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Abstract. In the frame of the BIOSOPE cruise in 2004, population in the formation area of the high salinity South
the spatial distribution and structure of phytoplankton pig- Pacific Tropical Water. A coastal site sampled in the eu-
ments was investigated along a transect crossing the ultrarophic upwelling zone, characterised by recently upwelled
oligotrophic South Pacific Subtropical Gyre (SPSG) betweenwater, was significantly and unusually enriched in picoeu-
the Marquesas Archipelago (14%/-8° S) and the Chilean caryotes, in contrast with an offshore upwelling site where a
upwelling (73 W=34 S). A High Performance Liquid Chro- more typical senescent diatom population prevailed.
matography (HPLC) method was improved in order to be
able to accurately quantify pigments over such a large range
of trophic levels, and especially from strongly oligotrophic
conditions. Seven diagnostic pigments were associated té
three phytoplankton size classes (pico-, nano and microphy- . . _
toplankton). The total chlorophyii-concentrations [TChl] ~ E@st of Tahiti, the South East Pacific Ocean is charac-
in surface waters were the lowest measured in the centre dfised by very contrasting trophic environments, covering
the gyre, reaching 0.017 mgTh Pigment concentrations at & large range of total chlorophytlconcentrations [TChl.

the Deep Chlorophyll Maximum (DCM) were generally 10 These envwonmenﬁs comprise the “p(’?rmanently” (Dandon-
fold the surface values. Results were compared to prediction@&2! €t al., 2004) “hyper-oligotrophic” centre of the South

from a global parameterisation based on remotely sensed suPacific Subtropical Gyre (SPSG; Longhurst, 1998; Claus-
face [TChk]. The agreement between the in situ and pre_tre and Maritorena, 2003) where SeaWifs imagery presents

dicted data for such contrasting phytoplankton assemblage@verage surface TGhiconcentrations of 0.02 mg (http:

was generally good: throughout the oligotrophic gyre sys-//0c€ancolor.gsfc.nasa.gov/SeaWiFSThis gyre is distin-

tem, picophytoplankton (prochlorophytes and cyanophytesﬂu'Shed by its hydrodynamlc stability, its unique magnitude,
and nanophytoplankton were the dominant classes. Reldl® transparency of its waters (Morel et al., 2007) and ex-
tive bacteriochlorophyll: concentrations varied around 2%. rémely weak sources of nutrients from deeper layers (Raim-

The transition zone between the Marquesas and the spspault etal., 2007) as well as from the atmospheric flux (Ma-
was also well predicted by the model. However, some re-nowald, 2005; Wagener et al., 2008; Claustre et al., 2008).
gional characteristics have been observed where measured the West, the mesotrophic environment of the Marquesas
and modelled data differ. Amongst these features is the ex@'chipelago prevails in a predominantly HNLC (High Nu-
treme depth of the DCM (180 m) towards the centre of thetrient Low Chlgrophyll) zone (Claustre et al., 2008 and ref-
gyre, the presence of a deep nanoflagellate population beE"€NCes therein). To the East, the waters become strongly

neath the DCM or the presence of a prochIorophyte-enriche(?“tmphiC as the Chilean coastline is subjected to an offshore
transport of surface waters, thus inducing strong hydrody-

namics and the upwelling of deep, cold and nutrient-rich wa-
Correspondence tal. Ras ters at the coast (Longhurst, 1998; Claustre et al., 2008 and
BY (josephine.ras@obs-vlfr.fr) references therein).
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Fig. 1. Map of the BIOSOPE cruise track superimposed on a SeaWiFS ocean colour composite, the dark purple indicating the extremely low
concentrations (0.017 mgTﬁ) of TChla.

The BIOSOPE cruise (BIOgeochemistry and Optics Southand 20um) and microphytoplankton (greater than2).
Pacific Experiment), carried out from October to Decem-Based on the statistical analysis of a global HPLC database,
ber 2004, took place between Tahiti (French Polynesia) andhe proposed parameterisation allows these three pigment-
Concepcion (Chile). It can be described as a voyage of exbased size classes and their vertical distribution to be re-
ploration across unique and contrasting environments wheré&ieved from remotely sensed T@htoncentrations (Uitz et
oceanographic data are still scarce to this day (Claustre andl., 2006). Although the database was extensiv2400 pro-
Maritorena, 2003). Besides the aspects of oceanographic irfiles), extremely few profiles were from the South East Pa-
vestigation aiming at the assessment of the biogeochemicdlific so that the “global” parameterisation might be some-
and optical properties of the ocean as a function of surfacevhat biased not taking into consideration certain characteris-
water [TChk] the wide range of trophic conditions observed tics of this rather unknown and vast area.
during this cruise was ideal for carrying out calibration and Thus, in the context of the BIOSOPE cruise, the objec-
validation activities for ocean colour remote sensors. tives related to the analysis of the distribution of phytoplank-
ton pigments are double. The first aim of this study is es-

During the past decades, high performance liquid chro- " o ) )
matography (HPLC) techniques have rapidly evolved, a||0W_sent|ally descriptive and explorative where the spatial (along

ing for phytoplankton biomass and composition in the oceanéransect and vertical) distribution of phytoplankton pigments

to be described in detail using algal pigment biomarkers.!S analysed in this “mare incognita” of the South-East Pa-
Indeed, the [TChi] has been a widely used biomarker for cific Ocean. The second aim is to investigate whether the in

the phytoplankton biomass in the oceans (Yentch and Men§itu distributions of pigment-based size classes conform with

zel, 1963; Parsons and Strickland, 1963; O'Reilly et aI.,the predicted distributions derived from the application of the

1998). Accessory pigments have either photosynthetic propuitZ model to the remotely sensed (SeaWiFS) TCtbn-

erties allowing the phytoplankton cells to increase their light- ct;entrations. By d(zjing jo’ itdi.s e)&pgctgg that any dlidffgrence
harvesting spectrum, or a role of photoprotection in dissipat- etween measured and predicted distributions could be scru-

ing the excess of light energy received and reducing the OXi_tmlzed and further interpreted in terms of distinct regional

dation that takes place due to stress in conditions of strong irf€atures of the South-East Pacific relative to the mean (global
radiance. The major accessory pigments have also proven t%cean) trend.

be useful chemotaxonomic indicators (Goericke and Repeta,

1992; Wright and Jeffrey, 1987; Moore et al., 1995; Guillard 5 naterial and methods

et al., 1985). Hence, the chlorophyilland accessory pig-

ment distributions have become important descriptors of the2 1 Sampling area

spatial and temporal variations of the autotrophic biomass

and taxonomic composition. From the pigment composi-Sampling was performed between the 26 October and the 11
tion of natural communities, Claustre (1994), Vidussi et December 2004 in the South Pacific along a transect starting
al. (2001), and recently Uitz et al. (2006), have proposedin the vicinity of the Marquesas archipelago (14¥, 8° S)

to derive pigment-based size classes relevant to picophytoand ending in the upwelling of the Chilean coast°(W3
plankton (less than 2m), nanophytoplankton (between 2 35°S) (Fig. 1). Six sites along this transect were studied
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over 2- to 5-day periods: MAR: Marquesas archipelago
(141.2 W; 8.4 S); HNL: HNLC area east of the Marque- ol a)
sas islands (136°8V; 9°S); GYR: centre of the South Pa-
cific gyre (about 300 nautical miles west of the “navel of
the world”, a native name for Easter Island; 114, 26° S);
EGY: eastern border of the gyre (91W, 31.8 S); UPW.
upwelling site situated above the abyssal plain, about 70 nau- Diadino Chia
tical miles from the coast (7E; 34 S); UPX: upwelling

site situated above the continental shelf, about 18 nautical

miles from the coast (72°4£, 34.5 S). In addition, twenty 21

DVChla a+@ Caro
one short-term (less than 5 h) stations were studied each da: o

during the transit between the long stations. o8 7T Mol s e 3 B

time (min)

12 A

Absorbance (450 nm
(2]

Chlc2+c1

2.2 Sample collection and storage b) e
35 1 DVChla

w
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L

Seawater samples were collected using a CTD-rosette syster
equipped with 21 twelve litre Niskin bottles. The samples for
pigment analysis were collected at about 10 depths, twice a
day, from the 09:00 a.m. and noon CTD casts (local time).

The water samples were vacuum filtered through 25 mm
diameterWhatmanGF/F glass fibre filters (0,Zm particle 10
retention size). Filtered volumes varied between 5.6 L inthe 5|
hyper-oligotrophic waters and 1 L in the upwelling zone. The AT
filters were immediately stored in liquid nitrogen then at — 3 5 7 9 11 13 15 17 19 20 23 25 27
80°C until analysis on land. time (i)

a+B Caro
Chle3 But Chlb

Chlc2+c1 Chla

DVChib

Absorbance (450 nm
n
o

Fucq| Diadino

2.3 Chlorophyll and carotenoid pigment extraction and Fi9- 2. HPLC chromatograms froifa) the surface antb) the DCM
analysis at 180 m at the hyper-oligotrophic GYR station. Detection absorp-

tion wavelength is 450 nm.

Extraction and analysis of the BIOSOPE samples were com-
pleted between the 7 March and the 27 April 2005. The fil- (t(Min):9%6B:%A), (0:10;90), (25:95:5), (28:95:5). A diode

_ i 0, is-
ters were exiracted at —0 in 3mL methanol (100%), dis array detector allowed for the absorption of most pigments
Mo be detected at 450 nm, while chlorophyland its deriva-

filtration throughWhatmanGF/F filters. The extracts were . .o\ ore detected at 667 nm and bacteriochlorophyit-

rlapitti _Iry a;:al);seq (wit?in 24h) by.H.PLg vcv;:h acto?pla?t- 770nm. The diode array absorption spectra of each peak
ilent Technologiesystem (comprising emstalionort-— \ ere used for identification purposes.

ware, a degasser, a binary pump, a refrigerated autosampler, Pigment concentrations (in mgT#) were calculated from

a column thermostat and a diode array detector) the peak areas with an internal standard correction (Vitamin

The Pigme”ts were separated. and quantified following a% acetate, Sigma) and external calibration standards which
adaptation of the method described by Van Heukelem an ere provided by DHI Water and Environment (Denmark).

Thomas (2001). Modifications to this method allowed for This method has proven to be satisfactory in terms of
increased sensitivity in the analysis of ultra-oligotrophic wa- resolution, sensitivity, accuracy and precision (Hooker et
ters. As an example of the sensitivity and resolution of theal., 2005), with the detection of about 25 separate phyto-
method, Figs. 2a and b represent two typical chromatograms, ¢on pigments (listed in Table 1), with a lower limit of
originating from the centre of the gyre (surface and Deepyeaction (3 times Signal:Noise ratio) for chlorophylief
Chlorophyll Maximum respectively) where at least sixteen 0.0001 mg 3 and with an injection precision of 0.4%.
pigment peaks were identified.
The sample extracts (100% methanol), premixed (1:1)2.4 Phytoplankton pigment-based size classes
with a buffer solution (tetrabutylammonium acetate or TBAA
28 mM), were injected onto a narrow reversed-phase C8Nhile TChh is the universal proxy for phytoplankton or-
Zorbax Eclipse XDB column (8150 mm; 3.5um parti- ganisms, accessory pigments (chlorophyllsnd ¢, and
cle size) which was maintained at €D Separation was carotenids) are specific to phytoplankton groups (Table 1),
achieved within 28 min with a gradient between a solutionand their respective proportion to TGhis a proxy of the
(A) of TBAA 28 mM: methanol (30:70; v:v) and a solution community composition (e.g. Gieskes et al., 1988; Jeffrey
(B) of 100% methanol according to the following program: and Vesk, 1997; Mackey et al., 1996;éRelin et al., 2000).

www.biogeosciences.net/5/353/2008/ Biogeosciences, 538532008
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Table 1. List of the pigments used in this study, along with their abbreviations, calculation and their taxonomic significance (From Jeffrey
and Vesk, 1997). The main algal groups used here to describe the phytoplankton community composition are indicated in bold.

Chlorophylls Abbreviation  Sum Taxonomic or biogeochemical
significance

Chlorophyll« Chla Chla + allomers + epimers  All — except Prochlorophytes

Divinyl Chlorophyll-a DVChla Prochlorophytes

Total Chlorophylla TChla Chla + DVChla + Chida Al

Chlorophyll$ Chlb Green algae

Divinyl Chlorophyll-b DVChlb Prochlorophytes

Total Chlorophylld TChlb Chlb + DVChib Green algae, Prochlorophytes

Chlorophyll<2 Chlc2 Various

Chlorophyll<3 Chlc3 Prymnesiophytes Chrysophytes

Bacteriochlorophylla BChla Photoheterotrophic bacteria

Peridinin Peri Dinoflagellates

19-Butanoyloxyfucoxanthin  But Pelagophytesprymnesiophytes

Fucoxanthin Fuco Diatoms, prymnesiophytes,
some Dinoflagellates

19'-Hexanoyloxyfucoxanthin ~ Hex Prymnesiophytes

Zeaxanthin Zea Cyanobacteria, Prochlorophytes

Alloxanthin Allo Cryptophytes

Diatoxanthin Diato Various

Diadinoxanthin Diadino Various

Lutein Lut Chlorophytes

Neoxanthin Neo Green algae

Violaxanthin Viola Green algae

Prasinoxanthin Pras Prasinophytes

Carotenes Car a-Car + b-Car Various

Chlorophyllidea Chlda Chlda + Chlda-like Senescent diatoms

Phaeophorbide Phd: Phd: + Phd:-like Grazor faecal pellets

Phaeophytir Phtna Grazor faecal pellets

Here we used the pigment grouping method proposed byoefficients have been obtained by multiple regression anal-
Claustre (1994) and Vidussi et al. (2001) and recentlyysis, performed on a global pigment database (Uitz et al.,
improved by Uitz et al. (2006). Seven pigments are 2006). Eventually the TChlbiomass associated with each
used as biomarkers of several phytoplankton taxa: fucox<class is derived according to:

anthin, peridinin, alloxanthin, 19utanoyloxyfucoxanthin,

19-hexanoyloxyfucoxanthin, zeaxanthin, total chlorophiyll-  [TChlaImicro=fmicroX[TChla] (3a)

(for abbreviations see Table 1). These taxa are then gather _

into three size classes (micro-, nano-, and picophytoplan e-ﬁChla]”a”O_f”a”@([TChla] (3b)
ton), according to the average size of the cells. The fractiorh.Chla]
of each pigment-based size class with respect to the total phy-
toplankton biomass is calculated as follows:

pico=TpicoX[TChla] (3¢)
2.5 Computation of the in situ derived euphotic depth

The depth of the euphotic zone (Ze), representing the depth
where irradiance is reduced to 1% of its surface value,
210 201m : _(0.60(All0 |+0.35But|+1.27[He oP  (1b was computed using the in situ [TGd}IproﬂIe_s according

um:  fnanc=(0.60[All0] (But] [Hex))/w (1b) to the model developed by Morel and Maritorena (2001).
Less than 2um : fpico=(0.86(Zed-+1.01[TChIb])/wDP (1c) The water column [TCld] was progressively integrated
with increasing depths and Ze was consequently determined

whgre WD'.D s the_ sum of the concentration of the Seventhrough an iterative process which is described in Morel and
weighted diagnostic pigments: Berthon (1989)

Greaterthan 20m :  fmicro=(1.41[Fucd+1.41[Peri)) /wDP (1a)

wDP=141[Fucd+1.41[Peril+0.60[Allo ]4+-0.35But] (2) _
+1.27Hex|-0.86(Zed + L.OLTChib] 2.6 Remotely sensed surface chloroplwyllised to derive

the phytoplankton vertical community composition
Each diagnostic pigment is associated to a coefficient which

represents an estimate of the average ratio of thed@m-  The algorithm developed by Uitz et al. (2006) was applied,
centration to the diagnostic pigment concentration. Thesend the vertical profiles of [TCh] associated with the three

Biogeosciences, 5, 35369, 2008 www.biogeosciences.net/5/353/2008/
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Fig. 3. Contour plot of the measured TG@Ghtoncentrations (mg me) for the Biosope cruise transect. Large black dots represent the depth of
the euphotic layer, Ze (m). Small black dots represent collected water samples at each sampling station. (Ocean Data View (ODV) software,
version 3.0.1, R. Schlitzenttp://odv.awi-bremerhaven.d&005).

afore-mentioned pigment-based size classes were derive@. Results
This implies the use of the near-surface T&kbncentra- _ -
tions, which can be obtained from remotely sensed ocea-1 General hydrographic conditions

colour.
General hydrographic conditions, including the distribution

For each station sampled during the BIOSOPE cruise, thef temperature and salinity, are detailed in the introduction
corresponding near-surface [TGhiwas extracted from Sea- of this special issue (Claustre et al., 2008).
WIFS imagery ([TChi]sas mg nmi3), given the geographic
location and date of sampling. When no [TGRk was 3.2 Pigment distribution
available, values were extracted from the SeaWiFS images

corresponding te:1 day,+2 days, or+3 days, with respect In t(_erms of algal biomass (Fig. 3), thg surface_ Teotdncen-
to the date of in situ sampling. For 39% of the stations, frations were lowest at the hyper-oligotrophic centre of the

the date of SeaWiFS and in situ measurements coincidedSPSG (0.017 mg P at station 6), while the highest surface
for 42% they were 1-day shifted, for 10% they were 2-day values were found at both ends of the transect in the eutrophic
shifted, and for 9% they were 3-day shifted. This strategy!PWelling area (up to 1.5mgmi) and in the mesotrophic
was chosen in order to keep all the data. A detail of theMarquesas area (0.200 to 0.400 mgin  Furthermore, a

full procedure to derive vertical profiles is given in Uitz et Progressive deepening of the DCM towards the centre of the

al. (2006). Only a short summary is given below. gyre could be observed, varying from 50 m depth in the Mar-
guesas areato 180 m in the centre of the gyre (reaching 190 m

Firstly, the satellite derived euphotic depth was computedat Station 6). Pigment concentrations at the DCM in the
from the [TChhk]sat value by using successively the statisti- SPSG were generally 10 fold those observed at the surface
cal relationship linking [TChil]satand the column-integrated  (Fig. 4a). Down to 50 m at the Chilean upwelling, the T&hl
content (Eqg. 8 of Uitz et al., 2006), and that of Morel et Mar- profile is generally homogenous.
itorena (2001) relating the column-integrated content and The mean clear sky daily PAR irradiance at the surface
Zesar The euphotic depth was then compared to the mixeds 51.8 mol quantam?d—1 (Huot et al., 2007). This covers
layer depth (Zm) to determine whether the water column waghe whole transect, the variability due to latitude being in-
stratified (i.e. ZeeZm) or mixed (i.e. Z&cZm). For strat-  significant. Figure 3 illustrates how the Ze, which therefore
ified waters, the [TCli]sa value was used to generate di- corresponds to the 0.5 mol quantatd—? isolume, closely
mensionless profiles (with respect to depth and to biomassfollows the position of the DCM except in the centre of the
of TChla associated with micro-, nano-, and picophytoplank- gyre where the DCM is clearly below the Ze.
ton. Depth profiles were restored to physical units by mul- In contrast with TChi, the accessory pigments do not
tiplying the depths byZesy: and the concentrations by the all exhibit the same East-West “symmetrical” distribution.
mean TCht concentration within the euphotic layer. For Figure 5 illustrates the vertical distribution of 6 representa-
mixed waters, the [TChlsa: value was used to determine tive pigments.
the proportion of each pigment-based size class, eventually Total chlorophyllb or TChl+ (Fig. 5a), reflecting
multiplied by the [TChk]satvalue, and extended through the both chlorophytes, prasinophytes (chloropt)ll- and
water column to generate uniform vertical profiles. prochlorophytes (divinyl chlorophy®), showed minimum

www.biogeosciences.net/5/353/2008/ Biogeosciences, 538532008


http://odv.awi-bremerhaven.de/

J. Ras et al.: Phytoplankton pigment distribution in the South Pacific
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Fig. 4. Average vertical pigment profiles (mg*rﬁ) at the MAR, HNL, St4B, GYR, EGY, UPW and UPX site&) Total chlorophylla and
divinyl chlorophyll-, the horizontal lines represent the depth of the euphotic layer (Bgkeaxanthin, 19hexanoyloxyfucoxanthin and
fucoxanthin;(c) degradation products: phaeophorhkieiphaeophytin and chlorophyllidez. Horizontal bars represent the average value
+SD.

concentrations at the surface of the gyre (less than The photoprotecting zeaxanthin or Zea (Figs. 4b and
0.001 mg nt3), while the deep maximum (down to 200m) 5c), found in cyanobacteria and prochlorophytes, showed
could reach more than 0.100mgf Maximum concen-  very low surface values in the centre of the gyre (around
trations were encountered at station 20 (0.245m@nand  0.010mgnT3 at the surface) and progressively increas-
station UPX (0.400 mg r?). Because divinyl chlorophyil ing concentrations with depth, with a maximum (about
is totally absent in the upwelling zone, this feature is 0.050 mgnT3) above the DCM, around 150 m. A particular
likely the signature of green eukaryotes. A remarkablezone, coinciding with the South Pacific Tropical Water mass
feature in the gyre system is the high T@htoncentration between HNL and station 4, was characterised by high and
below the DCM which is essentially composed of divinyl constant zeaxanthin concentrations between the surface and
chlorophyll+ (reaching up to 100% of TChib). 100 m depth. In the upwelling area, zeaxanthin was detected
Divinyl chlorophyll-a or DVChl-a, (Figs. 4a and 5b), rep- in very low concentrations, while the photoprotecting diadi-
resentative of prochlorophytes, was detected over the whol@aoxanthin and diatoxanthin, (essentially typical pigments of
studied area, except for the upwelling zone, with surface wadiatoms and prymnesiophytes) significantly increased (data
ter concentrations varying around 0.040 mg¥at the MAR ~ not shown).
station, increasing to 0.050 at the HNL station then pro- 19-Hexanoyloxyfucoxanthin or Hex (Figs. 4b and 5d),
gressively decreasing to 0.003 mgnin the centre of the representative of chromophyte nanoflagellates, was detected
gyre. East of the gyre, surface concentrations did not exceethroughout the whole studied area, with highest concentra-
0.008 mg nT3. At depth, the distribution of DVChlconcen-  tions at the extremities of the transect: in the Marquesas
trations generally followed that of the DCM (Fig. 4a). archipelago (0.060-0.130 mgthand 0.130-0.180 mgn?

Biogeosciences, 5, 35369, 2008 www.biogeosciences.net/5/353/2008/
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4 Total chlorophyll b d) 19'-Hexanoyloxyfucoxanthin
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Fig. 5. Vertical cross sections for pigment concentrations (m‘g"‘)racross the BIOSOPE cruise transéa). Total chlorophylld; (b) divinyl
chlorophylla; (c) zeaxanthin(d) 19 -hexanoyloxyfucoxanthin(e) fucoxanthin;(f) bacteriochlorophylk.

at the surface and 50 m depth respectively), around stationdepth (0.0015 to 0.0033mgmd). The surface BChl
20 and 21 (0.140mgrPand 0.400mgm?3 at the surface  concentrations within the gyre system remained extremely
and 50m depth respectively) and at station UPW (0.140-ow and close to detection limits (0.0005mg#), while
0.230mgn3 and 0.320mgm? at the surface and 40m a BChk deep maximum was observed around 100m
depth respectively). The @exanoyloxyfucoxanthin con- (0.0010 mgn3). In the upwelling area, the BGhlconcen-
centrations at the UPX site were lower than 0.067 mgm trations were the highest measured over the whole transect
Lowest concentrations were found at the centre of the gyre(between 0.0020 and 0.0090 mg ).
0.005 mg 3 at the surface and 0.050 mg#hat the DCM. Minor pigments such as prasinoxanthin and alloxanthin,
Interestingly, throughout the central gyre the Hex concen-respectively associated to prasinophytes and cryptophytes,
trations were twice higher around 270 m depth than at thewere never detected in the Marquesas area and hardly in
surface (0.011 mg ). the SPSG (data not shown). However, prasinoxanthin, as-
Fucoxanthin or Fuco (Figs. 4b and 5e), a tracer of di-sociated to chlorophylb, as well as neoxanthin, violax-
atoms, was found in very low amounts throughout the SPSGanthin and lutein (typical indicators of chlorophytes and
Significant concentrations were only found in the Marque- prasinophytes), were found in significant concentrations at
sas waters (0.020 to 0.080 mgfat the surface and up to the coastal upwelling UPX site, thus suggesting an important
0.100 mg nv3 at 50 m depth) and in the upwelling zone, par- localised contribution of green picophytoplankton in these
ticularly at station UPW (0.700 and 1.600 mg#at the sur-  waters.
face and at 40 m depth respectively). Fucoxanthin concentra- Chlorophyllidea or Chlida and phaeopigments (Fig. 4c)
tions did not exceed 0.200 mgThat station UPX. were scarce in the gyre, sometimes detectable at the DCM.
At the MAR station, bacteriochlorophydl-concentrations  Chlida was present in significant and variable amounts at the
(BChl-a, Fig. 5f) in the first 100 m varied around 0.0015 and MAR and UPW stations. The degradation products derived
0.0035 mgm3. At the HNL station, they were variable but from the demetallation of chlorophydl-associated to grazing
lower than at MAR (between 0.0010 and 0.0016 mgim activities (phaeophorbide-and phaeophytia) were found
although a slight deep maximum was observed around 80nm high concentrations essentially in the upwelling area, with
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Fig. 6. Biosope cruise cross sections of in situ T&hbncentrations in mg (118 (a—c)and percentaggg—g)associated to the pico-, nano-
and microphytoplankton size classes. Black dots represent sampling points.

the phaeopigment to TChlratio increasing constantly with  of nanophytoplakton %60%), while minimal proportions

depth up to values of 1.500. Degradation pigment concentraare found in the SPTW area<80%) and in the upwelling

tions generally showed a good correlation with the fucoxan-zone. Microphytoplankton, as for fucoxanthin, points to

thin concentrations (data not shown). the scarcity in diatom populations across the gyre system
(Fig. 6¢). Interestingly, a slight increase in the proportion

3.3 Distribution of the phytoplankton pigment based sizeof essentially fuco-containing phytoplankton is observed

classes in the surface waters of the central gyrel0%, Fig. 6f)

while proportions are less than 10% in the rest of the

Picophytoplankton, represented by cyanobacteria andyre system. The Marquesas waters are also enriched in

prochlorophytes in this study, present similar variationsfucoxanthin-containing microphytoplanktos20%). In the

to TChle (Fig. 6a), with a deep maximum coinciding upwelling zone, microphytoplankton represents more than

with the DCM (around 180m in the centre of the gyre). 60% of the TChi biomass. The contribution of peridinin

Picophytoplankton is unusually high at the UPX station. to the microphytoplankton pool is generally low, but there

In terms of percentages of TGhlthe highest values for are some exceptions: for example the Peri to Fuco ratio is

picophytoplankton £70%) are found associated with particularly high &2) in the SPTW area and at sites 15 and

South Pacific Tropical Water (SPTW) between stations 220.

and 5 (Fig. 6d). Elsewhere in the gyre, the proportion of

picophytoplankton varies between 40 and 60% down to3.4 TChk biomass and pigment-based size classes: mod-

250m. Nanophytoplankton in the gyre system varies in elled versus in situ data

concentrations and proportions that are comparable to the

picophytoplankton (Figs. 6b and 6e), although below 250 m,3.4.1 Global trends in Tchl

it is found in proportions greater than 60% (essentially

due to the quasi dominance of Hex). At the MAR station, The vertical sections of the TGhiconcentrations obtained

nanophytoplankton is the predominant class. Surface waterBom in situ measurements and from the model are presented

at stations 17 and 18 also present relatively high proportionsn Figs. 3 and 7, respectively. The comparison between these
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Fig. 7. Contour plot of the predicted TChkoncentrations (mg o) for the BIOSOPE cruise transect. (Ocean Data View (ODV) software,
version 3.0.1, R. Schlitzenttp://odv.awi-bremerhaven.d&005).

In situ data from the BIOSOPE cruise Predicted data for the BIOSOPE cruise
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Fig. 8. Composition of the phytoplankton population as a function of surfaced @micentrations for in situ and model dafa) integrated
percentages of pico-, nano- and microphytoplankton between 0 and 1.5 Zi&) andface percentages of pico-, nano- and microphytoplank-
ton.

two figures illustrates the capacity of the model to reproduce3.4.2 Global trends in pigment-based size classes

the general trends in the horizontal and vertical distribution

oLthe Té:hh.hNota?ly, the model _S|mula§er]s the gra<|j|e|nt In a first approach we considered the contribution of the
observed In the surface concentrations W'; extremely 10Wy, o6 nigment-based size classes to the total phytoplankton
values in the core of _the gyre=0.030 mg nv _) an_d hlgher . biomass as a function of the surface [T&hl To do so,
values at the extremities of the transect, i.e. in the vicin-y . <ome procedure as described in Uitz et al. (2006) was

itZ of the Marq3uesas Islands and of the upwelling of_ChiIe used. Namely, the average contribution of each phytoplank-
(+1.500mg ). It also reproduces the surface maximum ., qj,e class was calculated for the surface layer on the

at each end of the transect as well as the deepening of thgne hand, and for the 0—1.5 Ze layer on the other hand, for

hmaximum irr: the cet:ltr(fe ok:‘the gy:ﬁ' Bgside§ th(lase_fs'imileltritie%ne trophic categories defined by successive intervals of sur-
owever, the depth of the TGhimaximum is significantly  ¢;.6 [TChy]. The resulting contributions are compared to

underestimated in the core of the gyrel0m according to 456 ohtained from the global dataset from which the model
the model vs. 180 m following in situ measurements). has been derived (Fig. 6 in Uitz et al., 2006). The changes
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Fig. 9. Cross sections of the predicted T@lebncentrations along the BIOSOPE transect for pico-, nano- and microphytoplankton, expressed
in mg nm—3 (a—c)and percentagesi—f).

in the contribution of the three pigment-based size classeghe database from which the model has been derived. In ad-
as a function of the surface [TGHldisplay the same gen- dition, this comparison exercise allows the identification of
eral trend for both datasets (Fig. 8). Indeed, the contribu-several features where the phytoplankton composition is not
tion of microphytoplankton tends to increase with the sur-typical of the model-based composition associated to a given
face TChk concentration, and reaches up to 50-60% for asurface [TCht]. These particularities may be related to the
surface [TChi] of 1.000mgnT3. In contrast, picophyto- very unique spatial and temporal features (large- or small-
plankton dominate in oligotrophic conditions:$0% for a  scale) that occurred within the study region. Within the fol-
surface [TChi] of 0.030mgnT3) and nanophytoplankton lowing discussion, several areas, characterized by atypical
in mesotrophic conditionsx50% for a surface [TChl of pigment distributions and associations, will be depicted.
0.500 mg nT3).

3.4.3 Deviations with respect to the global trends 4 Discussion

The comparison between in situ data and predictions showg.1 General trends

that, at a first order, the model performs well for the wide

range of trophic situations encountered along the BIOSOPE.1.1 Dominance of picophytoplankton in the South Pacific
transect (Fig. 8). The sections of the absolute and relative Subtropical Gyre

TChla concentrations of micro-, nano- and picophytoplank-

ton obtained from the model are presented in Fig. 9, to beBetween stations 1 and 16 (from 13% 132.2W to
compared to Fig. 6 (in situ data). In terms of absolute con-31.4 S; 93 W), picophytoplankton is generally the most
centrations, the model displays similar values to those meaabundant size class (50-60% of the phytoplankton biomass
sured in situ. The global trends are also well represented imown to 250 m). This observation is consistent with other
terms of relative values, as expected from Fig. 8. This ex-studies in tropical and subtropical areas of the world ocean
ercise thus represents an a posteriori validation of the modg[Claustre and Marty, 1995; Bidigare and Ondrusek, 1996;
considering that the BIOSOPE dataset was not included irMackey et al., 1996; Dandonneau et al., 2006). In these
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strongly illuminated waters, cyanobacteria essentially dom'TabIe 2. Average valuest SD of the 0-1.5 Ze integrated TGhl

inate the phytoplankton populations. Synechococcus ar@quntents (mgm2) associated to the total phytoplankton biomass
more abundant at the surface and Prochlorococcus at depihd to the three pigment-based size classes: pico-, nano- and mi-

(Fig. 11b and Fig. 11c). When DVGhlconcentrations  crophytoplankton between stations 1 and 16 for the gyre system
from the BIOSOPE cruise were compared with data fromand for stations MAR, EGY, UPW and UPX.

the Atlantic subtropical gyre systems (Uitz et al., 2006),
it resulted that such low surface concentrations had never Stations TChi  [TChla]-pico [TChla]-nano  [TChk]-micro

yet been measured and that, as for TChhe deep maxi- St1-St16  20.32.1 11.6£1.7 7.4£0.8 1.3:0.3
mum concentration was significantly deeper than observed MAR  30.2+2.8 7.150.1 15.#1.6 7.4:1.4

: EGY 23.0£0.5 11.6£0.5 9.#0.4 1.40.1
e_IseWhere (da_ta not shown). The effect of photoacclima- UPW 7904227  3.816 8.703.4 66.7.18.3
tion (Falkowski and LaRoche, 1991; Partensky et al., 1996;  ypx 37.4:6.9 17.82.1 3.0£0.2 16.5:4.5

Claustre and Marty, 1995) may explain this observation. It
can also lead to an eventual increase of the accessory pig-
ments to TChi ratios with depth (Macintyre et al., 2002).

However this is not a rule, since the pigments do not allthe surface, these pigments which are typical for flagellates
react similarly with changing irradiance. Prochlorophytes could however belong to smaller cells which may be part of
are known to reach maximal relative abundances in highlythe picophytoplankton pool. Further information would be
stratified and extremely nutrient-depleted waters (Partenskyeeded to assess the real definition of size classes relative to
et al., 1999, Johnson and HOWd, 2000) Either VariationSthe p|gment Composition in such 0|igotrophic waters.
in community structure or photoadaptive processes within
the cells (phenotypic versus genotypic modifications), may4.1.3 Importance of photoheterotrophic bacteria in olig-
explain the observed vertical structure of the prochloro- otrophic waters
phyte population with divinyl chlorophyld prevailing in
the upper 180m (DCM included) while a layer of divinyl BChla-containing photosynthetic bacteria were most repre-
chlorophyll-b-rich water sits at the base of the DCM (DVChI-  sentative in the centre of the SPSG, with average surface
bIDVChl-a<0.1 above 150 m anek2 at 300 m depth, see BChla/TChla ratios of 2% progressively decreasing down
also Fig. 11a). Goericke and Repeta (1993) and Partento 0% at 170m depth (Fig. 11f). These values are much
sky et al. (1996) made similar observations in the North At- [ower than the range of 5 to 10% mentioned by Kolber et
lantic. Moore and Chisholm (1999), Partensky et al. (1999),al. (2001). The results from the BIOSOPE cruise agree bet-
Johnson et al. (2006), Bouman et al. (2006) and Garczareker with Cottrell et al. (2006) who measured ratios between
et al. (2006) support the hypothesis that several genetically).3% and 2.6% in the Mid-Atlantic Bight and are higher than
different prochlorophyte populations coexist over a verticalthose measured by Goericke (2002) in the oligotrophic Cali-
light gradient. These ecotypes would be characterised bYornia Current System (0.7%). This is consistent with paral-
varying DVChb to DVChla ratios indicating their adapta- lel measurements done by Lami et al. (2007) who found high
tion to low-light (below the thermocline) or high-light (in the standing stocks of aerobic anoxygenic phototrophic (AAP)
upper mixed layer) environments. The extent of the depthbacteria above the DCM in the SPSG.
reached by prochlorophyte populations may not only depend
on light and on nutrients, but may also be limited by temper-4.1.4 The Marquesas Archipelago — HNLC transition zone
ature. Indeed, in the SPSG, the divinyl chlorophyland
divinyl chlorophyll-+ concentrations were always detected Comparison with the model data essentially focuses on the
above the 19C isotherm, as has been previously observedtransition between the MAR and HNL sites, as the pigment
by Dandonneau et al. (2006) and Partensky et al. (1999). distribution differs from one site to another. At the MAR site,
the average integrated TGhbiomass between the surface
4.1.2 Ubiquity of nanophytoplankton in the South Pacific and 1.5Ze varied around 3@&2.8gn1?2 (Table 2). Bidi-
gare and Ondrusek (1996) measured values (between 0 and
Throughout most of the SPSG, nanophytoplankton, essent50m) ranging from 24 to 30 mg TGhin—2 in the same
tially represented by Hex, corresponded to 40-50% of thearea. Nanophytoplankton was the predominant size class
TChla biomass down to 200 m depth (Fig. 11d). The ubig- (50—-60%) between 0 and 175 m as equally predicted by the
uity of the nanophytoplankton class, even in conditions ofmodel. This is well represented by the Hex distribution.
hyper-oligotrophy and high irradiance, reflects a strong ca-Above 80 m depth, the microphytoplankton pool had similar
pacity for adapting to the extreme conditions encounteredoroportions to picophytoplankton (20—-25% each), while be-
along the transect and as well as at great depths where ndew 80 m it decreased to less than 10% (Figs. 6d and f). The
trients become available. Caution must be taken with theMAR site was also the only site of the transect (apart from
definition of nanophytoplankton as it is essentially based orthe upwelling), where signs of diatom senescence could be
the presence of Hex and But. In the study area, especially dbund. Microscopic observations showed significant counts
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Fig. 10. Contour plot of the Photoprotection Index (PI) across the BIOSOPE transect. The large black dots represent the depth of the euphotic
layer (Ze). The small black dots represent the collected water samples at each station. (Ocean Data View (ODV) software, version 3.0.1,
R. Schlitzerhttp://odv.awi-bremerhaven.de&005).

of diatoms and a low number of dinoflagellate populationsthe BIOSOPE cruise. Unsurprisingly, this made it difficult to
(Gomez, personal communication, 2006). The proportion ofpredict the extent of the chlorophyll maximum in the centre
peridinin also remained low, confirming the weak contribu- of the gyre. Although some small nuances exist in the pig-
tion of the dinoflagellate population. This is in agreement ment distribution, the main and more important particular-
with previous observations in the Equatorial Pacific Oceanity of the SPG remains its exceptional transparency (Morel
(Bidigare and Ondrusek, 1996). However precautions mayet al., 2007). This is likely the result of exceptional weak
need to be taken with the interpretation of the peridinin con-diffusive nutrient fluxes from the deep nutricline. Through-
centrations, as dinoflagellates that do not contain peridininput the gyre, the integrated TG@htoncentrations between
like certainGymnodiniunsp., have already been observed in 0 and 1.5Ze varied around 26&:2.1 mgnt? (Table 2) and
these waters (Chavez et al., 1990; Landry et al., 2000). fall within the range of those measured between 0 and 250 m
As expected, the HNL site, being “upstream” of the South by Claustre and Marty (1995) in the North Tropical At-
Equatorial Current, was more typical of the stratified olig- lantic Ocean. This implies that although the phytoplank-
otrophic gyre waters, with a two fold increase in the pro- ton biomass can develop at larger depths than in other parts
portion of picophytoplankton (Fig. 6d). A strong proportion of the world ocean, the biomass integrated down to 1.5Ze
of picophytoplankton, essentially prochlorophytes, prevailedseemingly remains comparable to other subtropical gyre sys-
around 130 m. An unusually high contribution of DV@hl tems. The phytoplankton community therefore follows the
was also observed at this depth. Nanophytoplankton represame general trends as observed for other gyres with the no-
sented about 30% of the total T@Hbiomass (Fig. 6e). The ticeable difference that the distribution is more extended (di-
proportion of microphytoplankton showed a discrete maxi-luted) over the geometric depth. Actually with respect to eu-
mum around 60 m but remained below 12% (Fig. 6f), with a photic depth (the ratio Z/Ze) the DCM in the SPG is located
higher contribution of peridinin (dinoflagellates). It appears deeper than in other gyres. The DCM is generally associated
that the algal population at the HNL site is influenced by theto the depth of the euphotic zone in other subtropical gyres
proximity of the more hydrodynamically stable South Pacific (Letelier et al., 2004; Uitz et al., 2006), while for the most
Tropical Water formation area rather than the turbulent wa-oligotrophic stations of the SPG, it was located~dt.2 Ze
ters of the Marquesas Islands (Signorini et al., 1999). (i.e. at 190 m for Ze=160m). Consequently, phytoplankton
at the level of the DCM and below has developed the most

4.2 Geographical particularities in the pigment distribution extreme adaptation characteristics with respect to light.

and associations The adaptation to these extreme optical conditions can also

be investigated through light intensity, characterised by the
4.2.1 Extreme depth of the DCM in the Central South Pa-photoprotection index PI:

cific subtropical gyre

Pl=(Diadinoxanthint- Diatoxanthin+ Zeaxanthin/[TChla] , (4)
The chlorophyll maximum has rarely been observed to reach

such remarkable depths in the global ocean as those encouAs expected, the values of the Pl increase towards the sur-
tered here. Although comprehensive, the dataset on whiclface, but more interestingly, the depths of the euphotic layer
the model is based does not include data collected in suchlong the cruise track appear to closely follow the vertical
extreme oligotrophic conditions as those encountered duringariations in the PI (Fig. 10).
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Fig. 11. Cross sections for pigment concentrations normalised to Total chlorophgtiross the BIOSOPE cruise transecfa)
Total chlorophyllb/TChl-a; (b) Divinyl Chlorophyll-a/TChl-a; (c) Zeaxanthin/TChi; (d) 19-Hexanoyloxyfucoxanthin/TCht (e)
Fucoxanthin/TChl; (f) Bacteriochlorophylle/TChl-a.

4.2.2 A deep nanoflagellate population Gomez (2007), in accordance with the model results, de-

scribes a distinct decrease of the diatom population towards
A sudden increase in the proportion of nanophytoplanktonthe centre of the gyre and towards the surface. Therefore
was observed at the base of the DCM (Fig. 11d). This featureaccording to microscopic observations this small increase of
has been observed in other subtropical gyre systems (Clausucoxanthin should not originate from a diatom population
tre and Marty, 1995; Monger et al., 1999), but the reasongGomez, personal communication), unless the diatom cells
for its existence are still unclear. Claustre and Marty (1995)are smaller than 1am (lower limit of detection for the mi-
suggest that this deep nanoflagellate population can develogroscopic method).
close to the nutricline, which is the case here. Other types of
measurements from the cruise indicated that this deep layer Certain endosymbiont cyanobacteria, attached to particu-
was particularly rich in coccoliths (Beaufort et al., 2007). lar diatom genera, directly fix dinitrogen and can supply all
Twardowski et al. (2007) observed a high backscattering rathe nitrogen required to their host (Carpenter, 2002). Ven-
tio in this layer and suggest that this population may corre-rick (1974) and Scharek et al. (1999) have reported that sev-
spond to the coccolithophorforispharea profunda eral diatom species of the gendfi@miaulusor Rhizosole-

nia in association with the diazotroph cyanobactdiahe-
4.2.3 Slight increase in microphytoplankton in the centrelia intracellularis are able to survive in oligotrophic sur-

of the SPSG face waters. Indeed, although in low abundartemiaulus

hauckiiwere observed by microscopy to be the only diatom
The microphytoplankton group was extremely sparse in thespecies at the surface at station 12 (Gomez, personal com-
SPSG. Nevertheless, in the 0—80 m surface layer, a slight inmunication, 2006). Nevertheless, very little is yet known
crease in the proportion of microphytoplankton, essentiallyabout these symbioses. Other large species of diathths (
represented by fucoxanthin (Fig. 11e), was observed at thenodiscusRhizosolenianats) or dinoflagellate$§rocysti
centre of the gyre (particularly station 11). In contrast, can migrate between the nutricline and surface waters in
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nutrient-poor conditions (Villareal et al., 1999; Singler and observed between these 2 sites, with a higher and more vari-
Villareal, 2005), but apart from the presenceMitzschia  able integrated TChlbiomass at UPW than at UPX, the for-
andDactyliosolerbetween 200 and 300 m depth in the gyre, mer being dominated by the microphytoplankton and the lat-
no significant microscopic observations are available. Anter by equivalent proportions of pico- and microphytoplank-
alternative explanation may be the presence of other Fucoton. The offshore UPW station was characteristic of a typ-
containing phytoplankton groups, such as haptophytes oically mature spring bloom with higher biomass concentra-
pelagophytes, but no other associated pigments behave likions essentially represented by diatoms which had probably
Fuco in this area, except for Peri which shows higher propor-been advected offshore from the upwelling zone. This is con-
tions in the surface waters of the SPSG. Hardy et al. (1996firmed by the nutrient concentrations (Raimbault et al., 2007)
and Gomez (personal communication, 2006) have observethat showed near-depletion in the surface waters of the UPW
small dinoflagellates to occur in the surface waters of thesite and which may attribute the decrease of phytoplankton
central gyre. Certain species of dinoflagellates are knowrbiomass towards the surface as a beginning of nutrient star-
to contain Fuco, especially when Peri is absent (Morden andvation. Furthermore, signs of pigment degradation related to
Sherwood, 2002). So even though Fuco and Peri do not corsenescence and grazing were highest for this site (Fig. 5c).
relate well, one can hypothesise that the Fuco contribution irStuart et al. (2004) had similar results along the Chilean
these waters may partly originate from dinoflagellate popu-coast, i.e. typical upwelling features with high phytoplank-
lations. ton biomass (above 10 mgT#) and microphytoplankton-
predominant populations, especially above the shelf break,
4.2.4 \ery strong signature of prochlorophytes in the Southand lower concentrations over the continental shelf and off-
Tropical Surface Water shore regions. Only one site in their study presented unusu-
ally high relative concentrations of Ghénd Zea.
The North-western border of the South Pacific Subtropical The surface waters of the coastal UPX site were domi-
Gyre is under the influence of the South Equatorial Cur-nated by a picoeukaryotic community (49 to 70% of pico-
rent (SEC) and represents typical HNLC (High Nutrient Low phytoplankton between the surface and 30 m depth), while
Chlorophyll) conditions. Between stations 2 and 5, the rea-it represented less than 10% of the T&liomass at the
sons for the particularly high proportion of picophytoplank- diatom-dominated UPW site. The pigments associated to
ton (Fig. 6d), and more preciseRrochlorococcus down  the picoeukaryotic chlorophytes, prasinophytes and crypto-
to 150 m, seem unclear. Their development is neverthelesphytes were essentially found in the upwelling zone only,
associated to the remarkably high-salinity waters (36.5) ofwith absolute and relative concentrations several fold higher
the South Tropical Surface Water (STSW), where a strongeat the UPX site than at UPW. The flow cytometry data also
evaporation rate relative to precipitation occurs (Johnson anéhdicated a maximum in concentrations of picoeukaryotes at
McPhaden, 1999) and surface nutrient levels remain, as in théhis site (Grob, 2007). According to the temperature pro-
rest of the gyre system, below detection limits (Raimbault, files, UPX was seemingly the site of recent upwelling of
2007). This water mass can be characterised by a very speold deep waters and the observed phytoplankton community
cific prochlorophyte-dominated picophytoplanktonic popu- was probably at an early stage of development. Experimental
lation. A a consequence, the Zea/T&Inbtios are also ex- tests by Duarte et al. (2000a and b) on a Mediterranean com-
ceptionally high (greater than 1) above 65 m depth (Fig. 11c)munity showed how increasing nutrient inputs lead to an ini-
It is also the only part of the transect where the relativetial autotrophic response of picophytoplankton (particularly
Fuco concentration represents less than 2.5% of theal Chl Synechoccociisvhich is later rapidly replaced by a stronger
biomass (Fig. 11e). As the surface Tehliomass in this and more robust population of microphytoplankton. Further-
zone is not exceptional in comparison to the rest of the gyremore, Larsen et al. (2004) and Bratbak et al. (1990) also
the model does not predict such an unusual distribution inwitnessed an increase in autotrophic picoeukaryotes and/or
the phytoplankton population. The prevailing conditions andcyanobacteria preceding a diatom spring bloom. Claustre et
the exceptional phytoplankton population in this area wouldal. (1994) observed a similar event along a geostrophic front,
definately deserve further investigation. where a ubiquitous flagellate biomass, associated to recently
upwelled water, was observed to develop rapidly before be-
4.2.5 High variability in community structure in the up- ing dominated by a slower developing diatom population.
welling area The picophytoplankton population at UPX was dominated by
picoeukaryotes and not cyanobacteria (very low zeaxanthin
Only the upwelling region was characterised by a proportionconcentrations) nor flagellates (the nanophytoplankton class
of microphytoplankton above 30% (Fig. 6f). This was also varied at background levels at less than 10%, values which
reflected by the model data (Fig. 9f). However both sitesare largely overestimated by the model), but the observations
seem to have been very different in a taxonomical point ofof Claustre et al. (1994), Duarte et al. (2000a, b) and Larson
view, a difference which could not be predicted by the model.et al. (2004) could corroborate the idea that this young pico-
Table 2 summarizes, for the 0 to 1.5 Ze layer, the differencephytoplankton community had quickly responded to a recent
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5 Conclusions

As expected, the surface waters of the South Pacific Su

tropical Gyre are the site of extremely low concentrations

of phytoplankton biomass, requiring highly sensitive ana-

lytical techniques. The HPLC analytical method applied in

this study was especially modified in order to adapt to such
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