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Abstract

The phytoplankton (>15µm) composition and abundance was investigated along a

∼8000 km transect between the Marquesas Islands Archipelago and the Chilean

coasts off Concepción. In the southern limit of the central Equatorial Pacific (at

8
◦

S, 141
◦

W), in High-Nutrient Low-Chlorophyll (HNLC) warm waters, the micro-5

phytoplankton assemblage was dominated by the lightly silicified diatoms Pseudo-

nitzschia delicatissima and Rhizosolenia bergonii. The morphology of these species,

a small pennate diatom that exhibited a tendency to form “ball of needles” clusters

and large centric diatom (>500µm long), are interpreted as two anti-grazing strategies

in an environment dominated by small micro-grazers. Surprisingly, this a priori typi-10

cal HNLC phytoplankton assemblage was also found in the temperate offshore waters

of the Perú-Chile Current between 2000 and 600 km off Chile. This observation sug-

gests that a common set of environmental factors (obviously other than temperature

and salinity) are responsible for the establishment and maintaining of this distinctive

phytoplankton in these geographically and hydrologically distant regions. Both regions15

are characterized by a surface nitrate-silicate ratio ranging from 1–3. Occasionally

Rhizosolenia bergonii showed frustules anomalously fragmented, likely the result of

extreme weakly silicified phytoplankton. We suggest that silicate-deficiency may be re-

sponsible of the occurrence of HNLC phytoplankton assemblage in the tropical central

Pacific as well as offshore Perú-Chile Current during the austral summer.20

1 Introduction

Abbreviations: South Pacific Gyre (SPG), High-Nutrient Low-Chlorophyll phytoplank-

ton assemblage (HNLC-PA); Chlorophyll a (Chl a), Perú-Chile Current (PCC); Acoustic

Doppler Current Profiler (ADCP); Conductivity Temperature Depth (CTD)

The equatorial upwelling region in the central and eastern Pacific constitutes a large25

area of the so-called the High Nutrient Low Chlorophyll (HNLC) waters, representing a
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strong source of CO2 to the atmosphere (Chavez and Toggweiler, 1995). Grazing con-

trol, ammonium inhibition of nitrogen uptake, limitations in silicate, micronutrient (iron)

or light, lack of neritic bloom-forming diatoms among other hypothesis have been in-

voked to explain these paradoxical HNLC conditions (Chavez et al., 1991; Coale et al.,

1996; Dugdale and Wilkerson, 1998). The microscope observations in the upwelling5

region of the central and eastern equatorial Pacific revealed a recurrent phytoplankton

assemblage mainly composed of the small pennate diatom Pseudo-nitzschia delicatis-

sima and the large centric diatom Rhizosolenia bergonii (Hasle, 1960).

The iron-hypothesis has challenged new studies in the equatorial upwelling region

that have been focused, in particular, on biogeochemical fluxes and parameters such10

as biomass estimates and rate measures of primary and secondary production fol-

lowing the iron fertilization. These studies were nevertheless accompanied by scarce

investigations on the large phytoplankton composition (Kaczmarska and Fryxell, 1994;

Iriarte and Fryxell, 1995). They were often limited to identifications at suprageneric

levels (Chavez and Buck, 1990) or focused on the species identification during iron-15

enriched incubation experiments (Fryxell and Kaczmarska, 1995).

The Perú-Chile or Humboldt Current originates when a part of the water that flows

toward the east across the sub-Antarctic Ocean is deflected toward the north as it

approaches South America. It flows northward along the coast of Chile, Perú and

Ecuador, and is associated with the economically most important coastal upwelling of20

the world’s oceans (Longhurst, 1998). The coastal phytoplankton of the region is well

documented (e.g., Rivera, 1983; Avaria and Muñoz, 1987). In contrast, the phytoplank-

ton from the open waters of SE Pacific is one of the least known and documented of

the world’s oceans (Balech, 1962), reflecting the general undersampling of this remote

area (Longhurst, 1998; Claustre and Maritorena, 2003). Very few recent investigations25

have been dedicated to the study of the pico-phytoplankton in the subtropical SE Pa-

cific in latitudinal transects crossing the equator (DiTullio et al., 2003) or a few surface

net samples with scarce detail on the phytoplankton specific composition (Hardy et al.,

1996).
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Within this context, we examined the composition and abundance of phytoplankton

in relation to physical and chemical properties in the SE Pacific Ocean as part of a

multidisciplinary survey along a transect of ∼8000 km covering contrasted trophic con-

ditions: HNLC waters of the Marquesas Islands Archipelago, hyper oligotrophic waters

of the South Pacific Gyre (SPG), and more eutrophic conditions in the Perú-Chile Cur-5

rent (PCC) and the Chilean coastal upwelling. The present study focuses on the HNLC

phytoplankton assemblage (HNLC-PA) near the Marquesas Islands Archipelago, the

southern limit of the equatorial upwelling region that unexpectedly was also observed

in a vast region of the temperate waters of the SE Pacific off Chile. The similarity in

HNLC phytoplankton assemblage between two distant geographical and hydrological10

regions is analyzed and interpreted in the context of possible driving factors precluding

this a priori paradoxical situation.

2 Methods

The data were collected during the BIOSOPE (Biogeochemistry and Optics South

Pacific Experiment) cruise on board R/V L’Atalante from 26 October–12 December15

2004. The ship was equipped with a 75 kHz RDI Acoustic Doppler Current Profiler

(ADCP). Water sampling and measurements of temperature and salinity were made

using a SeaBird SBE 911plus CTD/Carousel system fitted with an in situ Aquatracka

III Chelsea fluorometer and Niskin bottles. The percentage of surface irradiance at

each depth was calculated from the underwater PAR (Photosynthetic Active Radiation,20

400–700 nm) profiles performed by a PNF-300 Profiling Natural Fluorometer sensor

(Biospherical Instruments, Inc.). The limit of the euphotic zone corresponds to the

depth where PAR is reduced to 1% of its surface value. Major nutrients and chlorophyll

a were measured as described in Raimbault and Garcia (2007)
1
.

1
Raimbault, P. and Garcia, N.: Nutrients distribution and new production estimation in the

southeast Pacific: Evidence for intense nitrogen recycling, Biogeosciences Discuss., in prepa-
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For microplankton analysis, samples were collected at 14 stations from 5–270 m

depth (Fig. 1). One hundred samples were preserved with acidified Lugol’s solution

and stored at 5
◦

C. A 500 ml aliquot of the sample was concentrated by sedimenta-

tion in glass cylinders. During a six-day settling period, the top 450 ml of the sample

was slowly siphoned off with small-bore tubing. 50 ml of the concentrate representing5

500 ml of whole water sample was used for settlement in a composite settling cham-

ber. The entire chamber was scanned at 200× magnification under an Olympus in-

verted microscope equipped with a digital camera. The specimens were photographed

at 400× magnification with the Olympus DP70-BSW software. This methodology is

suitable for the counting and identification of organisms higher than 15µm. Diatoms10

and dinoflagellates were well preserved, while most of the nanoplankton (i.e. crypto-

phytes and coccolithophorids) was lost due to the fixation treatment or the incomplete

sedimentation. The organisms were identified to species level when it was possible.

3 Results

3.1 Tropical HNLC Phytoplankton assemblage15

3.1.1 Hydrography

The waters surrounding the Marquesas Islands (8
◦

S, 141
◦

W) under the influence of

the South Equatorial Current constituted the southern border of HNLC waters of the

Equatorial Upwelling Region. The salinity ranged from 35.5–35.7 and the surface tem-

perature reached 27.9
◦

C. The vertical distribution of the fluorescence showed a wide20

maximum in the upper 50 m depth (Figs. 2–4). The concentrations of chlorophyll a (Chl

a) were about 0.3–0.5µg l
−1

with values of the Chl a-nitrate ratio higher than 5 (Fig. 5).

Along 600 km between 8
◦

23
′

S and 13
◦

32
′

S extended the tropical HNLC-PA mainly

represented small pennate diatom Pseudo-nitzschia delicatissima and the large cen-

ration, 2007.
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tric diatom Rhizosolenia bergonii. The microphytoplankton abundance reached up to

31 000 cells l
−1

in the upper 60 m depth of the surrounding waters the Marquesas Is-

lands Archipelago (Fig. 7). Pseudo-nitzschia delicatissima dominated the HNLC-PA

with more than 85% of the total abundance. This threadlike and lightly sicilified species

was relatively homogeneously distributed in the upper 60 m depth, and often form-5

ing clusters of 10–20 cells (Figs. 10–11). Other abundant colonial congeneric species

were Pseudo-nitzschia cf. subpacifica (Fig. 12) and P. cf. pungens. Strongly elon-

gated cells (up to 2000 µm in length) of the pennate diatom Thalassiothrix longissima

reached densities of 1200 cells l
−1

and other diatoms such as Plagiotropis spp. and

Haslea spp. were abundant. Rhizosolenia bergonii was dominant and reached an10

abundance of 1000 cells l
−1

(maximum at 40–60 m depth, Figs. 13–14), followed by

Rhizosolenia acuminata (120 cells l
−1

). Although the abundance of these diatoms was

low compared to Pseudo-nitzschia spp., it should be taken into account that they are

very large and thick, and contribute importantly to the phytoplankton biomass. Other

common centric diatoms were Chaetoceros peruvianus (200 cells l
−1

near surface),15

Chaetoceros atlanticus var. neapolitanus, Planktoniella sol, Bacteriastrum cf. elonga-

tum and Asteromphalus heptactis. The dinoflagellates, ranging from 112–180 cells l
−1

,

showed a shallower distribution than the diatoms. The assemblage was rich on large

autotrophic thecate species of the genus Ceratium (48–108 cells l
−1

), mainly C. tripos,

C. furca, C. massiliense, C. candelabrum, and unarmoured dinoflagellates such as20

brachidiniaceans (mainly Karenia papilionacea, 12–24 cells l
−1

), Pyrocystis spp., and

the prasinophyte in phycome stage Pterosperma moebii (40 cells l
−1

). Among the het-

erotrophic species, dinoflagellates (Protoperidinium and Gyrodinium) and choanoflag-

ellates were abundant.

At a station located 480 km eastwards (9
◦

S, 136
◦

51
′

W), the diatom abundance25

decreased to 100–380 cells l
−1

(Fig. 7) dominated by Rhizosolenia bergonii that ac-

counted for one half of the total (Fig. 8). For Pseudo-nitzschia delicatissima the abun-

dance was low (<140 cells l
−1

) and the diatom clusters were not observed. The abun-

dance of R. bergonii (180 cells l
−1

) was less reduced than P. delicatissima in propor-
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tion to the previous station (Fig. 9). As occurred in the previous station, specimens of

R. bergonii and R. acuminata showed the frustule anomalously fragmented in some

concentric sections of the girdle (Figs. 14–16).

The decrease of the diatom abundance was associated with an increase of dinoflag-

ellates (100–230 cells l
−1

). The autotrophic species of Ceratium were replaced by het-5

erotrophic species such as C. teres. The abundance of diatom-consumers dinoflag-

ellates (Protoperidinium spp.) decreased and smaller heterotrophic species such as

Oxytoxum variabile and Podolompas spinifera were common.

To the south (13
◦

32
′

S, 132
◦

07
′

W), the HNLC-PA was present with a very low abun-

dance (<50 cells l
−1

). Pseudo-nitzschia delicatissima (20 cells l
−1

), Planktoniella sol, a10

few specimens of R. bergonii, and Thalassiothrix sp. were encountered in the surface

layer. Near the bottom of the euphotic (100–150 m depth, see Fig. 3), the salty South

Tropical Pacific Waters coincided with highly pigmented specimens of Rhizosolenia

cf. imbricata (Fig. 19), and Nitzschia bicapitata species complex at 170 m depth. The

abundance of dinoflagellates ranged from 40–110 cells l
−1

.15

3.2 Temperate HNLC phytoplankton assemblage

3.2.1 Hydrography

Between 30
◦

S and 32
◦

S extended a subtropical front characterised by decrease of

the salinity and temperature, and the shoaling of the isopicne of 1025.4 Kg m
−3

. The

isohalines between 35.3 and 34.6 were vertically distributed in the upper 200 m. From20

50–200 m depth, the isotherms were vertically distributed decreasing between 18
◦

C

and 16
◦

C (Figs. 2–3). To the east, along the salinity frontal region the fluorescence

increased and shoaled between 120 m and 70–80 m depth (Fig. 4). The Chl a-nitrate

ratio showed values higher than 5 (Fig. 5).

The Perú-Chile Current is a width equatorward cold-water current. The isopicne25

of 1025.4 Kg m
−3

(Fig. 2) and the depth of the fluorescence maximum were horizon-

tally distributed (Fig. 4). The PCC, delimited by isohaline of 34.3, was associated with

1541
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fresher waters, especially between 78
◦

W and 75
◦

W (salinity ∼34.1). Near the Juan

Fernández Archipelago (650 km off Chile) the salinity decreased to 33.9 and isotherm

of 11
◦

C shoaled (Figs. 2–3). This fresher water mass found in the surface may cor-

respond to the Eastern South Pacific Intermediate Water as defined by Schneider et

al. (2003). In these conditions, the fluorescence increased and shoaled (Fig. 4). The5

ADCP measurements showed a northwards component between 92
◦

W and 84
◦

W,

while the current was weak and often reverse towards the coasts of Chile.

3.2.2 Phytoplankton

Large phytoplankton was nearly absent in the upper 120 m of the vast region of the

SPG with very deep maximum composed of Nitzschia bicapicata species complex,10

Nitzschia spp. and other small pennate diatoms. The large phytoplankton in the upper

layer reappeared towards the western Perú-Chile Current. The surface phytoplank-

ton assemblage found in the PCC coincided to that observed in the central tropical

Pacific. About 2000 km off Chile under the influence of PCC (31
◦

52
′

S, 91
◦

24
′

W) the

phytoplankton was constituted of the typical HNLC-PA in surface and deeper the di-15

atom assemblage found in the oligotrophic waters of the SPG. In upper 100 m, the

diatom abundance was 50–196 cells l
−1

composed of Pseudo-nitzschia delicatissima

(160 cells l
−1

), Rhizosolenia bergonii (8 cells l
−1

), R. acuminata (6 cells l
−1

), and a

few specimens of Plagiotropis sp. and Thalassiothrix sp. Deeper than 100 m depth

and parallel to the shoaling of the bottom of the euphotic zone, the abundance of the20

diatoms was low and composed of Dactyliosolen sp. (80–150 m depth), Chaetoceros

atlanticus var. neapolitanus and Thalassiosira sp. (160 cells l
−1

at 80 m depth) (Fig. 7).

In the upper 60 m depth, the abundance of dinoflagellates ranged from 54–168 cells

l
−1

. The autotrophic dinoflagellates Gonyaulax polygramma (60 cells l
−1

), Ceratium

fusus (40 cells l
−1

), C. furca were responsible of the surface maximum. Other au-25

totrophic species were C. tripos, C. azoricum, C. canderabrum, C. kofoidii as observed

in the warm HNLC region and brachidiniaceans. A diverse assemblage of heterotrophic

dinoflagellates of more eutrophic conditions was present.
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In temperate waters ∼1300 km off Chile (32
◦

42
′

S, 84
◦

04
′

W) the nitrate-silicate ratio

was higher than 4 in the upper layer, with a maximum of 6 in the surface (Fig. 6). The

diatom assemblage was similar to that in HNLC conditions near the Marquesas Islands

Archipelago. The diatom abundance showed values up to 1200 cells l
−1

in upper layer

(Fig. 7) dominated by Pseudo-nitzschia delicatissima (900 cells l
−1

), Pseudo-nitzschia5

cf. subpacifica (120 cells l
−1

), Rhizosolenia bergonii (50 cells l
−1

) (Figs. 17–18), and

Thalassiothrix sp. (40 cells l
−1

). The HNLC-PA at this location was complete with Plank-

toniella sol (16 cells l
−1

) and Asteromphalus heptactis (20 cells l
−1

). Dactyliosolen

sp. and Chaetoceros atlanticus var. neapolitanus were encountered below the surface

phytoplankton assemblage. The abundance of dinoflagellates was low (40–78 cells10

l
−1

), mainly composed of Pronoctiluca spinifera (40 cells l
−1

), Ptychodiscus noctiluca,

Ornithocercus magnificus, Phalacroma rotundatum, Gyrodinium falcatum, Gonyaulax

polygramma (12 cells l
−1

), Ceratium fusus, and Dinophysis fortii (8 cells l
−1

).

About 650 km off Chile, a sampling station (33
◦

21
′

S, 78
◦

06
′

W) located 30 km north

from the Robinson Crusoe Island, Juan Fernández Archipelago, was visited. The salin-15

ity reached a minimum of 33.9 in the surface. The ADCP measurements showed an

eastwards drift and the surface warm waters run above the entrainment of fresher

waters. This – surface stratified upwelling – resulted on a red tide of dinoflagel-

lates with a surface abundance of 4400 cells l
−1

. The main component of the red

tide was the non-toxic autotrophic dinoflagellate Gonyaulax polygramma that reached20

3800 cells l
−1

at 5 m depth, 530 cells l
−1

at 25 m, and nearly disappeared below

this depth. Other autotrophic dinoflagellates were Ceratium azoricum (90 cells l
−1

),

C. massiliense, C. gibberum, C. limulus, Ptychodiscus noctiluca and brachidiniaceans.

The heterotrophic dinoflagellates reached a high abundance, mainly composed of Pro-

toperidinium cf. curtipes (120 cells l
−1

), Ornithocercus quadratus, Gyrodinium spirale in25

the upper 5–15 m depth as well as kofoidiniaceans (Kofoidinium and Spatulodinium).

Dinoflagellates such as Oxytoxum longum and Pronoctiluca spinifera were encoun-

tered at mid-depths. The abundance of diatoms ranged from 100–600 cells l
−1

(Fig. 7)

with Pseudo-nitzschia delicatissima, Rhizosolenia bergonii (4 cells l
−1

), and Pseudo-
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F. Gómez et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

nitzschia cf. subpacifica in the surface layer, Thalassiosira sp. (180 cells l
−1

) at 25 m

depth and Dactyliosolen sp. at 60 m depth were encountered.

4 Discussion

4.1 High Nutrient-Low Chlorophyll phytoplankton assemblages

The HNLC-PA of the central equatorial Pacific dominated by the lightly silicified diatoms5

Pseudo-nitzschia delicatissima and Rhizosolenia bergonii that were encountered in the

Marquesas Islands Archipelago at 8
◦

S with a surface temperature of 28
◦

C and salinity

35.5, and between 2000 and 600 km off the Chilean coast at 33
◦

S with a surface tem-

perature of 17
◦

C and salinity of 34 (Figs. 2–3). The western side of the PCC did not

appear in the literature as one of the HNLC regions of the world’s oceans. The HNLC-10

PA showed scarce differences in these geographically distant regions. Only a few trop-

ical species such as the dinoflagellate genus Citharistes or the flagellate Pterosperma

moebii were absent in temperate waters. HNLC diatoms such as Planktoniella sol or

Rhizosolenia bergonii are commonly reported along the South American coastal wa-

ters associated with warm waters especially during the El Niño conditions (Avaria and15

Muñoz, 1987; Rodŕıguez et al., 1996). Based on a single survey and with a paucity of

information in the literature in offshore waters in the region, the present study does not

allow to establish the occurrence of the HNLC-PA in the western PCC as a permanent

feature. In the SE Pacific the HNLC-PA was encountered in two regions of contrasted

temperature and salinity values. Other trophic or ecological factor(s) may determinate20

the occurrence of the HNLC-PA in these two distant regions.

4.1.1 Grazing and the HNLC-PA

One of the explanations for the HNLC paradox is that phytoplankton populations are

strictly controlled by the zooplankton (Frost and Franzen, 1992; Leising et al., 2003).
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F. Gómez et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

In the equatorial Pacific, Roman and Gauzens (1997) suggested that the scarce cope-

pods mainly grazed on protozoa. Landry et al. (1995) reported that grazing by mi-

crozooplankton dominates phytoplankton losses, and that large diatoms are not easily

exploited by protistan consumers (ciliates, dinoflagellates, etc). The microscope ob-

servations in the present study showed a very low abundance of copepods, although5

the scarce volume examined (0.5 litres) were insufficient to provide a statistically valid

estimation of the early stages of copepods abundance. The ciliates and heterotrophic

dinoflagellates (Gyrodinium spp. and Protoperidinium spp.) were abundant.

The two most successful species in the HNLC regions of the SE Pacific, Pseudo-

nitzschia delicatissima and Rhizosolenia bergonii, seems to develop two different anti-10

grazing strategies. Pseudo-nitzschia delicatissima, and occasionally Nitzschia longis-

sima increased theirs sizes by forming clumps or “ball of needles” of ∼100µm in diame-

ter disposed in all directions (Figs. 10–11). This diatom behavior was already described

by Hasle (1960) and Buck and Chavez (1994). The aggregation of these diatoms

suggests an anti-grazing adaptation in an environment dominated by micrograzers.15

On the other hand, centric diatoms such as Rhizosolenia bergonii and R. acuminata

reached sizes >500µm in length, being far of the prey size spectra of most micrograz-

ers. Other successful diatoms are thin, but showed strongly elongated morphologies

such as Thalassiothrix longissima that reached 2000µm in length. Planktoniella sol

secretes a large hyaline ring that increases its size. Chaetoceros peruvianus is a uni-20

cellular species with long spine-bearing setae. Colonial species such as Chaetoceros

atlanticus var. neapolianus and Bacteristrum cf. elongatum showed a similar strategy

with long setae, although these species are not exclusive of the HNLC-PA.

Beyond the size increase or aggregation of the diatoms as possible response to

small grazers, it should be taken into account that the assemblage was dominated by25

Pseudo-nitzschia, a genus that contains numerous species able to produce the domoic

acid. This neurotoxin and other reactive aldehydes have been reported to reduce the

fecundity and egg-hatching success of copepods (Ianora et al., 2003). The effects of

the compounds produced by diatoms such as the domoic acid, if produced, on the
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abundance of copepods in the HNLC region need further research.

4.1.2 Lightly silicified diatoms near the surface?

A rigid and thick frustule of diatoms is considered to be the main anti-grazing strategy

against copepods. If copepods are not abundant in HNLC conditions, lightly silicified di-

atoms may be favoured. The dominant diatoms of the HNLC regions are characterized5

by thin frustules and the lack siliceous ornamentation requiring a superfluous silica

uptake. Pseudo-nitzschia delicatissima and R. bergonii easily dissolved their lightly

silicified frustules and these diatoms are nearly absent from the sediments (Kolbe,

1954). At first sight, a lightly silicified frustule may be a response to an environment

where the silica bioavailability is low. In the present study the HNLC-PA appeared in10

two regions with different hydrographical conditions, but apparent similar trophic con-

ditions. The P. delicatisima-R. bergonii assemblage (Figs. 8–9) was associated with a

nitrate/silicate ratio that ranged from 1–3 in upper 50 m depth in the two regions (Fig. 6).

The elemental composition of the diatoms is characterized by nitrogen/silica ratio of 1

(Brzezinski, 1985). It can be expected that the diatoms uptake the nutrients from the15

surrounding waters with a similar ratio. Values of the nitrate/silicate ratio higher than 1,

may imply a silicate-limitation for the diatom growth. However, the nutrient limitation is

a complex issue, and the nutrient ratios are not suitable to infer limitations. Based on

silicate uptake measurements, Leynaert et al. (2001) reported direct evidence that the

diatoms are silicate-limited in the central equatorial Pacific.20

It is evident that the diatoms must be adapted to optimize the silicate utilization.

Large frustules such as those in R. bergonii and R. acuminata may allow to escape of

most of micrograzers. The balance between large frustules avoiding the micrograzers

and a thin frustule that allowed to economize the scarce silicate available may result in

deficiencies in the formation and maintenance of the frustule. In present study, speci-25

mens of Rhizosolenia bergonii and R. acuminata were curved instead of the usual rigid

frustules and sections of the frustules appeared anomalously fragmented (Figs. 12–

15). This phenomenon did not occur with other diatoms and the plasmalemma of the
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diatom appeared retracted in the regions where the frustule is fragmented. Conse-

quently this phenomenon of fragmentation of the frustule occurred before the fixation

of the samples, discarding an artifact due to the fixation methodology. This is evidence

that the silicate is an element limiting the large diatoms R. bergonii and R. acuminata

in the HNLC regions of the South Pacific Ocean.5

The possible deficiency of silicate may determinate the present of other compo-

nents of the HNLC-PA. Chavez (1989) included the absence of neritic bloom-forming

diatoms among the factors to explain the HNLC paradox. Although colonial diatoms

such as Chaetoceros lorenzianus were observed in the present study, well silicified

neritic diatoms (i.e., Detonula, Leptocylindrus, Guinardia, etc.) that are dominant in10

mesotrophic coastal waters were absent in the HNLC region. The typical neritic di-

atoms may be less competitive in the HNLC region versus the lightly silicificed diatoms.

For example Planktoniella sol has developed an organic ring-like wing that does not

contain silica. Beyond the diatoms, other phytoplankton groups such as silicoflagel-

lates have an internal silica skeleton. Dictyocha is often a common component of the15

phytoplankton in the north Pacific Gyre (Venrick, 1992; Scharek et al., 1999), were

nearly absent during this survey in the SE Pacific. The open SE Pacific is far from the

terrestrial inputs of the silicate. The Antarctic waters spread along the deep SE Pacific

Ocean. The waters of the PCC showed a nitrate-silicate ratio higher than 1 that may

be associated to a silicate deficiency (Fig. 6). At the bottom of the euphotic zone the20

nitrate-silicate ratio was also higher than 1 (Fig. 6). Compared to the other oceanic

regions, the SE Pacific seems to show deficiencies of the stock of silicate compared

to other major nutrients. However, it is uncertain whether silicate is the main factor

that determinate the dominant HNLC-PA and the diatoms of the bottom of the euphotic

zone in the SPG.25

Leynaert et al. (2001) hypothesized that silicate and iron limitations may interact.

Iron is an essential component of the chlorophyll and nitrate reductase of the primary

producers. It is unknown whether the iron from the Marquesas Islands Archipelago

is the main responsible of the increase of the abundance of Pseudo-nitzschia and/or
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the increase is mainly due to the entrainment of deep major nutrient due the “island

mass effect” (Signorini et al., 1999). In the present study, offshore the Marquesas Is-

lands Archipelago, the dominance of the small Pseudo-nitzschia decreased and larger

centric diatoms such as R. bergonii showed higher abundance (Fig. 8). In the prox-

imity of islands the major nutrients and iron inputs is expected to be more continuous,5

favouring smaller diatoms such as Pseudo-nitzschia. In offshore waters, the pulsating

enrichment events may favour species with big vacuoles such as R. bergonii able to

accumulate nutrients for oligotrophic periods. According to Rue and Bruland (2001)

the domoic acid produced by Pseudo-nitzschia binds iron and copper. The interaction

Pseudo-nitzschia – domoic acid – iron remains uncertain.10

Other characteristic of the HNLC diatoms is that they are restricted to surface waters

and they did not form the typical sub-surface maximum as usual in other diatoms. For

example species considered as deep flora such as Planktoniella sol (Sournia, 1982)

showed a surface distribution in the HNLC regions of the present study. Although un-

der unfavourable conditions are expected to favour the sinking of these diatoms, they15

remain near surface even in the transition to oligotrophic conditions (Fig. 7). It is un-

certain the factor that determinate the surface distribution of these diatoms. Near the

surface, the irradiance is higher and atmospheric inputs of iron are available. Iron is

required for the photosynthetic electron transport system and chlorophyll molecule. At

deeper waters (low irradiance), it can be expected that diatoms will require the syn-20

thesis of more chlorophyll and electron transport system molecules. Several studies

reported that the iron requirements for diatoms increase at sub-saturating irradiances

and decrease the efficiency of the utilization of iron (Sunda and Huntsman, 1995, 1997;

Muggli and Harrison, 1997). Consequently in iron-depleted waters, the diatoms near

the surface may grow with less iron requirements than in deeper waters. The hypoth-25

esis that the iron-stress would determinate the vertical distribution of HNLC diatoms

requires further research. Other features such as the anti-grazing strategies and the

physiology of HNLC species Pseudo-nitzschia delicatissima and Rhizosolenia bergonii

need to be investigated.
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Environmental factors, other than temperature and salinity, are responsible for the

establishment and maintaining of the weakly silicified diatom assemblage in two geo-

graphically and hydrologically distant regions, the tropical central Pacific and the west-

ern limit of Perú-Chile Current during the austral summer. The surface nitrate-silicate

ratio ranging from 1–3 and frustules anomalously fragmented in Rhizosolenia bergonii5

suggest that silicate-deficiency may be responsible of the HNLC-PA. Further studies

are required to establish the factors that favour the occurrence of this distinctive phyto-

plankton assemblage.

Acknowledgements. D. Tailliez and C. Bournot are warmly thanked for their efficient help in

CTD rosette management and data processing. We thank J. Ras for collection assistance. This10

is a contribution of the BIOSOPE project of the LEFE-CYBER and the French IFB “Biodiversité
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Fig. 1. Map of the stations occupied (solid squares) in the SE Pacific Ocean.
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Figs. 2–9. Section plots of (2) temperature (
◦

C) and the isopycnals lines labelled in units of

sigma-t (density-1000)(kg m
−3

) are shown. (3) salinity. (4) fluorescence (relative units). (5)

Nitrate-chlorophyll a ratio (6) Nitrate-silicate ratio; (7) abundance (cells l
−1

) of diatoms. (8)
Rhizosolenia bergonii and (9) Pseudo-nitzschia delicatissima. The dashed lines represent the

percentage of the surface irradiance.
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Figs. 10–19. Photomicrographs of microphytoplankton in the SE Pacific. (10–11) Clusters of

Pseudo-nitzschia delicatissima, 20 m and 30 m depth. (12) Pseudo-nitzschia cf. subpacifica,

5 m depth. (13) “Normal” cell of Rhizosolenia bergonii, 60 m depth. (14) R. bergonii with

fragmented frustule, 20 m depth. (10–14) 8
◦

23
′

S; 141
◦

14
′

W. (15) R. bergonii with fragmented

frustule, 30 m depth. (16) Rhizosolenia acuminata, 5 m depth. (14–16) 9
◦

S, 136
◦

51
′

W; 30 and

5 m depth). (17) Curved cells of R. bergonii (13
◦

32
′

S, 132
◦

07
′

W, 5 m depth). (18) Auxospore

of R. bergonii, 33
◦

21
′

S, 78
◦

06
′

W, 5 m depth. (19) Highly pigmented cells of Rhizosolenia

sp. (17
◦

13
′

S, 127
◦

58
′

W, 210 m depth). Scale bar = 100µm.
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