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Abstract. As part of the Bonus-GoodHope (BGH) cam- uptake rates also correspond with higher surface iron con-
paign,1°N-labelled nitrate, ammonium and urea uptake mea-centrations. No clear correlation was observed between car-
surements were made along the BGH transect from Capéon export estimates derived from new production Z{dh
Town to~60° S in late austral summer, 2008. Our results areflux. In addition, export derived frortPN estimates were 2—
categorised according to distinct hydrographic regions de20 times greater than those based®®iTh flux. Variability
fined by oceanic fronts and open ocean zones. High regenein the magnitude of export is likely due to intrinsically differ-
ated nitrate uptake rate in the oligotrophic Subtropical Zoneent methods, compounded by differences in integration time
(STZ) resulted in lowf-ratios (f = 0.2) with nitrogen up-  scales for the two proxies of carbon export.

take being dominated yurea, which contributed up to 70 %
of total nitrogen uptake. Size fractionated chlorophyll data
showed that the greatest contributiar50 %) of picophy-
toplankton &2 um) were found in the STZ, consistent with

a community based on regenerated production. The Subrhe Southern Ocean is considered one of the most impor-
antarctic Zone (SAZ) showed the greatest total integrated Nitgnt ocean sinks of atmospheric €@Caldeira and Duffy

—1 H

trogen uptake (10.3 mmolmi d~*), mainly due to enhanced  5000; Sigman and Boyle, 2000), making it important in un-
nutrient supply within an anticyclonic eddy observed in this derstanding the global carbon cycle. Primary productivity
region. A decrease in the contribution of smaller size classe§, the Southern Ocean plays a key role in the biological
to the phytoplankton community was observed with increas-,v,ptake of atmospheric GQ(Metz! et al., 1999; Takahashi
ing latitude, concurrent with a decrease in the contributiongt g 2002). Phytoplankton biomass typically shows low
of regenerated production. Highgrratios observed in the chlorophyll a (chle) (<0.5mgnT3) in open ocean waters
SAZ (f =0.49), Polar Frontal Zonef{=0.41) and Antarc-  f the Southern Ocean @guer and Jacques, 1992; Banse,
tic Zone (f = 0.45) relative to the STZ(=0.24), indicate  1996; Moore and Abbott, 2000), while localised elevated
a higher contribution of NQ-uptake relative to total nitro- -, (>1mgnT3; Moore and Abbott, 2000) are often as-
gen and potentially higher export production. High ambientgqciated with mesoscale upwelling at hydrographic fronts
regenerated nutrient concentrations are indicative of aCtiVE{Laubscher et al., 1993: Comiso et al., 1993: Moore and
regeneration processes throug_hout th_e transect ar_ld ascribeghnott, 2002: Sokolov and Rintoul, 2007), the marginal ice
to late summer season sampling. Higher depth integrated,e (MIZ) (Smith and Nelson, 1986; Sedwick and DiTul-
lio, 1997) and regions of shallow bathymetry around Sub-
antarctic islands (Blain et al., 2001; Pollard et al., 2002; Korb

Correspondence tdV. R. Joubert and Whitehouse, 2004; Seeyave et al., 2007; Whitehouse et
BY (wjoubert@csir.co.za) al., 2008). Under-utilization of available macronutrients by

1 Introduction
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phytoplankton production results in the prevalent high nu-
trient low chle (HNLC) condition (Chisholm and Morel,
1991) of the Southern Ocean. Despite a high inventory of
available macronutrients, low chleoncentrations are main-
tained by bottom-up controls of phytoplankton production
through light, iron, and silicate limitation (Martin et al.,
1990; Bathmann et al., 1997; Boyd et al., 2001, 2002, 2007;
Moore and Abbott, 2002; Arrigo et al., 2008), as well as by
top-down grazing control (Banse, 1996; Cullen, 1991, Price
etal., 1994; Smetacek et al., 2004; Behrenfeld, 2010). These
factors regulating primary production all modify carbon ex-
port and thus play a key role in determining the strength of
the Southern Ocean biological carbon pump.
Measurements of phytoplankton production throughout
the euphotic layer using®N stable isotopes (Dugdale and 10 30
Goering, 1967) have often been used to infer carbon export Longitude (°E)
into the ocean interior based on tlieratio (Eppley and Pe-
terson, 1979; Savoye et al., 2004). Theatio differenti-  Fig. 1. Cruise track during the Bonus Goodhope 2008 campaign in
ates between the uptake of |§|Q)y phytoplankton which is  the Atlantic Southern Ocean. Red dots indicate the sampling posi-
“new” to the euphotic layer, introduced primarily by seasonal tions for 1N uptake experiments. The hydrographic fronts, Sub-
overturning or upwelling and “regenerated” nutrient uptake tropical Front _(STI_:), Sub-Antarctic Front (SAF), Polar Front (PF),
(NHZ, urea and dissolved organic nitrogen (DON)) which EOUthdAmaéct:g C'rcu.mg.mar g’lgredm Frgmh(.sﬁ(.:c':) and Southern
is recycled within the euphotic layer (Eppley and Peterson, oundary (Shdy) are indicated by dotted white lines.
1979). As nitrogen flux into surface waters must ultimately
be balanced by equivalent losses, theatio is a measure iy harticles and th@34Th disequilibrium flux (Coale and
of that fraction of primary production, which is potentially Bruland, 1985). Uncertainties associated with this method
available for export to the deep ocean or to higher trophic lev- o a¢a 1o varying measurement techniques and choice of
els; which is surplus to phytoplanktonic community mainte- o qeis (steady-state vs non steady state). In addition,
nance requirements (Goeyens et al., 1998)gNptake can 51431y the largest uncertainty in the application of the
thus provide an indirect estimate of downward carbon fluXy,qviimapproach lies in reliably characterising the ratio of
when Redfield ratio stoichiometry is inferred or measuredpoc_z34-rh on settling particles, which varies with time,
(Eppley and Petgrson, 1979). This approa_ch o measqungepth’ particle type, size and sinking velocity (for review
carbon export relies on a number of underlying assumptiongee gesseler et el., 2006). Despite all the uncertainties
which include steady state conditions (uptake flux ofNO  ,qqqciated with the various proxies of carbon export, it is
approximately balanced by particulate nitrogen flux out of ,,hetheless useful to compare a variety of export estimates
the surface), no storage of nitrogen in surface waters (Epple)és they access different time and space scales.
and Peterson, 1979), and minimal euphotic layer nitrifica- - tpig naner reports measurements of new and regenerated
tion (B|anc_h| _et al., _1996;_ Yool et al., 200_7). In addition, the uptake rates angi-ratios (as a proxy for export) in surface
use of stoichiometric ratios to convert nitrogen uptab®l ( - \yaiers of the Atlantic sector of the Southern Ocean in late
to carbon equivalents may be compromised by non'Redf'el%ustraI summer 2008 as part of the BGH programme. The
behaviour in the cellular response to available light, iron andcruise crossed a number of mesoscale features and major hy-
nutrients (Brzezen_sl_«_et 6_"" 2_003; AITgo, 2005_; Moo_re et al"drographic fronts; namely the Subtropical Front (STF), the
2007). Although nitrification in surface waters is particularly g,p_antarctic Eront (SAF), the Polar Front (PF), the South-
important in oligotrophic ocean regions, this process does,y antarctic Circumpolar Current Front (SAccF) and the
not appear to be significant in nitrate replete e”Vironme”tSSouthern Boundary (Shdy) (Fig. 1). Results from this study
(Yool et al., 2007; Lucas et al., 2007; Clark et al., 2008). o\aracterise)N dynamics andf-ratios across different hy-
Despite its limitations, the’-ratio therefore remains a use- qqqraohic regions and investigates their relation to MLD,
ful proxy for estimating potentially “exportable production” light, macro-nutrient and dissolved surface iron concentra-
(Sambrotto and Mace, 2000) in nutrient rich polar oceans.  jong e compare our data withN estimates of production
Carbon export estimates are also possible usingy giher areas of the Southern Ocean, as well as %ithh

23411238 ] di Hib
T disequilibrium .(e.gz.l Buesseler, 1992). Lower p,qeq estimates of carbon export measured during the BGH
activities of particle-reactivé3*Th relative to its conser- cruise.

vative parent?®U in surface waters are associated with
sinking particles. Particulate Organic Carbon (POC) export
is calculated as the product of the ratio of P&¢Th on set-
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2 Methods fraction; nanophytoplankton (2—-20 um) by subtracting the
_ _ <2 um fraction from the<20 um fraction, while picophy-
2.1 Sampling and cruise track toplankton were represented by thk@ um fraction. Chla

) ) ) and phaeopigment concentrations of each fraction were de-
The sampling cruise on board the R¥arion Dufresnevas  termined as above.

conducted from 8 February—18 March 2008. The cruise tran-

sect (Fig. 1) started on the shelf outside Cape Town (Soutt2.5 POC and PON

Africa) at the 200 m isobath and followed the GoodHope —

A21 transect in a south-westerly direction to tiferflerid-  Particulate organic carbon (POC) and nitrogen (PON) were
ian, then continued south to 58. A total of 79 sampling determined by filtering 11 samples onto pre-ashed 25mm
stations were completed, 12 of which were targetedofdr ~ Whatman GF/F filters that were frozen-a20°C until anal-
incubations using®N tracer techniques (Slawyk and Collos, Yysis ashore. Samples were then oven-dried &tG4%acid

1977; Dugdale and Wilkerson, 1986). fumed with sulphuric acid to drive off inorganic carbon and
pelletted into tin cups (& 5mm) prior to analysis on a
2.2 Hydrography Thermo Scientific Flash EA1112 elemental CHN analyser.

Water mass characteristics of the section sampled were de2.6 Nitrogen uptake measurements

termined from temperature, salinity measured with a CTD

(SEABIRD 911plus) mounted on a SEABIRD rosette. On- 10 determine depth integrated nitrogen uptakgN, sam-
board thermosalinograph (SEABIRD SBE21) data were col-Ples were collected at 5 underwater irradiance levels (100 %,
lected in continuous mode at 5 m below sea level. Thermos®0 %, 25%, 10% and 1%) measured using an underwa-
alinograph data was validated with daily water sampling fol- ter PAR (400—-700 nm) sensor attached to the CTD rosette.
lowed by on-board analysis. Mixed layer depths were deter-Three bulk samples (21 each) from each light level were
mined using the temperature criteridT < 0.2°C in refer- pre-screened through a 200 um plankton mesh to exclude
ence to the temperature at 10 m depth, de Boyer-Blguttet zooplankton grazers and transferred into borosilicate glass

al., 2004). Schott bottles.  Aliquots of 200l stock solutions of
K15NOs (1 pmol/100 pl), >NH4CI (0.1 umol/100 pl) and
2.3 Nutrient analyses CO(*®*NH,)» (0.1 pmol/100 ul)) were added, one to each of

the three bottles from all light depths f@N incubations.
Ambient concentrations of NH and urea-N were deter- The 15N enrichment was aimed at10% for each nutri-
mined manually by the colorimetric method of Grasshoff ent, assuming an average ambient N@oncentration of
et al. (1983), scaled to 5 ml samples. Ambient N@d  10pmol 2, and 1 pmolt?! for NH; and urea. The inocu-
Si(OHu-Si concentrations were analyzed on a Bran andlum was kept constant throughout the cruise and resulted in
Lubbe AAIll autoanalyser, as described iné§uer and NH; enrichments that were greater than 10% of ambient

Lecorre (1975). concentrations (10-30 %). Incubation bottles were placed in-
side a Perspex tank covered with neutral density filters to re-
2.4 Chlorophyll-a create the appropriate light environment. Temperature was

_ maintained at sea surface temperature (SST) by circulating
Total chla samples were collected in the upper 300m at 64406 water through the incubation tanks. Samples were
depths from all CTD stations and 10 depths at all te incubated for 24 h and terminated by filtration onto ashed

experiment stations. The samples were filtered onto 25 MMy7 mm Whatman GF/F filters, which were then dried at@5
Whatman GF/F filters, extracted in 6 ml Acetone prior to before later isotopic analyses.

fluorometric determination on a Turner Designs AU-10 flu-

orometer (Strickland and Parsons, 1972). Phaeopigment3 7 |sotope analyses

were determined by reading the fluorescence after acidifi-

cation with 2-3 drops of 10% hydrochloric acid. Size- Particulate matter collected on the Whatman GF/F filters
fractionated chk determinations were collected opportunis- were pelletted and placedx85mm into tin capsules prior
tically from surface water sampling. Size-fractionated chl- to isotopic analysis. Analyses were carried out on a Delta
a concentrations were determined by screening sample¥ Plus stable light isotope mass spectrometer interfaced to a
through a 200 um mesh<@00 um fraction), and a 20um Thermo Scientific Flash EA1112 Elemental Analyser. Nat-
mesh 20 pm fraction), followed by filtration onto What- ural abundance for nitrogen was 0.3663 atom®, were
man GF/F filters. The<2pum fraction was obtained by used to calculate the isotopic enrichment of the nitrogen ad-
filtering a sample through a 2pm Nuclepore membraneditions. Values were scaled upwards to reflect the proportion
filter and thereafter collecting the filtrate on a Whatman of the sub-sampled area relative to the total filtered area. Sul-
GF/F filter. Microphytoplankton (20-200 um) were deter- phanilamide and urea were used as calibration standards for
mined by subtracting the20 um fraction from the<200um  carbon and nitrogen determinations. Specific uptake rates

www.biogeosciences.net/8/2947/2011/ Biogeosciences, 8, 29532011
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Table 1. List of abbreviations. g %2 2 2B L6 U S
(—ﬁﬂﬁﬁ%—)}ﬂ_&_ _AZ_i_,

BGH Bonus-GoodHope S0l ! b ‘ Lss
HNLC  High nutrient low chlorophyll i
STF Subtropical Front{42.2 S) Q =
STZ Subtropical Zone (equatorward of the STF) @ 157 P g
SAF Sub Antarctic Front{44.2 S) ‘E z
SAZ Sub-Antarctic Zone (equatorward of SAF) :‘%’ 10+ laas %
PF Polar Front{50.1° S) 8 ?
PFz Polar Front zone (equatorward of the PF)
SACCF  Southern Antarctic circumpolar Current Fronb(.5> S) 5 I
Shdy Southern Boundary of the Southern Oceabq.5* S)
AZ Antarctic Zone (poleward of the Polar Front) 0 } : : : } 335
siz Seasonal Ice Zone -30 -3 -40 -45 -50 -55 -60

Latitude ("S)

Fig. 2. Zonal description of the regions during the cruise (Sub

. . . . Tropical Zone (STZ), Sub Antarctic Zone (SAZ), Polar Front Zone

for r_1|tr0gen were Calcula_ted from the 'SOtOp'C_ ratios _Of the (PFZ) and Antarctic Zone (AZ). Surface temperature (red line) and
particulate organic material at the end of the incubations agyface salinity (blue line) with latitude along the cruise track mea-

described by Dugdale and Wilkerson (1986), without correc-syred by onboard continuous thermosalinograph. Sampling station
tion for isotopic dilution in the case of NHuptake. New identifiers are indicated above the plot. The position of Anticyclone

production estimates were calculated from‘]’\l(n)take rates Misindicated by anincrease in temperature and salinity in the SAZ.

and in situ C:N ratios calculated from POC and PON sam-

ples. NOj; concentrations<0.05 umol 1 (Fig. 3a), while sur-
face Si(OH) concentrations were typically<2 pmol -1

3 Results (Fig. 3b). Surface NE{I concentrations were depleted
(<0.1pmol 1), while urea concentrations were variable,

3.1 Hydrography ranging from 0.22-1.51umott (Table 2). In the SAZ,

a gradual increase in surface jl@oncentrations was ob-
The BGH meridional cruise track crossed all the major hy- gopeq ranging from 5-15 umofd, but reaching 20 pmot
drographic fronts and open ocean regions commonly recogpeaiow 100 m depth (Fig. 3a T,able 2). Si(QHyoncen-

nised in the Southern Ocean (Orsi et al., 1995) (Fig. 1). Therations were depleted@ pmol ') throughout the surface
frontal positions during the cruise were determined usingsggm (Fig. 3b). Nli[ concentrations were:0.25 pmol 1
potential temperature criteria (Speich et al., 2011) (Fig. 2)_'but reached concentrations of up to 0.4 pumdlbetween 40—

The region north of the STF was defined as the Subtropi- ; ;
70 m depth (Table 2), while urea concentrations ranged from
cal Zone (STZ) where SST exceeded’T4and salinity ex- 1-15 prflol‘ﬁl (TabIZz 2). In the PFZ, surface l\gogon-

ceeded 35psu (Fig. 2). The Sub-Antarctic zone (SAZ) lay . 1 e . .
between the STF (4Z28) and the SAF (44°5), where  Conuations reached20pmol = (Fig. 3a), while Si(OH)
. A - concentrations remained2 pmol [~ in the upper 100 m of
SST fell in the range 9-1%4C, and surface salinity between .
the water column (Fig. 3b). From north to south, surface

34-35psu. In this zone, an intense anticyclonic eddy ( an'NHj concentrations (above 100 m) gradually increased from

ticyclone M”; Arhan et al., 2011) of Indian Ocean origin 1 )
was observed (at 428 —44 S) over the Agulhas Ridge <0.25to>1.0 umol I+ (Table 1). Urea concentrations were

; ; 1
(Fig. 2). The Polar Front Zone (PFZ) extended from the hlgh_er than f'n the STZH?nd ranged froml_umoll‘ toa
SAF to the PF (Pollard et al., 2002) at 509, where SST maximum o 3‘27_ umofl™ (at ~69m, station S3). U_n|—
decreased from 10€ and surface salinity was 34 psu versally high nutrient concentrations were opserved in the
(Fig. 2). The Antarctic Zone (AZ) was found south of the AZ. NO; concentrations exceeded 30 pnrof in the. sur
PF where temp was:3°C and salinity was~34psu. The face ~100m and continued to increase to a maximum of

following results are presented according to the four zones 40 umol I"* with depth (Fig. 3a). Si(OH)concentrations

defined above (STZ, SAZ, PFZ and AZ) showed a steep north-south gradient frepmol - north
' ’ ' of the PF to>60pumoll?! at the southern margin of the
3.2 Nutrients region (Fig. 3b). NljL and urea concentrations in the AZ

reached 0.8 and 2 umait in the euphotic layer.
Nutrient concentrations shown in Fig. 3a, b are from the
upper 200m of the BGH cruise track (LeMoigne et al.,
2011). In the STZ, surface nutrient concentrations (Fig. 3a,
b) showed typical oligotrophic conditions, with surface

Biogeosciences, 8, 2947959 2011 www.biogeosciences.net/8/2947/2011/
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STF SAF PF SAccF Shdy STF SAF PF SAccF Shdy
Nitrate [umol I-1] POC (uM)
AT 40 - ; F

=}

o
o

=
1=
o

(w) yide@
o
8
(w) yideg

55°S
PON (uM)

(w) yrdea

35°s 40°s 45°s 50°s. 55°S

s ws  ass - Fig. 3 (e, f)Profiles of Particulate Organic Carbon (POC) and Par-
Fig. 3 (a, b) Profiles of and Si(OH) in the upper 500 m along the ticulate Organic Nitrogen (PON) in the upper 200 m of the wa-
Bonus Goodhope Cruise track (taken from LeMoigne et al., 2011).ter column along the Bonus Goodhope cruise track. Highest con-
It shows increasing surface nutrient concentrations with increasingentrations were observed equatorward of the Sub-Antarctic Front.
latitude. Frontal positions are indicated by the white vertical dotted Frontal positions are indicated by the white vertical dotted lines.
lines.

STF SAF PF SAccF  Sbdy microplankton (20—-200 um) were measured (Fig. 4) in the
e SAZ. In the PFZ, chkx concentrations 0f0.3 ug ! were
found in the upper 70m, (Fig. 3c). Phaeopigments typi-
cally exceeded 0.1 ugt in the upper 50 m of the water col-
umn, and remainee0.1 ug ! below this depth (Fig. 3d).
Size-fractionated chi-in surface samples was dominated by
nanophytoplankton (54.3 %) throughout this region (Fig. 4),
followed by picophytoplankton (30.6 %) and microphyto-
plankton (15 %). Chk concentrations in the AZ between the
PF and the SAccF, as well as south of the SBdy, ranged from
0.2 to 0.3 ugt?!, while a band of low chk (<0.2ug?)
was evident between the SAccF and the SBdy (Fig. 3c).
7 Phaeopigments appeared completely absent in this region
_ et s (Fig. 3d). In the AZ, nanoplankton comprised 61.9% of
Fig. 3 (c, d) Profiles of chlorophyll-a and phaeopigments in the up- the phytoplankton community, while micro and picoplank-

per 200 m of the water column along the Bonus-Goodhope cruis . o . .
track (Taken from Beker et al., 2011). Elevated pigment concen-eton comprised 18.9 and 19.2 % respectively (Fig. 4).

trations were observed in equatorward of the Subtropical Front.
Frontal positions are indicated by the white vertical dotted lines. 3.4 POC and PON

(w) yidaq

( uJLquaq

Maximum concentrations of POC (14.1 umot) and PON
3.3 Chlorophyll-a (1.9 umol 1) were found in the STZ just north of the STF

(Fig. 3e, f) and confined to the upper 25m. Average PON
In the STZ, euphotic zone chl-concentrations were high- concentrations over the euphotic layer of the STZ were
est, exceeding 0.4 pgt with a sub-surface chi-maximum  1.040.6 pmol %, with a mean euphotic zone C:N ratio of
(>0.5ug ) at 30-40m (Fig. 3c See also Beker et al., 7.16+2.29. In the SAZ, POC and PON concentrations in the
2011). A similar sub-surface maximum was observed forsurface 40 m reached a maximum of 7.7 and 1.5 prrole-
phaeopigments, although slightly deeper in the water columrspectively (Fig. 3e, f, modified from Beker et al., 2011), with
at 40-60 m (Fig. 3d). Size-fractionated ehthowed that pi- amean euphotic zone C:N ratio ab&0.7. In the PFZ, POC
cophytoplankton €2 um) contributed 50.4 % to total chl-  and PON averaged %+ 0.5 umol - and 07+0.2 pmol -1
(Fig. 4b). In the SAZ, chk concentrations in the surface respectively in the upper 60 m of the water column (Fig. 3e,
~40 m exceeded 0.4 pg} (Fig. 3c), whereas a sub-surface f), with both decreasing below this depth. The average C:N
maximum in phaeopigments-0.3 ug ') was observed at ratio in the euphotic zone was2Bt1.7. In the AZ, POC and
~50m (Fig. 3d). Size-fractionated chlindicated that nano- PON were typically<4 pmol -1 and <0.5 umol -1 respec-
(2-20 um) and picophytoplankton contributed 60.2 % andtively (Fig. 3e, f) in the euphotic zone, with a mean C:N ratio
39.8 % respectively to total cld-concentrations, while no of 7.4+2.7.

www.biogeosciences.net/8/2947/2011/ Biogeosciences, 8, 29532011
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Table 2. List of data at each sampling station (including latitude positions) during the BGH cruise (MLD; m, sample deptha npachil;
POC and PON, pmotil; nutrients, pmolt®; pN, nmol -1 d=1). The five sample depths at each station represent, with increasing depth,
the 100 %, 50 %, 25 %, 10 % and 1 % light depths. nd indicates no data.

Staton  MLD Depth Chk POC PON N@ NH; Urea pNO3 pNHs pUrea  f

STz
L1 42 10 005 536 094 <005 006 022 144 127 107 0.38
(38.£9) 50 005 813 068 <005 005 033 95 260 305 0.14
91 006 180 025 <005 001 011 139 290 200 022
350 011 478 082 <005 002 033 212 345 498 0.20
809 047 336 046 324 001 033 49 27 617 007
s1 10 10 014 436 059<005 002 086 55 174 2451 002
(36.5S) 73 016 450 062 <0.05 001 076 201 184 2802 0.6
140 017 456 064 <005 006 032 178 203 1335 0.10
402 020 542 071 <005 010 086 182 163 3475 005
536 037 706 099 <005 017 076 50 49 2647 002
L2 17 10 049 1226 193 201 008 151 14 320 3305 0.00
(41.29) 33 054 1226 193 201 008 065 375 377 169.0 0.15
78 055 1227 177 250 010 108 532 428 2942 0.4
153 056 1412 188 386 003 076 566 176 1050 0.32
354 040 607 090 399 051 065 70 59 416 013
SAZ
s2 75 10 035 770 130 11.04 009 126 410 159 500 0.38
(42.59) 50 035 724 148 1080 009 211 1572 301 1972 0.41
96 035 768 115 10.80 009 084 967 218 57.6 055
219 034 748 130 1080 009 137 1322 259 1051 0.50
506 038 578 089 603 009 126 547 18 467 053
PFZ
L3 47 10 025 478 078 17.79 031 071 307 234 264 038
(44.93) 100 025 457 064 nd nd 1.29 nd nd 507 nd
202 025 478 068 nd 031 082 nd 258 340 nd
400 026 465 0.78 nd nd 059 nd nd 356 nd
609 025 457 064 1767 031 nd 568 51 nd 0.92
L4 81 10 040 697 078 1868 067 137 176 63 360 0.29
(46.09) 106 040 667 080 1868 067 091 331 220 182 045
189 040 651 088 1844 068 091 534 294 441 042
203 040 563 075 1844 068 103 456 357 153 047
489 040 604 078 1892 069 194 430 267 80 055
s3 84 10 036 604 08 2112 060 024 1240 396 130 070
47.69) 50 036 604 08 2112 060 085 720 246 169 063
95 036 58 08 208 060 085 402 210 140 053
197 036 558 074 2112 060 158 283 481 1068 0.15
601 036 556 080 2088 062 327 222 84 1085 0.6
L5 97 10 026 517 047 2093 073 039 371 82 56 073
(49.09) 39 026 517 047 2093 073 039 206 93 30 063
101 026 549 053 2093 073 206 210 144 132 043
139 028 519 047 2093 073 142 391 188 153 053
604 025 516 060 2093 073 077 155 153 105 0.38
L6 78 10 031 537 054 228 126 nd 146 43 nd 0.77
(50.#'S) 57 031 537 054 2280 126 158 181 62 201 041
94 030 904 074 2280 125 133 229 74 283 039
152 030 523 047 2280 126 194 235 115 484 0.28
785 030 343 031 2451 189 133 136 55 133 042
AZ
s4 107 100 016 267 050 nd 080 200 nd 110 247 nd
(51.89) 190 016 267 050 2571 080 200 288 116 169 0.50
1350 017 272 050 2571 079 219 209 85 125 050
2360 016 298 050 2571 080 162 197 92 168 043
8830 016 260 040 2596 079 143 108 71 87 041
L7 69 1.0 025 537 054 2808 046 083 280 144 110 052
(55.6'S) 53 025 904 074 2808 046 041 511 130 80 071
135 024 523 047 2808 043 133 423 150 194 055
251 027 539 052 2808 043 194 533 37 415 054
1099 028 205 019 2976 031 133 454 143 184 0.58
S5 9 10 033 448 076 2781 061 168 475 200 293 0.49
(57.69) 32 033 448 076 2781 061 129 412 238 293 044

8.5 033 463 1.03 2781 061 2.06 45.2 27.6 43.4 0.39
28.8 030 406 069 2806 0.63 3.10 33.3 195 73.0 0.26
90.0 021 355 068 2806 0.62 1.16 36.1 22.8 21.1 0.45
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Fig. 4. Size fractionated chi-of surface samples in each region Fi9- 5. Specific uptake'(, d averaged over the euphotic zone
along the BGH cruise track. Bars indicate microphytoplankton (20—for €ach region. It shows the contributidfiyo, (black), V,
200 pm) given in black, nanophytoplankton (2—20 pm in grey and (grey) andVyrea(White) as%qf total uptake, qnd adecreasing trend
picophytoplankton €2 um) in the white. Percentage of the total is Vureafrom north to south. Latitudes for the different zones are STZ
presented at the top of each bar. It shows the decreasing contributiofs4—42-2 S), SAZ (42.2-44.2S), PFZ (42.2-50:1S) and the AZ

of picophytoplankton from north to south along the cruise track. (50.1-57.3 9).

Latitudes for the different zones are STZ (34—4252, SAZ (42.2—

44.2 S), PFZ (42.2-507S) and the AZ (50.1-579%5). _
of 0.41+0.11 (Table 3). Average euphotic zoMRo;, VNH,

and Viyrea Were 0074 0.07, Q03+ 0.1 and 0044+ 0.03d"1
3.5 Nitrogen uptake respectively (Fig. 6). In the AZn(= 3), pNO3, pNH,

and purea also remained below 50 nmotid—! (Table 1).
In the STZ ¢ = 3), purea dominated pN by ~80% (Ta-  Mean / = pN for the AZ was 646+ 4.21 mmolnmr2d-1
ble 3), reaching a maximum rate of 347nmolt~! at  (Table 1), with up to 50% being derived frompNO;
40m at station S1 (Table 2purea was on average 8 times (3.43+2.68 mmolnm2d-1) (Table 3). Meanf-ratio in the
greater thanoNO; or pNH, vyielding a meanf-ratio of A7 was 045+ 0.11 (Table 3). Specific nitrogen uptake rates
0.24+0.22 (Table 3). Specific uptake of urediytea Was  in the AZ were similar to those observed in the PFZ (Fig. 5).
on average 10 times greater than that of nitrafgog) or
ammonium ¢nH,) (Fig. 5). In the SAZ £ =1) pNO3
and purea reached maximum rates at 5m of 157.3 and4 Discussion
197.2 nmolt1d~1 respectively (Table 2). These values de-
creased to 54.7 and 46.4 nmotld—! respectively atthe 1% In this section we discuss nitrogen uptake dynamics across
euphotic depth/ pN was 10.3 mmol m2 d—1, with the high- four different hydrographic regions in the Atlantic sector of
est contribution fromy pNO; (49.4 %) followed closely by ~ the Southern Ocean. We highlight regional differences in up-
[purea (43%) (Table 3). The depth-integratgetatio for take rates,f —ratios and community size structure and in-
this station was 0.47 (Table 3). Specific uptake rates of nitraté/€stigate how these change in relation to MLD, temperature,
(Vno,) and urea Vurea) Over the euphotic zone werel2+ nutrients and surface dissolved iron concentrations. We com-

0.05d"! and 013+0.08 d"* (Fig. 5), while Vi, was lower ~ pare our data with otheé®N estimates of production in the
(0.02+0.02d1). In the PFZ { =5), euphotic zongNO;, ~ Southem Ocean, as well as withTh based estimates of
purea andpNH; remained below 50 nmottd-1 (Table 2) carbon export measured during the BGH cruise.

and were typically lower than uptake rates in the STZ and
SAZ. Station S3 exhibited the highesN rates, compared
to adjacent stations to the north or south. At station S3
pNO3 decreased from 124.0 nmofid—1 in the surface to
22.2nmol 1 d~* at the base of the euphotic zone (Table 2). Relatively high [oN in the STZ (818 +
Conversely,ourea increased from 13.0nmofid™! in the 6. 8mmolNnT2d~1) was dominated by purea 79 %),
surface to 108.5 nmoTIl d71 at depth AVeraggpN for the with Vureabeing ten times h|gher tham03 or VNH4: (F|g 5),

PFZ was 26+ 22mmolnt2d-! (Table 2), with the ma-  indicating significant regenerated production, as reflected by
jority being due tof pNO3 (1.97+0.46mmolnT?d™) and  |ow f-ratios (024-0.22). It is however unlikely that all
Jpurea (213+1.78mmolnT?d~1), while /pNH, aver-  the urea uptake is through phytoplankton production, as urea
aged 116+ 0.41 mmol nT2d~1, resulting in a mearf-ratio is easily assimilated by heterotrophic bacteria (Kirchman,

4.1 Regional comparisons of nitrogen uptake

'4.1.1 The Subtropical Zone

www.biogeosciences.net/8/2947/2011/ Biogeosciences, 8, 29532011
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7 - s1Z SAZ PFZ AZ - 70 wood, 2007; Levy et al.,, 2009). This station was on the
. edge of a mesoscale hydrographic feature, “anticyclone M”
(Arhan et al., 2011), observed just north of the SAF (Fig. 2).
The proposed mechanism for the enhanced production and
higher f-ratios at this station is enhanced vertical nutrient in-
jection (including iron) at the edges of the anticyclone (Levy
et al., 2009) along with an improved light environment asso-
ciated with persistent shallow and stable mixed layers associ-
ated with the warm core eddy (Llido et al., 2005). Mesoscale
eddies such as these provide important areas for local but
344 365 412 425 449 46.0 476 49.0 504 51.8 556 57.6 . . . . .
Latitude (°S) significant POC export and biological GQlraw-down in
an overall HNLC Southern Ocean/ oN rates in the SAZ
Fig. 6. Comparison betwee®4Th carbon export (at 100m) (grey  Of the Atlantic measured in this study (10.3 mmotfa—1)
bars) and “new production” estimates (black triangles) in units were slightly higher than those measured in the Australian
mmol Cn2d~1 during BGH. f-ratio is indicated in brackets. ~sector in late spring/early summer44-0.3 mmol nT2d~1)
New production calculated frorfipNOg and the C:Nratio. It shows  (Savoye et al., 2004) and were comparable to the Indian sec-

the difference in magnitude of these proxies of carbon exg8fth tor in late summer (12 + 7.9 mmolnt2d-1) observations
data from Planchon et al. (2011). Latitudes for the different zones(Thomalla et al., 2011) (Table 3).

are STZ (34-422S), SAZ (42.2-44.2S), PFZ (42.2-50°1S) and
the AZ (50.1-57.5S).

r 60

234Th export
1 - 50
—&—new prod

4 (0.33) 40

(0.49)

(047) (0.24) r 30

- 20

234Th export (mmolC m2d)
new production (mmol C m2d?)

4.1.3 The Polar Front Zone

Total fpN rates in the PFZ were the lowest of the four re-
gions (Table 3), with lowf -ratios of 041+0.11. f purea and

Vureawere substantially lower than in the STZ and SAZ to the
north (Fig. 5). High concentrations of ammonium and urea
Table 2) were observed in the PFZ indicating very active

2000) which can contribute up to 25 % of nitrogen uptake
(Fouilland et al., 2007). Low new production rates in this
region are likely due to limiting surface N@oncentrations
(<0.05pmol t1). Phytoplankton community structure was
consistent with a typically regenerated-based communi . oo . I
(Tremblay et al., 2000) with picophytoplankton dominating gcsegeneratlon Processes. pllutlon of the ISOtdENH“ and

by ~519% (Fig. 4). This is consistent with previous results N-urea }thake due to high regenerated nutrlents released
of low f-ratios in the Indian f = 0.07+0.03) (Thomalla by bacteria _and _zooplankton grazers can potentially lead to
et al, 2011) and Pacific basins (Sambrotto and Mace@n underestimation of the uptake rates of these substrates and

2000) (Table 2). These results imply that this region of theconsequently an overestimation of tfigatio. Early work in

Southern Ocean is dominated by urea re-cycling within thel"® Scotia Sea showed that ammonium uptake can be under-

microbial loop, with little carbon export, little atmospheric estimated by a factor of 2_3_ In summer (Glibertetal., 1982).
CO, “draw-down”, and conservation of nitrogen in surface Although no Nl—ﬁ regeneration experiments were conducted

waters (LeFevre et al., 1998; Smetacek et al., 2004). during the cruise, one can expect that undere_zs’tlmatlon of
regenerated uptake would further reduce jheatio’s pre-
4.1.2 The Subantarctic Zone sented here. Although our cruise was in late austral sum-

mer, deep mixed layers in this region (MLD =.88-18.9 m)
Station S2 in the SAZ exhibited only slightly higher total relative to the 1% light depths (8111 m) make light a po-
/pN rates compared to those observed in the STZ, howevetentially limiting factor to primary production and to NO
this station showed a greater contributionpdfO; (49.4%),  uptake in particular considering its high light demand in
which increased thef-ratio from 0.24 to 0.49 (Table 3). comparison to NE and urea uptake (Lucas et al., 2007;
VNoj; (0.12 d1) at this station was double that found in other Cochlan, 2008). In addition, low surface Fe concentrations
regions (Fig. 5) along with the highest concentrations of chl-<0.2 nmol % (Chever et al., 2010) likely limit new produc-
a (>0.5ugt), POC &7 umol 1) and PON &£1pmol 1) tion (Timmermans et al., 1998) promoting the dominance of
(Fig. 3c, e, f). Specific uptake rates are known to pro-small cells as size confers a competitive advantage for nu-
vide information on the potential for macronutrient, light or trients at low concentrations (Leynart et al., 2004). Smaller
iron limited growth, with higher values being characteristic cells are however more susceptible to grazing by microzoo-
of faster growth rates in nutrient and light replete environ- plankton (Raven, 1986), which controls their biomass and at
ments. These highiyo, values thus suggest possible allevi- the same time contributes to potential regenerated production
ation of iron stress (Lucas et al., 2007), along with sufficientthrough NH; excretion (Glibert and Garside, 1992). Size-
light availability (MLD =45.2+17.1). It has been shown for fractionated chlorophyll concentrations showed the PFZ to
oligotrophic regions that new production is enhanced withinbe dominated by nanophytoplankton (54 %, Fig. 4).
mesoscale eddy activity through the vertical injection of nu- Several authors have found an increase in diatom con-
trients into the euphotic layer (Strass et al., 2002; Green<centration to be associated with the PF and attribute this
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Table 3. Comparison of depth integrated values-ail uptake (mmol 2 d—1) by phytoplankton in various regions of the Southern Ocean.

Region/Description JSpNO3 JpNHg [pUrea X /pN f-ratio

Atlantic Sector (Summer 2008, BGH) this study

STZ (34-42S) 1.01(0.3) 0.69 (0.3) 6.47 (6.7) 8.18(6.8) 0.24(0.22)

SAZ (42-44 S) 5.11 0.92 4.31 10.34 0.49

PFZ (45-50 S) 1.97 (0.5) 1.16 (0.4) 2.13(1.8) 5.26 (2.2) 0.41(0.11)

AZ (51-57 S) 3.39(1.9) 1.27 (0.6) 2.86 (1.6) 7.51(3.5) 0.45(0.11)

Australian Sector (Spring 2001, CLIVAR-SR3) Savoye et al. (2004)
SAZ/STF (49-51.9S) 4.4(0.3) 0.53(0.26)

PFZ (54-57S) 5.6 (0.1) 0.56 (0.02)

AZ (61-65 S) 9.6 (2.2) 0.61(0.08)

Bellinghausen Sea Waldron et al. (1996)
SIZ (56-64 S) 1.8(1.2) 10.9 (3.9) 9.9 (0.4) 18.0(11.9) 0.1(0.01)

Indian Sector (CROZEX, Summer 2004) Lucas et al. (2007)
Crozet-M3 bloom 20.3(5.7) 3.6 (1.3) 6.1 (2.0) 30.1(7.5) 0.67(0.08)

Crozet-South of Plateau (HNLC) 1.8(0.8) 3.2(0.5) 1.1(0.2) 6.0 (1.5) 0.28(0.07)

Indian Sector (Summer 1994, ANTARES3) Mengesha et al. (1998)
Kerguelen Plateau (PFZ, Stn A18;4%9) 5.7 35 2.8 11.9 0.48

Kerguelen Plateau (PFZ, Stn A16;53) 7.7 2 1 10.7 0.72

Indian Sector (late Summer 1999, MIOS-4) Thomalla et al. (2011)
STZ (31-40 S) 3.76 (4.2) 19.83(15.0) 22.30(17.8) 46.07(33.5) 0.07(0.03)

SAZ (41-46 S) 0.94(0.2) 5.26 (2.3) 6.48 (5.4) 12.67(7.9) 0.09 (0.04)

Pacific Sector (Summer 1997, US-JGOFS) Sambrotto and Mace (2000)
PFZ (57-62 S) 2-5(2.3) 0.05-0.48

to an increase in Si(OH)(Laubscher et al., 1993; Bath- 4.1.4 The Antarctic Zone

mann et al., 1997; Smetacek et al., 1997; Tremblay et al.,

2002). Although it is possible for diatoms to fall within ) ) , .

the nanophytoplankton size range, substantial increases ift S19ht increase n JoN was observed in thélAZ
Si(OH), were only found south of the SACCF (Fig. 3b). (7.5 mmollrrr' d )relatl\ie to the PFZ (,5'3 mmolrﬁ.d )',
Thus, although the percentage of microphytoplankton in-The contrlbufuon offpl\_|03 t9 total /oN |_ncr_eas_ed W'th.aS"
creased from 0% in the SAZ to 15% in the PEZ, the Con_multaneous increase ifi-ratios to 0.45 indicating a slightly

tinued dominance by nanophytoplankton (54 %) was likely Ni9her potential for carbon export. As with the SAZ, high
due to Si(OH) limitation of diatom growth and low sur- ambient regenerated nutrient concentrations (Table 2) im-

face Fe concentrations<0.2 nmol 'L, Chever et al. 2010) ply active regeneration processes occurring in the surface,
favouring smaller cells. Similarly, low Si(Ok)concentra- however a decrease regenerated uptake rates, particularly

tions have been shown to play an important role in regulating'T€@ UPtake (Fig. 5) were observed relative to regions fur-
nitrate uptake (Dugdale and Wilkerson, 1998; Sambrotto an&her north. An underestimation of the regenerated produc-

Mace, 2000) such that the low Si(QHfjoncentrations in this tion i|j this region, c.ould thus lead to. an Qverestimate of the
region may have contributed to the low §Quptake rates f-ratio. Although Si(OH) concentrations increase south of

2 -1 . the SACCF (Fig. 3b), lowest chlorophyll concentrations are
(1.97 _mmol md . ) and f-ratios found_flere. Ou.f'?N found in the region between the SACCF and the SBdy and
rates in the Atlantic PFZ (5.26 mmolmd—") were similar .. g
. : 1 it is only south of the Sbdy that chlorophyll concentrations

to those in the Australian sector (5.6 mmotfd—1) and the . . .

1 increase (Fig. 3c). Although the mixed layer tends to deepen
HNLC Crozet sector (6 mmol ntd—+), but lower than the ~ . )

. . . o (MLD =93.94+14.7 m) in the AZ, so too does the 0.1 % light

bloom region associated with naturally Fe fertilized Crozet

(30.1mmol m2d-1) and Kerguelen (11.9 mmolma d-1) depth (96+ 12 m), making inadequate light the unlikely pri-

Islands (Table 3). High concentrations of regenerated nutrisnary contributor to limited production. More likely, low sur-

. : face Fe concentrations (Chever et al., 2010) characteristic of
ents, low f-ratios and nanophytoplankton dominated com- L
L S e ) . . the late summer season are limiting phytoplankton growth
munities implies an inefficient biological pump for this re- . S : )
. : . despite sulfficient irradiance (see also Boyd et al., 2001; Lu-
gion which appears to be controlled by nutrient (Fe and

) . e . “cas et al., 2007)/pN from this study (7.5 mmol m?d-1)
iléOH)z;) and light co-limitation and microzooplankton graz was in a similar range to theoN (9.6 mmolnT2d-1) of

the permanently open AZ in the Australian sector (Savoye
et al., 2004). As expected however, these open o¢egdh
rates are up to 60 % lower than those observed during bloom
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conditions in the Seasonal Ice Zone (SlZ) of the Belling-5 Conclusions

hausen Sea (18+ 11.9 mmolnr2d-1) (Table 3). Lower

open ocean pN rates compared to the SIZ can be ascribed This paper presentSN-labelled nitrogen uptake measure-
to the lack of dissolved iron inputs from melting ice (Sed- ments in the Atlantic Southern Ocean in late austral summer,
wick and DiTullio, 1997; Gao et al., 2003; Grotti et al., 2005) 2008. pN in the oligotrophic STZ was dominated hyirrea,

and a less favourable light environment through deep mixedesulting in low f-ratios (f = 0.24). Size fractionated chl-
layer depths (9®+14.7 m) (Smith and Nelson, 1986). Al- «a data is dominated by picophytoplanktorg0 %) and also
though there is a slight increase in production gndhtios in ~ indicative of a community based on regenerated phytoplank-
the AZ, relative to the PFZ, the ice free regions of this sec-ton production. It is unlikely that the measured Ntand

tor appear to have a relatively low potential for carbon exporturea uptake rates reflect only regenerated production in the
particularly in the late summer season due predominantly t&STZ, given that the uptake estimates based ¥ uptake

Fe limitation. does not account for heterotrophic bacterial activity. This
probably results in an overestimation of urea uptake and un-
4.2 15N estimates and?®*Th export flux derestimation of thef-ratio in the STZ. However, given the

low concentrations of N© in the surface waters of the STZ
Carbon export derived frof*Th deficits at 100 m revealed (<0.05 umol 1) and the dominance of urea recycling within
a north-south gradient, with the highest export fluxes (up tothe microbial loop, with little carbon export. The greatest
6 mmol Cn1? d™*) found south of the APF (Fig. 6, Plan- ;N was observed in the SAZ and ascribed to enhanced nu-
chon et al., 2011). Although the latitudinal trend fAratio  trjent supply and favourable light conditions associated with
estimates of carbon export were not as clear, with high ex4, anticyclonic eddy. Highef-ratios were observed in the
port being associated with the eddy in the SAZ, there was &5z (f = 0.49), Polar Frontal Zone (PFZf = 0.41) and
similar tendency for carbon export to increase with latitude antarctic zone (AZ,f = 0.45) relative to the STZ( = 0.24)
(Fig. 6). New production estimates of carbon export wereéanq indicate a higher contribution NO; relative to to-
however 2-20 times greater in magnitude (Fig. 6) tidfih 5 )N and higher export potential in regions further south.
derived estimates. Reasons for this are numerous. Firstly, thRew production estimates of carbon export (calculated from
two methods used to estimate carbon export are not intendegNog and the C:N ratio) were lowest in the STZ.3%
to measure the same process. Although the rates are expect8913 mmol CnT2d~1), compared to 30.4 mmol CTAd1
to be comparable in a steady state system or when averageﬁq the SAZ, 163+ 1.03mmolCnr2d-! in the PFZ and
over large enough time and space scales, there is OtherWisfa.Zj;ZS.S mmolCnr2 d-1 in the AZ. These carbon ex-

no a priori reason why the rates should be identical, bearing, 1 ostimates are comparable to observations carried out
in mind f-ratio estimates of new production is potentially i, e gther sectors of the Southern Ocean (Waldron et al.,
overestimated as thg-ratio is only estimated fronpNO;3 . 1995; Sambrotto and Mace, 2000; Savoye et al., 2004; Lu-
Stable isotope incubations measure Nptake at a discrete ¢4 et al., 2007). Increasing trends in ambient water column
site over 12-24h in the euphotic layer (typicat0m) and  nytrient and surface iron concentrations corresponded with
may thergfpre not be representative of mesoscale averageﬁ'rgherprOg rates. Higherf-ratios south of the SAF re-
?%4Th deficit derived estimates of carbon export (at 100 M)fiects this, however, we suspect this to be an overestimation
on the other hand encompass large spatial scales of 10 i the f-ratio given the elevated regenerated nutrient concen-
1005 of kilometres (Buesseler et al., 1992) and a time periogyations which indicate active regeneration processes assum-
of ~31 days. Hence, in this instané&'Th derived carbon ing regeneration of nitrate in the euphotic layer. The rela-
fluxes more than likely represents a considerable averagingve|y low total pN rates are ascribed to late summer season
of episodically lower fluxes when compared to the short—termsarm)”ng when nutrients are depleted prior to the winter re-
15N incubations. Furthermoré2*Th carbon flux estimates supply. Comparison of ouf-ratio based estimates of car-
are derived by considering the PG&ITh ratio of particles o, export with those from3Th data collected during the
>50 pm and may well ignore a significant export flux within ¢rjise revealed a similar tendency for carbon export to in-
the <50 pm fraction. During BGH however, the P@@_Th crease with latitude but no clear correlation was observed. In
ratios of particles>50 pm and<50 um were not very differ-  aq4gition, new production estimates were 2—-20 times greater

ent. New production estimates, on the other hand do not disy, magnitude and likely the result of the different integration

cnmmatg on a size basis gnd represen.ts the .po'tentlal .expoﬁme scales for the two different methods.

of both dissolved and particulate material. This is consistent _ _
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