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Abstract. The phytoplankton £15um) composition and 1 Introduction
abundance was investigated along-8000 km transect be-

tween the Marquesas Islands Archipelago and the ChileaRhe equatorial upwelling region in the central and eastern
coasts off Concepén. In the southern limit of the central pacific constitutes a large area of the so-called the High
Equatorial Pacific (at8S, 14T W), in High-Nutrient Low-  Nutrient Low Chlorophyll (HNLC) waters, representing a
Chlorophyll (HNLC) warm waters, the microphytoplankton strong source of C®to the atmosphere (Chavez and Tog-
assemblage was dominated by the lightly silicified diatomsgyeiler, 1995). Grazing control, ammonium inhibition of
Pseudo-nitzschia delicatissimend Rhizosolenia bergonii  pitrogen uptake, limitations in silicic acid, micronutrient
The morphology of these species, a small pennate diatonfiron) or light, lack of neritic bloom-forming diatoms among
that exhibited a tendency to form “ball of needles” clusters gther hypothesis have been invoked to explain these para-
and large centric diatom>(500..m long), are interpreted as  goxjcal HNLC conditions (Chavez et al., 1991; Coale et al.,
two anti-grazing strategies in an environment dominated by gge: Dugdale and Wilkerson, 1998). The microscope ob-
small micrograzers. Surprisingly, this a priori typical HNLC servations in the upwelling region of the central and east-
phytoplankton assemblage was also found in the temperatgry equatorial Pacific revealed a recurrent phytoplankton as-
offshore waters of the P@rChile Current between 2000 and semblage mainly composed of the small pennate diatom
600 km off Chile. This observation suggests that a commonpgeydo-nitzschia delicatissingad the large centric diatom
set of environmental factors (obviously other than temperaRnizosolenia bergon{Hasle, 1960).

ture and salinity) are responsible for the establishment and

maintai.ning of this distinc?ive phytoplankto'n in these ge- equatorial upwelling region that have been focused, in par-
ographically and hydrologically distant regions. Both re- ticular, on biogeochemical fluxes and parameters such as

gions are characterized by a surface nitrate-silicic acid raiomass estimates and rate measures of primary and sec-
tio ranging from 1-3. OccasmnaIIRhlzosolema bergonil ondary production following the iron fertilization. These
showed frustules anomalously fragmented, likely the result

f ext Klv silicified phvtoplankton. Wi tth tstudies were nevertheless accompanied by scarce investiga-
ot extreme weakly sticilied phytoplankion. We sugges aftions on the large phytoplankton composition (Kaczmarska
silicon deficiency may be responsible of the occurrence o

X i and Fryxell, 1994; Iriarte and Fryxell, 1995). They were of-
HNLC phytoplankton assemblage in the tropical central Pa- o . P ;
cific as well as the offshore ReiChile Current during the ten limited to identifications at suprageneric levels (Chavez

tral and Buck, 1990) or focused on the species identification dur-
austraf summer. ing iron-enriched incubation experiments (Fryxell and Kacz-
marska, 1995).

The Peti-Chile or Humboldt Current originates when a
part of the water that flows toward the east across the sub-
Correspondence td=. Gomez Antarctic Ocean is deflected toward the north as it ap-
(fernando.gomez@fitoplancton.com) proaches South America. It flows northward along the coast

The iron-hypothesis has challenged new studies in the
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Fig. 1. Map of the stations occupied (solid squares) in the SE Pacific Ocean.

of Chile, Peti and Ecuador, and is associated with the eco-2 Methods
nomically most important coastal upwelling of the world’s
oceans (Longhurst, 1998). The coastal phytoplankton of thérhe data were collected during the BIOSOPE (Biogeochem-
region is well documented (e.g. Rivera, 1983; Avaria andistry and Optics South Pacific Experiment) cruise on board
Mufoz, 1987). In contrast, the phytoplankton from the openR/V L'Atalante from 26 October-12 December 2004. The
waters of SE Pacific is one of the least known and docu-ship was equipped with a 75 kHz RDI Acoustic Doppler Cur-
mented of the world’s oceans (Balech, 1962), reflecting therent Profiler (ADCP). Water sampling and measurements of
general undersampling of this remote area (Longhurst, 1998temperature and salinity were made using a SeaBird SBE
Claustre and Maritorena, 2003). Very few recent investi-911plus CTD/Carousel system fitted with an in situ Aqua-
gations have been dedicated to the study of the picophytotracka Il Chelsea fluorometer and Niskin bottles. The per-
plankton in the subtropical SE Pacific in latitudinal transectscentage of surface irradiance at each depth was calculated
crossing the equator (DiTullio et al., 2003) or a few surfacefrom the underwater PAR (Photosynthetic Active Radia-
net samples with scarce detail on the phytoplankton specifitcion, 400—700 nm) profiles performed by a PNF-300 Profil-
composition (Hardy et al., 1996). ing Natural Fluorometer sensor (Biospherical Instruments,
Within this context, we examined the composition and Inc.). The limit of the euphotic zone corresponds to the depth
abundance of phytoplankton in relation to physical andwhere PAR is reduced to 1% of its surface value. Major nutri-
chemical properties in the SE Pacific Ocean as part of @&nts and chlorophytt were measured as described in Raim-
multidisciplinary survey along a transect #8000 km cov-  bault et al. (2007).
ering contrasted trophic conditions: HNLC waters of the For microplankton analysis, samples were collected at
Marquesas Islands Archipelago, hyper oligotrophic watersi4 stations from 5-280m depth (Fig. 1). One hundred
of the South Pacific Gyre (SPG), and more eutrophic condi-samples were preserved with acidified Lugol’s solution and
tions in the Peir-Chile Current (PCC) and the Chilean coastal stored at 3C. A 500 ml aliquot of the sample was concen-
upwelling. The present study focuses on the HNLC phy-trated by sedimentation in glass cylinders. During a six-day
toplankton assemblage (HNLC-PA) near the Marquesas Issettling period, the top 450 ml of the sample was slowly si-
lands Archipelago, the southern limit of the equatorial up- phoned off with small-bore tubing. Fifty ml of the concen-
welling region that unexpectedly was also observed in a vastrate representing 500 ml of whole water sample was used
region of the temperate waters of the SE Pacific off Chile.for settlement in a composite settling chamber. The en-
The similarity in HNLC phytoplankton assemblage betweentire chamber was scanned at 20@nagnification under an
two distant geographical and hydrological regions is ana-Olympus inverted microscope equipped with a digital cam-
lyzed and interpreted in the context of possible driving fac-era. The specimens were photographed at46tagnifica-
tors precluding this a priori paradoxical situation. tion with the Olympus DP70-BSW software. This method-
ology is suitable for the counting and identification of organ-
isms higher than 1am. Diatoms and dinoflagellates were
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Fig. 2-9. Section plots of(2) temperature9C) and the isopycnals li
(3) Salinity. (4) Fluorescence (relative units]5) Nitrate-chlorophylla
Rhizosolenia bergondnd(9) Pseudo-nitzschia delicatissingeells ~1).

well preserved, while most nanoplankton was lost due to

nes labelled in units of sigma-t (density-1000)(i}) rare shown.
ratio. (6) Nitrate-silicic acid ratio.(7) Abundance of diatoms(8)
The dashed lines represent the percentage of the surface irradiance.

2—-3um in width) and the large centric diatoRhizosole-

preservation (i.e. coccolithophorids) or incomplete sedimen-ia bergonii (>=500xm in length). The microphytoplank-
tation. The organisms were identified to species level wherton abundance reached up to 31000 ceflsin the upper

possible.

3 Results
3.1 Tropical HNLC Phytoplankton assemblage

Waters surrounding the Marquesas IslandsS814F W)

under the influence of the South Equatorial Current consti-
tuted the southern border of HNLC waters of the Equatorial

Upwelling Region. Salinity ranged from 35.5-35.7 and the
surface temperature reached 29The vertical distribution
of the fluorescence showed a wide maximum in the uppe
50 m depth (Figs. 2—4). The concentrations of chloropdyll
(Chla) were about 0.3—-0,6g |~ with values of the nitrate-
Chl a ratio higher than 5 (Fig. 5, Table 1).

Along 600km between @3 S and 1332’ S extended

the tropical HNLC-PA mainly represented small pennate di-

atom Pseudo-nitzschia delicatissim@0-80um in length,

www.biogeosciences.net/4/1101/2007/

60 m depth of the surrounding waters the Marquesas Islands
Archipelago (Fig. 7).Pseudo-nitzschia delicatissintemi-
nated the HNLC-PA with more than 85% of the total abun-
dance. This threadlike and lightly sicilified species was rela-
tively homogeneously distributed in the upper 60 m depth,
and often forming clusters of 10-20cells (Figs. 10-11).
Other abundant colonial congeneric species weseudo-
nitzschiacf. subpacifica(Fig. 12) andPseudo-nitzschiaf.
pungens Strongly elongated cells (up to 20Q2@ in length)

of the pennate diatonThalassiothrix longissimaeached
densities of 1200 cellst and other diatoms such #&a-
Igiotropis spp. andHasleaspp. were abundantRhizosole-

nia bergonii was dominant and reached an abundance of
1000 cellst! (maximum at 40-60 m depth, Figs. 13-14),
followed by Rhizosolenia acuminat120cellst?). Al-
though the abundance of these diatoms was low compared
to Pseudo-nitzschiapp., it should be taken into account that
they are very large and thick, and contribute importantly to

Biogeosciences, 4, 11032007
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Table 1. Average values in the euphotic zone of chloroply(Chla, ngl™1), nitrate (NG, uM), phosphate (PQS, uM), silicic acid
(Si(OH)4, uM), nitrate-silicic acid ratio (N/Si), nitrate-phosphate ratio (N/P), abundance of diatefrs(m) and dinoflagellates{(15um),
units expressed as cellsd. Ze=depth of the euphotic zone calculated from the PNF-300 Profiling Natural Fluorometer sensor.

HNLC-Marquesas Tropical and South Pacific Gyre (P€hile Current Upw.
Station MAR1 HNL 2 4 6 8 GYR3 12 14 EGY3 18 20 UPW1
Ze 66 90 124 136 157 144 155 152 136 94 87 48 31
Chla 0.46 0.24 0.17 0.12 0.03 0.07 0.10 0.01 0.09 0.19 0.20 053 1.10
NO3 148 1.52 0 0.04 0.02 0 0.01 0.01 o0.01 0.30 4.08 218 2.38
PO;3 0.46 0.36 0.17 0.14 0.12 0.13 0.15 0.15 0.05 0.16 0.42 041 0.63
Si(OH)4 117 1.27 059 104 115 1.16 0.85 0.86 0.83 0.99 057 0.68 2.56
N/Si 127 125 0 0.04 0.02 0 0.01 0.01 0.01 0.32 7.10 3.16 0.86
N/P 3.23 434 0 0.30 0.19 0 0.06 0.04 0.13 161 9.73 4.64 3.62
DIATO 25103 148 8 4 10 1 9 14 15 89 662 176 342548
DINO 117 140 53 34 30 23 34 36 39 49 71 805 783

=

Fig. 10-19.Photomicrographs of microphytoplankton in the SE Pac{fi0—11)Clusters ofPseudo-nitzschia delicatissim20 m and 30 m
depth. (12) Pseudo-nitzschiaf. subpacifica’5 m depth.(13) “Normal” cell of Rhizosolenia bergonii6O m depth.(14) R. bergoniiwith
fragmented frustule, 20 m depth. (10-14p8'S; 14714 W. (15) R. bergoniiwith fragmented frustule, 30 m deptl{16) Rhizosolenia
acuminata5 m depth. (14-16)9S, 13651 W; 30 and 5 m depth(17) Curved cells oR. bergonii(13°32' S, 13207 W, 5m depth).(18)
Auxospore ofR. bergonij 33°21'S, 7806 W, 5m depth. (19) Highly pigmented cells oRhizosoleniasp. (1713 S, 12758 W, 210m
depth). Scale bar=50m.

the phytoplankton biomass. Other common centric diatomsThe dinoflagellates, ranging from 112—180 cetik Ishowed
were Chaetoceros peruvianu@00 cellst! near surface), a shallower distribution than the diatoms. The assemblage
Chaetoceros atlanticugar. neapolitanusPlanktoniella so| was rich on large autotrophic thecate species of the genus
Bacteriastrumcf. elongatumand Asteromphalus heptactis Ceratium (48—108 cellst1), mainly C. tripos C. furca

Biogeosciences, 4, 1101313 2007 www.biogeosciences.net/4/1101/2007/
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C. massilienseC. candelabrumand unarmoured dinoflag- 78 W and 78 W (salinity ~34.1). Near the Juan Fémndez
ellates such a®rachidinium capitatunf. Karenia papil-  Archipelago (650 km off Chile) the salinity decreased to 33.9
ionacea(12-24 cellst!), Pyrocystisspp. and the prasino- and isotherm of 14C shoaled (Figs. 2—-3). This fresher wa-

phyte in phycome stagBterosperma moebii0 cells I1). ter mass found in the surface may correspond to the Eastern
Among the heterotrophic species, dinoflagellak®{operi- South Pacific Intermediate Water as defined by Schneider et
dinium and Gyrodiniun) and choanoflagellates were abun- al. (2003). In these conditions, the fluorescence increased
dant (Table 2). and shoaled (Fig. 4). The ADCP measurements showed a

At a station located 480 km eastwards 8 13651 W), northwards component betweer?3¥ and 84 W, while the
diatom abundance decreased to 100-380 céllFig. 7) current was weak and often reverse towards the coasts of
and was dominated bghizosolenia bergonthat accounted  Chile.
for half of diatoms (Fig. 8). The abundance BSeudo- Large phytoplankton was nearly absent in the upper 120 m
nitzschia delicatissimavas low (<140 cellst) and the di-  of the vast region of the SPG with very deep maximum
atom clusters were not observed. The abundanc®.of composed oNitzschia bicapitatapecies compleXlitzschia

bergonii (180 cellst1) was less reduced than thatRfdel-  spp. and other small pennate diatoms. The large phytoplank-
icatissimain proportion to the previous station (Fig. 9). As ton in the upper layer reappeared towards the westerin Per
occurred in the previous station, specimensRofbergonii  Chile Current. The surface phytoplankton assemblage found

and R. acuminatashowed the frustule anomalously frag- in the PCC coincided to that observed in the central tropi-
mented in some concentric sections of the girdle (Figs. 14-cal Pacific. About 2000 km off Chile under the influence of
16). PCC (3252 S, 9724 W) the phytoplankton was constituted
The decrease of the diatom abundance was associated withf the typical HNLC-PA in surface and deeper the diatom as-
an increase of dinoflagellates (100-230cell§] The au- semblage found in the oligotrophic waters of the SPG. In up-
totrophic species dEeratiumwere replaced by heterotrophic per 100 m, the diatom abundance was 50-196 cellsom-
species such a€. teres The abundance of diatom- posed ofPseudo-nitzschia delicatissin(a60 cells 1), Rhi-
consumers dinoflagellateBrotoperidiniumspp.) decreased zosolenia bergoni{8 cells 1), R. acuminata(6 cells 1),
and smaller heterotrophic species suchCag/toxum vari-  and a few specimens @flagiotropissp. andThalassiothrix

abile andPodolompas spiniferavere common. sp. Deeper than 100 m depth and parallel to the shoaling of
To the south (1382'S, 13207 W), the HNLC-PA was the bottom of the euphotic zone, the abundance of the di-

present with a very low abundance%0 cells 1) (Figs. 7-  atoms was low and composed Dactyliosolensp. (80-150

9). Pseudo-nitzschia delicatissimi0 cellst1), Plank- m depth),Chaetoceros atlanticugar. neapolitanusandTha-

toniella so| a few specimens oR. bergonij and Thalas-  lassiosirasp. (160 cellst* at 80 m depth) (Fig. 7).

siothrix sp. were encountered in the surface layer. Near Inthe upper 60 m depth, the abundance of dinoflagellates
the bottom of the euphotic (100-150m depth, see Fig. 3)fanged from 54-168 cellst. The autotrophic dinoflagel-
the salty South Tropical Pacific Waters coincided with latesGonyaulax polygrammé60 cells I'1), Ceratium fusus
highly pigmented specimens &hizosoleniacf. imbricata  (40cells 1), C. furcawere responsible of the surface maxi-
(Fig. 19), andNitzschia bicapitatapecies complex at 170m mum. Other autotrophic species wéetripos C. azoricum
depth. The abundance of dinoflagellates ranged from 40-C. canderabrumC. kofoidiias observed in the warm HNLC

110cells i1, region and brachidiniaceans. A diverse assemblage of het-
erotrophic dinoflagellates of more eutrophic conditions was
3.2 Temperate HNLC phytoplankton assemblage present (Table 2).

In temperate waters~1300km off Chile (3242'S,

Between 30S and 32 S extended a subtropical front char- 84°04 W) the nitrate-silicic acid ratio was higher than 4
acterized by decrease of the salinity and temperature, anih the euphotic zone, with a maximum of 6 in the sur-
the shoaling of the isopicne of 1025.4Kgf The isoha-  face (Fig. 6, Table 1). The diatom assemblage was sim-
lines between 35.3 and 34.6 were vertically distributed inilar to that in HNLC conditions near the Marquesas Is-
the upper 200m. From 50-200 m depth, the isotherms wer¢gands Archipelago. The diatom abundance showed val-
vertically distributed decreasing between°C8and 16C ues up to 1200cellst in upper layer (Fig. 7) dom-
(Figs. 2-3). To the east, along the salinity frontal region theinated by Pseudo-nitzschia delicatissimé00 cellst1),
fluorescence increased and shoaled between 120 m and 7®seudo-nitzschiaf. subpacifica(120 cellst1), Rhizosole-
80 m depth (Fig. 4). The nitrate-Chlratio showed values nia bergonii(50 cellst1) (Figs. 17—18)Thalassiothrixsp.
higher than 5 (Fig. 5). (40cellst1), Planktoniella sol (16cells 1) and Aster-

The Pe-Chile Current is a width equatorward cold- omphalus heptacti§20 cellst1). Dactyliosolensp. and
water current. The isopicne of 1025.4kg#(Fig. 2) and  Chaetoceros atlanticusar. neapolitanuswere encoun-
the depth of the fluorescence maximum were horizontallytered below the surface phytoplankton assemblage. The
distributed (Fig. 4). The PCC, delimited by isohaline of abundance of dinoflagellates was low (40-78cefls)|
34.3, was associated with fresher waters, especially betweemainly composed ofPronoctiluca pelagicaf. spinifera

www.biogeosciences.net/4/1101/2007/ Biogeosciences, 4, 11032007
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Table 2. List of diatoms, dinoflagellates-(15m) and large flagellates during the BIOSOPE cruise. HNLC=High-Nutrient Low-Chlorophyll
region near the Marquesas Islands Archipelago; SPG=Tropical and South Pacific Gyre; REChiReCurrent; UPW=Coastal upwelling
off Concepcbn.

Diatom taxa HNLC SPG PCC UPW

Asterionellopsis glaciali§Castracane) Round +
Asterolampra marylandic&hrenberg +
Asteromphalus flabellaty8rébisson) Greville
Bacillaria cf. paxillifera (O.F. Muller) Hendey
Bacteriastruncf. comosunPavillard
Bacteriastruncf. furcatumShadbolt
Bacteriastrumspl + +
Bacteriastrumsp2 +
Bacteriastrunsp3 +

Chaetoceros affinisauder +
Chaetocero atlanticusar. neapolitanugSchidder) Hustedt + + +
Chaetoceros compressuauder +
Chaetoceros curvisetiBleve +
Chaetoceros dadayavillard + + +
Chaetocerosf. diademaEhrenberg) Gran +
Chaetoceros didymushrenberg +
Chaetocerosf. diversusCleve +

Chaetoceros laciniosuSchitt +
Chaetoceros laudefalfs +
Chaetoceros lorenzianu@runow + +
Chaetoceros peruvian&rightwell + + +
Chaetoceros radicanScHitt +
Chaetoceros rostratulsauder +
Chaetocerosf. tenuissimudeunier +
Chaetoceros tetrastichableve +
Chaetocerospl

Chaetocerosp2

Chaetocerosp3 +
Chaetocerosp4

Chaetocerosp5

Corethroncf. criophilumCastracane +
Coscinodiscusp.
Dactyliosolernsp. + +
Dactyliosolen fragilissimugBergon) Hasle +
Detonula pumilgCastracane) Scitt +
Eucampia cornutdCleve) Grunow +
Eucampia zodiacuBhrenberg +
Fragilariopsis doliolus(Wallich) Medlin et Sims +

Guinardia delicatula(Cleve) Hasle +
Guinardia flaccida(Castracane) Peragallo +
Guinardia striata(Stolterfoth) Hasle +
Grossleriella tropicaScHitt +

Hemiaulus hauckiGrunow +

Hemidiscus cuneiformig/allich +

Lauderia annulateCleve +
Leptocylindrus danicu€leve +
Neostreptotheca torta triangularis Stosch +

Nitzschia bicapitat@pecies complex + + +
Nitzschia longissiméBrébisson) Ralfs + + +

+ + + 4
+

+ o+ 4o+ + g

+

Biogeosciences, 4, 1101313 2007 www.biogeosciences.net/4/1101/2007/
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Table 2. Continued.
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Diatom taxa HNLC SPG PCC UPW

Nitzschiasp. (braarudii)

Odontellacf. longicrucis(Greville) Hoban

Plagiotropissp. +

Plagiotropissp. (?epidoptera +

Planktoniella so(Wallich) Schitt

Proboscia alataBrightwell) Sundstdm +

Pseudotriceratium cinnamome(@reville) Grunow

Pseudo-nitzschia delicatissinf@leve) HeidersensuHasle 1960 +
Pseudo-nitzschiaf. pungengGrunowexCleve) Hasle
Pseudo-nitzschief. subpacificaHasle) Hasle +
Pseudo-nitzschiapl

Pseudo-nitzschiap2

Pseudo-nitzschiap3

cf. Pseudoeunotiap.

Rhizosolenia acuminat@eragallo) Gran

Rhizosolenia bergonPeragallo +
Rhizosoleniaf. castracanePeragallo

Rhizosolenia cleveiar. communisSundstém

Rhizosoleniaf. imbricataBrightwell

Rhizosoleniaf. imbricatavar. shrubsole{Cleve) Schbder

Rhizosolenia setigerBrightwell

Rhizosolenia styliformiBrightwell +

Skeletonemap.

Thalassionema nitzschioidéSrunow) Mereschkowsky

Thalassionemaf. pseudonitzschioidgSchuetteet Schrader) Hasle

Thalassionema elegamtustedt +
Thalassionemap.

Thalassiosira anguste-lineaté. Schmidt) Fryxellet Hasle

Thalassiosirecf. decipiengGrunow) Jgrgensen

+

Thalassiosirecf. oestrupii(Ostenfeld) Hasle +
Thalassiosira subtiligOstenfeld) Gran +

Thalassiosirasp.
Thalassiothrix longissim&leveet Grunow +
Thalassiothrixcf. heteromorph&arsten +

+ 4y

+

Dinoflagellate taxa

+

cf. Amphidoma caudatBalldal

Amphisolenia bidentat&chibder

Amphisolenia globifer&tein

cf. Blephaerocystap.

Brachidinium capitatuni.J.R. Taylor f.Asterodinium
Brachidinium capitatunf.J.R. Taylor f.Brachidinium
Brachidinium capitatunt.J.R. Taylor f.Karenia papilionacea
Brachidinium capitatuni.J.R. Taylor f.Microceratium
Ceratium arietinunCleve

Ceratium azoricuntleve +
Ceratium belon&€leve

Ceratium brevgOstenfeldet Schmidt) Schider +

+ + + o+ o4

+ ++ + + + 4+ 4
++ + + o+ o+

+
+

Ceratium candelabruntEhrenberg) Stein + +

Ceratium carnegieGrahamet Bronikowsky +
Ceratium carriensésourret +

Ceratiumcf. lineatum(Ehrenberg) Cleve +

www.biogeosciences.net/4/1101/2007/
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Dinoflagellate taxa

HNLC SPG PCC UPW

Ceratium contortunf{Gourret) Cleve
Ceratium declinatun@Karsten) Jgrgensen

Ceratium divaricatun{Lemmermann) Kofoid vadivaricatum
Ceratium divaricatunvar. balechii(Meave, Okolodkowet Zamudio) Herandez-Becerril

Ceratium extensurfGourret) Cleve
Ceratium falcatun{Kofoid) Jargensen

Ceratium furca(Ehrenberg) Clapadeet Lachmann

Ceratium fusugEhrenberg) Dujardin
Ceratium gibberunGourret

Ceratium horridum(Cleve) Gran

Ceratium kofoidiidgrgensen

Ceratium lanceolaturkofoid

Ceratium limulusGourret

Ceratium massiliens@ourret) Jgrgensen
Ceratium pentagonur@ourret

Ceratium platycornd®aday

Ceratium praeolongurfLemmermann) Kofoid
Ceratium pulchellunschider

Ceratium symmetricurRavillard

Ceratium tereKofoid

Ceratium trichocerogEhrenberg) Kofoid
Ceratium tripog(O.F. Milller) Nitzsch
Ceratocorys bipeéCleve) Kofoid
Ceratocorys horrideStein

Citharistessp.

Cladopyxis brachiolatétein

Cladopyxissp.

Cochlodiniumsp.

Craspedotella pileolugofoid
Craspedotellasp.

Dicroerisma psilonereielld&.J.R. Tayloret Cattell
Dinophysis acuminat&lapaedeet Lachmann
Dinophysiscf. swezyadofoid et Skogsberg
Dinophysis fortiiPavillard

Dinophysis mucronatéKofoid et Skogsberg) Sournia

Dinophysis schuettilurray et Whitting
Erythropsidinium agilgHertwig) P.C. Silva
cf. Gonyaulax birostrisStein

Gonyaulax polygramm&tein

Gymnodinium fusuSchitt/Gyrodinium falcatunKofoid et Swezy

Gymnodiniunspl

Gymnodiniunsp?2

Gyrodiniumspp.

Gyrodinium spiralgBergh) Kofoidet Swezy
Histioneiscf. crateriformisStein
Histioneiscf. pulchraKofoid
Histioneiscf. striata Kofoid et Michener
Histioneis cleaverRampi

Histioneis hyalinaKofoid et Michener
Histioneis joergensenichiller
Histioneis longicolliskofoid

+
+ +
+
+ +
+ +
+
+ + + +
+ + + +
+ + +
+
+ + +
+
+
+ + +
+ + + +
+
+
+
+ +
+ +
+ + + +
+ + + +
+
+
+
+ + +
+ + + +
+ + +
+
+ + + +
+ + +
+
+
+
+ +
+ +
+ + + +
+
+ + +
+ + +
+
+
+ +
+ + + +
+ +
+
+
+ +
+
+
+
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Table 2. Continued.

Dinoflagellate taxa HNLC SPG PCC UPW

cf. Histiophysissp. +
Kareniacf. bicuneiformisBotes, Synet Pitcher

Kareniacf. mikimotoi(Miyake et KominamiexOda) G. Hanseert Moestrup
Kareniaspp.

Kofoidinium pavillardiiJ. Cachoret M. Cachon

Kofoidiniumsp.

Kofoidinium velelloide$avillard

Leptodiscus medusoidekertwig

cf. Metaphalacroma skogsberdiai in Tai et Skogsberg

Nematodiniunsp. +
Ornithocercus magnificuStein

Ornithocercus quadratuScHitt +
Ornithocercussp. +
Oxytoxurrcf. crassunmSchiller +
Oxytoxunrcf. frenguellii Rampi

Oxytoxuncf, laticepsSchiller +
Oxytoxumref. longumSchiller

Oxytoxum challengeroiddsofoid

Oxytoxum constrictur(Stein) Bitschli

Oxytoxum curvatur{Kofoid) Kofoid +
Oxytoxum curvicaudatutdofoid

Oxytoxum diploconuStein +
Oxytoxum longicepSchiller +
Oxytoxum scolopa8tein +
Oxytoxunspl

Oxytoxunsp2 +
Oxytoxunsp3 +
Oxytoxunsp4

Oxytoxum tesselatu(®tein) Sclitt +
Oxytoxum variabileschiller + +
Phalacroma rotundatur(Clapaedeet Lachmann) Kofoicet Michener

Phalacromaspl1 +
Phalacromasp2 +
Phalacromasp3

Phalacromasp4

Phalacromasp5

Podolampas bipeStein +
Podolampas elegarfschitt

Podolampas palmipeStein +
Podolampasp. +
Podolampas spinifer®kamura +
Polykrikoscf. schwartziiButschli

cf. Pomatodinium impatiend. Cachoret Cachon-Enjumet + +
Pronoctiluca pelagicdabre-Domergue + +
Pronoctiluca pelagicdabre-Domergue fpinifera +
Prorocentrumcf. compressuniBailey) Abé exDodge +
Prorocentrum dentaturSchiller + +
Prorocentrum rostratun$tein +
Prorocentrumsp. +
Protoperidiniumcf. conicum(Gran) Balech +

Protoperidiniumcf. curtipes(Jgrgensen) Balech + + +

+ + + + +
+ + + + +

T+t +

+ + 4+t + 4+ + + 4 + + +t + +
+ + +

+ 4+ + + + + 4+

+
+ + + + t

+

+ + + + + +
+ + 4+ +

o+
o+
o+
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Table 2. Continued.

Dinoflagellate taxa HNLC SPG PCC UPW
Protoperidiniumcf. depressunBailey) Balech +
Protoperidiniumcf. divergengEhrenberg) Balech +

Protoperidiniumcf. murrayi (Kofoid) Hermandez-Becerril + +
Protoperidiniumcf. obtusum(Karsten) Parket Dodge +

Protoperidiniumcf. ovatumPouchet +
Protoperidiniumcf. steinii (Jgrgensen) Balech + + + +
Protoperidiniumsp. + +
Ptychodiscus noctiluc&tein + +
Pyrocystis fusiformigWyville ThomsonexHaeckel) Blackman +

Pyrocystis lunulgSchitt) Schutt + + +
Pyrocystis noctilucad. MurrayexHaeckel + + +

cf. Pyrocystis obtus&avillard + +
Pyrophacus steini{Schiller) Wallet Dale + +
Scaphodinium mirabil&argalef + + +
Scaphodiniunsp. +

Scrippsiellasp. + +
Spatulodinium pseudonoctilu¢Rouchet) J. Cachogt M. Cachon + +
Spatulodiniunspl + +
Spatulodiniunsp2 +

cf. Spiraulax jolliffei(Murray et Whitting) Kofoid + +
Torodinium teredgPouchet) Kofoidet Swezy + + + +
Large flagellate taxa

Dictyocha fibulaEhrenberg + + +
Pterosperma moeb{lgrgensen) Ostenfeld + + +
Pterosperma cuboidgSaarder +

Halosphaera viridisSchmitz +

Solenicola setiger&avillard + + + +

(40cellst1), Ptychodiscus noctilugaOrnithocercus mag-  pelagicaf. spiniferawere encountered at mid-depths. The

nificus Phalacroma rotundatum Gyrodinium falcatum  abundance of diatoms ranged from 100-600 cefi§Fig. 7)

Gonyaulax polygramm#l2 cells I'Y), Ceratium fususand  with Pseudo-nitzschia delicatissimBhizosolenia bergonii

Dinophysis fortii(8 cells 1) (Table 2). (4 cells 1), andPseudenitzschiact. subpacifican the sur-
About 650km off Chile, a sampling station (3&’'S, face layerThalassiosirasp. (180 cellstl) at 25 m depth and

7806 W) located 30km north from the Robinson Cru- Dactyliosolersp. at 60 m depth were encountered (Table 2).

soe Island, Juan Feindez Archipelago, was visited. The

salinity reached a minimum of 33.9 in the surface. The

ADCP measurements showed an eastwards drift and thé Discussion

surface warm waters run above the entrainment of fresher

waters. This — surface stratified upwelling — resulted on4.1 High Nutrient-Low Chlorophyll phytoplankton assem-

a red tide of dinoflagellates with a surface abundance of blages

4400 cellst. The main component of the red tide was the

non-toxic autotrophic dinoflagellat@onyaulax polygramma The HNLC-PA in the southeast Pacific was dominated by the

that reached 3800 cellst at 5m depth, 530 cellst at25m,  lightly silicified diatomsPseudo-nitzschia delicatissinaad

and nearly disappeared below this depth. Other autotrophi®hizosolenia bergonthat were encountered in the Marque-

dinoflagellates wereCeratium azoricum(90 cellst1), C. sas Islands Archipelago at 8 with a surface temperature

massilienseC. gibberumC. limulus Ptychodiscus noctiluca of 28° C and salinity 35.5, and between 2000 and 600 km

and brachidiniaceans. The heterotrophic dinoflagellate®ff the Chilean coast at 3% with a surface temperature

reached a high abundance, mainly compose@rofoperi-  of 17°C and salinity of 34 (Figs. 2-3, 8-9). The western

dinium cf. curtipes (120 cellst1), Ornithocercus quadra- side of the PCC did not appear in the literature as one of the

tus, Gyrodinium spiralein the upper 5-15m depth as well HNLC regions of the world’s oceans. The HNLC-PA showed

as kofoidiniaceansKpofoidinium and Spatulodiniun  Di- scarce differences in these geographically distant regions.

noflagellates such a®xytoxum longumand Pronoctiluca  Only a few tropical species such as the dinoflagellate genus
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Citharisteswas absent in temperate waters (Table 2). HNLC Beyond the size increase or aggregation of the diatoms
diatoms such a®lanktoniella solor Rhizosolenia bergonii as possible response to small grazers, it should be taken
are commonly reported along the South American coastainto account that the assemblage was dominatefdsudo-
waters associated with warm waters especially during the Ehitzschia a genus that contains numerous species able to pro-
Nifio conditions (Avaria and Mipoz, 1987; Rodguez et al.,  duce the domoic acid. Reactive aldehydes produced by di-
1996). Based on a single survey and with a paucity of infor-atoms have been reported to reduce the fecundity and egg
mation in the literature in offshore waters in the region, the hatching success of copepods (lanora et al., 2003). The ef-
present study does not allow to establish the occurrence dfects of the compounds produced by diatoms such as the do-
the HNLC-PA in the western PCC as a permanent feature. Irmoic acid, if produced, on the abundance of copepods in the
the SE Pacific the HNLC-PA was encountered in two regionsHNLC region need further research.
of contrasted temperature and salinity values. Other trophic
or ecological factor(s) may determinate the occurrence of thet.1.2 Lightly silicified diatoms near the surface?
HNLC-PA in these two distant regions.
A rigid and thick frustule of diatoms is considered to be
4.1.1 Grazing and the HNLC-PA the main anti-grazing st_rategy against_c_opepc_)ds. If cope-
pods are not abundant in HNLC conditions, lightly silici-

) i fied diatoms may be favoured. The dominant diatoms of
One of the explanations for the HNLC paradox is that phyto-yne {iNLC regions are characterized by thin frustules and

plankton populations are strictly co.n.trolled by the zooplank- e |40k sjliceous ornamentation requiring a superfluous sil-
ton (Frqst and_ I_:ranzen, 1992; Leising et al., 2003). In thej,, uptake.Pseudo-nitzschia delicatissinamdR. bergonii
equatorial Pacific, Roman and Gauzens (1997) suggested thalqjyy qissolved their lightly silicified frustules and these di-
the scarce copepods mamly.grazed on protozoa. Landry €lioms are nearly absent from the sediments (Kolbe, 1954).
al. (1995) reported that grazing by microzooplankton dom- u; firs; sight, a lightly silicified frustule may be a response
Inates phytqplankton Iqsses, and that Iargt_a d'a“’ms are NQh an environment where the silicic acid bioavailability is
easily exploited by protistan consumers ((?lllates, dinoflagel- ;v |n the present study the HNLC-PA appeared in two re-
lates, etc). The microscope observations in the present studeﬁons with different hydrographical conditions, but apparent

showed a very low abundance of copepods, although thgjyjiar trophic conditions. The. delicatisima-R. bergonii
scarce volume examined (0.51) were insufficient to provide a,

isticall lid estimati f1h | ¢ q assemblage (Figs. 8-9) was associated with a nitrate-silicic
statistically valid estimation of the early stages of Copepods, g ratig that ranged from 1-3 in the euphotic zone of the

abunda}npe. The ciliates an'd. h'eterotrophic dinoflagellate§, o HNLC regions (Fig. 6, Table 1). The elemental compo-
(Gyrodiniumspp. ancProtoperidiniumspp.) were abundant.  gjion of the diatoms is characterized by nitrogen-silicic acid
The two most successful species in the HNLC regionsratio of 1 (Brzezinski, 1985). It can be expected that the di-
of the SE PacificPseudo-nitzschia delicatissinend Rhi-  atoms uptake the nutrients from the surrounding waters with
zosolenia bergonji seems to develop two different anti- a similar ratio. Values of the nitrate-silicic acid ratio higher
grazing strategies?seudo-nitzschia delicatissimand occa-  than 1, may imply a silicon limitation for the diatom growth.
sionally Nitzschia longissimancreased theirs sizes by form- However, the nutrient limitation is a complex issue, and only
ing clumps or “ball of needles” of-100.m in diameter dis-  the nutrient ratios are not suitable to infer limitations. Based
posed in all directions (Figs. 10-11). This diatom behav-on silicic acid uptake measurements, Leynaert et al. (2001)
ior was already described by Hasle (1960) and Buck andeported direct evidence that the diatoms are Si-limited in the
Chavez (1994). The aggregation of these diatoms suggests afntral equatorial Pacific.
anti-grazing adaptation in an environment dominated by mi- ¢ js evident that the diatoms must be adapted to optimize
crograzers. On the other hand, centric diatoms sudR&s  the silicic acid utilization. Large frustules such as thosRin
zosolenia bergoniandR. acuminataeached sizes500um  pergoniiand R. acuminatanay allow to escape of most of
in length, being far of the prey size spectra of most micro-micrograzers. The balance between large frustules avoiding
grazers. the micrograzers and a thin frustule that allowed to econo-
Other diatom species are not exclusive of the HNLC con-mize the scarce silicic acid available may result in deficien-
ditions, although they are favoured in these eutrophic con-<cies in the formation and maintenance of the frustule. In
ditions. Diatoms showed strongly elongated frustules or exthe present study, specimensRifizosolenia bergonandR.
tensions. For exampl€halassiothrix longissimé thin, but  acuminatawere curved instead of the usual rigid frustules
reached 200Qm in length.Planktoniella sokecretes alarge and sections of the frustules appeared anomalously frag-
hyaline ring that increases its sizEhaetoceros peruvianus mented (Figs. 12—15). This phenomenon did not occur with
is a uni-cellular species with long spine-bearing setae. Colo-other diatoms and the plasmalemma of the diatom appeared
nial species such @haetoceros atlanticugar. neapolianus  retracted in the regions where the frustule is fragmented. The
and Bacteriastrumcf. elongatumshowed a similar strategy portion of the frustule closer to the diatom nucleus did not
with long setae. usually appear fragmented (Figs. 14-15). Consequently this
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phenomenon of fragmentation of the frustule occurred beforespp. According to Wells et al. (2005) this may explain why
the fixation of the samples, discarding an artifact due to thePseudo-nitzschiapp. have persistent populations in oceanic
fixation methodology. This is evidence that the silicic acid HNLC regions.
is an element limiting the large diatonis bergoniiand R. Other characteristic of the HNLC diatoms is that they are
acuminatain the HNLC regions of the South Pacific Ocean. restricted to surface waters and they did not form the typical
The possible deficiency of silicic acid may determinate thesub-surface maximum as usual in other diatoms. For exam-
presence of other phytoplankton components of the HNLC-ple species considered as deep flora sudtasktoniella sol
PA. Chavez (1989) included the absence of neritic bloom-(Sournia, 1982) showed a surface distribution in the HNLC
forming diatoms among the factors to explain the HNLC regions of the present study. Under unfavourable surface
paradox. Although colonial diatoms such @kaetoceros conditions the diatoms are expected to sink to deep waters.
lorenzianuswere observed in the present study, well silici- However, in the transition of the warm HNLC region to
fied neritic diatoms (i.eDetonulg Leptocylindrus Guinar- oligotrophic conditions (132 S-13207 W) Rhizosolenia
dia, etc.) that are dominant in mesotrophic coastal watersbergoniiremained near the surface despite the nitrate stock
were absent in the HNLC regions. The typical neritic di- was depleted (Figs. 7-8, Table 1). It is uncertain the fac-
atoms may be less competitive in the HNLC regions versugor that determinate the surface distribution of these diatoms.
the lightly silicificed diatoms. For exampRanktoniella sol ~ Near the surface, the irradiance is higher and atmospheric
has developed an organic ring-like wing that does not con4nputs of iron are available. Iron is required for the photo-
tain silica. Beyond the diatoms, other phytoplankton groupssynthetic electron transport system and chlorophyll molecule
such as silicoflagellates have an internal silica skeldbicr. biosynthesis. At deeper waters (low irradiance), it can be
tyochais often a common component of the phytoplankton expected that diatoms will require the synthesis of more
in the north Pacific Gyre (Venrick, 1992; Scharek et al., chlorophyll and electron transport system molecules. Sev-
1999), were nearly absent during this survey in the SE Paeral studies reported that the iron requirements for diatoms
cific. The open SE Pacific is far from the terrestrial inputs of increase at sub-saturating irradiances and decrease the effi-
dissolved silicon. The Antarctic waters spread along the deegiency of the utilization of iron (Sunda and Huntsman, 1995,
SE Pacific Ocean. The waters of the PCC showed a nitrate1997; Muggli and Harrison, 1997). Consequently in iron-
silicic acid ratio higher than 1 that may be associated to adepleted waters, the diatoms near the surface may grow with
Si-deficiency (Fig. 6). At the bottom of the euphotic zone less iron requirements than in deeper waters. The hypothesis
the nitrate-silicic acid ratio was also higher than 1 (Fig. 6). that the iron-stress would determinate the vertical distribu-
Compared to the other oceanic regions, the SE Pacific seent®n of HNLC diatoms requires further research. Other fea-
to show deficiencies of the stock of silicic acid compared totures such as the anti-grazing strategies and the physiology
other major nutrients. However, it is uncertain whether silicic of HNLC speciesPseudo-nitzschia delicatissinend Rhi-
acid is the main factor that determinate the dominant HNLC-zosolenia bergonineed to be investigated.
PA and the diatoms of the bottom of the euphotic zone in the Environmental factors, other than temperature and salinity,
SPG. are responsible for the establishment and the persistence of
Leynaert et al. (2001) hypothesized that silicon and irona weakly silicified diatom assemblage in two geographically
limitations may interact. Iron is an essential component forand hydrologically distant regions, the tropical central Pacific
the synthesis of chlorophyll and the nitrate reductase of theand the western limit of the P@iChile Current during the
primary producers. It is unknown whether the iron from austral summer. The nitrate-silicic acid ratio ranging from 1—
the Marquesas Islands Archipelago is the main responsibl@ in the euphotic zone and frustules anomalously fragmented
of the increase of the abundanceRsfeudo-nitzschiand/or  in Rhizosolenia bergonsuggest that Si-deficiency may be
the increase is mainly due to the entrainment of deep maresponsible of the HNLC-PA. Further studies are required to
jor nutrients due the “island mass effect” (Signorini et al., establish the factors that favour the occurrence of this dis-
1999). In the present study, offshore the Marquesas Islandtnctive phytoplankton assemblage.
Archipelago, the dominance of the sm&eudo-nitzschia
decreased and larger centric diatoms suctRasdergonii ~ AcknowledgementsD. Tailliez and C. Bournot are warmly
showed higher abundance (Fig. 8). In the proximity of is- thanked for thelr. efficient help in CTD rosette .managgment
lands the major nutrients and iron inputs is expected to beie;méédata processing. g \E)Ve thank 3' Ras lfor collezf:tlgn assistance.
more continuous, favouring smaller diatoms sucRssudo- E. omez IS supported by a post-doctoral grant of the Ministerio
. . . . spdiol de Educadin y Ciencia #2007-0213. This is a contribution
nitzschia In offshqre wa_tters,. the pulsating enrichment e\./_entsof the BIOSOPE project of the LEFE-CYBER program.
may favour species with big vacuoles suchRasbergonii
able to accumulate nutrients for oligotrophic periods. Severakggited by: S. Pantoja
studies showed that the domoic acid producedPkgudo-
nitzschiabinds iron and copper (Rue and Bruland, 2001;
Wells et al., 2005). The domoid acid is a strong organic
ligand that facilitates the iron uptake @fseudo-nitzschia
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