, optical and biological characteristics of the
water column and to collect water samples. CTD measurements were made with a Sea Bird CTD system
(SBE 9/11); bio-optical-physical vertical profiles were
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Macrozooplankton samples were collected with nets
made with a Biospherical Instruments MER 2040 systows at all stations as described by Ross et al. (1998).
tem, and in situ fluorescence profiles were recorded
Trawl contents were analyzed on board for numbers,
with a SeaTech profiling fluorometer. Discrete water
total wet volumes and size distributions of the 2 macrosamples were collected with 10 l go-flow bottles atzooplanktonic grazers that typically dominate in this
tached to a General Oceanics rosette. The depths of
area, Antarctic krill Euphausia superba and the salp
sampling were set at light levels established by meaSalpa thompsoni (Quetin et al. 1996). The impacts of
suring photosynthetically active radiation (PAR) using a
grazing by Antarctic krill and salps were calculated with
QSI 240 quantum sensor (Biospherical Instruments).
grazing models that allowed us to incorporate the funcFor nutrient and pigment concentration analyses, water
tional response of both grazers to phytoplankton conaliquots were taken from 6 depths within the euphotic
centrations, and the effect of size on ingestion rates for
layer (100, 50, 30, 13, 4 and 0.5% PAR). For microscopic
salps, thus giving a better approximation of zooplankton
analyses, they were taken from the 50% PAR depth.
impact on phytoplankton community than zooplankton
Water aliquots for measurements of nutrient concenabundance alone. To apply the grazing models, the meatrations were analyzed within 12 h of sampling. Silicic
sured wet volume of both krill and salps were converted
acid (Si(OH)2), nitrate plus nitrite (NO3– + NO2–), and
to wet mass assuming a density of 1 g cm– 3, and chl a
ammonium (NH4+) concentrations were measured
according to the methods described in Johnson et al.
concentrations were averaged over the upper 50 m, as
(1985), with a Perstorp/Alpken segmented-flow nutrimost krill and salp biomass appeared to be in this upper
ent-analysis system and Labtronics data-collection softportion of the water column (R. M. Ross & L. B. Quetin
ware. Chl a concentrations were estimated fluorometriunpubl. data). For Antarctic krill we used a linear funccally. Water aliquots were filtered through Millipore
tional response model of krill ingestion, as described in
HA filters (0.45 µm pore size), the filters were extracted
Ross et al. (1998), and grazing impact was calculated by
in 90% acetone and stored frozen for 24 h (Smith et al.
the product of total krill wet weight, ingestion rate and
1981). Concentrations of pigments in the
acetone were measured with a digital
Turner Designs fluoromeer. The fluorometer was calibrated with pure chl a dissolved
in 90% acetone (Sigma).
The water aliquots for microscopic
analyses were preserved with 2% acid Lugol’s iodine solution. Microscopic analyses
were done as described in Garibotti et al.
(2003). Phytoplankton cells were identified
and counted with an inverted microscope
(Iroscope IS-PH) in settling chambers
(Utermöhl 1958). Staining the cells with Lugol’s solution allows the recognition of cell
contents (e.g. presence of chloroplasts and
pyrenoids), and clearer a delineation of the
cell outline, favoring the recognition of its
shape and size under the microscope
(Throndsen 1978). Differentiation between autotrophic and heterotrophic dinoflagellates was done either on the basis of
the genus of a known trophic mode or by
the clear presence/absence of chloroplasts.
Cell biovolumes were measured using the
geometric shapes proposed by Hillebrand
et al. (1999), and corrected to account for
cell shrinkage due to sample fixation (Montagnes et al. 1994). Cell carbon content was
Fig. 1. Location of sampling stations in western coast of Antarctic Penincalculated with 2 carbon-to-volume ratios, 1
sula during summer 1997. ( ) Coastal region; ( ) middle-shelf region;
for diatoms (Montagnes & Franklin 2001)
( ) oceanic region. The 500 m isobath represents continental shelf slope;
and 1 for all the other algae groups (Mon200 to 600 are transect numbers. 1 = Anvers Island, 2 = Renaud Island,
3 = Adelaide Island, 4 = Bismarck Strait, 5 = Grandidier Channel
tagnes et al. 1994).
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the average chl a concentration in the top 50 m. For salp
grazing estimates, the proportion of zooids within 6 defined size categories was estimated from the lengthfrequency distribution of a subsample of zooids.
Eleoblasts were not included in the counts of salps, as
they are primarily dependent for nutrition on stored reserves. The average filtration rate for each size category
was calculated as described in Pakhomov et al. (2002),
and the grazing impact due to salps for each station was
calculated by multiplying the filtration rate for each size
category by the proportion of that size category and the
total number of zooids per m2 in the catch, and by the average chl a concentration in the upper 50 m (Ross et al.
1998). These estimations are first-order approximations
of grazing impact, since there are limitations to these
grazing models. The krill model does not explicitly include the effect of size on krill ingestion rate, and does
not incorporate the known selectivity of Antarctic krill for
diatoms (Haberman et al. 2003). The lack of selectivity in
the current grazing models is not as much a concern for
salps, as they are not believed to be selective feeders
(Pakhomov et al. 2002).
Data analysis. Water density was estimated as
sigma-t (σt). The depth of the upper mixed layer (UML)
was determined as the depth where a change of σt
> 0.05 occurred over a 5 m depth interval. Vertical
water column stability (E) was calculated according to
Mengesha et al. (1998): E = dσt /dz × 1/σt(avg) where
dσt /dz is the density vertical gradient, dz is 50 m depth,
and σt(avg) is the average density.
Spatial distribution patterns of the phytoplankton and
environmental variables were described from analysis
of contour plots generated using the inverse distanceweighting algorithm to interpolate the grid (Jongman et
al. 1995). Phytoplanktonic cell abundance and carbon
biomass data were from samples at the 50% PAR
depth, presumed to be representative of the UML. This
assumption is based on previous studies performed in
the area that revealed a uniform vertical distribution of
carotenoid pigments (diagnostic of different algae
groups), suggesting no major phytoplankton composition variations with depth (Ross et al. 2000, Garibotti et
al. 2003). The 50% PAR depth (5 to 30 m) was always
within the UML. For other variables, an average value
for each station was calculated according to the following criteria. Chl a concentration and nutrient concentrations were averaged over the UML determined for
each station. Physicochemical properties of the waters
(temperature and salinity) were averaged over the upper 50 m of the water column, which corresponds to the
depth-separating ‘winter waters’ from the upper water
column (Hofmann et al. 1996). It is in this upper portion
of the water column that spatial variability in water proprieties can be expected due to the impact of local environmental processes (Hofmann & Klinck 1998).

Statistical analysis. A cluster analysis was performed
on the algae abundances of the different phytoplankton classes to identify groups of stations with similar
phytoplankton assemblages. The Bray-Curtis similarity coefficient was used to construct a sample similarity
matrix for input to cluster analysis. This coefficient
measures the resemblance among phytoplankton
assemblages of 2 sites as the sum of the differences of
the abundance of each phytoplankton group at each
site (Jongman et al. 1995). Abundances were logtransformed so that large counts did not totally dominate the Bray-Curtis similarity coefficient. A completelinkage hierarchical agglomerative clustering procedure was used to group similar samples (Pielou 1984,
Jongman et al. 1995).
A canonical correlation analysis was performed to
correlate variation in phytoplankton community with
the environmental variables. Community variables
included algae abundances at the class level (logtransformed) and total chl a concentration. The environmental variables included water column temperature, vertical stability, Si(OH)2, [NO3– + NO2–] and NH4+
concentrations, and krill and salp grazing impact. water
column salinity and density were not included because
they were highly correlated with the water column stability, which was calculated from vertical density
changes (see above). The canonical correlation measures the strength of the relationship between 2 sets of
variables (ter Braak 1994, Jongman et al. 1995), in this
case the phytoplankton and environmental variables.
The 2 first significant canonical roots are used to construct the canonical diagram. The canonical roots are
the weighted sums of the phytoplankton variables,
which are used to calculate the position of the stations
in the diagram according to their algae composition,
abundance and total biomass. Thus, the distances between stations in the ordination diagram reflect the
similarity of their phytoplankton assemblages. Canonical factor loadings are the simple correlations between
the environmental variables and the canonical roots,
and are considered as a measure of the importance of
the different environmental variables determining
phytoplankton variability within the area.

RESULTS
Hydrographic and physicochemical properties
The main hydrographic feature detected throughout
most of the area was the ‘winter water’ mass, between
50 and 150 m deep, which disappears only at some
shoreward stations located near Anvers Island (in the
northeast section of the study area). This water mass,
characterized by temperatures below –1.0°C and salin-
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ity values of approximately 34 psu, corresponds to the
higher NH4+ concentrations were found along the
Antarctic Surface Water mass, which is restricted dur500 transect line and in the Grandidier Channel and
ing summer to a deep layer (Hofmann et al. 1996, HofCrystal Sound.
mann & Klinck 1998).
The physicochemical properties showed great spaPhytoplanktonic community
tial variability throughout the area. Water temperature and salinity increased gradually from the coast
Chl a distribution
to open ocean, with a maximum degree of change in
the zone outlined by the Anvers, Renaud and AdeDistribution of the chl a concentration showed a
laide Islands, evidencing the presence of major difstrong onshore–offshore gradient, decreasing seaward
ferences between coastal and open
waters (Fig. 2a,b). water column stability also showed a conspicuous gradient, decreasing from the coast toward
open waters (Fig. 2c), and the upper
mixed layer (UML) depth increased
from the coast to open waters (Fig. 2d).
Coastal waters had a vertical profile
characterized by a steep density gradient with depth and a very shallow
mixed layer (UML depth < 15 m) (Figs.
2d & 3a). These characteristics, and
the relatively low temperature and
salinity of the waters near the coast,
indicate freshwater input from sea-ice
or glacier melting. In fact, during the
sampling period, sea-ice remnants
were found in certain stations in the
Grandidier Channel, and the sea-ice
edge was found in the southern part of
Marguerite Bay (Ross & Baker 1997).
Moving progressively away from the
coast, the density gradient with depth
was less marked, and the upper mixed
layer was deeper or not obvious (UML
depth > 35 m) (Figs. 2d & 3b,c).
The concentrations measured for all
nutrients were relatively high throughout the study area and in the entire
water column. However, there was
considerable variability within the area
(Fig. 4). The Si(OH)2 distribution pattern had a marked onshore–offshore
gradient, with higher concentrations
near the coast (Fig. 4a). NO3– + NO2–
showed the opposite pattern, increasing seaward (Fig. 4b). NH4+ had a
patchy distribution pattern (Fig. 4c).
Furthermore, major localized macronutrient depletions were found in certain restricted regions. Specifically,
Fig. 2. Physicochemical properties averaged over upper water column (50 m).
lower NO3– + NO2– and Si(OH)2 con(a) Temperature (°C); (b) salinity (psu); (c) vertical stability (10– 3 m–1); (d) upper
centrations were found in Marguerite
mixed layer depth (m–1). Alongshore distance corresponds to transect numbers
Bay and in the middle of the 500 tranin Fig. 1, across-shelf distance corresponds to location of stations. Crosses (+)
sect line near Renaud Island and
in (a) correspond to sampling stations
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Fig. 3. Vertical profiles of water column temperature, density and chlorophyll a concentration of representative stations of
(a) coastal region, (b) middle-shelf region, (c) oceanic region. Regions shown in Fig. 1

(Fig. 5a). The highest concentrations were recorded in
Marguerite Bay, with values up to 17.86 µg chl a l–1,
and the lowest in outer shelf waters, reaching a minimum of 0.07 µg chl a l–1.
Different patterns of chl a distribution with depth
were found within the area, and a priori 3 regions were
delineated based on their chl a profile with depth:
coastal, middle-shelf and oceanic regions (Fig. 1). The
coastal region had surface or near-surface chl a peaks

(depth ~10 m) and very low concentrations in deeper
waters (Fig. 3a). The middle-shelf region had nearsurface chl a maxima and a gradual decrease of concentration with depth (Fig. 3b). The oceanic region had
low chl a near the surface and higher concentrations
between 40 and 100 m depth (Fig. 3c). These results
show that the biomass depth-distribution was deeper
moving across the continental shelf toward the slope.
Furthermore, chl a vertical profiles closely corre-

Fig. 4. Distribution of macronutrient concentrations (µM) averaged over upper mixed layer. (a) Si(OH)2; (b) NO3– + NO2–; (c) NH4+.
Alongshore distance corresponds to transect numbers in Fig. 1; across-shelf distance corresponds to location of stations
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Fig. 5. Phytoplankton standing-stock distribution in upper mixed layer: (a) chlorophyll a concentration (µg l–1); (b) cell abundance
(104 cells l–1); (c) autotrophic carbon concentration (µg l–1). Arrows in (b) point to sites with a peak in phytoplankton cell abundance (1: Marguerite Bay; 2: Grandidier Channel; 3: near Anvers Island). Alongshore distance corresponds to transect numbers
in Fig. 1, across-shelf distance corresponds to location of stations

sponded to water column physical characteristics
(Fig. 3). Average chl a concentrations and physicochemical properties in the upper water column in these
regions are shown in Table 1.

Phytoplankton spatial distribution and
algae assemblages
Microscopic analysis showed that the phytoplanktonic community was composed of small unidentified
phytoflagellates, cryptophytes, diatoms, prasinophytes, prymnesiophytes and dinoflagellates (Fig. 6).
The unidentified phytoflagellate group might include
chrysophytes and prymnesiophytes, and a small proportion of chlorophytes and cryptophytes (Garibotti et
al. 2003), but here they were pooled together, considering that they have similar ecological importance in the
trophic chain. Nanoplanktonic cells (< 20 µm) dominated throughout most of the area, accounting for 98%
of cell abundance and 41% of carbon concentration. All
phytoplankton groups had nanoplanktonic representatives, while the microphytoplankton (> 20 µm) was
mostly represented by diatoms and dinoflagellates.
The spatial distribution of total phytoplankton cell
abundance and carbon biomass (at 50% PAR depth)
showed a remarkable onshore–offshore gradient
(Fig. 5b,c), resembling the chl a distribution (Fig. 5a).

Variability in phytoplankton standing stock was high,
ranging from 62 to 1150 × 104 cells l–1 and 10 to
967 µg C l–1. The most outstanding characteristic in the
area was the presence of 3 localized peaks in phytoplankton cell abundance in nearshore waters of Marguerite Bay, Grandidier Channel, and the inside of the
600 transect line near Anvers Island (Fig. 5b). In Marguerite Bay, the phytoplankton standing stock reached
938 × 104 cells l–1 (Fig. 5b: Arrow 1) and 967 µg C l–1
(Fig. 5c). In Grandidier Channel, phytoplankton abundance reached 1147 × 104 cells l–1 (Fig. 5b: Arrow 2),
although biomass remained relatively low (maximum
Table 1. Chlorophyll a (chl a) concentration and physicochemical properties: temperature, salinity, density and vertical stability. Average (± SD) values for regions differentiated by their
phytoplankton vertical distribution (Fig. 1). Values of chl a
averaged over upper mixed layer and those of physicochemical properties over upper 50 m of the water column
Parameter

Coastal
region

Middle-shelf
region

Oceanic
region

Chl a (µg l–1)
4.38 ± 5.33 0.92 ± 0.45 0.22 ± 0.13
Temperature (°C) 0.21 ± 0.48 0.94 ± 0.23 1.25 ± 0.27
Salinity (psu)
33.14 ± 0.17 33.64 ± 0.10 33.79 ± 0.05
Density (kg m– 3) 26.59 ± 0.13 26.95 ± 0.08 27.05 ± 0.04
Vertical stability
0.90 ± 0.41 0.18 ± 0.12 0.12 ± 0.07
(10– 3 m–1)
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Fig. 6. Distribution of major phytoplankton groups in upper mixed layer (104 cells l–1). (a) Unidentified phytoflagellates;
(b) Cryptomonas spp.; (c) Diatoms; (d) Pyramimonas spp.; (e) Phaeocystis spp.; (f) Dinoflagellates. Alongshore distance
corresponds to transect numbers in Fig. 1, across-shelf distance corresponds to location of stations

79 µg C l–1, Fig. 5c). Near Anvers Island, the peak in
cell abundance attained 823 × 104 cells l–1 (Fig. 5b:
Arrow 3), and had relatively low carbon biomass (maximum 83 µg C l–1, Fig. 5c). The number of cells per µg C
was 1 order of magnitude less in Marguerite Bay than
elsewhere.
A dendrogram based on the Bray–Curtis coefficient
of similarity classified the sampling stations into
4 major groups with over 70% similarity in their phytoplankton assemblages (algae composition and cell
abundance) (Fig. 7a). The Marguerite Bay stations

were classified in a separated cluster (Cluster 1)
(Fig. 7b), delimiting a region with a homogeneous
phytoplankton assemblage (over 80% similarity). The
phytoplankton community of this region was very different from the rest of the study area (separating at
55% similarity level), and showed the presence of a
peak in cell abundance and biomass, as previously
described (Table 2, Fig. 5b,c). This was the only region
in the entire study area where the microphytoplankton
size fraction had high biomass (88% C). Diatoms dominated, accounting for 21% of cell abundance and 86%
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of C biomass (Fig. 6c). Single-cell Phaeocystis species
were also abundant and represented 30% of cell abundance and 3% of phytoplankton C (Fig. 6e). Pyramimonas spp. reached also their highest abundance in
this region (Fig. 6d). The dominant diatom species
were Odontella weisflogii, Eucampia antarctica and
Thalassiosira spp. (Table 3). Chaetoceros socialis had a
lower carbon concentration, but reached 364 × 104 cells
l–1, contributing 58% of diatom cell abundance.
Cluster 2 (Fig. 7a) included the stations located on
the shelf slope and off the continental shelf (Fig. 7b),
delimiting a region with a homogeneous phytoplankton assemblage (over 75% similarity), separating from
the rest of the area at an approximately 60% similarity
level. Stations in Cluster 2 corresponded to those in the
oceanic region, as delimited previously
by the chl a vertical distribution pattern
(cf. Figs. 1 & 7b). Thus, the region delimited by Cluster 2 is also named oceanic
region. The phytoplankton assemblage
was dominated by unidentified phytoflagellates, accounting for 85% cell abundance and 28% C biomass (Fig. 6a,
Table 2). Although diatoms and dinoflagellates had relatively low abundance (6
and 2% respectively), they contributed
27 and 21% of the total carbon biomass
respectively (Table 2). The most important diatom species were Corethron
criophyllum, small Fragilariopsis curta,
F. cylindrus and F. pseudonana, Nitzschia spp. and Thalassiosira spp.
(Table 3). The 3 species of small Fragilariopsis together represented 88% of
diatom cell abundance.
The stations located in the middle
continental shelf and in the Grandidier
Channel and Crystal Sound were a
mosaic of Clusters 3 and 4 (Fig. 7a). The
spatial distribution of the stations included in these clusters overlapped,
making difficult the delimitation of
other regions with a homogeneous
phytoplankton assemblage within the
area. Furthermore, the stations included
in the Cluster 4 were divided into
3 smaller clusters with a very high similarity in their phytoplankton assemblages (Fig. 7a).
Cluster 4b included stations with over
85% of similarity in their phytoplankton
assemblages (Fig. 7a), which were located in 3 regions spatially distinct from
each other (Fig. 7b). Based on their location, these 3 regions were named near
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Adelaide Island (inside the Transect 200 and 300 lines),
Grandidier Channel (inshore between the Transect 500
and 600 lines) and near Anvers Island (inside the Transect 600 line) (Fig. 7b). Of these, 2 regions (Grandidier
Channel and near Anvers Island) had a peak in cell
abundance (Fig. 5b). The characteristics of the phytoplankton assemblages (Cluster 4b) were the dominance
of unidentified phytoflagellates (representing 82% cell
abundance and 35% carbon biomass) and the very high
abundance of cryptophytes (contributing 15% of cell
abundance and 30% of the carbon biomass) (Table 2,
Fig. 6a,b). Furthermore, these assemblages had a low
proportion of diatoms, which accounted for only 1% of
cell abundance and 13% of carbon biomass (Fig. 6c,
Table 3). The dominant diatom species were Corethron

Fig. 7. Analysis of classification of sampling stations performed on algae class abundances
using
Bray–
Curtis coefficient of similarity.
(a) Dendrogram of cluster
analysis, (b) geographical locations of phyto-plankton assemblages identified by classification analysis, where
region numbers correspond to
cluster numbers in (a), except
stations in Clusters 3, 4a and
4c, which were all included in
a unique region; region encircled by dashed line along the
Transect 500 line includes
only 5 of the stations grouped
in Cluster 4a (criteria used for
this delimitation explained in
‘Results’); crosses (+) are sampling stations; alongshore distance corresponds to transect
numbers in Fig. 1, acrossshelf distance corresponds to
location of stations
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Table 2. Phytoplanktonic community structure. Chlorophyll a concentration (µg l–1), cell abundance (104 cells l–1) and carbon biomass (µg C l–1) for total phytoplankton and for dominant phytoplankton groups. Average ± SD values for regions delimited by
classification analysis of phytoplankton assemblages (Fig. 7). Values of chl a averaged over upper mixed layer and those of phytoplankton standing stock are from samples at 50% PAR depth
Parameter

Chlorophyll a
Total phytoplankton
Cells
Biomass
Unidentified phytoflagellates
Cells
Biomass
Cryptomonas spp.
Cells
Biomass
Diatoms
Cells
Biomass
Pyramimonas spp.
Cells
Biomass
Phaeocystis spp.
Cells
Biomass
Dinoflagellates
Cells
Biomass

Region 1
(Marguerite Bay)

Region 2
(oceanic region)

Region 4b
(3 regions)

Region 3
(central region)

10.82 ± 4.65

0.23 ± 0.16

1.11 ± 0.29

0.88 ± 0.50

733 ± 175
603 ± 224

253 ± 115
25 ± 11

525 ± 234
48 ± 17

405 ± 119
40 ± 17

306 ± 77
8±6

216 ± 103
7±3

431 ± 218
16 ± 8

326 ± 106
12 ± 5

24 ± 20
3±2

15 ± 10
2±2

77 ± 41
14 ± 8

54 ± 27
9±5

154 ± 137
520 ± 221

44 ± 15
7±5

8±5
6±6

13 ± 6
8±7

7±3
1±1

0
0

1±1
0

1±2
0

220 ± 186
19 ± 16

1±3
0

0
0

2±7
0±1

14 ± 5
18 ± 5

4±2
5±2

7±4
8±4

7±5
7±6

criophyllum, Thalassiosira spp. and small Fragilariopsis
curta, F. cylindrus and F. pseudonana (Table 2). The 3
small Fragilariopsis species accounted for 72% of the
diatom cell abundance.
Cluster 4a (Fig. 7a) delimited a group of stations seaward of Renaud Island (along the central part of the
Transect 500 line) (Fig. 7b), which displayed over 90% of
similarity in their phytoplankton assemblages. The outstanding characteristic of these stations was an increment in the abundance of unidentified phytoflagellates,
diatoms, dinoflagellates and prasinophytes (Fig. 6). The
3 former phytoplankton groups contributed almost the
same proportion of biomass (27, 23 and 25% C respectively). Diatom species more common in this region were
small Fragilariopsis curta, F. cylindrus and F. pseudonana, Corethron criophyllum and Nitzschia spp. The
other stations grouped in Cluster 4a corresponded to the
Bismarck Strait (nearshore on the Transect 600 line), indicating a close similarity between the phytoplankton
assemblage of the near Renaud Island region and that of
Bismarck Strait. However, this latter location also included other stations classified as Cluster 3, indicating a
more heterogeneous phytoplankton assemblage.
Therefore, since the stations in Clusters 3, 4a and 4c
did not group in a well-defined region, they were all
combined into a large central region (Fig. 7b). The
phytoplankton assemblage of this region was domi-

nated by unidentified phytoflagellates, which contributed with 81% of cell abundance and 31% of the C
biomass (Fig. 6a, Table 2). Cryptomonas spp. were also
important throughout this region, with 13% of cell
abundance and 23% of C biomass, and diatoms and
dinoflagellates had a low abundance (3 and 2%
respectively) but made a high contribution to total biomass (19% C each) (Table 2). The most important
diatom species were Corethron criophyllum, small
Fragilariopsis curta, F. cylindrus and F. pseudonana,
Nitzschia spp. and Thalassiosira spp. (Table 3).
In summary, there was a change in phytoplankton
standing stock along an onshore–offshore gradient,
showing a decreasing abundance and biomass toward
the open ocean (Fig. 5). Most algae groups were ubiquitous in the area, except prymnesiophytes and
prasinophytes, which had restricted distributions
(Fig. 6). However, the phytoplankton also had high
variability on a smaller spatial scale, and different
regions were delimited based on their similarity in
phytoplankton composition and abundance (Fig. 7).
The cluster analysis confirmed the similarity of phytoplankton assemblages at stations with a deep chl a
maximum, delimiting the oceanic region. In contrast,
the stations with maximum surface chl a (Fig. 3b,c)
were classified in different clusters, indicating that
these stations (grouped a priori in a coastal and a
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Table 3. Diatom populations. Composition and biomass (µg C
l–1) of species that contributed >1% of total diatom carbon
biomass. Average ± SD values for regions delimited by classification analysis of phytoplankton assemblages (Fig. 7). Cell
size given in parentheses
Region

middle-shelf region) did not have an homogeneous
phytoplankton composition. The physicochemical
properties of the upper water column in the regions
delimited by the cluster analysis are shown in Table 4.

Biomass

Region 1 (Marguerite Bay)
Odontella weisflogii
Eucampia antartica
Thalassiosira spp. (50 µm)
Chaetoceros socialis
Fragilariopsis curta (40 µm)
Nitzschia spp. (60 µm)
Chaetoceros dichaeta
Region 2 (oceanic region)
Corethron criophyllum
Small Fragilariopsis spp.a
Nitzschia spp. (60 µm)
Thalassiosira spp. (25 µm)
Fragilariopsis curta (40 µm)
Thalassiosira spp. (15 µm)
Fragilariopsis separanda
Region 4b (3 regions)
Corethron criophyllum
Thalassiosira spp. (25 µm)
Small Fragilariopsis spp.a
Chaetoceros spp. (15 µm)
Nitzschia spp. (60 µm)
Fragilariopsis separanda
Cylindrotheca closterium
Region 3 (central region)
Corethron criophyllum
Thalassiosira spp. (25 µm)
Nitzschia spp. (60 µm)
Small Fragilariopsis spp.a
Unidentified pennal (60 µm)
Chaetoceros spp. (15 µm)
Fragilariopsis curta (40 µm)
Nitzschia spp. (30 µm)
Thalassiosira spp. (15 µm)

298.0 ± 160.0
96.0 ± 70.7
41.8 ± 46.7
19.5 ± 31.6
14.3 ± 11.8
11.6 ± 14.0
5.8 ± 7.7
2.9 ± 5.0
1.4 ± 1.1
0.8 ± 1.5
0.6 ± 2.7
0.3 ± 0.7
0.2 ± 0.7
0.1 ± 0.3
4.19 ± 4.7
0.7 ± 1.9
0.6 ± 0.5
0.4 ± 1.1
0.2 ± 0.4
0.2 ± 0.3
0.1 ± 0.2
3.0 ± 5.8
1.4 ± 2.7
1.3 ± 1.6
1.2 ± 1.7
0.2 ± 1.0
0.2 ± 0.7
0.1 ± 0.5
0.1 ± 0.1
0.1 ± 0.5

a

Comprised Fragilariopsis curta, F. cylindrus and
F. pseudonana (10 µm)

Zooplanktonic community
Both Antarctic krill and salps were abundant in the
northern half of the area in January 1997, with small isolated areas of elevated abundance in the southern half of
the region surveyed (Table 4, Fig. 8a,b). However, the 2
species showed less coherence on smaller spatial scales,
as areas of highest abundance did not overlap, i.e. seaward of Renaud Island and in Crystal Sound for krill and
mid-shelf on the Transect 600 line and inland Renaud Island for salps (Fig. 8). Krill abundance also showed an
onshore–offshore gradient, with higher abundance in
the middle-shelf and coastal regions, and relatively low
abundance throughout the oceanic region (Fig. 8a). The
pattern of distribution of salps showed high concentrations in the northern region at the coastal stations, but
they were also consistently found in lower numbers at
stations in the oceanic region (Fig. 8b).
Although the grazing impact shared some of the distribution patterns of abundance of the grazers alone,
the differences illustrate the value of the grazing models (Fig. 8c,d). Krill grazing impact was highest in the
coastal region, and null throughout the oceanic region,
as phytoplankton biomass was lower than the threshold for krill ingestion (0.36 µg chl a l–1, Ross et al. 1998).
The highest grazing impact was estimated for stations
in the Grandidier Channel, with grazing lower in the 2
other regions with a similar phytoplankton assemblage
(near Adelaide Island and near Anvers Island). Grazing impact was also lower at stations in Marguerite Bay
(Cluster 1) and near Renaud Island (Cluster 4a). Salp

Table 4. Physical, chemical and biological environmental variables. Temperature (°C), salinity (psu), density (kg m– 3), vertical
stability (10– 3 m–1), nutrients (µM), krill abundance (103 ind. m– 3), krill grazing impact (µg chl a m–2 h–1), Salp abundance (103 ind.
m– 3), and salp grazing impact (µg chl a m–2 h–1). Average ± SD values for regions differentiated in Fig. 7. Values of physicochemical properties averaged over upper 50 m of water column, and nutrients averaged over upper mixed layer
Parameter

Region 1 (Marguerite Bay)

Temperature
Salinity
Density
Vertical stability
Si(OH)2
NO3– + NO2–
NH4+
Krill abundance
Krill grazing impact
Salp abundance
Salp grazing impact

0.37 ± 0.47
33.13 ± 0.14
26.58 ± 0.10
0.79 ± 0.30
57.96 ± 3.38
5.14 ± 5.00
1.62 ± 0.89
9±5
5.16 ± 3.87
0
0

Region 2 (oceanic region)

Region 4b (3 regions)

Region 3 (central region)

1.26 ± 0.26
33.80 ± 0.03
27.06 ± 0.03
0.12 ± 0.07
47.48 ± 9.70
25.01 ± 3.15
1.98 ± 1.23
21 ± 33
0
22 ± 33
1.95 ± 3.72

0.57 ± 0.54
33.38 ± 0.27
26.77 ± 0.20
0.53 ± 0.55
78.28 ± 6.09
21.93 ± 2.64
2.68 ± 1.13
196 ± 266
8.88 ± 14.69
37 ± 59
16.99 ± 25.63

0.84 ± 0.42
33.59 ± 0.20
26.92 ± 0.15
0.27 ± 0.27
70.18 ± 12.05
22.22 ± 4.07
2.80 ± 1.14
205 ± 378
3.54 ± 8.90
28 ± 39
7.99 ± 14.71
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to environmental parameters. The Marguerite Bay stations were not included in
the analysis since they showed extreme values for all variables, and the canonical correlation analysis performs better on an
homogeneous data set (ter Braak 1994,
Jongman et al. 1995).
The canonical correlation was significant
and high (p < 0.001; R2 = 0.82), indicating a
close relationship between the phytoplankton and the environmental variables analyzed. We extracted 2 significant canonical
roots that cumulatively explained 42% of
the variance observed. Ordination of the
samples in the first 2 canonical roots shows
the separation of stations of the coastal,
middle-shelf and oceanic regions (Fig. 9), as
defined by their chl a profile (Figs. 1 & 3).
Although partly overlapping, the separation
of the 3 regions is more evident along the
first canonical root. The coastal region has
negative values on the first canonical root,
the middle-shelf region has values around
zero, and the oceanic region has positive
values. The second canonical root also contributes to the separation of the regions,
showing mostly negative values for the middle-shelf region, and positive values for the
other 2 regions. Since distance between
stations in the ordination diagram correspond to the level of similarity among stations (ter Braak 1994), the first canonical root
can be interpreted as indicating a gradual
change of the phytoplankton structure from
the coast to open regions. However, there is
high variability within the coastal, middleshelf and oceanic regions along the second
Fig. 8. Zooplanktonic community. (a) Abundance of Euphausia superba canonical root, possibly representing the
(103 ind. m– 3); (b) abundance of Salpa thompsoni (103 ind. m– 3); (c) grazing great regional variability found in the
impact of E. superba (µg chl a m–2 h–1); (d) grazing impact of S. thompsoni phytoplankton composition and abundance
(µg chl a m–2 h–1). Alongshore distance corresponds to transect numbers in within the 3 regions, as previously described
Fig. 1, across-shelf distance corresponds to location of stations
from the analysis of the contour plots and the
cluster analysis.
water column stability had a high correlation with
grazing impact, on the other hand, appeared to be
both canonical roots (Table 5), indicating the high
higher on the middle shelf, both north and south, and
influence of this variable on phytoplankton variability
in the Grandidier Channel, coinciding with high
throughout the area. On the other hand, temperature
unidentified phytoflagellates and cryptophyte abunand Si(OH)2 concentration showed high correlation
dance, and low diatom abundance (Figs. 6 & 8d).
with the first canonical root only, indicating their major
relation with the onshore–offshore phytoplankton
Phytoplankton spatial distribution and related
changes. The other variables analyzed (other nutrients
environmental gradients
and macrozooplanton grazing impact) have lower
influence on the variability of the phytoplankton
A canonical correlation analysis was used to evaluthroughout the area, as indicated by their low correlaate the linkage of phytoplankton community structure
tion with the 2 significant canonical roots.
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Fig. 9. Ordination diagram of canonical correlation analysis of
phytoplankton community in study area. Region symbols as in
Fig. 1. Canonical correlation (R2) = 0.82. Scale corresponds to
stations scores according to their phytoplankton structure (algae composition, cell abundance and chl a concentration).See
Table 5 for correlation of environmental variables with the
2 canonical roots

DISCUSSION
Across-shelf phytoplankton distribution pattern
The results of this study show that the western
Antarctic Peninsula, influenced by Bellinghausen Sea
water and seasonally swept by sea-ice, is an area
where large- and meso-spatial scales are needed to
explain phytoplankton community structure and
dynamics. During January 1997, phytoplankton biomass was low throughout most of the area (Fig. 5) and
was dominated by nanoplanktonic-size cells, as
appears to be typical for most of the Southern Ocean
(von Bröckel 1981, Weber & El-Sayed 1987). High biomass concentration was only found associated with the
sea-ice edge in Marguerite Bay (Fig. 5, Table 2),
emphasizing the importance of ice-edges as areas of
enhanced phytoplankton biomass in the Southern
Ocean (Smith & Nelson 1985, Bianchi et al. 1992, Bidigare et al. 1996).
Chl a concentration, phytoplankton cell abundance
and carbon biomass showed great variability along an
onshore–offshore gradient (Fig. 5, Table 1). The gradients in carbon biomass and chl a concentration were of
the same magnitude as others previously reported for
this area (Smith et al. 1998, 2001, Garibotti et al. 2003),

showing phytoplankton standing stocks several times
higher in coastal waters than in open waters (Table 1).
Composition of the phytoplanktonic community and
diatom populations also changed along the gradient,
as indicated by shifts in the dominant algae groups and
diatom species in regions differentiated within the
area (Fig. 6, Tables 2 & 3). Contrary to many previous
reports in which Antarctic waters were characterized
with a gradient in cell size, from nanophytoplankton in
offshore regions to microphytoplankton in onshore
regions (Smetacek et al. 1990, Baker et al. 1996, Bidigare et al. 1996), in January 1997 both nano- and
microplanktonic phytoplankton groups were more
abundant inshore, and both decreased in abundance
and biomass toward the open ocean (Fig. 6).
The variability in phytoplankton structure along an
onshore–offshore gradient was also revealed by the
canonical analysis (Fig. 9), which showed that phytoplankton composition and abundance variability was
closely related to changes in water column stability
(Table 5). Thus, it appears that water column stability
is a major environmental factor regulating phytoplankton composition and standing stock throughout the
area, as previously reported for other areas of the western Antarctic Peninsula (Holm-Hansen et al. 1989,
Mitchell & Holm-Hansen 1991, Kang & Lee 1995).
water column stabilization and restricted mixing regulate total phytoplankton standing stock by allowing
cells to remain in the upper water column under a
favorable light regime and preventing their sedimentation (Smith & Sakshaug 1990). The cold waters with
low salinity near the coast (Fig. 2) and their steep density change with depth (Fig. 3a) showed that the water
column was stabilized by the influence of sea-ice
and/or glacier meltwater at the inner-shelf stations. In
addition, island protection from storms (Hofmann et al.
1996) may have favored the marked stratification
observed near the coast (Figs. 2c,d & 3a).
The canonical analysis assigned high factor loadings
for the water column temperature and macronutrient
concentration (Table 5), suggesting that variability in
Table 5. Factor loadings of environmental variables, which
are simple correlations with canonical roots estimated by
canonical correlation analysis in Fig. 9
Parameter

Temperature
Vertical stability
Si(OH)2
NO3– + NO2–
NH4+
Krill grazing impact
Salp grazing impact

First canonical
root

Second canonical
root

0.66
–0.63
–0.79
0.38
–0.21
–0.38
–0.50

–0.42
0.67
–0.32
–0.36
0.04
0.24
–0.39
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phytoplankton composition and standing stock
throughout the onshore–offshore gradient was also
closely related to these variables. However, although
temperature can limit algal growth rates and productivity, polar temperatures are below the optimum for
growth, and cells are not expected to be sensitive to
the natural range in environmental temperature
(Smith & Sakshaug 1990, Reay et al. 2001). In addition,
although at some coastal stations macronutrient concentrations were relatively low, throughout most of the
area they exceeded concentrations found to be limiting
for phytoplankton growth. Indeed, major localized
macronutrient depletions coincided with the phytoplankton peaks (Figs. 4 & 5), and the close relationship
between phytoplankton structure and [NO3– + NO2–]
and [Si(OH)2] concentrations (Table 5) appears to be
the result of the modification of macronutrient distributions by phytoplankton assimilation, as also reported
in other studies (Holm-Hansen et al. 1989, Castro et al.
2002). Thus, neither temperature nor macronutrients
are likely to have influenced the across-shelf phytoplankton changes.
The vertical phytoplankton distribution also
changed along the onshore–offshore gradient (Figs. 1
& 3). In the coastal and middle-shelf regions, chl a vertical profiles were closely related to water column density profiles (Fig. 3a,b), indicating a relatively uniform
phytoplankton distribution within the upper mixed
layer, and suggesting that phytoplankton were concentrated in the near-surface layer by physical stratification. In contrast, in the oceanic region, low chl a concentrations in the upper water column and maximum
values at depths between 40 and 100 m (Fig. 3c), were
not related to the vertical density profile. The vertical
density profile showed a deep or not obvious mixed
layer (Fig. 3c), indicating that water column stratification was not responsible for this vertical distribution of
the phytoplankton.
Similar deep chl a maxima have been observed in
Drake Passage, where it was hypothesized that phytoplankton growth was limited in near-surface waters
due to low iron concentrations, and that the deep chl a
maxima were the result of high iron concentrations in
the ‘winter water’ mass (Holm-Hansen et al. 1994). We
found the winter water present throughout most of our
study area between 50 and 150 m (temperatures below
–1.0°C: Fig. 3). Defining the continental shelf slope to
be at approximately the 500 m isobath (Hofmann et al.
1996), the oceanic region occupies the shelf slope and
waters off the continental shelf (Fig. 1). Low iron concentrations limiting phytoplankton growth have been
measured in several pelagic areas of the Southern
Ocean, while high iron concentrations are expected
over the continental shelf (Martin et al. 1990, de Baar
et al. 1995). Therefore, these results provide support

for the conjecture that in the oceanic region phytoplankton may have been limited by iron in near-surface waters and enhanced in the deep, iron-rich winter
waters. An alternative possible scenario is that a
phytoplankton bloom may have developed in association with the sea-ice edge in the oceanic region during
early spring, as was observed in this region in another
year by Smith et al. (2001). This bloom may have
depleted the iron stock of surface waters, constraining
all further phytoplankton growth to deep waters. In
contrast, the presence of winter water appears to be
less important to the phytoplankton assemblage of the
continental shelf, where surface stratification of the
water column (Fig. 3) and the probable presence of
iron-rich surface waters may have allowed phytoplankton growth in the upper water column, under a
favorable light regime.
During summer 1993, Prézelin et al. (2000) sampled
the same area considered in this study, and observed
diatom-enriched assemblages at stations in the oceanic
region. Although they did not report the presence of
deep chl a peaks, their results show an increment of
chl a and fucoxanthin concentrations at around 50 m
depth (Prézelin et al. 2000, their Plate 1), indicating that
the diatom-enhanced biomass they found was restricted to a deep layer within the water column. They
associated this finding with upwelling of a macronutrient-rich water mass (UCDW), which may enhance diatom growth. However, the high proportion of diatoms
in the subsurface layer can also be explained by the
iron hypothesis that we suggest is part of the dynamics
here, since enhanced diatom growth in iron-enriched
waters has been experimentally demonstrated (de Baar
et al. 1995, Boyd et al. 2000).
The dominant diatom species found in the oceanic region (Cluster 2: Fig. 7), Corethron criophyllum and
small Fragilariopsis spp. (Table 3), are known pelagic
species (Hasle 1969, Theriot & Fryxell 1985, Villafañe et
al. 1995). These same species were found in high biomass in deep waters of the Bransfield Strait shelf-break
(Kang & Lee 1995), close to the area where HolmHansen et al. (1994) found the presence of a deep chl a
maximum. The comparison of these combined results
for the Bransfield Strait with what we found in our study
area suggests that the phytoplankton composition of
the deep chl a peaks found in these 2 separate regions
of the western Antarctic Peninsula is similar.
Concordance between our data and those of Prézelin
et al. (2000) suggests that deep phytoplankton peaks
may be a consistent year-to-year feature in the oceanic
region. Furthermore, the finding of these same pattern
in several years in the Bransfield Strait shelf-break
(Holm-Hansen et al. 1994, Kang & Lee 1995) suggests
that the presence of a deep chl a layer might be typical
all along the continental shelf slope of the western
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Antarctic Peninsula. This pattern contrasts with the
vertical distribution pattern typically reported for
Antarctic coastal phytoplankton, which is described as
having the higher concentrations in the upper water
column (Mitchell & Holm-Hansen 1991, Priddle et al.
1994, Helbling et al. 1995, Smith et al. 1996, 1998,
Dierssen et al. 2002, Varela et al. 2002). While iron limitation is a plausible hypothesis for these high-nutrient,
low-chlorophyll (HNLC) waters, it should be noted
that, to date, this hypothesis has not been tested by
direct manipulation for this area. Therefore, further
research is needed to understand what determines this
particular distribution of the phytoplankton in the
western Antarctic Peninsula, and the possible impact
of the deep concentration of the phytoplankton in the
trophic dynamics of pelagic waters of the Southern
Ocean.
During January 1997, the abundance and grazing
impact of krill and salps was relatively low in the
oceanic region (Fig. 8, Table 4). Although Prézelin et
al. (2000) suggested that Antarctic krill might prefer
these offshore communities, krill grazing impact during January 1993 at the oceanic stations was very low
(Ross et al. 1998), as found in this study. Furthermore,
we can characterize the grazing impact in this region
for other years in January (1993 to 1995). In all these
years, krill grazing in the oceanic region was low-tozero, and salps were present in 1994, but not in either
1993 or 1995 (Ross et al. 1998). Thus, it appears that
macrozooplankton impact is not important in this
region. Previous studies showed the greater importance of protist grazers in iron-stimulated phytoplankton assemblages in pelagic waters of the Southern
Ocean and other marine ecosystems (Boyd et al. 2000,
Landry et al. 2000), which agrees with our finding of
low macrozooplankton in this region.

Mesoscale variability in open waters
A final consideration of the phytoplankton distribution in open waters of the continental shelf is the variability detected near Renaud Island (Cluster 4a:
Fig. 7b). The phytoplankton assemblage of this region
was homogeneously distributed throughout the upper
mixed layer (Fig. 3b), and was characterized by an
increased abundance of unidentified phytoflagellates,
diatoms, prasinophytes and dinoflagellates (Fig. 6).
This composition is similar to that found by Prézelin et
al. (2000) during the summer of 1993 in the same location, suggesting that this phytoplankton community
may be consistently present there. They associated this
assemblage with the upwelling of Upper Circumpolar
Deep Water. We found temperature changes in the
upper water column in this region (Fig. 2a), which may
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have been the result of upwelling processes, giving
additional support to the hypothesis of Prézelin et al.
(2000). Although these authors correlated the upwelling with ‘unusual strong winds’ and suggested
that these events may be rare, observation of the same
phenomena in 2 different years suggest that upwelling
may be repeated every year in this region. The bottom
topography is characterized by a deep channel in this
region (Hofmann et al. 1996, Prézelin et al. 2000),
probably providing a direct connection between this
site and the outer shelf and favoring upwelling processes. During 1997, the abundance of both krill and
salps was relatively high at stations with this phytoplankton assemblage (Fig. 8, Table 4), as also seen in
this region during January 1993 (Ross et al. 1998).
Thus, it appears that upwelling processes may have
implications for the trophic-chain dynamics in restricted sites of the western Antarctic Peninsula as
stated by Prézelin et al. (2000).

Mesoscale variability alongshore
This study has documented spatial variability in phytoplanktonic community composition, cell abundance
and biomass in the inner shelf stations (Figs. 5 & 6), as
indicated by the presence of 3 peaks in cell abundance
(Fig. 5b) characterized by different algae assemblages:
diatoms and Phaeocystis spp. in Marguerite Bay,
unidentified phytoflagellates in Grandidier Channel,
and unidentified phytoflagellates and Cryptomonas
spp. near Anvers Island (Fig. 6).
The phytoplanktonic community of Marguerite Bay
(Cluster 1: Fig. 7), was associated with the sea-ice
edge, found in the southern part of Marguerite Bay
during the sampling period (Ross & Baker 1997).
Diatom and Phaeocystis spp. dominance, as found in
this region (Table 2, Fig. 6c,e), is common in phytoplankton blooms in the marginal sea-ice zone (Bianchi
et al. 1992, Buma et al. 1992, Bidigare et al. 1996, Fiala
et al. 1998). Furthermore, the dominant diatom species
Odontella weisflogii, Eucampia antarctica, Thalassiosira spp. and Chaetoceros socialis (Table 3), are
typical bloom-forming species in other coastal regions
of the western Antarctic Peninsula also (Moline &
Prézelin 1996, Varela et al. 2002, Garibotti et al. 2003),
and the co-occurrence of this particular diatom composition and Pyramimonas spp. in phytoplankton blooms
has also been previously reported (Moline & Prézelin
1996, Varela et al. 2002), suggesting a high similarity
in the composition of the phytoplankton blooms of this
part of the Southern Ocean.
The phytoplankton assemblages of Grandidier
Channel and near Anvers Island, with very high abundance of unidentified phytoflagellates and crypto-
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phytes (Fig. 6), are noteworthy, since algae blooms
dominated by small phytoplagellates have only occasionally been reported for the Southern Ocean (Bird &
Karl 1991, Jacques & Panouse 1991, Buma et al. 1992,
Kozlowski et al. 1995, Kopczynska 1996, Moline et al.
1997, Varela et al. 2002). However, this kind of bloom
cannot be considered a peculiarity of the study area,
since these blooms do not accumulate high biomass
and can be detected only when cell abundance is calculated. Thus, their occurrence may have been overlooked in the Southern Ocean, since the methodology
used in most ecological studies is based on biomass
measurements only.
These 3 phytoplankton assemblages described
alongshore are similar in composition and standing
stock to the communities found in Palmer Basin
(Anvers Island coast) during different stages of the seasonal phytoplankton succession (Holm-Hansen et al.
1989, Kozlowski et al. 1995, Moline & Prézelin 1996,
Moline et al. 1997). From south to north, they represent
assemblages typically found in early spring (Marguerite Bay), late spring (Grandidier Channel) and
summer (near Anvers Island). Thus, we hypothesize
that the distribution of summer phytoplankton in
nearshore waters reflects different stages of the seasonal succession of organisms. This pattern may have
been the result of the fact that the onset of the seasonal
phytoplankton cycle is closely related to sea-ice melting (Smith et al. 1996, Moline et al. 1997), and that the
progressive southward retreat of sea-ice cover during
spring and summer (Stammerjohn & Smith 1996) must
trigger the initiation of the phytoplankton succession
at different times throughout the area, driving the variability of the coastal phytoplankton. This hypothesis is
supported by the results of chl a remote-sensing by
satellites, which showed a gradual movement of a pigment-enriched region from the northwest to the southeast of the area as the sea-ice retreated (Smith et al.
1998, 2001). The presence during summer of assemblages in different stages of succession has also been
reported for a northern region of the western Antarctic
Peninsula (Bode et al. 2002).
Assuming a seasonal progression of phytoplankton
succession from north to south, as previously discussed,
environmental conditions associated with these 3
phytoplankton assemblages may give more information of the phytoplankton dynamics in nearshore waters. Environmental conditions in Marguerite Bay
showed high water column stability (Fig. 2c) and low
krill abundance (Fig. 8a), both of which are considered
as requisite for the development of a diatom bloom in
the Southern Ocean (Bianchi et al. 1992, Kopczynska
1992, Boyd et al. 2000, Walsh et al. 2001). Moving north,
in Grandidier Channel, water column stability was high
(Fig. 2c) and krill had the highest grazing impact values

of the area (Fig. 8a,c). This concentration of krill leads
to speculation on the possible role of herbivory in determining the high phytoflagellate and low diatom abundance found in this region (Fig. 6). Antarctic krill actively select for diatoms (Haberman et al. 2003) and can
completely strip diatom populations within a few hours
(Meyer & El-Sayed 1983, Alder et al. 1989, Ross et al.
1998). Thus, heavy selective grazing pressure by
Antarctic krill could alter phytoplankton community
composition, and may underlie the low diatom standing-stock found in Grandidier Channel. Furthermore,
selective krill herbivory has been proposed as the most
important factor determining the abrupt seasonal replacement of diatoms by phytoflagellates in coastal
Antarctic waters (Karl 1993, Walsh et al. 2001). As discussed above, chl a remote-sensing analysis revealed
that a phytoplankton bloom developed early in the year
in Grandidier Channel in the wake of the retreating
ice-edge. We also know that in the western Antarctic
Peninsula blooms are due to diatoms (Holm-Hansen et
al. 1989, Varela et al. 2002, Garibotti et al. 2003). Therefore, we postulate that this bloom may have recently
disappeared due to high krill herbivory, leaving high
NH4+ concentrations (Fig. 4c) as evidence of the grazing, and fostering a bloom of phytoflagellates (Fig. 6).
Since phytoflagellates are competitors of diatoms for
nutrients and light (Walsh et al. 2001), selective herbivory on diatoms may have promoted the phytoflagellate bloom under conditions of high water column stability (Fig. 2c). In addition, krill can also graze on
protozoans, the major herbivore of small flagellates
(Smetacek et al. 1990, Walsh et al. 2001), a characteristic of this grazer that might also favor phytoflagellates.
Therefore, we hypothesize that the phytoflagellate
bloom in Grandidier Channel may represent a secondary stage of seasonal succession in this region, after
the initial diatom bloom associated with the ice-edge.
In the third abundance peak, near Anvers Island
(Fig. 5b), Cryptomonas spp. and unidentified phytoflagellates dominated (Fig. 6). Moline et al. (1997) reported the onset of a Cryptomonas spp. bloom at
Palmer Basin occurring during early summer in this
region, associated with glacial melting. Our results
indicate that this cryptophyte bloom, found every summer at Palmer Station, is part of a more widespread
assemblage, which extends to the west and south of
Anvers Island (Fig. 6b), and the development of this
cryptophyte assemblage in open waters may be
related to a plume of freshwater modified by continental glacier melting moving offshore (Dierssen et al.
2002). In this northern region, salp abundance was
high (Fig. 8b), suggesting a co-occurrence and potentially high grazing by this macrozooplankton group on
cryptophytes. Although salps are not thought to be
selective feeders (Pakhomov et al. 2002), salp fecal pel-
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lets containing high concentrations of cryptophytes
have been found in other areas of the Southern Ocean
(Detmer & Bathmann 1997).
In summary, these 2 postulated interactions of the
phytoplankton and zooplankton community are on different timescales. Krill grazing in the recent past is
suggested as a possible mechanism to account for the
lack of diatoms in Grandidier Channel, whereas the
grazing of salps on cryptophyte blooms is suggested to
be ongoing near Anvers Island. Testing such mechanisms requires some method of tracking changes in the
communities over time. However, it is hypothesized
here that both zooplankton groups may have an important influence on the replacement of algae groups
alongshore and through their seasonal succession.

Conclusions
The results of this research have shown that the western Antarctic Peninsula coastal and shelf region is complex. Phytoplankton had high spatial variability on both
large- and meso-scales. The main variability in the
phytoplankton composition, abundance and biomass
was observed along an onshore–offshore gradient, and
superimposed on this pattern was high mesoscale variability in the phytoplankton assemblage structure. Comparison of our results with studies performed previously
by other authors suggests that the distribution of summer
phytoplankton within the area has a similar pattern from
year to year. The variability of the phytoplankton community was related to differences in the local environmental parameters and reflected the different temporal
stages of the seasonal succession of algae assemblages.
These results can be summarized as follows: (1) water
column stability appears to have had a dominant role in
controlling phytoplankton variability along a gradient
between the coast and oceanic waters. (2) Phytoplankton
vertical distribution in the pelagic region showed a distinct deep maximum (~40 to 100 m) that was related to
winter waters. Low iron concentration at the surface is
hypothesized to cause this vertical chl a distribution of
the phytoplankton. (3) Sea-ice dynamics appear to have
a great influence over the coastal phytoplankton. The
different phytoplankton assemblages found alongshore
appear to be in different stages of the seasonal succession as a consequence of the progressive retreat of the
sea-ice from the north to the south. (3) There was a close
relationship between phytoplankton and zooplankton
composition in inner-shelf waters of the area, with low
diatom abundance in sites with high krill grazing, and
high cryptophytes abundance in sites with high salp
grazing. We hypothesize that krill grazing may have had
a key role in determining the shift from a diatom bloom
to a phytoflagellate bloom stage.
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