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Spatial variability and interannual variability of phytoplankton biomass, estimated as chlorophyll-a (Chl-a)
concentration and taxonomic groups, were analyzed in relation to environmental conditions in the Bransfield
Strait (BS). This study is based upon both in situ (2003, 2004, 2005, 2008, 2009 and 2010) and satellite
(2002-2010) data, during the austral summer. A thermohaline front was predominately observed between the
colder and saltier waters under the influence of transitional water with Weddell Sea influence (TWW) in the
southeastern BS, and the fresher and warmer waters associated with the presence of transitional water with

Keywords:
ph};‘g,plankmn Bellingshausen Sea influence (TBW) in the northwestern BS. Canonical correspondence analysis showed that
Chlorophyll-a the dominance of microplanktonic diatoms was associated with higher Chl-a within shallow upper mixed layers,

with relatively strong pycnocline in the TBW, particularly close to the South Shetland Islands (SSI). Conversely,
the TWW was primarily characterized by lower Chl-a within deeper mixed layers or a well-mixed water column
and dominated by nanoplanktonic flagellates (including haptophytes and cryptophytes). Spatial variability based
on both in situ and satellite data suggests that the Bransfield Strait acts as a typical Seasonal Ice Zone (SIZ) and the
phytoplankton community there is governed by a combination of processes acting synergistically: the sea ice
retreat, allowing for a penetration of light into the water column, and a relatively shallow upper mixed layer
with strong pycnocline, primarily in the TBW, retaining organisms near the surface when light conditions are
adequate. Interannual variability in Chl-a and species composition indicate an alternation between diatom-
dominated and flagellate-dominated assemblages. These shifts are potentially related to the different stages of
phytoplankton succession, as a result of varying water column physical features, principally influenced by the
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dynamic occupation of the TBW and TWW, that appear to modulate phytoplankton dynamics within the BS.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The Southern Ocean is recognized as a pivotal component in the
modulation of the global climate and in seawater ventilation through
the thermohaline circulation (Sarmiento et al., 2004). In this polar
region, phytoplankton standing stock and production can be associ-
ated with distinct biogeochemical provinces, where physical fea-
tures exert a significant influence: the Polar Front zone (PFZ), the
permanently open ocean zone (POOZ), the marginal ice zones
(MIZ) and the coastal and continental shelf zones (CCS) (Arrigo
et al., 1998; Tréguer and Jacques, 1992). In general, the continental
shelves and marginal ice zones around Antarctica demonstrate a
much higher phytoplankton biomass and productivity in comparison
to deep pelagic areas (Arrigo et al., 1998).
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The tip of the Antarctic Peninsula (AP) has long been a concern with-
in the scientific community as it is one of the most susceptible regions in
the world to global climate change (Steig et al., 2009; Turner et al.,
2005). Environmental shifts within the AP have resulted in changes of
biomass and composition within primary producers, particularly phyto-
plankton (Ducklow et al., 2007; Garibotti et al., 2005; Montes-Hugo
et al., 2009; Schloss et al., 2012). Located to the northwest of the tip of
the AP, the Bransfield Strait (BS) is a semi-enclosed sea, limited to the
north by the South Shetland Islands (SSI) and to the south by the AP
itself. The BS is also connected to the Weddell (east) and Bellingshausen
(west) Seas, resulting in a complex circulatory system of surface waters
within the Strait, with the Southern BS Current (SBSC) carrying waters
advected from the Weddell Sea and the Gerlache Strait Current (GSC)
carrying waters from the southwest (Jiang et al., 2013). As a result,
the subsequent transitional waters can be detected within the surface
layer: transitional water with Weddell influence (TWW) and transition-
al water with Bellingshausen influence (TBW), with each showing
particular thermohaline structures (Fig. 1) (Amos, 2001; Lopez et al.,
1999; Sangra et al., 2011, 2014; Zhou et al., 2006). The dynamic interac-
tion between SBSC and GSC produces mesoscale processes, such as
anticyclonic eddies, which become separated from those currents by


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmarsys.2014.09.007&domain=pdf
http://dx.doi.org/10.1016/j.jmarsys.2014.09.007
mailto:rafael.goncalves.araujo@awi.de
mailto:souzamsd@gmail.com
mailto:docvmtg@furg.br
mailto:dfsgar@furg.br
Unlabelled image
http://dx.doi.org/10.1016/j.jmarsys.2014.09.007
Unlabelled image
http://www.sciencedirect.com/science/journal/09247963
www.elsevier.com/locate/jmarsys

2 R. Gongalves-Araujo et al. / Journal of Marine Systems 142 (2015) 1-15

64°S

62°w 60°W

58°wW

-

(5]

Temperature / Stability / Chl-a

l’ean Dala View
'
N

,_
o]
=

54°W

56°wW

Fig. 1. Scheme of the main circulatory pattern, water column characteristics (temperature and water column stability) and Chl-a within the Bransfield Strait. Arrows represent the inflow of
the TWW and TBW into the Bransfield Strait. Dashed line represents the Bransfield Front position, highlighting the dynamics between both transitional waters within the Bransfield Strait.

the establishment of two oceanographic fronts: the Bransfield Front
(BF) and the Peninsula Front (PF) (Sangra et al., 2011, 2014). The distri-
bution of those waters, fronts, anticyclonic eddies and their respective
thermohaline structures cause variations in the standing stock and com-
position of the phytoplankton community across the BS (Garcia-Mufioz
et al,, 2013; Mura et al., 1995; Sangra et al., 2014).

An eighteen-year research program conducted along the BS showed
that the highest chlorophyll-a (Chl-a) was located close to the SSI and
that upper mixed layer depth (UMLD) was negatively related with
Chl-a (Hewes et al., 2009). In an eastern sector of the BS, the highest
Chl-a was found at or near the surface decreasing toward the deeper
layers at well stratified sites, with euphotic layers varying from 40 to
50 m. By contrast, weakly stratified sites, typically under Weddell Sea
influence, were associated with low Chl-a and deeper euphotic zones
(Holm-Hansen et al., 1997).

During the austral summers of 1995 and 1996, the phytoplankton
community within the BS was predominately dominated by either
the cryptophyte Cryptomonas sp. (1995) or by the colonial haptophyte
Phaeocystis cf. antarctica and small flagellates (1996), with a consid-
erable contribution of diatoms in both years (Rodriguez et al., 2002).
In general, phytoplankton blooms around the AP are typically
associated with the development of a shallow mixed layer (retaining
phytoplankton within adequate light levels) and with iron availability
(e.g., Prézelin et al.,, 2000), and are reported to be typically dominated
by diatoms and/or haptophytes (primarily P. antarctica). Neverthe-
less, several studies have highlighted the increasing importance of
cryptophytes in the AP as they prevail over diatoms, particularly within
ice melting regions (Moline and Prézelin, 1996; Moline et al., 2004).
Several other studies have related the seasonal succession of
phytoplankton along the west of the AP (WAP) to the timing of the sea
ice retreat, particularly from the south of Gerlache Strait to Marguerite
Bay (Garibotti et al., 2005; Prézelin et al., 2000), with some evidence
found within the BS (Mendes et al., 2013; Varela et al., 2002). Firstly,
diatom blooms attain higher biomass when the sea ice retreat is under
way and, with a continued stratification, cryptophytes can numerically
replace these diatoms (Ducklow et al., 2007). Finally, a phytoplankton
community co-dominated primarily by very small diatoms and other
unidentified flagellates are associated with low Chl-a (Garibotti et al.,
2005; Moline and Prézelin, 1996). There are numerous sources in the
literature on phytoplankton dynamics in some wWAP systems, principally
near Marguerite Bay (Prézelin et al., 2004 and references therein).

However, the processes that modulate phytoplankton distribution in
open sea regions and their relationship to the dynamics of the water
masses, particularly within the BS, are poorly understood. As stated in
Garibotti et al. (2005), it is not known if the phytoplankton composition
changes from year-to-year in some regions within the wAP, and what
kind of environmental variability is related to possible phytoplankton
composition changes.

In the present study, microscopic data from four summer cruises
to the BS (2003, 2004, 2008 and 2009) were analyzed in order to
assess the variability in phytoplankton composition over spatial
and interannual scales. These samplings can be considered as repre-
sentative of the range of standing stock and community composition
observed during the early and late 2000s in the region. In addition,
satellite data, temperature and Chl-a derived from 2003-2010 were
used to characterize several differences in the extent of sea ice
and Chl-a during summer time. Our specific goals were: (1) to
comparatively analyze the composition and biomass distribution
of the phytoplankton groups during the four studied summers
with available microscopic data; (2) to determine whether the
phytoplankton community structure is stable or variable from
year-to-year; and (3) to evaluate the ecological mechanisms regulating
the spatial and interannual phytoplankton variability.

2. Material and methods
2.1. Sampling

Sampling and data collection procedures were conducted across
the Bransfield Strait during the GOAL (High Latitude Oceanography
Group) and SOS-CLIMATE (Southern Ocean Studies for Understanding
Global Climate Issues) cruises during the late austral summers of
2003, 2004, 2005, 2008, 2009 and 2010 (Table 1), on board the
Brazilian Navy R/V “Ary Rongel”, as part of the Brazilian Antarctic
Program and the International Polar Year (IPY 2007-2008). Vertical
profiles of temperature and salinity were taken with a SeaBird® 911+
CTD attached to a Carrousel system bearing 5-L Niskin bottles for
water sampling. Water was collected from the surface and several
depths for further laboratory analysis of phytoplankton biomass
and composition (the later only for the summers of 2003, 2004, 2008
and 2009) and dissolved macronutrients.
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Table 1

Data referring to the cruises (period and number of sampling stations) and surface ranges of temperature (°C), salinity, Chl-a (mg m~>), UMLD (m) and stability (10~8 rad®> m~') mean (2 SD) for stations under TBW and TWW influence.

Stability?

TBW

Salinity CHL-a UMLD?
TBW

TBW

Temperature

TBW

Stations

Period

Cruise
GOAL
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+966.55)
+2192.45)
+1049.82)
+853.57)
+1114.03)
+368.33)

2141.04
2862.58
2710.78
8555.48
3339.24
1469.89

20.69 (+10.78)
2911 (£12.11)
31.91 (+10.56)
48.86 (+26.41)
61.43 (+14.87)
47.40 (+15.90)

+0.05)
+0.40)
2 Note that for UMLD and stability, the only data included is related to the TBW since the TWW generally presents vertically mixed profiles or deep UMLD (>100 m) with very low stability (<200 x 1078 rad> m~1).

+0.08)
+0.32)
+0.70)
+0.37)

33.92
34.03
3417
34.22
34.08

—0.19 (+£0.83)
—0.17 (+£0.19)
—0.12 (+£0.58)
—0.04 (+£0.51)

1.50
1.29
1.45
1.31
1.56
1.14

0
76

8
2
22
22

24 Jan-07 Feb 2005
21 Feb-04 Mar 2008
25 Feb-01 Mar 2009

23-31Jan 2003
21-29 Jan 2004
16-21 Feb 2010

SOS-climate

2.2. Physical parameters

Potential density was calculated from temperature and salinity data
obtained from CTD casts. UMLD was determined through an analysis
of vertical density profiles (0p/0z). The depth where variations in
density were equal to or greater than 0.02 over 5 m depth interval was
considered the UMLD (m) (adapted from Mitchell and Holm-Hansen,
1991). The water column stability parameter (E) was calculated
based on vertical density variations, as a function of the buoyancy

or Brunt-Viisild frequency (N?), which is defined by: N2 :%%
(rad? s—2) leading to E = N?z (1078 rad®? m~ 1), where g is gravity
and p is the potential density of a water parcel. In this study, it was

considered that maximum stability directly below the UMLD should
represent the strength of the pycnocline (Castro et al., 2002).

2.3. Phytoplankton analysis

Discrete water samples (0.5-1 L) were filtered onto 25-mm
glass fiber filters (Whatman GF/F) for post-cruise determinations of
total Chl-a by either a fluorometric or spectrofluorometric method.
In addition, discrete water samples (0.5-1 L) were size-fractionated
by sequential filtration through Nuclepore 20-pum polycarbonate
membranes and Whatman GF/F filters under a vacuum pressure
lower than 200 mmHg. These size fractions of Chl-a were considered
as follows: microplankton for the material retained on the 20-um
filter, and nanoplankton + picoplankton (hereafter referred to as
“nanoplankton”) for the fraction that passed through 20-pum however
was retained on the Whatman GF/F filter (0.7 um). After filtration, all
filters were kept frozen in liquid nitrogen until further analysis. In the
laboratory, the pigment was extracted in 90% acetone and analyzed by
one of two techniques. For the 2003 and 2004 cruises, pigment content
was determined in a Perkin Elmer LS-60B spectrofluorometer (Neveux
and Lantoine, 1993). Emission fluorescence spectra were recorded
between 620 and 710 nm, at 0.5 nm intervals. For the 2005, 2008,
2009 and 2010 cruises, Chl-a was determined using a Turner Designs
TD-700 fluorometer, following the non-acidification method of
Welschmeyer (1994). In addition, 44 samples were analyzed using
both methods in 2004 in order to verify the concurrence between the
approaches. Chl-a values using both methods were well correlated
(r = 0.67, slope = 1.10). Vertical profiles of discrete Chl-a measure-
ments were performed on all six cruises. However, the maximum
sampling depth varied between cruises, depending upon logistical
issues. In order to compare the data collected from each of the cruises,
50-m integrated Chl-a (mg m™2) was determined.

Phytoplankton counting and identification data were obtained for
the 2003, 2004, 2008 and 2009 cruises. Discrete samples (200 mL) were
collected from the sea surface and preserved in either a formaldehyde
solution (4% final concentration) (2003 and 2004 cruises) or in a 2%
alkaline Lugol's iodine solution (2008 and 2009 cruises) for later
microscope examination. The alkaline version of this fixative prevents
calcite dissolution of coccolithophorid plates or other calcifying struc-
tures in microorganisms (D. Iglesias-Rodriguez, pers. comm.). In the
laboratory, 50 to 100 mL sub-samples were analyzed using an inverted
microscope, at 200x and 400x magnifications (Utermohl, 1958).
Despite the distinct effects that different fixatives may have on different
taxonomic groups (Menden-Deuer et al., 2001), microscopic counting
was carefully performed directly after the cruises, in order to minimize
variability due to different fixation chemicals on the samples.
Phytoplankton composition was determined according to specific
literature (Balech, 1988; Dodge, 1982; Hasle and Syvertsen, 1996).
Due to either a low concentration of some phytoplankton species or
difficulties in distinguishing between species in the light microscope,
individual species/genera were grouped as follows: diatoms,
dinoflagellates, cryptophytes, flagellates and coccolithophores.
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2.4. Nutrient analysis

Samples for nutrient determination were collected from the surface
and selected depths and kept frozen until analysis. In the laboratory,
samples were thoroughly thawed and filtered through cellulose acetate
membrane filters. All of the samples were processed according to
the recommendations in Strickland and Parsons (1972). Ammonium
was measured by using the method determined by Koroleff (1969),
following the modifications in Grasshoff et al. (1983), using absorbance
at 630 nm. Nitrite and nitrate were determined through a cadmium
column reduction of NO3™ to NO3', with standard curves and calculations
made according to Strickland and Parsons (1972). Orthophosphate was
measured by its reaction with ammonium molybdate using absorption
at 885 nm. Silicate in the form of reactive Si was measured according
to Strickland and Parsons (1972) and corrected for sea salt interference,
following Aminot and Chaussepied (1983). Absorbance values for all
nutrients were measured in a FEMTO® spectrophotometer.

2.5. Satellite data

Satellite images of both surface Chl-a and temperature were
acquired by the Moderate Resolution Imaging Spectroradiometer on
NASA's Aqua satellite (MODIS-Aqua) and presented as Level 3 (L3)
SMI (Standard Mapped Image) monthly composite images, at 4 km res-
olution. Only images from September to March (due to low cloud cover)
were analyzed in this study for the period 2002 to 2010.

Monthly composites from daily images of sea ice concentration
(spatial resolution of approximately 6 x 4 km, in a 6.25 km grid)
were obtained from the Advanced Microwave Scanning Radiometer
(AMSR-E-Aqua). The Artist Sea Ice (ASI) algorithm was applied, which
uses an empirical model to retrieve ice concentration between 0% and
100% (Spreen et al., 2008). For each monthly image, ice edge was
considered to be the location where sea ice concentration was <15%,
as identified by the ASI algorithm (Marrari et al., 2008; Spreen et al.,
2008). The sea ice area was then determined based on pixels with a
sea ice concentration > 15%.

Ice cover images (AMSR-E) were analyzed for each month during
the study period, as the signal from microwave scatterometers does
not encounter interference from the atmospheric attenuation. Time
series analyses consisted of the synoptic mean of each variable in the
area located within 62.0-63.5°S and 56.0-61.0°W (see Fig. 5).
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2.6. Statistical analysis

Canonical correspondence analysis (CCA) was performed for the
2003, 2004, 2008 and 2009 cruises. This analysis allows for an evalua-
tion of the main patterns of community variability, as influenced by
environmental variables, as well as the main pattern in the weighted
means of each species (or group) with respect to the environmental
variables (ter Braak and Prentice, 1988). For this analysis, only stations
where both biotic and environmental data were available have been
considered, totalizing a set of sixty-two cases. Biotic variables were
represented by abundances of the main phytoplankton taxonomic
groups derived from microscopic analysis. Environmental variables
included surface temperature, salinity, dissolved inorganic nitrogen
(DIN: nitrate, nitrite and ammonium), phosphate, silicate, UMLD,
stability, along with the total and fractionated Chl-a [“nanoplankton”
(<20 um) and microplankton (>20 pm)]. All variables were log-
transformed prior to the analysis in order to reduce the influence of
the different scales on the sets of variables. In order to test for the
significance of the CCA, Monte-Carlo tests were run based on 499
permutations under a reduced model (p < 0.05). The first two signif-
icant canonical roots were used to produce an ordination diagram.
Canonical roots are the weighted sums of phytoplankton variables,
which are used to calculate the position of the stations in the dia-
gram, according to their phytoplankton group composition and
abundance. Thus, distances between the stations in the ordination
diagram reflect the similarity of their phytoplankton assemblages
(ter Braak, 1994). Canonical factor loadings are the simple correla-
tions between the environmental variables and canonical roots and
are considered as a measurement of the importance of the different
environmental variables in determining phytoplankton variability
within the study area.

In order to detect temporal correlations between the signals of sea
surface temperature (SST), sea surface Chl-a (SSC) and sea ice area,
a cross-correlation analysis was applied. This technique allows for a
detection of common periodicities between two signals of interest.
The cross-correlation coefficient (rx,) of the two time series x and y,

each with n data points is determined by ry, (k) = Gy (k) [modified from

T 0x0y
Chatfield (1984)], where x and y are the two time series, k is the lag
time, c,y is the covariance coefficient and o is the standard deviation
of time series. The covariance coefficient (cyy), in turn, is defined by:

Cyy (k) :%Z:: [(x—X)(Ve,m—Y)] forto=1tot, =P —1andm =0,
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Fig. 2. Surface Chl-a (mg m~>) distribution during the six summer cruises conducted along the Bransfield Strait. Black dots indicate the position of sampling stations and the black lines
represent the 0.9 °C isotherm, which separates the TWW (southeast) and TBW (northwestern).
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considering positive values of k and ¢y (k) = %Zig (Ve —Y) (Xerm—X)]
forto=1tot, =P+ 1and m = —1, considering negative values
of k. P is the total number of observations in the series and t is the
time unit.

3. Results
3.1. Physical and chemical properties

Two different water types were found in the surface layer within the
study area (Fig. 2), according to the results presented by Sangra et al.
(2011) and Lépez et al. (1999): a colder and more saline TWW, occupy-
ing primarily the southeastern sector of the Strait, and a warmer and
fresher TBW within the northwestern domain, which were significantly
different in temperature and salinity (Kruskal-Wallis test H, p < 0.05).
The lowest temperature (generally lower than 1 °C) and salinity
(33.3) levels were observed in 2010, when the region was predominate-
ly under the influence of TWW waters (Table 1). In this work, the TWW
and TBW were separated by the 0.9 °C isotherm, depicting the shallow
(from surface to ca. 100 m) Peninsula Front (PF) (Sangra et al., 2011)
(Figs. 2 and 3), which is located close to the AP.

Vertical density profiles, UMLD and water column stability data for
all of the occupied stations during each of the cruises demonstrated
three distinct types of water column structure: stations with shallow
UMLD (<50 m), stations with deep UMLD (generally >50 m) and sta-
tions with homogeneous/well-mixed profiles. In general, stations
under TBW influence (Fig. 4) were represented by shallow UMLD
(<50 m) and strong pycnocline (typically >2000 x 10~ rad> m~').
Stations under TWW influence were represented by deep UMLD or
even a homogeneous water column (Fig. 3), associated with the lowest
stability values which were significantly different from the TBW stations

(Kruskal-Wallis test H, p < 0.05). Finally, a small number of stations
(4 stations in all cruises) located close to the SSI presented a very
shallow upper mixed layer (<20 m) with higher stability.

The surface distribution of nutrients in the BS (Table 2) showed that,
in general, mean DIN and silicate levels were relatively high on all
cruises across the studied years, with the highest values in 2010
(reaching up to 39.98 LM and 71.6 M, for DIN and silicate, respectively).
However, there was no marked pattern in the horizontal distribution
of any nutrient, with them being predominately homogeneously distrib-
uted (p > 0.05; not shown). Silicate concentration was particularly
high in 2004 and 2010, reaching up to 92.0 uM. Phosphate levels were
mostly >1 uM in surface waters. When comparing the similarity
between nutrient levels through the different water domains, no signif-
icant difference was found between the concentration of the three
nutrients (DIN, phosphate and silicate) in the TBW and TWW on any
of the cruises (Kruskal-Wallis test H, p > 0.05).

3.2. Spatial distribution patterns of phytoplankton

Since surface Chl-a was significantly related to 50-m integrated
Chl-a (y = 35.89x + 18.25, r* = 0.65, p < 0.05) and appeared to be a
good index of the phytoplankton biomass through the upper 50-m
layer, only surface Chl-a data is presented here. Except for a few
stations, deep Chl-a maximum (DCM) layers were not detected in
vertical Chl-a profiles in the BS (not shown). In 2003, 2005, 2008 and
2009, a similar marked pattern of lower Chl-a at stations near to the
AP under TWW influence was observed, while stations under TBW
influence presented higher Chl-a (Kruskal-Wallis test H, p < 0.05)
(see Fig. 2). In 2010, the Strait primarily demonstrated waters
dominated by the TWW, with no marked pattern of Chl-a following
the distribution of transitional waters. At the same time, the highest
Chl-a was found at a station near to the SSI under the lowest salinity
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stations close to the South Shetland Islands (SSI, solid line). Inset table in (b) displays
the average UMLD (m) and SD (m) for the TBW, TWW and SSI.

level (see Fig. 2). A coupling between phytoplankton biomass and
water mass distribution was evidenced by a direct relationship be-
tween Chl-a and both temperature (y = 0.18x + 0.71; r> = 0.35;
p < 0.05) and stability (y = 0.00096x + 0.58; r*> = 0.51; p < 0.01),
with the highest Chl-a levels associated with the warmer and well
stratified TBW.

MODIS Chl-a images (Fig. 5) showed a higher Chl-a belt
(generally >1 mg m~>) surrounding the SSI during each of the studied
summers. However, this Chl-a belt was particularly strong in February
2005 (reaching values > 6 mg m~>), and coincided with a relatively

low ice cover (black pixels on the images). By contrast, ice cover was
more extensive during the December-March period of 2002-2003,
2003-2004 and 2009-2010, which were associated with relatively
low Chl-a (generally around 1 mg m™3).

Surface distribution of size-fractionated Chl-a showed that the
“nanoplankton” fraction (<20 um) was dominant in almost all of the
sampling stations (Fig. 6). This fraction represented, on average, 79%,
84%, 93% and 40% of the total Chl-a in 2003, 2004, 2008 and 2009,
respectively. The fraction of the microplankton biomass (>20 um),
however, was more elevated in the northwest of the Strait, particularly
near to the SSI and Elephant Island, particularly during the 2003 and
2009 cruises (Fig. 6).

The phytoplankton community was intermittently distributed, with
an alternating predominance in cell numbers between nanoplanktonic
flagellates and microplanktonic diatoms (Fig. 7, Table 3). In the
2003 and 2004 cruises, it was observed throughout the entire
sampling area that the phytoplankton community was dominated
primarily by nanoplanktonic cryptophytes, with abundances higher
than 2.5 x 10° cells L™ in 2003 and 8 x 10° cells L™ in 2004. Con-
versely, microplanktonic diatoms (particularly Corethron pennatum,
Thalassiosira spp. and Pseudo-nitzschia sp.) were more abundant
in waters under TBW influence, especially near to the SSI during
all of the cruises (Fig. 7). The diatom C. pennatum was detected
throughout the area and was particularly abundant in 2003
(reaching 0.7 x 10° cells L~ 1), while Thalassiosira spp. dominated
in 2004 and Pseudo-nitzschia spp. and Chaetoceros spp. were domi-
nant in the 2009 diatom assemblage. Other representative diatoms
on all cruises were Fragilariopsis spp. and other unidentified pennate
species. During the 2008 and 2009 cruises, nanoplanktonic cryptophytes
were detected only at a few stations. During those periods, phytoplank-
ton communities at low Chl-a stations were dominated by other uniden-
tified nanoplanktonic flagellates (3.5 x 10° cells L™, on average; Fig. 7)
and haptophytes, particularly P. antarctica, which were seen as
flagellated cells and not as colonies (reaching up to 6 x 10° cells L~!
in 2008, but almost absent in 2009). Dinoflagellates were also
detected at lower concentrations, up to 0.9 x 10° cells L™ ! in 2008
and 0.2 x 10° cells L~ ! in 2009 (not shown). This group was primar-
ily represented by Gymnodinium spp., Gyrodinium spp. and
Prorocentrum spp. Coccolithophores presented a minor contribution
to the phytoplankton community in the surveyed area (not shown),
with cell numbers lower than 10% of total cell counts on all cruises.
Only at station 7 (2003 cruise) did they contribute to 34.5% of the
phytoplankton cell abundance. The Kruskal-Wallis' H-test that was
applied to assess differences in phytoplankton communities between
TBW and TWW stations showed that only diatoms were present at
significantly (p < 0.05) higher concentrations in the TBW.

3.3. Relationship between the phytoplankton communities and
oceanographic features

The response of the phytoplankton community to environmental
variability was investigated using a canonical correspondence analysis
(CCA) (Table 4 and Fig. 8). A Monte-Carlo permutation test of F-ratio,

Table 2

Mean (+SD) surface nutrient values (uM) for stations under TBW and TWW influence for all cruises. DIN = nitrate + nitrite + ammonium.
Cruise DIN Phosphate Silicate

TWB TWW TWB T™WW TWB TWW

GOAL 2003 24.71 (+£6.84) 22.73 (£3.97) 1.86 (+0.97) 2.40 (£0.85) 53.66 (+£7.07) 46.25 (+9.79)
GOAL 2004 26.62 (£4.68) 26.87 (£5.55) 1.82 (£0.35) 1.96 (+£0.44) 62.44 (£9.55) 62.83 (£10.13)
GOAL 2005 18.86 (+6.60) 22.89 (+4.82) 1.49 (£0.57) 1.58 (£0.40) 41.51 (+10.59) 39.38 (+8.85)
SOS 2008 22.92 (+£3.86) 24.45 (+4.47) 0.78 (+£0.28) 0.86 (+0.38) 36.85 (+12.70) 51.29 (+4.26)
SOS 2009 31.45 (£3.39) 34.26 (+1.66) 1.81 (£0.25) 1.75 (£0.21) 47.19 (£2.27) 46.54 (+3.87)
S0S 2010 39.69 (£5.06) 40.10 (+3.78) 1.86 (£0.05) 1.97 (£0.22) 64.91 (+9.01) 74.27 (+£8.64)
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Fig. 5. Combined images of monthly MODIS Chl-a (color bar) and AMSR-E sea ice (black pixel areas) from the tip of the Antarctic Peninsula in 2003, 2004, 2005, 2008, 2009 and 2010
austral summer seasons (December-February), corresponding to the years when GOAL and SOS-CLIMATE cruises were conducted. White patches in the ocean indicate a lack of data
due to cloud coverage. The white rectangle in the January 2004 map demonstrates the area (62.0-63.5°S and 56.0-61.0°W) used for obtaining the synoptic average for the satellite
time series analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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applied to the analysis, showed that the environmental variables
(temperature, salinity, DIN, phosphate, silicate, UMLD, stability, total
Chl-a, and “nanoplankton” and microplankton fractions of Chl-a)
reasonably explained (61%) the spatial distribution variability of phyto-
plankton groups (p < 0.01). The first two significant canonical roots
cumulatively explained 60.9% of the observed variance. The first
canonical root (58.3% of the variation explained) clearly distinguished
the phytoplankton species/groups of the 2004 cruise, which presented
higher silicate concentration and the lowest salinity values in the
study region (Fig. 8). However, during this cruise, there was no clear
spatial distribution pattern in both total Chl-a and phytoplankton
community (either groups or size classes) in relation to the main surface
waters (TWW and TBW), in comparison with the other sampling years
(see Figs. 6 and 7). Although the second canonical root explained only
2.2% of the variation, it resolved the separation of stations according to
their relation with temperature, total Chl-a and the microplanktonic
fraction of Chl-a from the opposite stations associated with salinity,
UMLD and the “nanoplanktonic” fraction of Chl-a (see Fig. 8 and factor
loadings in Table 4). Additionally, although the third canonical root
explained only 0.4% of the variation, it indicates an inverse relationship
between Chl-a and DIN. Higher factor loadings were found for temper-
ature, salinity and Chl-a variables, which reflected a strong association
between phytoplankton biomass variability and the distribution of the

transitional waters. Other important variables that contributed to
explain phytoplankton variability were UMLD and stability, with factor
loadings relatively similar to those for temperature and salinity. The
second canonical root could also be interpreted as indicating a gradual
change in phytoplankton structure from stations under the influence
of the TWW, to stations under the influence of the TBW. These latter sta-
tions showed a diatom-dominated community, positively associated
with total Chl-a, microplanktonic Chl-a and temperature (Fig. 8), partic-
ularly during the 2009 summer. In contrast, TWW influenced stations
appeared to be related to salinity, UMLD and “nanoplankton”, repre-
sented by cryptophytes, haptophytes and other unidentified flagellates
(Fig. 8). These organisms combined attained high cell abundance in the
summers of 2003, 2004 and 2008. Furthermore, Chl-a presented a
significant (p < 0.05) positive correlation with microplanktonic Chl-a,
stability and temperature and a negative (p < 0.05) correlation with
salinity during each of the sampled years (data not shown), which
reflected the strong association between the distribution of transitional
waters along the BS and phytoplankton biomass and size class structure.

3.4. Interannual analysis

Time series of satellite data (Fig. 9) displayed the interannual
variability of the three variables: sea surface Chl-a (SSC), sea
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Table 3

Abundance ranges (minimum and maximum, cells L™ ") of the main phytoplankton taxa on four cruises (2003, 2004, 2008 and 2009) to the Bransfield Strait. ND: not detected.
Species 2003 2004 2008 2009
Corethron pennatum ND-70,000 ND-10,000 ND-560 ND-4220
Pseudo-nitzschia spp. ND-14,000 ND-35,000 ND-130,000 ND-410,000
Chaetoceros spp. ND ND ND 1800-360,000
Thalassiosira spp. ND-5000 ND-300,000 ND-1400 170-57,000
Gymnodiniaceae ND-3000 ND-1000 4100-75,000 3500-27,000
Gyrodinium spp. ND-1000 ND-7000 670-7200 2000-11,500
Prorocentrum minimum ND-2000 ND ND-10,000 450-22,500
Unidentified flagellates ND-30,000 ND-200,000 27,000-345,000 116,000-1,169,191
Phaeocystis antarctica ND ND 14,000-665,000 ND-365,000
Coccolithophores ND-6000 ND-60,000 ND-50,000 ND-69,000
Crytophyceae 1000-300,000 600-2,000,000 ND ND-79,000
Pyramimonas sp. ND-30,000 ND-200,000 ND ND

surface temperature (SST) and sea ice area. Peaks in SSC (gray bars)
were predominately detected in February, while the highest tem-
peratures were observed between January and February during
each of the studied years. The sea ice area presented a marked
seasonal variability, being inversely related to the other variables,
with maximum values observed in July/August and minimum
values from January to March. The austral spring/summer of
2005-2006 showed the highest SSC and SST values within the
time series (2002-2010), and was associated with the earlier
start of the sea ice retreat, which subsequently translated into ice
free areas for a longer period when compared to the remaining
years of the study. The 2007 winter season appeared to be the
coldest, since the lowest temperatures were observed and the sea
ice extended more than 2500 x 10? km? during a period of over
three months (see also Fig. 5).

Cross-correlation analysis between the variables derived from
satellite data (Table 5) showed the maximum correlations for
the zero lag time (p < 0.01). This indicates that the response of SSC
(either directly or indirectly) to SST and sea ice is most probably
within a time scale lower than a monthly-based time series. Taking
into account the monthly time resolution and the maximum correla-
tions for the zero lag time, the three variables appeared to be in
phase. The sea ice area was inversely related with both SSC and SST
(ryy = —0.53 and ry, = —0.75, respectively; lag = 0; p <0.01),
while SSC was directly related to SST (Table 5). Nevertheless, a visual
analysis of the data set (see Table 1 and Figs. 2, 5, 6 and 7) revealed
correlations between low UMLD and high stability with the enhance-
ment of Chl-a (averages higher than 1.35 mg m~2), which were
associated with the dominance of microplanktonic diatoms within
the TBW. In particular, this was observed in 2008 and 2009, when
the TBW showed an average UMLD of 49 m and 61 m, and stability
levels of about 8500 x 10~ 8 rad> m~! and 3300 x 10~ ® rad> m™!
(see Table 1), respectively.

Table 4
Factor loadings (correlation coefficients) of environmental variables for the first three
canonical roots as estimated through canonical correspondence analysis.

Parameter 1st canonical root  2nd canonical root  3rd canonical root
Temperature —0.092 0.693 —0.252
Salinity —0.437 —0.244 —0.077
DIN —0.102 0.226 0.011
Phosphate 0.457 0.229 0.159
Silicate 0.486 0.193 0.022
Chl-a 0.579 0.503 —0.019
Chl-a small (nano) —0.448 —0.214 —0.018
Chl-a (micro) —0.196 0.794 —0.018
UMLD —0.495 —0.131 0.204
Stability —0.339 —0.174 —0.04

4. Discussion
4.1. Phytoplankton and environmental factors: spatial variability

Both the TBW and TWW (Lépez et al. (1999)] were the major surface
waters within the BS (see Figs. 2 and 3), as previously described by sev-
eral authors (Garcia et al.,, 2002; Lopez et al., 1999; Sangra et al., 2011).
These contrasting, transitional waters were previously shown to gener-
ate a noticeable, physical gradient across the BS, composed by the
Peninsula Front (close to the AP), the Bransfield Front (close to
the SSI) and an inter-frontal anticyclonic eddy field between those
fronts (e.g. Sangra et al., 2011, 2014). Although the presence
of such oceanographic features has been reported within the BS,
particularly with an emphasis on their influence on phytoplankton
community structure variability (Sangra et al., 2014), only the
Peninsula Front was identified in the present work. The inability
to observe both the Bransfield Front and mesoscale anticyclonic
eddies in this work could be as a result of the low spatial resolution
coverage that exceeded the mean local first baroclinic Rossby radius
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Fig. 8. Canonical correspondence analysis ordination diagram relative to data on surface
abundance of phytoplankton. The first two significant canonical roots represent 60.5%
of phytoplankton groups-environment relationships. Arrows refer to environmental
variables (note that micro and nano correspond to the microplankton and “nanoplankton”
fractions of Chl-q, respectively). Triangles refer to surface absolute abundance of major
species/groups. Sampling stations, (where all data were available) are represented by
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of deformation (Rd) (~10 km; Chelton et al. 1998). Therefore, the
mesoscale variability could not be resolved within the sampling
transects.

The dynamics of phytoplankton biomass along the BS have been pre-
viously shown to be resolved across a salinity gradient that separates
the co-limiting conditions of either deep UMLD (i.e. light-controlled
condition) or low iron concentration, including the sites of the Antarctic
Circumpolar Current in the Drake Passage (Hewes et al., 2009). In the
present work, a salinity gradient was also observed across the BS and
was negatively correlated (p < 0.05) with Chl-a for each sampled year.
In a similar way, the pattern of enhanced Chl-a in the northern sector
of the BS demonstrated the coupling between water column structure
and phytoplankton biomass: a shallow (deep) UMLD and high (low)
Chl-a in the TBW (TWW). This type of association has been pointed
out in other studies conducted within the BS and also at other sites
across the Southern Ocean (Alderkamp et al., 2012; Castro et al., 2002;
Hewes et al., 2009; Mura et al., 1995). Sangra et al. (2011) also demon-
strated that sites within TWW influence presented deep UMLD or even
a homogeneous water column with the lowest stability values. A similar
Chl-a gradient between the northern and southern sectors of the BS was
also detected during the AMLR (Antarctic Marine Living Resources)
sampling program from late February to March 2004 (Hewes et al.,
2008). Lower Chl-a in the southern BS has been attributed to the surface
flow of oligotrophic Weddell Sea waters toward the AP (Holm-Hansen
and Hewes, 2004; Zhou et al., 2002). In the present study, three types
of vertical density profiles were observed (see Fig. 4). The scenario
observed from the profiles suggested that a few of the stations close
to the SSI (very shallow UMLD and higher Chl-a) could have been
attributed to sea ice melting, as discussed in Holm-Hansen and Hewes
(2004) and Holm-Hansen et al. (2004).

Dissolved macronutrient concentrations at the surface were high
during each of the cruises and were unlikely to have been limiting

Table 5

Cross-correlation coefficient (ry,), lag time (Lag) and p value for the satellite data
(sea surface temperature “SST”, sea ice area and sea surface Chl-a “SSC”) obtained
from cross-correlation analysis.

Variables Ty Lag p

SST x Sea Ice —0.75 0 <0.01
SST x SSC 0.65 0 <0.01
Sea Ice x SSC —0.53 0 <0.01

phytoplankton growth (Table 2), indicating that other processes were
driving the patchy distribution of surface Chl-a over the study area
(see Fig. 2). The Southern Ocean is widely recognized as a high nutrient,
low Chl-a zone (HNLC) (Hoppema et al., 2003) in which phytoplankton
development is considered to be iron-limited (Boyd et al., 2000; Feng
etal., 2010; Martin et al,, 1990a,b). As demonstrated in previous studies,
variations in both Chl-a and primary production within the Southern
Ocean could be associated with environmental factors such as fronts
and upwelling (Bathmann et al. 1997; Jacques and Panouse, 1991;
Lovenduski and Gruber, 2005), as well as the proximity to the coast or
islands (Blain et al. 2001; Comiso et al. 1993; Hoppema et al., 2003),
where iron availability is be periodically enhanced. In addition, it has
been established that a sunlit, shallow mixed layer depth (Mitchell
and Holm-Hansen, 1991; Nelson and Smith, 1991) combined with an
iron supply would count as two major factors or co-factors affecting
phytoplankton dynamics in the Southern Ocean (Arrigo et al., 1999).
Unfortunately, in the present study, there is no data available on iron
concentration and, therefore, variations in phytoplankton biomass and
composition are predominately described in relation to the physical
features of the water column.

The “nanoplankton” fraction (pico- + nanoplankton:<20 um) was
more abundant than the microplankton fraction, concurring with
other studies conducted in the region (Garcia-Mufioz et al., 2013;
Hewes et al., 2009; Varela et al., 2002), and it was predominately repre-
sented by flagellates: either cryptophytes in the summers of 2003 and
2004, or a plethora of flagellated forms (including P. antarctica) in the
summers of 2008 and 2009. Picoplankton contribution was unlikely to
have had any major importance during the sampling periods, as these
very small forms are generally not a relevant component within the
Southern Ocean (Scott and Marchant, 2005), although within the
oligotrophic Pacific Antarctic sector this fraction was estimated as
7-33% of the total phytoplankton biomass (Wright et al., 2009). In our
work, a pronounced relative contribution of cryptophytes was primarily
associated with lower Chl-a (<1 mg m™3), contrasting other studies
that have reported a high abundance of cryptophytes in association
with higher Chl-a (>1 mg m~3) at other sites across the BS or in
adjacent regions (Mendes et al., 2013; Moline and Prézelin, 1996;
Moline et al., 2004; Rodriguez et al., 2002). Moreover, there were
noteworthy differences in phytoplankton composition between firstly
the 2003 and 2004 cruises, which identified a substantial relative
contribution of cryptophytes, and the data sets from the 2008 and
2009 cruises, which observed a prominent presence of other flagellates
(see Fig. 7). In 2003 and 2004, phytoplankton assemblages were typical
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of low Chl-a (primarily C. pennatum and cryptophytes), whereas
in 2008 and 2009, predominately higher Chl-a was associated
with a higher abundance of the diatoms Pseudo-nitzschia spp.
(1.3-4.1 x 10° cells L™ 1), Chaetoceros spp. (up to 3.6 x 10° cells L™ 1,
identified only in 2009), gymnodinioid dinoflagellates (between 10°
and 0.75 x 10° cells L™') and P. antarctica (up to 0.7 x 10° cells L™ 1)
(see Table 3). Overall, in each of the sampling years and particularly
in 2009, the microplanktonic diatoms dominated few stations with
high Chl-a in the vicinities of the SSI. This is most probably as a result
of recent localized ice melting, leading to the establishment of a
shallow UMLD with strong pycnocline and, most likely, iron input,
which has been indicated to be relatively high in the vicinities of
the SSI (Selph et al., 2013). In fact, other studies have also described
distinct regions along the wAP with different Chl-a ranges associated
with typical phytoplankton assemblages: moderate to high Chl-a
dominated by cryptophytes, high Chl-a composed mainly of
diatoms, and low Chl-a associated with a mixture of diatoms and
unidentified phytoflagellates (e.g., Varela et al., 2002). Therefore,
phytoplankton along the wAP, including the BS, appears to follow
a consistent pattern, associated with environmental conditions
(primarily water column structure) that drive biomass (Chl-a) and
community composition/structure. Additionally, the spatial variability
of phytoplankton groups in the BS could be related to different
physiological responses to varying environmental forcing by the
two major groups (diatoms and flagellates). Recent works conducted
with Ross Sea field samples have shown that these major phytoplankton
groups can behave distinctly under varying ambient light and mixed
layer depth. For instance, the diatom Fragilariopsis cylindricus tended
to be more successful than the haptophyte P. antarctica in sunlit,
shallower UML, while P. antarctica appeared to present a better
physiological performance in deeper UML (Arrigo et al., 2010;
Kropuenske et al., 2010; Mills et al., 2010). In the present work,
this was not clearly seen, since P. antarctica was found in rela-
tively low numbers and was not a conspicuous component of the
phytoplankton community.

In general, the CCA ordination diagram (see Table 4 and Fig. 7)
showed a strong association between phytoplankton biomass vari-
ability and the distribution of transitional waters, as seen through
the highest factor loadings displayed by temperature, salinity and
Chl-a. Phosphate and silicate presented an inverse relationship
with Chl-a, suggesting a consumption of these macronutrients by
the phytoplankton community. Nevertheless, the levels of all nutri-
ents, as well as N:P and Si:N ratios, suggest that the phytoplankton
community was not under any macronutrient limitation. Although
the first and second canonical roots have indicated co-variability be-
tween DIN and Chl-q, the third root separated those parameters,
which could be interpreted as DIN also being consumed by phytoplank-
ton. Apart from this, as silicate is not required for cryptophyte growth,
the relationship between these organisms and the concentration of sil-
icate was positive in 2004, when those flagellates were numerically
prominent. This pattern of association (high silicate levels and predom-
inance of cryptophytes) was also emphasized in the late summer of
2010 in the region (Mendes et al., 2013). Relatively high factor loadings
were also obtained for the UMLD and water column stability, which
together with the high factor loadings displayed by temperature, sa-
linity and Chl-a confirm the strong influence of the water column
physical structure on phytoplankton variability as previously noted
by several sources (Mitchell and Holm-Hansen, 1991; Ryabov et al.,
2010). The ordination diagram showed an unexpected positive rela-
tionship between UMLD and stability; however, an expected inverse
relation between those two variables has only become apparent after
taking the third canonical root into account (see Table 4). Thus, we
can re-affirm that the CCA triplot, together with the analysis of the
third canonical root, succinctly portrays the complex relationships
between the biological data (our input) and the environmental
factors (McGarigal et al., 2000).

4.2. Interannual variability in phytoplankton, temperature and sea ice area

Phytoplankton production in the Southern Ocean has been shown to
be influenced by the extent of open water area subjected to interannual
and seasonal cycles which, in turn, are related to the cycle of sea ice
retreating (Arrigo et al., 1999), thus allowing the photosynthetically
active radiation to penetrate in the water column. Therefore, the timing
of the development and retreat of sea ice are considered as important
factors in the temporal variability of phytoplankton communities in
the AP (Arrigo et al., 1999; Garibotti et al., 2003, 2005; Moline and
Prézelin, 1996). Although the dynamics of sea ice are influenced by
winds (Stammerjohn et al., 2003, and references therein), here we
related these dynamics only with temperature. In our study, SSC,
SST and sea ice area (on a monthly basis) were best correlated con-
sidering a zero lag time, according to the cross-correlation analysis
(see Table 5). Thus, we can suggest that those variables were interre-
lated in phase under a monthly time resolution, although sea ice
area, as expected, varied inversely in relation to SSC and SST.

The temporal resolution presented in the satellite time series did
not unveil the processes regarding the response of phytoplankton
(as surface Chl-a) to the SST and sea ice variability. Those processes
potentially display a response within a shorter time lag than our cov-
erage. Even though a significant interannual variability signal was
found in our time series, there was a visible relationship between
sea ice area and surface Chl-a, especially in the December-March
period of 2005-2006 and 2009-2010 (see Figs. 5 and 9). During the
summer months of 2005-2006, sea ice receded for a longer period
in comparison with the other studied years, and this was associated
with the highest Chl-a levels in the time series. On the other hand,
the summer months of 2009-2010 presented a greater extension
of sea ice coverage in February 2010 and lower Chl-a level in the
study area. Sea ice extension combined with the timing of the
sea ice retreat and time of exposure to sea ice free areas appeared
to be important factors controlling phytoplankton establishment in
the summer months of 2005-2006 (higher SSC) and 2009-2010
(lower SSC). Considering this information, we suggest that the sea
ice retreat exerts an indirect influence on triggering phytoplankton
growth by generating sea ice free areas that are essential to
phytoplankton blooms. However, the sea ice retreat is not the main
factor in modulating phytoplankton dynamics in the BS.

Concerning the phytoplankton community succession in coastal
sites around the AP, literature shows that diatoms and/or P. antarctica
predominately develop in early summer when the sea ice retreat
is under way. Later, flagellates such as cryptophytes replace these dia-
toms, with the final successional stage often displaying small diatoms
and unidentified phytoflagellates (Ducklow et al., 2007; Garibotti
et al., 2005; Moline and Prézelin, 1996). Our sampling procedures
were conducted during mid to late summer (late January-March), and
the phytoplankton community varied among the years. Cryptophytes
were predominant in late January 2003 and 2004 (see Table 1), except
for a few diatom-dominated stations in 2003. Other flagellates were
observed in 2008 and 2009 and, as in 2003, diatoms were also more
important at stations under TBW influence. The difference in the
phytoplankton community observed between the cruises of 2003 and
2004, and 2008 and 2009 could be associated with the differing periods
of those campaigns. Cryptophytes and diatoms, mainly C. pennatum,
were predominately identified in the January of 2003 and 2004,
when sea ice melting was still under way. On the other hand,
microplanktonic diatoms and other flagellates characterized a late
summer (February-March) phytoplankton community, when the
sea ice melting had stopped. Given the scenarios and phytoplankton
composition observed in the present study, it could be suggested
that the major drivers modulating phytoplankton dynamics along
pelagic waters within the BS are dynamics of the TBW and TWW.
This has an effect on the position of PF and BF, since the presence
of the TBW favors phytoplankton development due to its water
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column structure, characterized by relatively shallow (~45 m) and well
stratified (generally >2000 x 10~ 8 rad?> m~!) UML, as previously
pointed out by Hewes et al. (2009).

Concerning long-term Chl-a fluctuations in the Southern Ocean,
modes of climate variability have to be considered as possible influenc-
ing factors. For instance, the Southern Annular Mode (SAM) is a domi-
nant climate variability mode over the Southern Hemisphere, varying
from intra-seasonal to interannual scales, due to alternations in the
atmospheric masses between medium and high latitudes (Gong and
Wang, 1999). Positive SAM phases influence the Antarctica climate,
intensifying cooling in the region (Gillet et al., 2006). Lovenduski and
Gruber (2005) observed Chl-a anomalies (SeaWiFS — 1997-2004)
south of the Antarctic Polar Front to be positively correlated with
SAM. It was also suggested that positive SAM phases are associated
with enhanced westerly winds over the Antarctic Zone, resulting in
upwelling movement and increasing iron supply. In the present study,
due to both a relatively small sampling area and short time scale,
which was less than two complete SAM cycles, a weak (ry, = 0.14)
although significant (p < 0.05) relationship was found between
SAM and satellite Chl-a time series (data not shown). In addition,
El Nifio-Southern Oscillation (ENSO) can also influence phytoplankton
composition, by impacting on the amount of sea ice, which triggers phy-
toplankton species variability (Stammerjohn et al., 2008; Yuan, 2004).
For instance, ENSO-influenced factors have been suggested to favor
cryptophytes as major contributors to the total chlorophyll-a biomass
in the summer of 2010 at some sites in the BS (Mendes et al., 2013).
During El Nifio events, a decrease in northwestern winds results in
a/the northward displacement of the Antarctic Circumpolar Current
Front and intensification of the Weddell Gyre, allowing Weddell Sea
water to flow into the eastern sector of the BS (Loeb et al., 2010).
Under those conditions, mixing between oceanic and coastal waters is
reduced and Chl-a tends to be low in the BS. In the present work, we
suggest that, particularly in cryptophyte-dominated sampling periods
(2003 and 2004), those would have been environmental scenarios,
with a greater influence of the TWW in the BS. Although no significant
influence of ENSO/EI Nifio events was observed along our relatively
short study period, long-term climate variability implications on
phytoplankton production is still speculative. Thus, we can suggest
that during El Nifio events, phytoplankton development in the BS
would generally decrease due to a greater outflow of waters advected
from the Weddell Sea, and the opposite would be expected during
La Nifia events.

4.3. Trophic implications

Apart from physical and chemical factors controlling the develop-
ment and distribution of phytoplankton communities, the role of
mesozooplankton grazing (e.g., krill and salps) has to be considered.
The BS is an important spawning and nursery ground of Antarctic krill
(Euphausia superba) and a relevant source of these organisms to other
regions of the Southern Ocean (Loeb et al., 1997, 2010). However, the
spatial distribution of krill can occasionally overlap with the occurrence
of salps in the area, particularly under low Chl-a conditions, caused by
an intensification of Weddell Sea water flow into the eastern BS (Loeb
et al., 2010).

Concerning grazer-prey associations, the Antarctic krill feeds more
efficiently on diatoms than on cryptophytes, while salps are less selec-
tive and prey upon a wide spectrum of phytoplankton groups and size
classes (Haberman et al., 2003). Therefore, a shift from a diatom- to a
cryptophyte-dominated community can significantly affect food-web
trophic interactions (Haberman et al., 2003). In this work, a predomi-
nance of cryptophytes/flagellates was observed in the 2003, 2004 and
2008 summers, in contrast to the 2009 summer, when diatoms were
more abundant. It is possible that in those years of relatively low
biomass (2003, 2004 and 2008), phytoplankton assemblages would
be suitable for salp development at the expense of the survival and

maintenance of krill populations. In 2010, an enormous concentration
of salp swarms (visual detection) was observed in the BS, in association
with a massive predominance of cryptophytes, estimated from pigment
analyses (Mendes et al., 2013). This highlights the tight coupling
between phytoplankton assemblages and grazer groups in the Southern
Ocean. It has been suggested that shifts in major phytoplankton
consumers (salps instead of krill) are most likely caused by recent
increases in temperature around the AP, driving changes in
phytoplankton assemblages (Moline et al., 2004; Montes-Hugo
et al., 2009). Since higher trophic level organisms, such as penguins
and seals, preferentially consume krill rather than salps (Loeb et al.,
1997), shifts in phytoplankton community composition can generate
serious consequences to upper Antarctic trophic levels.

5. Conclusions

The Bransfield Strait, considered a Seasonal Ice Zone (SIZ), presented
distinct spatial distribution patterns in the phytoplankton community
and oceanographic features, in close association with the two main
surface waters within the area: the TBW and TWW. Stations under
TBW influence, primarily near to the SSI, showed higher Chl-a and a
predominance of diatoms, under conditions of shallow UMLD and
relatively strong pycnocline. Stations under TWW influence were dom-
inated by “nanoplankton” (cryptophytes or unidentified flagellates)
associated with low Chl-a and low stratification levels/low stability
values. As phytoplankton biomass and composition were strictly related
to the water column conditions of the TBW and TWW, the dynamics
of both transitional waters in the BS most likely modulated the spatial
variability of the phytoplankton community. Interannual fluctuations
were observed in the composition of the predominant phytoplankton
groups over the area, varying primarily between diatoms and small
flagellates/cryptophytes. The establishment of free ice regions and
consequent water column stratification influenced those temporal
fluctuations. The low Chl-a associated with a predominance of
cryptophytes could be interpreted as a later stage of phytoplankton
succession, whereas the high Chl-a coupled with a predominance
of diatoms could be related to the establishment of shallow and
strong pycnocline. Thus, the dynamics of the TBW and TWW regarding
their water column structures were shown to be major driving forces
that influence spatial and temporal variability of phytoplankton distri-
bution in the Bransfield Strait. The present work highlighted the need
for long-term study programs in the under-sampled BS to resolve inter-
annual fluctuations in phytoplankton composition and biomass, and to
better understand the connections between different controlling factors
on phytoplankton dynamics. Furthermore, greater sampling efforts are
required to gather in situ data in order to provide background informa-
tion for models about the impacts of climate change on phytoplankton
primary production and species composition around the Antarctic
Peninsula and, hence, their ecological implications.
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