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The temporal and spatial variability of phytoplankton size structure of waters west of the Antarctica

Peninsula (WAP) was investigated between 1997 and 2006. Time series of satellite-derived
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(phytoplankton size structure index or gbbp
, chlorophyll a concentration or chlT, and sea-ice extent)

and shipboard (temperature, salinity, nutrients, and mixed-layer depth) variables were generated

during spring–summer in slope, middle shelf and inshore waters and analyzed in relation to

atmospheric anomalies (El Niño Southern Oscillation, ENSO, and Southern Annular Mode, SAM). The

sampling design included stations north (northern, 621S) and within (central and southern, 64–681S)

the Pal-LTER (Palmer Long Term Ecological Research) study site. It is hypothesized that contribution of

‘small’ phytoplankton (o20mm) has increased in the last decade in WAP waters due the ongoing

regional climate change. Relationships between gbbp
, the spectral slope of particle backscattering, and

environmental parameters were explored based on non-parametric trends (Mann–Kendall test) and

cross-correlation coefficients (Spearman matrix). Three types of temporal patterns were detected in

satellite-derived phytoplankton size distributions: (1) inter-annual variations of spring–summer gbbp

related to monthly sea-ice extent, (2) abrupt transitions toward dominance of ‘small’ (o20mm)

phytoplankton cells (high gbbp
) and low chlT values (o1 mg m�3) during 1998 and 2003 summer

seasons, and (3) positive or negative trends (decrease vs increase of mean cell size) in specific domains

of central and northern stations. Temporal transitions in cell size coincided with a switch on ENSO and

SAM anomalies as well as increase of heat content of shelf waters over the WAP region. The lack of

offshore spring bloom and summer shelf bloom most likely explains the dominance of relative small

phytoplankton cells during the 1998 and 2003 summer seasons. A greater frequency of southerly winds

during spring and autumn is expected to favor the dominance of ‘small’ (o20mm) phytoplankton cells

over WAP waters. Conversely, the greater intensification of the Antarctic Circumpolar Current

interaction with the WAP shelf-break during SAM+ years is expected to intensify topographically

induced upwelling and favor the dominance of ‘large’ (420mm) phytoplankton cells on slope waters of

central stations. The well-described 50-year warming trend in the Antarctic Peninsula has not resulted

in a consistent trend in phytoplankton size structure, as originally hypothesized, but a mosaic of trends

attributed to anomalous mesoscale changes of sea-ice extent and circulation patterns.

& 2008 Published by Elsevier Ltd.
1. Introduction

The western shelf of the Antarctic Peninsula (WAP) is one of
marine regions in the world that might be more vulnerable to
global climate change due to a relative shallow water column, a
wider continental shelf, and a strong ice influence (Smith et al.,
1995; Smith and Stammerjohn, 2001; Martinson et al., 2008).
Elsevier Ltd.

Brunswick, NJ 08901-8521,

. Montes-Hugo).
In the last few decades, variability in macro-zooplankton (e.g.,
increase of frequency of salp blooms; Loeb et al., 1997;
Perissinotto and Pakhomov, 1998; Ross et al., 2008) and top
predators (e.g., decline of Adelie penguin populations; Fraser and
Patterson, 1997) of the WAP region has been linked to climate
effects (e.g., sea-ice extent, shift of ocean heat flux). These studies
also suggested that part of the observed trends might be
attributed to modifications of food-webs pathways and concomi-
tant modifications on food size spectra and composition. In the
WAP region, food transference between phytoplankton and
zooplankton follows two general models according to the size
distribution of phytoplankton assemblages (Walsh et al., 2001):
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pico-nanophytoplankton (o20mm, cryptophytes and unicellular
Phaeocystis antarctica), microphagous zooplankton (salps and
small copepods), and microphytoplankton (420mm, ‘large’
diatoms) crustacean zooplankton (krill and large copepods).

On the basis of in situ evidence, the rapid atmospheric
warming of the WAP region between 1950 and 2005 (up to
6.5 1C increase during July) coincides with increased heat advec-
tion caused by winds blowing from lower latitudes (northerly)
and intrusion of warmer waters (upper layer of Antarctic
Circumpolar Current or ACC) onto the WAP shelf (Martinson
et al., 2008; Stammerjohn et al., 2008). The intensification of
northerly winds and ACC intrusions responds to stronger La Niña
events and positive values of SAM (Southern Annular Mode). This
climate variability translates in sea-ice decrease (earlier retreat)
and is expected to affect size distribution of phytoplankton
community either through the timing of phytoplankton develop-
ment or dominance of ‘small’ (o20mm) vs ‘large’ (420mm) cells.

A greater dominance of ‘small’ phytoplankton (e.g., crypto-
phytes) over ‘large’ phytoplankton (e.g., diatoms) communities in
coastal WAP waters has been hypothesized as a response to the
regional warming (Moline et al., 2004). However, lack of field data
has restricted a rigorous testing. Evidence is also lacking regarding
which factors (bottom-up vs top-down) modulate variations on
phytoplankton size structure of the WAP ecosystem within the
time frame of 45 and o30 years. For Antarctic waters, Smith and
Lancelot (2004) proposed that bottom-up (e.g., sea-ice dynamics)
factors mainly control the growth of ‘large’ phytoplankton cells,
while top-down (e.g., microzooplankton grazing) environmental
forcing will preferentially control communities dominated by
‘small’ phytoplankton cells. This hypothesis is consistent with the
preferential growth of larger diatoms along the Antarctic Polar
Front due to the greater micronutrient (e.g., iron) supply (bottom-
up mechanism; De Baar et al., 1997), and lower abundance of
‘small’ cells due to enhanced microzooplankton grazing (Landry
et al., 2001). However, Smith and Lancelot’s hypothesis is too
simplistic to explain other mechanisms where ‘small’ (o20mm)
phytoplankton cells (e.g., P. antarctica) are favored by micronu-
trients such iron (Sedwick et al., 2007) or are almost unaffected by
microzooplankton grazing (top-down; Caron et al., 2000).

Recently, Montes-Hugo et al. (2008) proposed the use of
satellite-derived observations to estimate phytoplankton size
characteristics over WAP waters. This novel technique is a
promising tool to extend field measurements on the shelf through
the growth season (November to February), allowing mapping of
large areas in a synoptic way. Remoteness and extreme weather
conditions make in situ characterization of Southern Ocean waters
a challenging task. For this reason, the description of phytoplank-
ton community characteristics, including size structure distribu-
tions, over the WAP region has not been systematic (Bidigare et al.,
1996; Rodriguez et al., 2002) or representative at a regional scale
(Holm-Hansen et al., 1989; Prézelin et al., 2004). Summer
observations (January) evidence short-term periodicities (e.g.,
replacement of diatoms by flagellates during seasonal succession;
Moline and Prézelin, 1996; Moline et al., 1997; Garibotti et al.,
2003a) and different phytoplankton assemblages over the
WAP shelf. For example, a community dominated by large
diatoms-cryptomonads (Pyramimonas) was observed in waters
surrounding Anvers Island and a community of large diatoms
(Phaeocystis-Pyramimonas) was most abundant in Marguerite Bay,
as previously observed in Gerlache Strait (Varela et al., 2002;
Garibotti et al., 2003b, 2005a, b). These studies could distinguish
important environmental factors affecting timing (e.g., sea-ice
retreat) and spatial distribution (e.g., shelf-break influence, upper
mixed-layer variability) of phytoplankton communities over the
WAP. However, none of these studies addressed time scales longer
than a few (o5) years or quasi-simultaneous comparisons
(‘snapshots’) of phytoplankton communities of northern and
southern WAP shelf.

The objective of this study is to explore changes (within one
decade, 1997–2006) on phytoplankton size structure in the WAP
region and its relationship with the ongoing regional climate
trends. Phytoplankton size distributions were estimated from
satellite-derived spectral slope of particle backscattering (gbbp

),
a bulk optical property that varies inversely with the mean
diameter of particles. The final goal is to elucidate phytoplankton
variability in the context of large-scale ecosystem variability
influenced by sea-ice fluctuations and by a latitudinal climate
migration (Smith and Stammerjohn, 2001, 2003). Since years with
an early sea-ice retreat favor presence of small flagellates over
diatoms during summer, Garibotti et al. (2005a) suggested that
summer seasons of warm years (shorter ice season) should be
dominated by a complex food chain where primary producers are
mainly represented by ‘small’ phytoplankton (nanophytoplank-
ton). Therefore and consistent with the sustained warming
over the WAP area since 1950, it is hypothesized that contribu-
tion of ‘small’ phytoplankton (o20mm) has been increased in
the last decade in WAP waters due the ongoing regional climate
change.

To test this hypothesis, in situ information was gathered
between 1997 and 2006 as part of the Palmer Station-Long term
Ecological Research (Pal-LTER; Smith et al., 1995). Inter-annual
variability of phytoplankton size structure was estimated with
field measurements (size-fractions of chlorophyll a concentration)
and a remote-sensing index based on particle size distributions
(Montes-Hugo et al., 2008). The index was calculated from
satellite imagery and related to temporal trends of meteoro-
logical (anomalies of sea-ice extent, ENSO or El Niño Southern
Oscillation, and SAM), hydrological (temperature, salinity, mixed-
layer depth (MLD) and macronutrients), and biological (total or
chlT and 420mm or chl(420mm) chlorophyll a concentrations)
parameters.
2. Methods

2.1. Shipboard environmental measurements

Oceanographic surveys over the WAP region were carried out
every austral summer (January–February) between 1997 and
2006 as part of the Pal-LTER program. The sampling grid
(�250 km cross-shelf�500 km along-shelf, grid lines 200–600,
Fig. 1, Waters and Smith, 1992) was covered in �28 days, overlying
a broad continental shelf averaging �400 m in depth.

Bathymetry and hydrographic conditions divide Pal-LTER grid
into three domains (Fig. 1; Waters and Smith, 1992; Smith et al.,
1995; Martinson et al., 2008): coastal or inshore (stations 0–60),
shelf (stations 80–120), and continental slope (stations 140–200).
Summer cruises encompass transects 200–600 of Pal-LTER grid
(hereafter WAP sampling grid) even though transects 0–900 were
originally proposed when the LTER site was created (Waters and
Smith, 1992; Fig. 1). Across a latitudinal gradient, grid lines (GD)
200 (681S), 600 (641S) and 900 (621S) represent contrasting
different average sea-ice conditions (e.g., �25 more days with ice
in GD 200 than in GD 600 from 1978 to 2004; Stammerjohn et al.,
2008).

For each sub-region (one domain along grid line), the monthly
average and standard error of each in situ parameter was
calculated. Time series for water temperature, salinity, MLD and
nutrient concentrations, and total chlorophyll a or chlT were
generated for 1997–2005, respectively. All data (up to 17,400 per
variable) are available in the Pal-LTER database (http://pal.lternet.
edu/data/).

http://pal.lternet.edu/data/
http://pal.lternet.edu/data/
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Fig. 1. Map of the study area. Geographic points are represented using a conic

Lambert projection. Sampling grid over WAP (west shelf of the Antarctica

Peninsula) waters (solid circles). Time series were generated on grid lines (GD)

200 (southern) and 600 (central) of Pal-LTER sampling grid (solid pink dots), and

900 (northern transect, solid red circles). Coastal or inshore (stations 0–60), shelf

(stations 80–120), and continental slope (stations 140–200) sampling locations

(st) are situated every 20 km apart along the shelf. All grid lines (lines 200–900)

are spaced every 100 km from north to south and run perpendicular to the average

coastline: (1) Bransfield Strait, (2) Anvers Island, (3) Renaud Island, (4) Adelaide

Island. Medium resolution coastline data (1:75,000) was obtained from NOAA/NOS

coastline extractor website and includes the perennial sea-ice edge (http://

rimmer.ngdc.noaa.gov/mgg/coast/getcoast.html) (continuous white line). Seasonal

sea-ice extent is indicated for an average year (summer 1997) (National Snow and

Ice Data Center is shown; Smith and Stammerjohn, 2001) (dashed blue line).

Bathymetric contours were constructed with a 5-min (�8 km) topographic dataset

with isobaths every 1 km (TerrainBase, National Geophysical Data Center).
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In general for all in-water variables, samples were collected at
the depth corresponding to the 50% of incident radiation at the sea
surface, well above the detection depth (�2.5–19 m) of ocean-
color sensors (Montes-Hugo et al., 2008). Samples for chlT
and chl(420mm) were obtained after filtration of 125–250 ml of
seawater through 0.45-mm nominal pore size (mixed cellulose
acetate and nitrate, Millipore, HAWP) and 20-mm (Nylon mesh)
filters, respectively. chlT and chl(420mm) measurements (in mg m�3)
were analyzed by fluorometry (Smith et al., 1981). Frac-
tion of chl(420mm) with respect to the non-fractioned sample
(chl(420mm)/chlT) was calculated for the same light level.

Surface-water temperature and salinity measurements were
conducted during the 1997 cruise with a Seabird SEACAT system
integrated into the Bio-optical Profiling System (BOPS; Smith
et al., 1997), and since 1998 (and deep stations of 1997) with a
standard CTD (SeaBird 911+CTD system; Martinson et al., 1999).
Mixed-MLD was calculated as the local maxima in the second
derivative of the density profile according to Martinson and
Iannuzzi (1998).

Samples for nutrient concentrations (NO3
�+NO2

�, NH4
+, PO4

3�,
and H4SiO4) were obtained with Niskin or Go Flo bottles
(5 or 10 l), and aliquots were sampled in polypropylene bottles
(20–30 ml) previously washed with diluted HCl (10%). Chemical
determinations were made aboard the ship with an Alpkem
System or frozen and analyzed at the Marine Science Analytical
Laboratories, University of California, Santa Barbara (1999) using
continuous flow injection (Johnson et al., 1985). Monthly averages
of 0–10 m sea surface temperature, salinity and nutrient concen-
trations were calculated for each year.
2.2. Satellite imagery products

2.2.1. Phytoplankton size structure index

Since particle size distributions covary with phytoplankton
size structure over WAP waters, an optical parameter sensitive to
particle size-spectra (gbbp

; Gordon and Morel, 1983) was estimated
using satellite observations to derive contribution of ‘large’ vs
‘small’ phytoplankton cells (Montes-Hugo et al., 2008):

gbbp
¼ Y0þ Y1

Rrsð443Þ

Rrsð488Þ
, (1)

where gbbp
is the spectral slope of particle backscattering that

increases as particles become smaller, Y0 ¼ �1.13, Y1 ¼ 2.57,
determination coefficient (r2) ¼ 0.59 (Carder et al., 2004).

Remote-sensing reflectance (Rrs) is calculated from satellite
imagery (Montes-Hugo et al., 2005) provided by SeaWiFS
(Sea-viewing Wide Field-of-view Sensor). On the basis of data
collected in WAP waters, Montes-Hugo et al. (2008) found an
inverse functionality between gbbp

and biomass contribution of
large phytoplankton cells (420mm):

gbbp
¼
�½logfðchlð420 mmÞ=chlTÞ=AÞg�

B
; r2 ¼ 0:85, (2)

where A ¼ 8.892 and B ¼ �0.8189 with uncertainties (1 S.E.)
of 1.517 and 0.108, respectively. The use of phytoplankton biomass
spectra (specifically the slope of the log-distribution) to estimate
different cell size distributions of phytoplankton is not novel
in the literature (Sprules and Munawar, 1986). Further details
regarding the empirical algorithm of gbbp

and gbbp
� chlð420 mmÞ=chlT

relationship can be examined in Carder et al. (1999) and Montes-
Hugo et al. (2008), respectively. In the WAP region, the
performance of gbbp

model (2) to detect phytoplankton assem-
blages with dominance of ‘large’ vs ‘small’ cells is �80%.

Global area coverage (GAC) images with 4.5 km spatial
resolution were obtained from SeaWiFS (http://oceancolor.gsfc.
nasa.gov/, NASA) between November 1997 and February 2006. L2
imagery products were collected between 601S 801W and 701S
501W; thus, satellite scenes covered coastal and oceanic domains
of the WAP sampling grid (Fig. 1). Only those swaths containing a
minimum of 25% pixels with geophysical units were chosen. To
remove multiple-scattering effects (sun zenith angle greater than
501) on atmospheric correction (Gordon et al., 1988), only images
between November 1 and February 8 of each season were
analyzed.

The Windows Image Manager (WIM) software (http://
www.wimsoft.com/) was used to read the Rrs values from L2
imagery (HDF format). Low-quality pixels were removed from L2
datasets using level-3 flags. SeaWiFS-derived gbbp

values were
computed with customized software written using the Microsoft
NET framework. The WIM automation module (WAM) software
was applied to generate time series of gbbp

for different regions
along and across the WAP shelf. Additional time series were
produced farther north of the summer LTER sampling grid and
across the Bransfield Strait (line 900, Fig. 1) to extend the
sampling from 621S to 681S.

In describing the spatial and temporal patterns, ‘northern’,
‘central’ and ‘southern’ stations refer to those sampling locations
along grid lines 900, 600, and 200, respectively. For each sub-
region, the monthly average and standard error of pixels with
valid gbbp

values (gbbp
between 0.8 and 3.0) were computed with a

mask of 2�2. Given the number of pixels per sub-region, the
average was comparable with the median (i.e., a descriptor less
influenced by outliers). According to Montes-Hugo et al. (2008), a
gbbp

value of 1.668 was a fair predictor to differentiate WAP waters
dominated by ‘large’ (chl(420mm)/chlTX0.5, gbbp

p1:668) vs ‘small’
(chl(420mm)/chlTo0.5, gbbp

41:668) phytoplankton cells.

http://oceancolor.gsfc.nasa.gov/
http://oceancolor.gsfc.nasa.gov/
http://www.wimsoft.com/
http://www.wimsoft.com/
http://rimmer.ngdc.noaa.gov/mgg/coast/getcoast.html
http://rimmer.ngdc.noaa.gov/mgg/coast/getcoast.html
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2.2.2. Chlorophyll a concentration

Time series of chlT also were derived using Rrs(490)/Rrs(555)
ratios from SeaWiFS data (hereafter chlDS; Dierssen and
Smith, 2000). Chlorophyll estimates using the cubic polynomial
empirical relationship of Dierssen and Smith (2000) differ by
roughly a factor of 2 with respect to those estimates derived from
the global standard ocean-color model (SeaWiFS OC-4; O’Reilly
et al., 1998).

2.2.3. Sea-ice extent

Sea-ice concentration data were obtained from passive micro-
wave satellite sensors (Scanning multi-channel microwave
radiometer and special sensor microwave/imager, SMMR-SSM/I).
Time series of sea-ice extent, ocean area enclosed by the 15%
sea-ice concentration contour, were derived using the Goddard
Space Flight Center (GSFC) Bootstrap passive microwave
algorithm (Comiso, 1995). Monthly sea-ice extent is provided
by EOS Distributed Archive Center (DAAC) at the National
Snow and Ice Center (NSIDC), University of Colorado in Boulder,
CO (http://nsidc.org). Sea-ice extent datasets (1978–2005) within
the WAP region were obtained from Stammerjohn et al. (2003).
Description of the sea-ice concentration algorithm is given by
Comiso et al. (1997). SMMR-SSM/I imagery has a pixel size of
approximately 25�25 km2 at nadir, and a temporal resolution
of 1 day.

2.3. Statistical analysis

Non-parametric Mann–Kendall test (Mann, 1945; Kendall,
1975) was applied for detection of trends (increasing or decreas-
ing magnitude within the study period) of in situ measurements
and satellite estimates (ocean color and microwave). Monthly
decomposition of trends was done according to a seasonal
modified version (Hirsch et al., 1982). Detection of trends with
different time windows is especially suitable in the WAP region
since the occurrence of transient hydrographic phenomena (e.g.,
offshore/inshore migration of phytoplankton bloom development;
Smith et al., 2008) that may alter local phytoplankton size
structure dynamics. The univariate statistic (MK) for a time series
{Zk, k ¼ 1,2,y,n} of data is defined:

MK ¼
Xj¼n�1

jo1

sgn ðZi � ZjÞ, (3)

where sgn(x) ¼ 1, if x40, 0 if x ¼ 0, �1 if xo0. A positive or
negative value of MK (Sens slope) is indicative of increasing
or decreasing trend. A macro written in excel was used to
compute seasonal and non-seasonal trends (Libiseller and
Grimvall, 2002).

Relationships between gbbp
values and environmental

variables were evaluated for each domain (inshore, middle
shelf and slope) of each transect with Spearman rank correlation
(Sokal and Rohlf, 1995). In line 900 (northern stations), correla-
tions were only performed between gbbp

and satellite-derived
products (sea-ice extent and chlDS) since we lack in situ

measurements. The greater the differences between two
sequences of ranked variables, the lower the Spearman correlation
coefficient (R).

To evaluate how dependent was the phytoplankton size
structure index on inter-annual variability of sea-ice extent and
main atmospheric anomalies (ENSO or El Niño Southern Oscilla-
tion and SAM or Southern annular mode), R values were
computed between summer gbbp

and previous winter ENSO/SAM
monthly anomalies (lag ¼ �1 year). ENSO and SAM anomalies
have a strong influence on sea-ice extent of the WAP region (Kwok
and Comiso, 2002; Liu et al., 2004; Martinson et al., 2008;
Stammerjohn et al., 2008). Also, a dependency between ENSO and
SAM anomaly fluctuations can be expected for the study area
(Simmonds and King, 2004; Stammerjohn et al., 2008).

The multivariate ENSO index (MEI) data were obtained from
the National Oceanographic and Atmospheric administration
(NOAA, Earth System Research Laboratory). MEI is the first
unrotated principal component estimated from surface wind,
sea-surface temperature and cloudiness fraction of the sky
components (Wolter and Timlin, 1998). The SAM index used here
is an observation-based index (Marshall, 2003) and is calculated
as the difference of normalized monthly zonal mean sea-level
pressure values (mean of six stations) estimated at 401 and 651S.

Mann–Kendall test and Spearman correlation are particularly
suitable in time series of the WAP region since these analyses are
not sensitive to data discontinuity caused by meteorological
conditions (e.g., clouds in ocean-color imagery) and lack of
normality derived from non-linear processes.

3. Results

3.1. Phytoplankton size structure index

In general for the same month and due to time differences on
sea-ice retreat advance between regions, more valid satellite-
derived Rrs values (e.g., pixels without interference of sea-ice
cover) were obtained in oceanic waters north of the WAP
sampling grid than further South. Therefore, multiyear average
of gbbp

in slope waters of northern stations contained late spring
to summer data (November–February) while average of inshore
waters of southern stations was primarily computed with
summer data (January–February). In general, the average of gbbp

values between November and February and for the period
1997–2006 was significantly greater in slope (up to 1.997) than
in inshore (up to 1.357) waters (Fig. 2). A large inter-annual
variability of gbbp

was observed toward offshore waters
(up to70.067, 1 S.E.; Fig. 2B, E and H). Inshore waters of southern
stations had the greatest proportion of pixels dominated by
‘large cells’ (420mm) or gbbp

p1:668 (up to 81.8%, Fig. 2F) while
the opposite was true for slope waters of northern stations (up to
23.1%, Fig. 2B). Field data of chlorophyll a size fractions confirmed
the presence of ‘large’ cells in inshore waters of the southern
stations (Table 1).

A general monthly increase of gbbp
(i.e., ‘large particles’ are

removed) was observed in slope waters of WAP as the season
progresses, albeit with difference in timing at different latitudes
(Fig. 3). In contrast, inshore and middle shelf domains did not
have a unique spring–summer variation of gbbp

(e.g., Fig. 3A and B).
In a longer time scale (1997–2006), a consistent increase of gbbp

(higher contribution of smaller particles) was detected in
inshore waters of northern stations during February (Mann–
Kendall test, MK ¼ 2.227, P ¼ 0.026, Supplemental Table 1,
Fig. 2A).1 Conversely, a sustained drop of gbbp

values (‘large’
particles are present) was observed for December in slope waters
of central stations (MK ¼ �2.474, P ¼ 0.013, Supplemental Table 2,
Figs. 2E and 3B).

Cyclic temporal patterns also were observed (Fig. 2). The most
conspicuous shows two maxima in gbbp

(greater contribution of
smaller particles) on January 1998 and 2003 for slope waters in
the South, followed by lower gbbp

values in the subsequent
seasons. This 5-year cycle was somewhat evident in other
spatial domains across and along the WAP shelf region (Fig. 2A,
B, D, G, H).

http://nsidc.org
http://pal.internet.edu/publications/deepsea
http://pal.internet.edu/publications/deepsea
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Fig. 2. Time series of spectral slope of particle backscattering (gbbp
) in the WAP region. For grid line (GD) 900 (northern transect, panels A and B), middle shelf data are not

depicted because this domain is occupied by Livingston Island. GD 600 (panels C–E) and GD 200 (panels F–H) correspond to central and southern stations of WAP sampling

grid, respectively. Threshold at which chl(420mm)/chlT ¼ 0.5 and gbbp
p1.668 is symbolized (dotted line). Each point in the graph represents a monthly average (November to

February) 71 S.E. No monthly values are plotted when data are of poor quality or significantly affected by clouds or sea ice.

Table 1
Average and standard error of phytoplankton size-structure parameters and ancillary data for WAP time series

GD 900 GD 600 GD 200

I Sl I M Sl I M Sl

gbbp
1.61 (0.06) 2.07 (0.11) 1.74 (0.05) 1.55 (0.09) 1.85 (0.10) 1.45 (0.09) 1.45 (0.09) 1.70 (0.14)

chlDS 0.97 (0.24) 0.13 (0.05) 2.48 (1.06) 1.59 (1.10) 0.42 (0.23) 3.34 (1.08) 2.29 (1.43) 0.32 (0.12)

chl(420mm)/chlT 0.19 (0.10) 0.18 (0.13) 0.19 (0.10) 0.49 (0.11) 0.22 (0.15) 0.16 (0.06)

T 1.17 (0.33) 1.00 (0.25) 1.29 (0.20) 0.88 (0.25) 1.16 (0.15) 1.06 (0.27)

S 33.62 (0.06) 33.75 (0.08) 33.68 (0.07) 33.52 (0.09) 33.62 (0.06) 33.55 (0.12)

MLD 25.17 (5.23) 20.60 (4.95) 36.08 (6.14) 30.72 (4.98) 27.33 (22.67) 36.00 (5.24)

NIT 21.31 (0.17) 22.01 (0.17) 21.05 (0.22) 18.97 (0.24) 19.71 (0.19) 20.15 (0.24)

NH4
+ 1.43 (0.05) 1.67 (0.06) 1.31 (0.05) 1.22 (0.04) 1.51 (0.19) 1.45 (0.05)

PO4
3� 1.50 (0.02) 1.56 (0.02) 1.41 (0.02) 1.44 (0.01) 1.32 (0.02) 1.33 (0.01)

H4SiO4 65.32 (0.54) 61.37 (1.05) 58.13 (0.64) 52.04 (1.02) 57.62 (0.29) 48.28 (0.76)

For 1997–2006, January measurements of satellite-derived spectral slope of particle backscattering (gbbp
) and total chlorophyll a concentration (chlDS), and contribution of in

situ chlorophyll a concentration 420mm with respect to the total (chl(420mm)/chlT) are indicated for inshore (I), middle shelf (M) and slope (Sl) waters. For seawater

temperature (T), salinity (S) and mixed-layer depth (MLD) only 1997–2005 data were available. Grid line (GD) 900 has not middle shelf stations; chlDS in mg m�3, T in 1C, S in

psu, MLD in m, nitrate+nitrite (NIT), ammonia (NH4
+), phosphate (PO4

3�), and silicic acid (H4SiO4) concentrations in mM. Between parentheses is 1 S.E.
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3.2. Phytoplankton biomass

As expected, oligotrophic waters (chlDSo1 mg m�3; Garibotti
et al., 2003a) were more common to the north and offshore of the
WAP region. Highest satellite-derived chlorophyll a values were
calculated in inshore waters of southern stations (up to 3.47 mg
m�3), while lowest values corresponded to the outermost region
along the shelf break of northern stations (not higher than
0.26 mg m�3, Fig. 4B and F). In contrast to gbbp

, the greatest inter-
annual variability of chlDS values was found in those stations
nearest to the coast. In general, higher chlDS values corresponded
with lower gbbp

values (Spearman correlation, R ¼ �0.42 to �0.91,
Supplementary Table 2; Figs. 2 and 4) but there were some
exceptions. For instance, middle shelf chlDS values of central
stations were intermediate compared to those estimated in
inshore and slope regions (Fig. 4C–E), albeit gbbp

values were the
lowest (Figs. 2C–E and 4C–E). Similarly, a decrease in chlDS in slope
waters of southern stations (MK ¼ �1.979, P ¼ 0.048, Supple-
mentary Table 1) did not coincide with changes in phytoplankton
size structure as inferred from gbbp

(Fig. 2H).
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Fig. 3. Spring–summer variation of gbbp
in the WAP region for 1997–2006. Monthly

values of phytoplankton size structure index is depicted for inshore, middle shelf,

and slope waters of WAP sampling; grid lines (GD) 900 (panel A), 600 (panel B),

and 200 (panel C) correspond to northern, central and southern sampling stations.

Middle shelf data of GD 900 are not plotted because this domain is occupied by

Livingston Island. Lack of data during November is due mainly to the sea-ice cover

(C) or proximity to Anvers Island (B).
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3.3. Environmental variables

The seasonal sea-ice extent (monthly values) was inversely
correlated with the inter-annual variability of gbbp

(more sea ice,
larger particles) in areas far from the coast and toward the North
(lag ¼ �1, R of Spearman up to �0.51 in slope waters of northern
stations, Supplementary Table 3). Higher chlDS values after a year
with greater sea-ice extent was observed only for slope waters of
northern stations (Spearman correlation R ¼ 0.41, Supplementary
Table 4, ftp://iod.ucsd.edu/mmontes). For 1997–2005, sea-ice
extent in Bellingshausen Sea had a steady increase during
December (Mann–Kendall test, MK ¼ 2.085, P ¼ 0.037, Supple-
mentary Table 2). For a longer period of time (1978–2005), sea-ice
extent decreases in this region between January and May
(Mann–Kendall test, MK ¼ �2.603, P ¼ 0.009, Supplementary
Table 1), confirming previous calculations (Smith and Stammerjohn,
2001). Additionally, sea-ice extent was inversely correlated with
SAM and positively correlated with MEI values (see Supplemen-
tary Table 3). Positive and negative MEI values correspond with
‘cold’ (El Niño) and ‘warm’ (La Niña) ENSO events over the WAP
region, respectively (Wolter and Timlin, 1998). Unlike WAP region,
‘warming’ phase in low-mid latitude environments is attributed to
El Niño events. During SAM ‘warm’ phase (positive values),
northerly winds blow over the WAP region (Stammerjohn et al.,
2008). In some sub-regions of the WAP sampling grid (not
northern stations), MEI anomalies varied in a positive way with
gbbp

values (Supplementary Table 3).
There was no evident correlation between inter-annual

variability of SAM and phytoplankton size structure index values
(see Supplementary Table 3). For WAP transects studied, the
average water temperature for January 1997–2006 was not
significantly different between regions across the shelf (Fig. 5,
Table 1). In general, the range of water temperature was
constrained over the survey area, with a large variability in
southern (�0.48 to 2.2 1C) and central (�1.22 to 2.2 1C) stations.
There was no clear correspondence between multi-annual
variability of gbbp

and sea-surface temperature (Figs. 2 and 5).
Significant long-term decrease in water temperature in
inshore, middle shelf and slope waters of southern stations
(Supplementary Table 2) seemed not to have a remarkable effect
on phytoplankton chlorophyll a fractions as derived from gbbp

(Figs. 2G and 5A). Similar to water temperature, inter-annual
variability in salinity values in central and southern transects was
very irregular (Fig. 5C and D, P40.05). Significant decrease of
salinity was detected in inshore and slope waters of GD 200
(Supplementary Table 2). As expected, the less salty waters
(salinity �33.5) were found in those areas highly influenced by
sea ice (inshore of southern stations, Table 1, Fig. 5A). Variability
of MLD between 1997 and 2005 did not have a clear association
with gbbp

variability in the region (Supplementary Table 1).
A concomitant shallowing of MLD and reduction of mean cell
size of phytoplankton (larger gbbp

) was only detected over the
middle shelf of GD 600 (Spearman correlation, R ¼ �0.94,
Supplementary Table 3).

For all nutrients analyzed (macronutrients), there was no clear
temporal trend (1997–2006) in each of the regions studied
(Supplementary Table 1). Inter-annual variability of nutrient
concentrations varied according to the type of nutrient and
sampling site (Fig. 6). In general, we observed two types of
temporal patterns: (1) irregular inter-annual variability, and (2) a
cyclic pattern with a period of negative (nutrient depletion,
1997–2001) followed by a positive trend (nutrient enrichment,
2001–2005). The first temporal pattern was clearly seen at the
southern stations, while the second temporal pattern appeared
more evident at the central stations for all nutrients but NH4

+.
Roughly, these temporal patterns correlated negatively and

ftp://iod.ucsd.edu/mmontes
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Fig. 4. Time series of satellite-derived chlorophyll a concentration (chlDS) in the WAP region. For grid line (GD) 900 (northern transect, panels A and B), middle shelf data are

not depicted because this domain is occupied by Livingston Island. GD 600 (panels C–E) and GD 200 (panels F–H) correspond to central and southern stations of WAP

sampling grid, respectively. In log-scale, stations below dotted line and above dash line correspond to low (o1 mg m�3) and high (44 mg m�3) phytoplankton biomass

(Garibotti et al., 2003a), respectively. Each point in the graph represents a monthly average (November to February) 71 S.E. No monthly values are plotted when data are of

poor quality or significantly affected by clouds or sea ice.

M.A. Montes-Hugo et al. / Deep-Sea Research II 55 (2008) 2106–21172112
positively with chlDS and gbbp
at mid-shelf and inshore domains of

northern stations, respectively (e.g., Figs. 2C and D, 4C–D and 6B, F
and H). Spearman rank order comparisons evidenced a positive
correlation between gbbp

and NO3
�+NO2

� for slope waters of central
and southern stations (Spearman correlation, R ¼ 0.81–0.82,
Supplementary Table 2). Significant R values also were calculated
between gbbp

and PO4
3� for slope waters of central and southern

stations, and inshore waters of southern stations.
4. Discussion

Motivated by the potential ecological consequences of regional
climate change over WAP waters (Fraser and Patterson, 1997;
Ducklow et al., 2007), this study explored the temporal and spatial
variability in phytoplankton size structure in the region based on
satellite and field observations (1997–2006). The size distribution
of phytoplankton assemblages is a major biological factor that
governs functioning of pelagic food-webs and consequently
affects the rate of carbon export from the upper ocean to deep
layers (Marañon et al., 2001). Likewise, the size spectrum of
phytoplankton is very sensitive to long-term climate variability
(Archer, 1995; Finkel et al., 2005). Therefore, phytoplankton size
structure is a useful index to describe phytoplankton response and
impact of that response on other ecosystem components to
climate forcing. The interpretation of results is divided in two
sections where spatial (4.1) and temporal variability (4.2) of
phytoplankton size structure are analyzed as a function of
environmental factors.
4.1. Spatial variations of phytoplankton size structure

Onshore–offshore gradients and latitudinal variations in
phytoplankton size structure, as measured by the (gbbp

) index,
had a fair correspondence with reported horizontal distributions
of phytoplankton assemblages with different mean cell size and
cell abundance. Likewise and based on gbbp

, west–east monthly
differences on dominant phytoplankton size spectra were usually
connected with sea-ice extent variability.

A common observation within transects analyzed (northern,
central and southern stations) in the WAP was the increase in
dominance of ‘small’ cells from onshore to offshore waters. This
spatial pattern has been previously suggested for chlorophyll
concentrations and net phytoplankton (420mm) abundance
(Smetacek et al., 1990; Baker et al., 1996; Bidigare et al., 1996;
Garibotti et al., 2005b). However, on a finer scale, this was not
always the case (e.g., middle shelf of central stations had a higher
dominance of ‘large’ cells than inshore waters, Fig. 2C and D)
supporting the idea of ‘mosaics’ of phytoplankton communities
(Garibotti et al., 2005a). These complex spatial organizations have
been attributed to year-to-year differences in phytoplankton
seasonal succession from diatom to flagellates along the WAP
sampling grid, presumably in response to variability in sea-ice
retreat (Garibotti et al., 2003b).

Spectral changes on remote-sensing reflectance were also
sensitive to along shelf differences in phytoplankton size structure
as dominance of ‘large’ cells (lower gbbp

values) increased from
northern to southern stations of the WAP. Garibotti et al. (2003a)
found that summer phytoplankton assemblages in the region
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Fig. 5. Time series of surface-water temperature and salinity in the WAP region. No field data in northern stations (grid line or GD 900). GDs 600 and 200 correspond

to central and southern stations of WAP sampling grid, respectively. T (panels A and B) and S (panels C and D) are the averaged surface temperature (1C) and salinity

(non-dimensions). Each point in the graph represents a monthly average 71 S.E. (January, February) between 1997 and 2005.
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(inshore and middle shelf) can be roughly divided into a northern
(GD 600; defined as ‘central’ in this study) community of small-
sized phytoplankton (cryptophytes) and a southern (GD 200)
community of large-sized phytoplankton (diatoms). Likewise and
supporting our index of phytoplankton size structure, the authors
could not find latitudinal differences in phytoplankton composi-
tion of oceanic samples (slope domain). In the summer of 1997,
four taxonomic clusters were defined based on microscopic
identification between central and southern stations of the WAP
sampling grid, three of which are present in our transects
(Garibotti et al., 2003b, 2005b). The southernmost inshore
stations in this study were located in waters adjacent to
Marguerite Bay (Fig. 1) and were typically characterized by ‘larger’
cells. Inside Marguerite Bay, Garibotti et al. (2003b) defined a
unique taxonomic consortium represented by large microphyto-
plankton diatoms (e.g., Odontella weisflogii), and a minor propor-
tion of P. antarctica, and large prasinophytes (e.g., Pyramimonas

sp.). Single cells of P. antarctica are considered nanoeukariotic
algae (�5mm) even though they can form colonies of up to 1 mm
in response to environmental factors (e.g., zooplankton grazing;
Lancelot et al., 1998). Thus, P. antarctica colonies may behave as
‘large’ phytoplankton cells, and may have been detected as larger
particles by satellite observations (Montes-Hugo et al., 2008).

Consistent with dominance of ‘small cells’ in slope waters
based on spectral changes, Garibotti et al. (2003b) defined a
cluster with small-sized phytoplankton communities of oceanic
and continental slope waters. These assemblages are dominated
by nanoplanktonic (2–20mm) diatoms (e.g., Fragilariopsis curta),
which are expected to have low iron requirements compared to
those of ‘large’ coastal species (Sunda and Huntsman, 1997; de
Baar et al., 2005). In slope waters, the upper mixed layer is deeper
than in middle shelf and inshore locations due to stronger winds
and weaker stratification caused by sea-ice melting, thus greater
light-iron co-limitation could be imposed onto ‘large’ diatoms
(Hofmann et al., 2007).

Garibotti et al. (2003b) identified a cluster of mixed phyto-
plankton groups (unidentified flagellates, cryptophytes and
prasinophytes) inhabiting mid-shelf and inshore waters of the
northern and southern stations of the WAP sampling grid,
excluding those in Marguerite Bay. In agreement with our
cell size structure in central stations, this heterogeneous
consortium, enriched in flagellate groups, was composed of cells
larger and smaller than those in slope waters and Marguerite Bay,
respectively.

The central–south gradients of ‘large’ (420mm) vs ‘small’
(o20mm) phytoplankton assemblages might be explained by
sea-ice dynamics. ‘Large’ phytoplankton species can be favored in
adjacent waters to Marguerite Bay (inshore domain of southern
stations) with respect to central stations because the greater sea
ice persistence (percent time sea ice is present within the interval
between day of advance and retreat) in this area (Tables 2 and 4 in
Stammerjohn et al., 2008) which affect the timing of phytoplank-
ton seasonal succession, as mentioned above. Sea ice may
contribute also to the proportion of ‘large’ phytoplankton of
surrounding waters by releasing ‘large’ cells stored during
the previous winter. In artificial sea ice, Weissenberger and
Grossmann (1998) commonly reported a greater incorporation of
‘large’ diatoms.

The selective sea-ice enhancement of ‘large’ with respect to
‘small’ phytoplankton cells associated with sea ice could be
related in part to a greater availability of soluble iron. Iron-rich
particles can be accumulated in sea ice as snow, and released to
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Fig. 6. Time series of surface nutrient concentrations in the WAP region. No field

data in northern stations (grid line or GD 900). GDs 600 and 200 correspond to

central and southern stations of WAP sampling grid, respectively. Nitrate+nitrite

(NIT, panels A and B), ammonia (NH4
+, panels C and D), phosphate (PO4

3�, panels E

and F), and silicic acid (H4SiO4, panels G and H) surface concentrations are in mM.

Each point in the graph represents a monthly average 71 S.E. (January, February)

between 1997 and 2006.
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the ocean during sea ice melt (Measures and Vink, 2001). A
comparable mechanism has been recently proposed for free-
drifting icebergs. Smith et al. (2007) found that ‘large-sized’
diatoms cells are more abundant near (within 3.7 km) free-
drifting icebergs, where concentration of dissolved iron is greater
due to the transport of terrestrial iron-rich minerals (de Baar et al.,
1995). A greater availability of iron in southern coastal waters of
the WAP region due to the greater influence of sea ice might also
explain the presence of P. antarctica in waters adjacent to
Marguerite Bay. Sedwick et al. (2007) found that growth of
P. antarctica in the Ross Sea is highly dependent on iron at relative
low light intensities.

Differences on the depth of vertical mixing between central
and south WAP stations also could explain the observed spatial
patterns of phytoplankton size structure. Although some studies
support the positive effect of water-column stratification on ‘large’
phytoplankton cells (Whitaker, 1982; Rivkin, 1991), this is not
always the case (Hofmann et al., 2007). Deep vertical mixing may
benefit smaller phytoplankton cells due to the greater iron
limitation of larger phytoplankton cells at lower light intensities
(light-iron co-limitation effect; Sunda and Huntsman, 1997;
Timmermans et al., 2001). However, a shallower upper mixed
layer does not necessary favor growth of all ‘large’ phytoplankton
species (e.g., Actinocylus sp., Chaetoceros dichaeta) since high light
levels can be inhibitory (Hofmann et al., 2007). The results from
Spearman correlation did not show a clear relationship between
‘large’ phytoplankton cells (smaller gbbp

values) and vertical
mixing conditions (upper MLD) for southern stations (GD 200)
of WAP where ‘large’ cells dominate (Supplementary Table 2).

The effect of zooplankton grazing on spatial patterns of
phytoplankton size structure was not evaluated in this study but
is expected to be secondary with respect to bottom-up effects over
large areas of the Pal-LTER grid. In this region, grazing impact of
dominant macro-zooplankton species (Euphausia superba, Salpa

thompsoni) on phytoplankton is related to variations in grazer
biomass (Ross et al., 1998). In terms of size, adults of E. superba

have little direct utilization of nanophytoplankton compared to
S. thompsoni (Quetin and Ross, 1985). Abundance of the two
species is greatest in central stations (GD 600) (Ross et al., 2008)
where phytoplankton size distribution is mainly characterized by
small (high gbbp

) cells compared to southern stations. Likewise,
onshore–offshore variations of E. superba and S. thompsoni

densities coincide with the dominant phytoplankton size they
use. Therefore, spatial modification of phytoplankton size struc-
ture due to macro-zooplankton grazing seems to be minor
compared to other environmental factors.

4.2. Seasonal and inter-annual variability of

phytoplankton size structure

In this study, time series of cell size distribution evidenced
three main types of variability in phytoplankton size structure in
the WAP: (1) year-to-year changes, (2) a multi-year sinusoidal
pattern present in some sub-regions, and (3) trends in specific
sub-regions.

Regarding year-to-year changes, Spearman correlation
revealed that sea-ice extent may have a significant impact on
inter-annual variations in phytoplankton size structure (Supple-
mentary Table 2). As pointed out by Garibotti et al. (2005a),
a delay in sea-ice retreat during spring might increase water-
column stratification during the subsequent summer season,
possibly affecting light and growth conditions for ‘large’
(420mm) diatoms. The temporal sinusoidal pattern had two
main features: (a) two maxima in spectral slope of particle
backscattering (i.e. dominance of ‘small’ cells) during spring–
summer of 1997–1998 and 2002–2003, where ‘spring’ is in
October–November–December of 1997 and 2002, respectively
(e.g., Fig. 2A, D, G, H), and (b) an inverse relationship between cell
size structure and phytoplankton abundance (chlDS concentration;
e.g., Figs. 2 and 4A and H). On the basis of satellite measurements,
Smith et al. (2008) observed that those chlDS values over the WAP
shelf and offshore of the shelf break (adjacent waters to the
Southern Antarctic Circumpolar Current Front or SACCF) were
anomalously low during summer of 1998 and 2003 with respect
to the 1997–2005 mean. The authors found that a late sea-ice
retreat offshore of the shelf break region and an early sea-ice
retreat over the inshore shelf region occurred during the previous
spring of 1997 and 2002. Stammerjohn et al. (2008) attribute this
sub-regional variability in sea-ice retreat to the dynamic response
of sea-ice extent to southerly winds. These sea-ice anomalies on
offshore and inshore waters could explain the lack of offshore
spring bloom and ice-edge bloom onto the shelf during January of
1998 and 2003, respectively. Since it is expected that phytoplank-
ton blooms are characterized by ‘large’ cells (Smith and Nelson,
1990; Sullivan et al., 1993; Arrigo et al., 1999), we propose here
that a larger contribution of ‘small’ (o20mm) phytoplankton cells
during spring–summer of 1997–1998 and 2002–2003 can be
attributed to drastic changes in sea-ice timing. Martinson et al.
(2008) indicated that sea-ice seasons (first to first day of sea-ice
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advance) 1997–1998 and 2002–2003 were also characterized by
strong transitions in anomalies of ocean characteristics such as
the increase on heat content of shelf waters (e.g., Upper
Circumpolar Deep Water or UCDW intrusions). Along the shelf
break of this region, there is an oceanic front (SACCF) defined by
the southern boundary of the ACC (Orsi et al., 1995). The
interaction between ACC and WAP shelf break causes surface
entrainment of nutrient-rich and relatively warm waters from 200
to 800 m (UCDW) onto the shelf (Hofmann and Klinck, 1998;
Smith et al., 1999). The intrusion over the WAP shelf is more
significant in the southern part of the study area due to the well-
developed across-shelf canyons (Martinson et al., 2008). Timing of
sea-ice retreat and UCDW intrusions are consistent with large-
scale changes in atmospheric conditions (e.g., wind intensity).
Previous to 1998 and 2003 seasons, climate anomalies predomi-
nantly corresponded with a greater frequency of La Niña and
SAM+ events, and a concomitant atmospheric and hydrographic
warming over the WAP (Stammerjohn et al., 2008). Although the
maxima in 1998 and 2003 corresponding to dominance of ‘small’
cells were detected in regions close (inshore) or far (slope) from
the coast, and at the North (northern) or South (southern WAP
stations) of the study area (Fig. 2A and H), this temporal pattern
could not be generalized over the whole study area. This finding is
not surprising given the unique oceanographic and climate
characteristics of each sub-region (e.g., the northernmost transect
is more influenced by glacial meltwater than the southernmost
transect; Stammerjohn et al., 2008). The contribution of macro-
zooplankton grazing to the observed cyclic pattern of phytoplank-
ton cell size dominance is unclear. However, it might be expected
a greater direct influence of short-life (S. thompsoni, 1–2 years)
compared to long-life (E. superba, 4–6 years) species.
Although S. thompsoni has been more frequently found across
the WAP shelf from 1999 to the present (Ross et al., 2008), this
evidence does not appear to indicate a sustained increase of
phytoplankton cell size (small gbbp

) over the same locations and
period of time. Perhaps the main influence of S. thompsoni is
indirect, as salps also feed on microzooplankton (protozoa),
favoring growth of ‘small’ phytoplankton species. Variation of
concentration of macronutrients was not the cause of observed
cyclic pattern of phytoplankton size structure in WAP waters
because two reasons. First, the ‘V’ temporal variation of all
nutrients but NH4

+ between 1997 and 2006 was not evident
in GD 200, where gbbp

presented a clear ‘V’-type temporal
fluctuation had. Second, dominance of smaller phytoplankton
cells is expected in nutrient-poor waters, but highest gbbp

values
(small cells) were observed during periods of high nutrient
concentrations (summer of 1998 and 2003).

Detectable trends over the time period studied (1997–2006)
was the third type of pattern in temporal variability in
phytoplankton size structure in the WAP. The observed trends
had two main characteristics: (1) a net change superimposed to
the seasonal variability in particle size distribution and (2) a
positive or negative sign (e.g., positive MK corresponds to an
increase in particle size distribution) depending on location. On
the basis of Mann–Kendall analysis, dominance of particle size
distributions with smaller particles (smaller phytoplankton cells,
higher gbbp

values) increased significantly from 1997 to 2006 in
inshore waters of northern stations (GD 900). Unfortunately, no
field data is available to corroborate this finding. The observed
trend might be caused by increased local glacial-ice melting
(e.g., more contribution of small cryptophytes as proposed by
Moline et al., 2004), elevated grazing of adult krill and large
copepods (e.g., less contribution of microphytoplankton; Bianchi
et al., 1992; Rodriguez et al., 2002), or/and a stronger advection of
waters ‘rich’ in ‘small’ cells (e.g., nanoflagellates less than 20mm;
Bianchi et al., 1992; Granéli et al., 1993; Krell et al., 2005) from
Weddell Sea into the eastern part of the Bransfield Strait
(Hofmann et al., 1996; Zhou et al., 2002).

According to Mann–Kendall results, a significant trend was
detected in slope waters of central stations of the WAP sampling
grid (GD 600) where contribution of larger phytoplankton
(smaller gbbp

values) augmented from 1997 to 2006. This
phenomenon might be related to a greater growth of diatoms
compared to small phytoflagellates favored by stronger upwelling
events (Prézelin et al., 2000). During January 1993, diatom-
dominated assemblages were associated with a topographically
induced upwelling along the outer WAP continental shelf. These
waters were characterized at depth (250 m) by temperature
values (1.8 1C), indicative of UCDW flowing onto the shelf. Diatom
communities can meet nutrient growth requirements in these
areas due to the greater availability of silicate (Prézelin et al.,
2000) or iron (Garibotti et al., 2003b). Although silicate is
assumed not to be a limiting nutrient south of the Antarctic Polar
Front (Hofmann et al., 2007), active phytoplankton growth nearby
topographically induced upwelling centers might require a
surplus of this nutrient. The increase of phytoplankton cell size
in these topographically induced upwelling zones also could be
explained by an enhanced of microzooplankton grazing (e.g.,
smaller phytoplankton is consumed) even though no data are
available to test this possibility.
5. Conclusions

High-latitude marine environments are expected to be sensi-
tive ecosystems to climate change due to their dependence on sea
ice. One of the best examples is the WAP region where one of the
fastest atmospheric warming and decrease in sea-ice extension
and length of the sea-ice season have been detected in the last five
decades (Smith and Stammerjohn, 2001; Martinson et al., 2008).
In this study, potential climate modifications of lower trophic
levels between 1997 and 2006 were investigated in the WAP
region based on variability of phytoplankton size structure, a well-
known index of trophic dynamics in pelagic waters. Satellite and
complimentary field information revealed three types of temporal
patterns: (1) inter-annual variability, (2) transitional periods
caused by regime shift, and (3) 9-year trends. The series analyzed
is too short to give answers to the response of phytoplankton to
the 50-year climate trend in atmospheric temperature. Never-
theless, we have demonstrated that phytoplankton size structure,
as measured by remote sensing, is a valid index of variability in
ecosystem structure and we have established the main patterns of
variability that can be expected to be affected by climate change.
We also suggest that bottom-up (e.g., sea-ice dynamics) effects
can have a significant spatial and temporal influence on
phytoplankton size structure variability of WAP study area.
Despite the decrease of sea-ice coverage and general atmospheric
warming of WAP waters, our findings based on a ‘time window’ of
circa 10-years do not indicate an overall replacement of
phytoplankton from communities dominated by ‘large’ cells to
communities dominated by ‘small’ cells during spring–summer of
1997–2006. Therefore, the original hypothesis that ‘contribution
of ‘‘small’’ phytoplankton (o20mm) has been increased in the last
decade in WAP waters due the ongoing regional climate change’
cannot be accepted. Although a significant cell size reduction of
phytoplankton assemblages was detected in the northernmost
part of the area investigated, an opposite trend was found for
phytoplankton communities living in slope waters of central
stations. Therefore, it appears that there is not a general regional
response of phytoplankton size structure to the increasing
warming of WAP shelf waters. Instead, the climate variability
over WAP seems to affect differently the size distribution of
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phytoplankton depending on the latitude and the distance to the
coast. As a greater frequency of anomalous wind episodes (e.g.,
southerlies) may favor dominance of ‘small’ phytoplankton
communities, a greater intensification of ACC interaction with
the WAP shelf-break can result in a greater dominance of ‘large’
phytoplankton communities.
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