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Abstract. During the austral summer of 2008, we carried 1 Introduction
out a high resolution survey of the microplankton commu-

nities along a south to north transect covering a range ofrhe Scotia Sea, in the south Atlantic sector of the Southern
environments across the Scotia Sea, Southern Ocean; hiqbcean, is a region of Comp|ex bathymetry with numerous
and low productivity, sea-ice to open water conditions, andseamounts and oceanic islands. Satellite, ocean colour im-
over a number of oceanographic fronts and bathymetric feagges have shown these topographic features support exten-
tures. Cluster analysis revealed five distinct communitiessjve blooms which stand in stark contrast to the high-nutrient,
that were geographically constrained by physical features ofow chlorophyll (HNLC) conditions characterising much of
bathymetry and fronts. From south to north the communi-the open Southern Ocean (Comiso et al., 1993; Arrigo et al.,
ties were: (1) the South Orkney group, a mixed community1998; Holm-Hansen et al., 2004a; Korb et al., 2004; Tyrrell
of naked dinoflagellates and heavily silicified diatoms, (2) et al., 2005). Similar to phytoplankton blooms in the vicinity
southern Scotia Sea, a mixed community of cyptophytes angf the Kerguelen Islands (Blain et al., 2007) and Crozet Is-
naked dinoflagellates, (3) central Scotia Sea, dominated byands (Pollard et al., 2007), blooms associated with the Sco-
naked dinoflagellates, (4) southwest of the island of Southja Sea islands are the result of both macro- and micronutri-
Georgia, lightly silicified diatoms and naked dinoflagellates ent enrichment in surface waters over a stable water column
(5) northwest of South Georgia, dominated by diatoms. DatqHolm-Hansen et al., 2004b; Korb et al., 2008).

from a previous summer cruise (2003) to the Scotia Sea fol- | jony hroductive islands within the open ocean are likely

!owed a similar pattern of community_ distribu_tipn. MODIS represent “hotspots” of carbon export compared to typical
images, Chlorophylz and macronutrient deficits erea'ed HNLC Antarctic waters. In particular, the large and intense
dense phytoplankton blooms occurreq around the_lsland OBlooms of the northern Scotia Ridge (Scotia Sea) are asso-
South Georgia, were absent near the ice edge and in the C€Riated with the strongest predicted carbon sink in the South-

tral Scotia Sea and were moderate in the southern Scotia Segrn Ocean (Schlitzer, 2002). There is currently much debate
Using these environmental factors, together with community . the possibility of stimulating phytoplankton blooms to re-

composition, we propose that south of the Southern Antarcy, e carhon from surface waters to the deep (e.g. see Theme

tic Circumpolar Current Front, biogenic silica is preferen- Section on Iron fertilization in MEPS, introduced by Boyd,
tially e_xported anq north of the front, in the vicinity of South 2008). However, the processes of carbon removal are com-
Georgia, carbon is exported to depth. plex and diverse. Indeed, a consensus is yet to be reached
on exactly how much carbon is exported from both artifi-
cially induced and, naturally occurring blooms (de Baar et
al., 2005; Boyd et al., 2007; Pollard et al., 2009). Many
factors will affect the export of carbon to depth but one of
the major influences is certainly the structure of the pelagic

Correspondence tdR. E. Korb food web, in particular the contribution of diatoms (Boyd
BY

(bxkorb@googlemail.com) and Newton, 1999). As aggregates, dense blooms of large
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diatoms may rapidly sink out of the euphotic zone (De La 51
Rocha and Passow, 2007). As a major component of krill

diets, diatoms will be packaged into faecal pellets, another APF GB
major vector for the sinking of carbon to the deep sea (De La
Rocha and Passow, 2007).

Throughout the open Southern Ocean, island phytoplank-
ton blooms are generally dominated by either diatoms or by
the prymnesiophyt®haeocystis antarcticéArmand et al.,
2008; Korb et al., 2008; Poulton et al., 2007). Blooms at
South Georgia, on the northern Scotia Ridge, are generally
dominated by diatoms but can also contain significant num-
bers of heterotrophic dinoflagellates (Korb et al., 2008; Korb
and Whitehouse, 2004). Such a food web could have im-
portant implications for carbon export in this region with di-
atoms as potential carbon sinks vs carbon recycling by het-
erotrophic dinoflagellates (Archer et al., 1996; Smetacek et
al., 2004).

In this study we undertook a detailed examination of mi-
croplankton &10pum) community composition across the
Scotia Sea. A transect ran from the ice edge in the south to
the South Georgia bloom in the north, crossing a number of
water bodies, each with unique physical and chemical prop- Longitude (W)
erties. Here we relate the patterns of community composition
to environmental conditions and discuss our results in term
of potential carbon export during the austral summer.
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‘Iq—'ig. 1. Station locations of the 2008 (circles) and 2003 (triangles)
Scotia Sea surveys. Grey shading indicates the 2000 m isobaths.
Mean frontal positions are indicated by; APF — Antarctic Polar
Front, SACCF — Southern Antarctic Circumpolar Current Front and
SB — Southern Boundary. GB — Georgia Basin, SG — South Geor-
gia, SO — South Orkney Islands.

2 Methods
2.1 Cruise details

Our main data set was collected in January—February 2008 i i An A Tracka Mk Il fi
(cruise number JR177) aboard the “RRS James Clark Ross=0Mmunily Composition. An Aqua-fracka uorom-

Our survey followed a transect line which began in brash iceSter (Chelsea Instruments) and a PAR sensor (Biospherical

to the south, ran to the east of Signy Island and then fol-Instruments Inc.) were mounted on the CTD frame. All sen-
lowed a European Remote Sensing satellite altimeter track oh data from the downcast of t_he CTD were averaged onto 2
the northwest of South Georgia (Fig. 1). CTD stations occu—dbar pressure levels for an_aIyS|s. .

pied along the transect line were part of the British Antarctic The d.eth of the euphotic zoned) was defined as that O_f
Survey’s, Dipycnal and Isopycnal Mixing Experiment in the the 1% incident light level and was calculated by estimating

Scotia Sea (DIMES) project and are named according to theife scalar_ attenuation _coefhmerl(c{) of the water c_olun_m
DIMES location starting with the most southerly station D1, from the linear regression of the If)g tr_ansformed irradiance
up to the most northerly station, D34. For comparison, we(PAR)vs. _depth prpﬂle of the CTD S (K'r.k’ 1994). In t.he ab-
also present data from an earlier, wider scale, Scotia Sea supENce of light profiles at night-time stations, euphotic depth
vey (cruise JR82, January 2003; Korb et al., 2005). HereVas estimated from 'relatlonshlps between euphotic depth
we only included stations in close proximity: 150 km) to and Chla concentration and was calculated separately for

the 2008 transect line. Station numbering follows that of the€ach cruise. ,
original 2003 survey. The upper mixed layer (UML) depth was defined as a well

mixed layer that reached the surface and contained no verti-

2.2 Sampling and physical measurements cal density gradients0.01kg nm3 10m.
A Winter Water (WW) layer was clearly discernable in

At stations, vertical profiles of temperature, salinity and vertical potential temperature profiles (Jennings et al., 1984;
depth were measured using a SeaBird 911+ CTD. A SeaBirdMeredith et al., 2005). It was identified as a distinct depth
12-position carousel water sampler with 101 Niskin bottles band containingnmin (the potential temperature minimum)
was used to collect discrete water samples from the upwater and was located on average at 104m (range 61 to
cast of the CTD. This water was used to measure Chloro-142 m) during the present study. The shallowest limit of this
phyll a (Chl @), macronutrients and assess phytoplanktonband represents the depth to which current summer warming
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has penetrated and nutrient concentrations at this depth ai25 Macronutrient analysis
indicative of surface conditions during the previous winter,

when deep mixing and re-supply to the surface had occurredSamples for nutrient analysis were filtered through a mixed
ester membrane (pore size 0.45 p\Wwhatmai, and the fil-

2.3 Cell counts and biomass estimates trate was analysed colorimetrically for dissolved silicate
(Si[OH]4-Si), phosphate (P£P), nitrate (NQ@-N) and am-
Water samples were taken from the 20m CTD bottle for cellmonium (NH;-N) with a segmented-flow analyseFechni-
counts and biomass estimates, and were preserved with lcon Whitehouse, 1997). The nitrate measurement included
2% acidic LUgO'S’ solution in 250 ml brown glass bottles. nitrite (NOZ), which is not considered Separate|y as its con-
Cell enumeration followed Hasle (1978), with 50 ml sub- centration varied little and typically comprisedl% of total
samples settled for 20-24 h in Hydro-Bios (Duncan & As- NO3+NOs.
sociates, UK) chambers, and examined using a SP-95-1 in- To enable regional comparisons to be made, nutrient
verted microscope (Brunel Microscopes Ltd, UK). Plankton deficits and paired deficit ratios for each station were es-
were counted from full examination of the Settling Chambertimated from the difference between concentrations in the
(x200), apart from when taxa were present in high num-winter water (WW) layer and those in the surface waters (0—
bers and were counted from 1-2 transects of the settling’s m) above it (Jennings et al., 1984). This simple method
chamber (x100 or x200). For the 2008 cruise, diatoms anchresumes minimal lateral mixing, vertical diffusion, and
dinoflagellates were identified to genera or species follow-remineralisation, but has been found previously to be rea-
ing Priddle and Fryxell (1985), Tomas (1997) and Scott andsonably robust (Rubin et al., 1998; Whitehouse et al., 2008).
Marchant (2005), with unidentified taxa (e.g. planktonic cil- Furthermore, it has the advantage of using the same profile to
iates) grouped according to cell size. On the 2003 cruiseestimate pre- and bloom concentrations within a narrow spa-
taxonomic resolution was coarse, with Only Iarge, dominanttia| and tempora| window. As our Samp”ng was undertaken
cells counted ¥ 10 pm), and no attempt to enumerate small just weeks after the bloom initiation, and our stations were
cells. Cell biomass (pg C ceft) for all taxa were estimated ot straddling fronts (Fig. 1 illustrates mean positions), we
from cell measurements following Poulton et al. (2007), andconsider this an acceptable method of estimating an index of
are in good agreement with similar studies in the Southermutrient use.
Ocean (Schultes et al., 2006; Armand et al. 2008). We use
the biomass size classes stated in Armand et al. (2008) td8.6 Data analysis

determine a species’ overall contribution to biomass as be-
ing large 488 pg C celtl), medium (85-488 pg C ceif) Phytoplankton cell counts from both cruises were analysed

or small (<85 pg C celtl). with the statistical package PRIMER 6 (Primer-E Ltd). Cell
counts were standardised and then square root transformed
2.4 Chlorophyll a estimates and subjected tg type cluster analysis based on the Bray-

Curtis similarity and group average linkage classification

Chl a was measured using standard methods as detailed i(Field et al., 1982).
Korb and Whitehouse (2004). Individual fluorescence pro-  Significant differences between regional station groups
files from the Aqua Tracka were calibrated (linear regression)were tested using a 1-way ANOVA followed by Tukey’s mul-
against extracted Clal to determine relative distributions of tiple comparison tests.
phytoplankton biomass. As high PAR can inhibit fluores-
cence, we examined PAR profiles and only regressed fluo-
rescence against Chl where PAR was<40pmolnr2s-2 3 Results
(adopted from methods of Holm-Hansen et al., 2000). Th
relationship between fluorescence and extractedaClias
good with mean-2 for all stations~0.85. Linear regression
equations were then applied to the high resolution fluores—3 1.1 Summer 2008
cence profile where PAR40 .umol nt2s~1. Calibrated flu- -
orescence values at40 pmolmr?s~! were used to repre-  Custer analysis showed that our stations could be divided
sent the upper portion of the fluorescence profile where PARnto five major clusters based on similarity in phytoplank-
was higher than 40 umolmé s~*. ton species abundance at the 60% Bray-Curtis similarity level

Monthly, Level 3, surface Chi data from the MODIS-  (Fig. 2a and b). Most of the stations within groups were lo-
Aqua satellite were obtained from NASA's Ocean Colour cated close together and were largely constrained by physical
website {ittp:/oceancolor.gsfc.nasa.gpv/ features of bathymetry and fronts. Therefore we named the

clusters according to geographical location as follows:

e "
3.1 Phytoplankton communities and cell abundance
across the Scotia Sea

— ORK group — stations largely running south-eastwards,
from the South Orkneys shelf to the ice edge. However,

www.biogeosciences.net/7/343/2010/ Biogeosciences, 735432010
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W-$ — SW-SG - stations north of the SACCF and to the south

west of the island of South Georgia. Diatoms became

Fig. 2. (a) Location of the 2008 (circles) and 2003 (triangles) re- more abundant in this group making up 62% of the total

gional station groups from cluster analysfb) Cluster diagram of . - .
phytoplankton abundance for 2008 afjl 2003. Black bars indi- cpur)t_. However, naked dlnoflagella_tes still contributed
cate distinct station groups at the 60% (b) and 72% (c) Bray-Curtis  Significantly to the overall community (38% of the to-
similarity level. Station groups from south to north are: ORK — tal).

South Orkney, S-SCOT — southern Scotia Sea, MID-SCOT - cen-
tral Scotia Sea, SW-SG - southwest of South Georgia, NW-SG —
northwest of South Georgia.

— NW-SG - stations situated to the north-west of South
Georgia. Diatoms accounted for the majority of the cell
abundances (75%) and a smaller contribution was seen
from naked dinoflagellates (23%). Silicoflagellates also
appeared in this group although their overall contribu-
tion to cell abundances was small (2%).

station D9 was located slightly north of the shelf. This
group was composed of a mixed community of di-
atoms and dinoflagellates (37% and 62% of the total
cell count; Fig. 3a). The dinoflagellates in this group, Mean cell concentrations were greatest in the S-SCOT and
and indeed throughout the entire survey, were made USG groups (203-354 cells mi; Table 1) and lowest in the
exclusively of small to medium sizek@O0um), naked  MID-SCOT and ORK groups, 56 and 94 cellsth] respec-
dinoflagellates. The diatom component was dominatedively.

by Fragilariopsis spp. (6—35% of total cell count; Ta-

ble 1). 3.1.2 Summer 2003

— S-SCOT - stations situated in the southern Scotia Seapuring the 2003 cruise, stations could be divided into 2 ma-
north of the S. Orkneys shelf and along, or to the southjor clusters based on similarity in phytoplankton commu-
of, the Southern Boundary Front (SB). This group con- nity abundance (at the 60% Bray-Curtis similarity level, see
tained mainly cryptophytes and naked dinoflagellatesrig. 2a and c). Most of the stations south of South Georgia
(53 and 44% of the total; Fig. 3a, Table 1). fell into 1 group with the exception of stations 6.2 and 6.3

Biogeosciences, 7, 34356 2010 www.biogeosciences.net/7/343/2010/
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Table 1. Community composition of the 2008 summer stations (cell abundance), N.D. indicates no dominant species.

Total cell Dominant phytoplankton Dominant diatom
abundance (as % of total cell count) (% of total cell count)
Stn  Group (cellsmil)y Diatoms Dinoflagellates Cryptophytes
1 ORK 57.48 27 73 0 Fragilariopsisspp. (18)
2 ORK 19.52 31 68 0 Fragilariopsisspp. (14)
3 ORK 36.08 38 62 0 Fragilariopsisspp. (23)
4 ORK 294.84 75 25 0 Fragilariopsisspp. (35)
5 ORK 111.64 46 54 0 Fragilariopsisspp. (22)
6 ORK 45.92 21 74 5 Fragilariopsisspp. (6)
9 ORK 92.68 16 81 3 Fragilariopsisspp. (13)
Avg 94 37 62 1
8 S-SCOT 353.24 12 46 42 Fragilariopsisspp. (7)
10 S-SCOT 230.92 1 24 75 N.D.
11  S-SCOT 171.8 1 53 46 N.D.
13  S-SCOT 198.16 1 40 59 N.D.
14  S-SCOT 1714 1 55 45 N.D.
Avg 225 3 44 53
15 MID-SCOT 89.8 1 99 0 N.D.
16  MID-SCOT 85.68 3 97 0 N.D.
17  MID-SCOT 91.96 2 98 0 N.D.
18  MID-SCOT 42.92 2 98 0 N.D.
19 MID-SCOT 23.84 5 94 0 N.D.
20 MID-SCOT 26.76 7 92 0 N.D.
21  MID-SCOT 44.4 2 97 0 N.D.
22  MID-SCOT 41.48 7 92 0 N.D.
Avg 56 4 96 0
24  SW-SG 184.44 49 51 0 P. lineola(26)
25 SW-SG 510.12 88 11 0 P. lineola(46)
26 SW-SG 410.26 74 26 0 P. lineola(30)
27 SW-SG 154.52 52 a7 0 Chaetocerospp. (24)
28 SW-SG 321.92 55 44 0 P. lineola(21)
29 SW-SG 355.52 54 46 0 P. lineola(23)
30 SW-SG 343.24 60 39 0 P. lineola(14)
Avg 326 62 38 0
31  NW-SG 558.44 78 22 0 M. adele(47)
32 NW-SG 435.68 79 20 0 M. adele(65)
33  NW-SG 150.44 68 32 0 M. adele(32)
34  NW-SG 272.4 77 19 0 M. adele(24)
Avg 354 75 23 0

which formed their own group. The other major cluster com-

— ORK - this cluster group mainly consisted of stations

prised stations to the north of South Georgia, although station
3.2 S was an outlier to the cluster. We note that cell counts
from 2003 were much coarser than from our 2008 survey (see
methods). Therefore, we looked at the cluster analysis at a

higher level,~72%, and found 4 main clusters that broadly

corresponded to the 2008 cruise. Thus we defined 4 main
regional groupings, in a manner similar to 2008 groups, as

follows:

www.biogeosciences.net/7/343/2010/

close to the Orkney shelf but also included station 6.5.
As this station was geographically remote from the
other stations in the cluster, it was not included in this
grouping. Generally the ORK group was dominated by
diatoms but held a moderate proportion of dinoflagel-
lates as well (82 and 18% of total cell count; Fig. 3b).
The diatom component was comprised largelyrbi-
lassionemaspp. (51-74% of total count; Table 2).

Biogeosciences, 7 35432010
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Table 2. Community composition of the 2003 summer stations (cell abundan@éjl/Frag — Thalassionema/Fragilariopsispp.,
Nitzs/Pseudonitapp.— Nitzschia/Pseudonitzschégpp.

Total cell Dominant phytoplankton =~ Dominant diatom
abundance (% of total count) (% of total count)
Stn Group (cellsmtl)y Diatoms Dinoflagellates
4.1 ORK 157.96 93 7 Thal/ Fragspp. (74)
4.2 ORK 179.39 90 10 Thal/ Fragspp. (51)
55 ORK 37.35 56 44 Thal/ Fragspp. (41)
5.6 ORK 42.65 88 12 Thal/ Fragspp. (67)
Avg 104 82 18
5.3 MID-SCOT 31.84 31 69 F. kerguelensig22)
54 MID-SCOT 33.06 46 54 F. kerguelensi¢6)
6.1 MID-SCOT 23.67 50 50 F. kerguelensi$20)
6.4 MID-SCOT 30.82 62 38 F. kerguelensi$17)
Avg 30 47 53
6.6 SW-SG 367.76 20 10 Chaetocerospp.(41)
6.7 SW-SG 437.55 89 11 Chaetocerospp.(37)
7.1 SW-SG 480.82 88 12 Chaetocerospp. (39)
7.2 SW-SG 613.06 91 9 Chaetocerospp. (51)
7.3 SW-SG 95.71 75 25 Nitzs /Pseudonitzspp. (32)
Avg 399 87 13
W1.2S NW-SG 694.90 95 5 E. antarctica(82)
W2.2S NW-SG 397.35 84 16 E. antarctica(56)
W1.2N NW-SG 723.67 92 8 E. antarctica(73)
W2.2N NW-SG 380.61 84 16 E. antarctica(40)
W3.2N NW-SG 668.16 93 7 E. antarctica(69)
Avg 573 90 10

— MID-SCOT - this group was located largely within the 70 mg C m 3 in the ORK, SW-SG and NW-SG groups (Ta-

MID-SCOT region of the 2008 survey, although we note ble 3).

that station 6.1 was located further south, near the South |n the S-SCOT and MID-SCOT groups, where diatoms

Orkney shelf. The 2003 group consisted of a mixed were numerically low, dinoflagellates and cryptophytes con-

community of naked dinoflagellates and diatoms (53 tributed the most to cell biomass (Fig. 4). However, di-

and 47% of total; Fig. 3b)Fragilariopsis kerguelensis  atoms contributed a third of total cell biomass in these groups

was the most abundant diatom (Table 2). (25-35%). The large sized diatororethron pennatum
) ] ) (8628 pg C celtl), contributed substantially (up to 70%) to
— SW-SG — dominated by diatoms (87% of total), in par- (ota] piomass at almost all stations. Biomass in the ORK
ticular Chaetocerospp. group, where diatoms made up a third of cell counts, was
also largely dominated b@. pennatunor the medium sized
Fragilariopsis kerguelensigl64 pg C cell-1).

In contrast, cell biomass of the numerically “diatom rich”
roups was made up of smaller diatoms. The medium sized,
seudonitzschiap. (220 pg C cell!), dominated biomass

(23-40% of the total) in the SW-SG group and the NW-
SG group was dominated byhalassiothrix antarctica
(1321 pg C celf1).

— NW-SG - dominated by diatoms (90% of total), mainly
Eucampia antarctica.

Mean cell concentrations were greatest in the SG group
(399-573 cellsmil; Table 2), intermediate in the ORK
group (104cellsmi') and lowest in the MID-SCOT
(30cellsmtt).

3.2 Carbon biomass of phytoplankton communities
across the Scotia Sea — summer 2008 3.3 Oceanographic parameters across the Scotia Sea

Mean biomass ranged from 12 and 18 mgCat the  During both the 2003 and 2008 austral summers, MODIS
S-SCOT and MID-SCOT groups, respectively, up to 61—-images showed blooms occurred downstream of the island of

Biogeosciences, 7, 34356 2010 www.biogeosciences.net/7/343/2010/
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Table 3. Carbon biomass of the 2008 summer stations.

349

Total cell Carbon cell biomass Dominant diatom
biomass (as % of total) (% of total carbon biomass)

Stn  Group (mgCcm3) Diatoms Dino-flagellatess Crypto-phytes
1 ORK 8.34 52 48 0 Fragilariopsisspp. (20)
2 ORK 3.08 60 40 0 Fragilariopsisspp. (15)
3 ORK 7.21 70 30 0 C. pennatun{43)
4 ORK 252.55 97 3 0 C. pennatun{60)
5 ORK 98.78 95 5 0 C. pennatun{70)
6 ORK 29.99 89 11 0 C. pennatun{63)
9 ORK 25.13 78 21 0 C. pennatun{54)

Avg 61 77 23 0
8 S-SCOT 37.76 51 30 18 C. pennatun{25)
10 S-scoT 15.80 5 44 51 C. pennatun{2)
11  S-SCoT 11.20 27 40 33 C. pennatun{25)
13  S-scoT 13.68 27 33 40 C. pennatun{20)
14  S-SCOT 13.27 15 58 27 C. pennatun{l13)

Avg 18 25 41 34
15 MID-SCOT 14.98 21 79 0 C. pennatun{15)
16  MID-SCOT 22.13 52 48 0 C. pennatun{47)
17  MID-SCOT 18.24 31 69 0 C. pennatun{23)
18 MID-SCOT 7.23 18 82 0 C. pennatun{l14)
19 MID-SCOT 4.50 25 75 0 C. pennatun{15)
20 MID-SCOT 6.20 54 46 0 Probosciaspp. (31)
21  MID-SCOT 8.07 29 71 0 C. pennatun{l17)
22  MID-SCOT 13.38 52 48 0 C. pennatun{39)

Avg 12 35 65 0
24  SW-SG 36.14 71 29 0 P. lineola(29)
25 SW-SG 129.22 93 7 0 P. lineola(40)
26 SW-SG 92.62 87 13 0 P. lineola(31)
27  SW-SG 34.38 73 27 0 Chaetocerospp. (42)
28 SW-SG 63.83 80 20 0 P. lineola(23)
29 SW-SG 67.93 81 19 0 P. lineola(26)
30 SW-SG 62.92 82 18 0 T. antarctica(19)

Avg 70 81 19 0
31 NW-SG 79.35 84 16 0 T. antarctica(26)
32 NW-SG 57.89 71 29 0 M. adele(21)
33  NW-SG 36.21 80 20 0 T. antarctica(28)
34 NW-SG 106.37 92 8 0 T. antarctica(29)

Avg 70 82 18 0

% of total C biomass

ORK

S-SCOT
NW-SG

MID-SCOT

Station groups

Fig. 4. Microplankton community composition in terms of carbon
biomass of the station groups for the 2008 cruise.

www.biogeosciences.net/7/343/2010/

diatoms
N dinos
cryptos

South Georgia and only moderate to low levels of &hlere
observed further south (Figs. 5 and 6). In 2008, the bloom
was intense and constrained to the area of the Georgia Basin.
In 2003, the bloom was less intense but spread over a wider
area. The satellite images corresponded well with the pattern
of Chla distribution found on both cruises and surface values
were significantly highery values<0.001) in the NW-SG
groups (~4—6 mg n13) and lower 1.9 mg nT3) in all other
station groups (Table 4). In addition, depth integratedChl

of both cruises was also significantly higher in the NW-SG
groups &130 mg nT?) than all other groups<75 mg n12).

On both cruises, euphotic depths were dependent on wa-
ter column Chla values and were shallowest in the NW-
SG groups £19 and 32m) and deepest (56 and 84 m) in
the MID-SCOT groups with the 2 groups being significantly
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different to each other (alp values<0.001). On the 2008 and 7 mmolnT3) and highest values in the ORK group
cruise, UML depths were shallow in the ORK group, in- (=60 mmolnT3; Table 5).

creased northwards, were deepest in the SW-SG group Surface nitrate and phosphate showed a similar latitudinal
and then shoaled again in the NW-SG group (Table 4).gradation on both cruises with lowest concentrations (12—-16
There were significant differences in UML between groupsand 0.4-1.0 mmol m?, respectively) in the NW-SG group
(p <0.001) during the 2008 cruise but not the 2003 cruise. Inand highest £28 and 1.8 mmolm?3, respectively) at the
the more southerly station groups, euphotic depth exceedegboutherly ORK and MID-SCOT groups. The NW-SG region
the UML during both cruises. However, in the SW-SG and was also notable for high stocks of ammonium with an aver-
NW-SG groups, euphotic depth was close to, or shallowerage>3 mmol nT23 during both cruises (data not shown).

than the UML (Table 4).
3.4.2 Regional macronutrient deficits

3.4 Macronutrient parameters across the Scotia Sea
A significant latitudinal gradienty{ < 0.001) was found for

3.4.1 Surface (0—25m) macronutrient concentrations all macronutrient deficits (WW minus surface values) on
both cruises (Table 5). This was especially so for silicate with
A north to south gradient across the station groups wasa reduction in concentrations of33 mmol n2 in the NW-
observed in surface silicate concentration during both surSG groups ane13 mmol n1 3 at the ORK group. Similarly,
veys. Lowest values were seen in the NW-SG group3 ( nitrate and phosphate depletions 012 and 1 mmolm3
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Table 4. Station group averages and standard deviations for surfacé(vater column W_as chara-cFerised. by shallqw mixed layers
(20 m) and depth integrated Cinl euphotic depth and mixed layer and favourable light conditions with euphotic depth almost

depth for the 2003 and 2008 cruises. 5 times that of the mixed layer. However, Ghtoncentra-
tions remained low with mean surface values of 0.7 mgm
Surface  IntChk  Euphotic  UML and water column integrated values of 51 mg?mAddition-
Group Chla (mgm—3)  (mgm2) depth (m) (m) ally, nutrient deficit ratios were low (7 and 3 mmothfor
2008 silicate and nitrate, respectively) indicating that little growth
ORK 0.7(0.4) 51.1(236) 68(15) 16()  had occurred prior to our survey. Although the region was
S-SCOT 17(0.6) 754(242) 46(16) 28(8) relatively ice-free at the time of sampling, 2 weeks prior to
MID-SCOT 0.4(0.3) 225(4.8) 84(22) 43(9) ; ; r r
SW.GEORG 15(08) 568(116) 4704 e1(7 Oursurvey it was covered with sea-ice (NSDIC sea-ice data,
NW-GEORG 3.6(16) 134.4(43.0) 32(6) 46(20) Fetterer etal, 2002). Itis possible that at the time of our
2003 survey, phytoplankton had yet to respond to the increasing
ORK 0.7(0.3) 33.7(12.1) 44(5) 19(3) Iight levels of a retreatin_g ice edgg to reach ploom propor-
MID-SCOT 0.3(0.2) 17.4 (6.8) 56 (10) 30(14) tions. However, MODIS images (Fig. 5) show little evidence
SW-GEORG 19(1.2) 602(276)  35(14) 30(16) of a surface bloom developing during the months following
NW-GEORG 6.3(3.1) 147.1(50.6) 196) 3004 oy study.

Numerically, this region was composed of a mixed com-
munity of naked, heterotrophic dinoflagellates (62% of the
respectively in the NW-SG groups contrasted with values oftotal) and diatoms (37%). However, in terms of carbon
<6 and 0.4 mmolm3 in the ORK group. There were also hiomass, diatoms were the greatest contributor, accounting
significant differences j( < 0.05) in silcate:nitrate deficit for 77% of the total. Biomass was dominated by two species;
ratios with higher values of 3.0-5.5 found in the SW-SG the heavily silicifiedFragilariopsis spp. andCorethron pen-
and MID-SCOT groups compared with elsewhere. The Ni-natum The latter species was never numerically abundant,
trate:Phosphate depletion ratio showed less regional variabilaccounting for less than 8% of the total cell count but its
ity (p =0.52). However, some of the lowest ratios were massive size48600 pg C celt1) contributed significantly to
coincident with the highest ammonium concentrations (neapyerall biomass. These diatoms were found in iron-limited
South Georgia) and vice versa in some open-ocean regionsregions in the vicinity of the Crozet islands (Poulton et al.,
2007), South Georgia (Whitehouse et al., 2008) and the Ker-
guelen Islands (Armand et al., 2008). Indeed, both species
have been reported as being characteristic of HNLC regions

From analysis of ocean colour, satellite data, the Scotia Se8f the open Antarctic Circumpolar Curent (Smetacek et al.,

has been described as one of the most productive secto%004): . ) ,
of the Southern Ocean (Comiso et al., 1993; Arrigo et al., Typically HNLC conditions are attributed to a lack of iron

1998). However, oceanographic surveys have also demonrh surface waters (e.g. de Baar etal., 2005;_Boyd etal., 20Q7).
strated the patchiness of blooms in the region, with areas of "€ Many bathymetric features of the Scotia Sea are possible
very high biomass and productivity adjacent to patches ofSOU"CeS of iron to surface waters (Holm-Hansen 2004b; Ho-
HNLC-like water (Holm-Hansen et al., 2004b; Korb et al. leton et al., 2005; Korb and Whitehouse, 2004; Korb et al.,
2005). Our 2008 survey provided a unique opportunity for a2005), _yet few direct measgrements of d|ss_olved iron con-
detailed view of summertime communities over a wide lat- Centrations exist for the region. The underlying topography
itudinal gradient across the Scotia Sea. Our survey coveregf our ORK group was variable with seabed depths ranging
both productive and unproductive environments and crossed M ~300-3000 m and shelf-sediment interactions might be
a number of frontal and island systems. We found five dis-€Xxpected to contribute iron to the water column (Tyrrell et al.,
tinct microplankton communities associated with the vari- 2005). However, macronutr!ent O!ata fur'Fher suggeste_d that
ous water masses and topographical features across the sdhe ORK group was not an iron-rich env_lronmer?t. in iron-
tia Sea. Here we examine some of the main environmentai€Plete waters of the Southern Ocean, silicate:nitrate uptake
factors shaping these communities, compare them to a 2001i0S are~1:1 and>2:1 in fron-poor waters (Frar.1k et al.,
Southern Ocean study, and discuss the implications of com?2000). In our study, silicate:nitrate deficit ratios-e2:1 sug-

4 Discussion

munity structure to carbon export. gest a degree of iron limitation. This may then account for
the low Chla conditions of this region and the high propor-
4.1 South Orkneys group (ORK) tion of heterotrophic dinoflagellates. During the 2003 sur-

vey, Chla concentrations were also low and the community
Environmental conditions in this group of stations appeareddominated by diatoms typical of low-iron watershalas-
to be favourable for growth. Macronutrients were abun-sionema/Fragilariopsispp.; Smetacek et al., 2004). Again,
dant with silicate, nitrate and phosphate concentrations ugsilicate:nitrate deficit ratios were 2:1, further suggesting
to 76, 27 and 1.8mmoln? in the surface waters. The the area was iron-poor.
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Table 5. Station group averages and standard deviations for surface (0-25m) macronutrient concentrations (thntlfinits (winter
water minus surface values) and deficit ratios for the 2003 and 2008 cruises.

0-25m 0-25m 0-25m Silicate Nitrate  Phosphate Silicate:Nitrate  Nitrate:Phosphate
Group Silicate Nitrate  Phosphate deficit deficit deficit deficit ratio deficit ratio
2008
ORK 76.26 (4.79) 26.70 (1.36) 1.75(0.11) 6.91(4.28) 3.35(1.73) 0.25(0.09) 2.10 (1.13) 13.02 (2.94)
S-SCOT 75.60 (0.81) 25.71(2.43) 1.59 (0.05) 9.51(0.82) 6.36(3.06) 0.42(0.11) 1.73 (0.96) 14.69 (3.30)
MID-SCOT 56.28 (16.81) 23.38(0.73) 1.62(0.05) 16.09(5.67) 6.44(0.58) 0.44(0.01) 2.53(0.99) 14.68 (1.55)
SW-SG 8.33(7.42) 21.63(1.89) 1.45(0.19) 23.83(9.50) 7.79(2.49) 0.57(0.16) 3.01 (0.66) 13.64 (0.42)
NW-SG 6.95(9.83) 15.99(2.92) 1.04(0.13) 35.58(15.65) 12.64(0.66) 0.98 (0.06) 2.79 (1.09) 12.94 (0.06)
2003
ORK 60.27 (0.72) 26.92(3.07) 1.76(0.19) 12.50(4.19) 5.71(2.11) 0.40(0.20) 2.26 (0.68) 15.73 (4.34)
MID-SCOT 51.35(12.69) 29.01(0.57) 1.86(0.05) 20.99(10.45) 3.86(0.88) 0.30(0.07) 5.49 (2.99) 13.14 (1.49)
SW-SG 12.58 (13.20) 24.86(3.03) 1.46(0.19) 27.29(5.24) 7.49(2.21) 0.66 (0.17) 3.80(0.72) 11.31 (0.75)
NW-SG 2.54(0.60) 11.99(1.89) 0.44(0.07) 33.75(1.72) 17.39(1.25) 1.62(0.08) 1.95(0.22) 10.79 (1.10)
4.2 Southern Scotia Sea (S-SCOT) tophyte bloom. Cell counts from the 2003 survey at stations

5.4 and 5.5 (Table 2) suggest that diatoms were prevalent in

The key characteristic of the S-SCOT region was the abunthe area {50% of total), although whether or not this pre-
dance of cryptophytes, which were virtually absent else-ceded a cryptophyte bloom in unknown.
where in our Scotia Sea survey. Here, cryptophytes ac-
counted for over half of the total phytoplankton count and4.3 Central Scotia Sea (MID-SCQOT)
surface Chlz concentrations were elevated to 1.7 mgin
Over the South Scotia Ridge, in a region somfi&\bof our During the 2008 survey, this region of the Scotia Sea was
transect, a high biomass of cryptophytes was found alongharacterised, almost exclusively, by the presence of small-
the retreating ice edge (Jacques and Panouse, 1991; Bunmedium sized, naked dinoflagellates, accounting for 96% of
et al., 1992). Our S-SCOT group was located just north ofthe cell count at all stations. Despite apparently favourable
the South Scotia Ridge with stations largely situated overenvironmental conditions for growth (shallow MLD, deep
deep water from~1000 to 4000m depth and part of this euphotic depth, abundant macronutrients), €hkmained
region was covered with sea ice in November 2007 whichlow (0.4 mgnT3) and diatoms made up only 4% of the com-
had retreated to the south by December (Fig. 5). Garibotti emunity. MODIS images (Fig. 5) show little evidence of a
al. (2005) reported that cryptophyte assemblages in the sedloom developing in the months following our study. In
sonal ice zone of the Antarctic Peninsula were an annual octerms of biomass, diatoms were important with the numer-
currence. At present, we cannot conclude if this is the casdcally rare, but largeCorethron pennaturontributing 35%
in our S-SCOT region. Taxonomic resolution of cell counts of the total.
for the 2003 survey, was coarse and it is possible that very The low abundance of diatoms in 2008, contrasts with
small cryptophytes{10 pm) were present but not seen in our 2003 where diatoms accounted for 47% of the total count in
cell counts. Given the occurrence of this group in the sur-the MID-SCOT group. Diatoms were mainly composed of
vey of Jacques and Panouse (1991), 20 years prior to ouwhe heavily silicifiedFragilariopsis kerguelensigup to 22%
2008 cruise, and an annually retreating ice edge in the area, @f the total count). However, Chllevels remained low with
cryptophyte community may be a regular occurrence in thissurface levels at 0.4 mgm and small, naked dinoflagel-
region. lates accounted for the rest of the microplankton community
Garibotti et al. (2005) reported that massive cryptophyte(53%).
blooms, near the Antarctic Peninsula, constituted a sec- As previously notediragilariopsis kerguelensjsogether
ondary stage of seasonal phytoplankton succession, followwith Corethron pennatumare typical of HNLC regions
ing on from a diatom bloom. In our study, a similar pattern of the open Antarctic Circumpolar Current (Smetacek et
was observed with the S-SCOT community almost devoidal., 2004). Naked dinoflagellates are obligate heterotrophs
of diatoms. However, macronutrient concentrations suggesand major grazers of the microbial foodwebs characteris-
that diatom blooms had not occurred prior to our survey.ing HNLC environments. Thus the repeat occurrence of
There was little depletion of silicate (9.5 mmot) from HNLC type communities K. kerguelensis, C. pennatum
the water column but this region did show a modest deple-and small/naked, heterotrophic dinoflagellates) and sili-
tion in nitrate (-6 mmol nT3), presumably due to the cryp- cate:nitrate deficit ratios up to 5.5:1 suggests that this region
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remains a HNLC area year after year. However, a cursory4.5 North-west of South Georgia (NW-SG)

examination of January MODIS images, from 2002 to 2008,

over the region of 56 to 60 and 45 to 42W indicates that  The annually occurring mega blooms of this region are well
this region is not always characterised by HNLC conditionsdocumented and are typically composed of diatoms (e.g.
(data not shown). January MODIS Chlvalues, averaged Atkinson et al., 2001; Korb et al., 2008). During our 2003
over the area, were 2-3 times lower during our cruise surand 2008 surveys, diatoms were the main component of
veys (0.22-0.34mgmn?) than the summers from 2004 to the microplankton community. Small cellédelosira adele
2007 (0.89 to 1.04 mg r?). Why the region should exhibit (42 pg C cell-1) dominated cell counts and the lafglas-
HNLC characteristics in some years and not in others is asiothrix antarctica(1321 pg C cell-1) contributed to biomass
present unclear but is undoubtedly a result of the complexn 2008. In 2003Eucampia antarcticavas the major diatom
interaction of current flow with the complicated bathymetry contributor.

of the Scotia Sea. During both surveys, mixed layer depths exceeded
_ euphotic depths, and silicate deficits were high
4.4 South-west of South Georgia (SW-SG) (~35mmolnt3).  However, dense blooms could be

) . seen in the region until March when Chllevels began to
Towards the land mass of South Georgia, there was a disgejine, most likely due to the onset of light limitation. Sil-

tinct shift to a diatom dominated community. In the SW- jcae-pitrate ratios were variable between the 2 cruises (1.9
SG group, although naked dinoflagellates were still present,q 5 g.1y indicating an iron-replete and iron-poor environ-

in significant numbers (38% of the total), diatoms made Upents. |n contrast to the SW-SG region, the longevity of the
the majority of the cell counts (62%). In addition, the heav- \\w.sG bloom is likely to follow the scenario observed for

ily silicified species observed further south were replacedKerguelen whereby surface waters are continually resupplied

by less silicified forms such a@seudonitzschia lineoland \yith' macronutrients and iron from surrounding waters and
Chaetocerospp. These diatoms dominated the microplank-¢rom pelow (Blain et al., 2007). Indeed, water flow through

ton community in terms of both cell abundance and biomass,e NW.SG region is complicated and several physical

with a further contribution to biomass seen withalassio-  hrocesses including shelf-sediment interactions, upwelling
thrix antarcticaclose to South Georgia (station D30). The i the southwest shelf, land run-off and eddy shedding from

2003 survoey showed an even greater contribution from disg pyjar Front and Southern Antarctic Circumpolar Current
atoms (87% of total) with a prevalence ©haetocerospp.  pront could provide a steady supply of nutrients to diatoms

During both surveys, moderate sgrface blooms were 0by,4,gh the growing season (Whitehouse et al., 1996, 2000,
served with Chla levels >1.5mgn1=. In addition, wa- 2008; Korb et al., 2008).

ter column integrated Cht values were also moderate at
~58 mg nT 2. Despite surface blooms, the water column did 4.6
not appear favourable for diatom growth. Silicate was seri-

ously depleted in_the_region during both surveys,With_deficits-rhe structure of microplankton communities in the South-
~26 mmol nT, highlighting phytoplankton growth prior to  ern Ocean, is a key process influencing the biological car-
our study. In addition, silicate:nitrate deficit ratios were high g, pump (Boyd and Trull, 2007; De La Rocha and Pas-
(>3:1), suggesting an iron-deficient water column. Exam-gqy, 2007). In particular, the structure of diatom commu-
ination of MODIS images for the 2008 survey shows that pities can determine whether silicon or carbon is exported
the bloom in the SW-SG region was at its peak in Decembef, gepth. According to Smetacek (2004), productive, iron-
2007 (Fig. 5). By the time we had reached the region neagicn waters will typically support diatom blooms containing

the end of January 2008, the bloom was beginning to declingarge to medium sized, but weakly silicified, forms such as
and by February it had virtually disappeared. Weak CirCU|a'Chaetocerosspp. In contrast, unproductive, iron-poor wa-

tion around the island of Crozet ensures that macronutrientgs,g gre composed mainly of a microbial food web but also
and iron are not resupplied to phytoplankton blooms duringjeaq to the accumulation of heavily silicified diatoms such
the summer (Pollard et al., 2009). As a result, blooms die;s Fragilariopsis kerguelensisThese differences in diatom

back around January (Venables et al., 2007). Our SW-SGommunities are reflected in the underlying sediments with
region is upstream of South Georgia in terms of water flow yreferential export of silicon in low production areas and ex-

around the island. It is possible that a situation similar to o1t of carbon in high production areas (Treguer and Jacques,
Crozet arises here with winter nutrient accumulation of sur-002: de Baar et al., 2005, Boyd et al., 2007).

face waters (and I_ight Iimitation_of phytop_lankton growth) Our 2008 Scotia Sea survey covered areas of both high

followed by depletion during rapid growth in December. A 54 o productivity and showed 5 distinct phytoplankton

lack of resupply could then lead to the demise of the bloom. ¢ mynities. Although little detailed information exists on
diatom distribution in the underlying sediments of the Scotia
Sea,Fragilariopsis kerguelensis generally reported to be
the most dominant species found in surface sediments of the

Implications to biogeochemistry in the Scotia Sea
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Southern Ocean (Armand et al., 2005; Crosta et al., 2005process: productivity varied by almost 10 times, and com-
Cortese and Gersonde, 2008). Here we examine productivitynunity composition fluctuated between microbial foodwebs
(Chla, biomass), community composition, together with sil- to diatom blooms, over a distance-e¥00 km.
icate:nitrate deficit ratios (as indicators of iron stress) to pro-
pose the following view of biogeochemical dynamics acrossacknowledgementsThis work was a component of the British
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