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ABSTRACT: We investigated the effects of changes in nutrient concentrations on phytoplankton bio-
mass and community composition during 8 field trips performed during different seasons in the
southwestern coral lagoon of New Caledonia. The lagoon is characterized by spatial variation in
macronutrient concentrations, with locally elevated values in the bays bordering the city of Nouméa.
Low DIN:DIP (dissolved inorganic nitrogen:dissolved inorganic phosphorus) and elevated Si:DIN
ratios suggest that nitrogen is the macronutrient that likely drives phytoplankton community com-
position. Most of the microphytoplankton groups discriminated by inverted microscopy and the
picoplankton groups distinguished by flow cytometry present significant and distinct relationships
with inorganic nitrogen concentrations. Picophytoplankton-dominated assemblages are replaced by
microphytoplankton-dominated assemblages with increasing DIN concentrations. Within the pico-
phytoplankton, Prochlorococcus abundance dominates in the adjacent oceanic and southern lagoon
shelf sites, and assemblages shift to Synechococcus-dominated populations in the bays, with an
increasing proportion of picoeukaryotic phytoplankton. Within the microplankton, 142 species of
microphytoplankton were identified, mainly represented by diatoms, dinoflagellates, and cocco-
lithophorids. Nutrient enrichment in the bays favors large diatoms at the expense of cocco-
lithophorids and dinoflagellates, which dominate in adjacent oceanic and southern shelf waters.
Therefore, although moderate, the elevated nitrogen concentrations in the bays result in increased
phytoplankton biomass, accompanied by important shifts in the phytoplankton community structure.
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INTRODUCTION

The influence of macronutrient (N, P, Si) availability
on phytoplankton species composition is well estab-
lished in temperate waters (e.g. Olsen et al. 2001, Berg
et al. 2003, Lee Chen et al. 2004), whereas oligotrophic
tropical waters have received far less attention (Sakka
et al. 1999, Van Duyl et al. 2002, Tada et al. 2003).

In tropical waters, coral reefs have often been con-
sidered to be mainly benthic ecosystems in which
planktonic processes were negligible. Due to this rela-
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tive lack of interest, planktonic studies in coral reef
waters have mainly been focused on phytoplankton
biomass and growth rate. Only a few studies have
taken into account detailed information on phyto-
plankton composition, e.g. in French Polynesia (e.g.
Delesalle et al. 1993, 2001, Dufour & Berland 1999), on
the Great Barrier Reef (Revelante et al. 1982, Furnas &
Mitchell 1986), or in the Caribbean (Van Duyl et al.
2002). Moreover, in most of the above studies, the rela-
tionships between nutrient concentrations and the
phytoplankton community structure were not taken
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into account, with few exceptions (Sakka et al. 1999,
Van Duyl et al. 2002).

Coral reef lagoons, like many coastal waters, are
subjected to increased nutrient loads related to human
activities and changes in nutrient concentrations,
which have long been known to influence the compo-
sition of the phytoplankton community (Margalef
1978). These changes in the phytoplankton community
structure, in turn, affect the nutrient cycling (Sakka et
al. 2002) and the structure of the other compartments
of the food web, either in temperate or in tropical
waters (Niquil et al. 1999, Olsen et al. 2001). Due to
their oligotrophic status, increased nutrient concentra-
tions are expected to have a stronger impact on phyto-
plankton communities in coral reef waters than in
meso- to eutrophic temperate waters. However, the
influence of increased nutrient load of human origin on
the phytoplankton community structure in tropical
waters has only been documented in the study of Van
Duyl et al. (2002) in the Caribbean.

Furthermore, changes in the structure of phytoplank-
ton communities are known to have been involved
in the increased frequency of phytoplankton blooms
during the last decades in temperate waters (Smayda
1989), often with severe consequences for aquatic
resources (Zingone & Oksfeldt-Enevoldsen 2000) and
human health (Anderson et al. 2002). Planktonic harm-
ful algal blooms in coral reef waters sometimes occur,
but have seldom been documented (Guzman et al.
1990). Therefore, the consequences of an increased
nutrient load of human origin on the phytoplankton
community structure need to be considered in various
coral reef environments of differing trophic status.

The aim of the present study was to investigate the
effects of local changes in nutrient concentrations in-
duced by human activities on the phytoplankton biomass
and composition in the SW lagoon of New Caledonia.
Very little is known about phytoplankton biomass
(Rougerie 1985) and phytoplankton composition in
this lagoon (Cardinal 1983), where several trophic gradi-
ents exist between the more-or-less anthropogenically
impacted coastal regions and the oligotrophic ocean.
Locally elevated nutrient concentrations observed in the
coastal areas of metropolitan Nouméa are due to urban
sewage, industrial, and/or agricultural wastes.

We studied the relationships between macronutrient
concentrations and phytoplankton, first considering
the global estimates of phytoplankton abundance, i.e.
total and size-fractionated chlorophyll a, in order to
allow comparisons with existing studies in coral reef
waters. However, we focused mainly on the still
largely unknown composition of the phytoplankton
community, namely the pico- and microphytoplankton,
and investigated in detail the relationships with
macronutrient concentrations.

MATERIALS AND METHODS

Study area. The SW lagoon of New Caledonia covers
approximately 2066 kmz, with a mean depth of 17.5m
(Fig. 1A). Three deep passes (60 m depth) bisect the
barrier reef. Freshwater inputs are mainly provided by
the Dumbéa, Boulari, and Pirogues Rivers. The domi-
nant southeasterly trade winds govern the direction of
the surface currents (Jouon et al. in press). Oligo-
trophic oceanic waters enter the lagoon through the
open southern shelf, are driven into the study area by
the trade winds, and then exit by the passes on the
western shelf. Therefore, the shelf was divided into a
western and a southern sector, the latter being gener-
ally the most oligotrophic area, as it is remote from the
terrigeneous and anthropogenic influences.

The area of the lagoon studied encompasses the city
of Nouméa, with a population of 146000 (63 % of the
total population of New Caledonia). Around Nouméa,
4 bays, which differ in terms of the predominant human
activities, were examined (Fig. 1B). Sainte-Marie Bay
receives urban waste waters from the Sainte-Marie
area. Grande Rade Bay is also influenced by urban
effluents, but, in addition, receives industrial effluents
originating from the nickel industry. In contrast, Dum-
béa and Boulari Bays are under terrigeneous influence
from the Dumbéa and Pirogues Rivers, respectively. In
addition, an oceanic station located 2 nautical miles
offshore of the Dumbéa Pass was sampled (Fig. 1A).
Thus, the investigated stations were arranged in 6
groups: southern shelf, western shelf, Sainte-Marie
Bay, Grande Rade Bay, Dumbea Bay, and Boulari Bay,
with the oceanic station being analyzed separately.

Sampling. Water samples were collected during 8
field trips that took place during different seasons be-
tween November 1999 and January 2003 (Table 1). A
small speed boat was used for all field trips, except that
of September 2000 during which work was done at 71
stations distributed throughout the whole SW lagoon;
this sampling was conducted from the RV ‘Alis’
(Fig. 1A). In each bay and on the western shelf, tran-
sects of 6 stations, arranged along a trophic gradient,
were sampled (Fig. 1B). Water samples were collected
using acid-washed 5 1 Niskin bottles at 3 m depth, in or-
der to prevent contamination by occasional freshwater
inputs following precipitation events. Previous work
has shown that 3 m deep samples are, on average,
representative of the whole water column (authors'
unpubl. data). Samples were either immediately pro-
cessed onboard (September 2000) or kept in Niskin
bottles until return to the laboratory (within 1.5 h). Con-
ductivity, temperature, in vivo fluorescence, and tur-
bidity profiles were simultaneously recorded using a
SeaBird SBE 19 profiler and Seapoint fluorometer and
turbidity meter.
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Fig. 1. (A) Map of the southwestern lagoon indicating sampling locations. Each group of stations is represented by a different
symbol. (B) Stations sampled around Nouméa. Sainte-Marie Bay receives urban waste waters. Grande Rade receives urban waste
waters and industrial effluents from the nickel industry. Dumbéa and Boulari Bays are under terrigeneous influence

Nutrient analyses. Ammonium concentration was
fluorometrically determined in 3 unfiltered 40 ml repli-
cates on a Turner TD-700, using the o-phthaldialde-
hyde method (Holmes et al. 1999) immediately after
collection. This procedure gave a coefficient of varia-
tion (CV) between replicates ranging from 5 (eu-
trophic) to 30 % (oligotrophic waters).

Unfiltered, replicate, 40 ml samples were immedi-
ately frozen pending nitrate + nitrite (NO3; + NO,) and
phosphate (PO,) analyses. NO3; + NO, (CV 3 to 8%)
and PO, (CV 6 to 11%) concentrations were deter-
mined on a Bran+Luebbe Autoanalyzer III according to
Raimbault et al. (1990) and Grasshoff et al. (1983),
respectively. Total silicates (i.e. dissolved and colloidal)
were determined on one 60 ml subsample that was
immediately frozen after sampling according to Grass-
hoff et al. (1983).

Phytoplankton abundance and composition. Chlo-
rophyll a (chl a) concentration was fluorometrically
determined on methanol extracts of replicate 300 ml
samples filtered onto Whatman GF/F filters according
to Holm-Hansen et al. (1965). The size-fractionated
chl a concentrations were also determined on 90 repli-
cate 300 or 500 ml samples, using 2 and 10 pm Nucle-
pore membranes. These samples were collected during

the field trips in April 2002, August 2002, and January
2003.

Picophytoplankton, i.e. Prochlorococcus, Synecho-
coccus, and picoeukaryotes, were enumerated by flow
cytometry on 205 samples collected during the field

Table 1. Sampling period and number of stations sampled. A
transect is a set of 6 stations located from the coast to the open
sea (cf. Fig. 1B)

Period No. of Site
station
Nov 1999 19 5 transects (1 in each of the 4 bays
and 1 on the western shelf)
Sep 2000 71 Western and southern shelves,
oceanic station, and bays
Nov 2000 9 Western shelf

Mar-Apr 2001 85 5 transects (1 in each of the 4 bays

and 1 on the western shelf), 3 times

Jul 2001 21 4 transects (except Boulari Bay)

Apr 2002 30 5 transects (1 in each of the 4 bays
and 1 on the western shelf)

Aug 2002 30 5 transects (1 in each of the 4 bays
and 1 on the western shelf)

Jan 2003 30 5 transects (1 in each of the 4 bays

and 1 on the western shelf)
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trips in November 1999 to July 2001. Water samples
(1.5 ml) were preserved with 7.5 pl glutaraldehyde
(Sigma Grade II) at room temperature in the dark for
15 min before storage in liquid nitrogen pending analy-
sis. Enumeration of picophytoplankton populations was
conducted according to Blanchot & Rodier (1996) on a
FACScan flow cytometer (Becton Dickinson) equipped
with an air-cooled laser providing 15 mW at 488 nm
and with a standard filter setup. Yellow fluoresbrite
0.95 pm beads were used as internal standards (size
and fluorescence). The count rates per second never
exceeded 500 optical events, in order to avoid under-
estimation of particle abundance. Glutaraldehyde-
preserved picophytoplankton cannot be sized from a
FACScan flow cytometer (FSC); picoplankton carbon
was therefore computed using 0.053 pg C cell™? for
Prochlorococcus (Partensky et al. 1996), 0.25 pg C cell™!
for Synechococcus (Kana & Gilbert 1987), and 2.108 pg
C cell™! for picoeukaryotes (Campbell et al. 1994).

The abundance and biovolume of microalgae were
estimated using inverted microscopy on a selection of
135 samples collected during field trips. Water samples
(250 ml) were preserved in the dark with neutral for-
malin (2.5%, final concentration). Cell counts were
carried out on the whole sample using the classical
Utermohl method with an inverted microscope (Wild
M40 or Olympus IMT). Counting was done at a magni-
fication of x300, either on 1 cm? or on three 2.5 cm
diameters of the settling chamber, depending on algal
abundance. Higher magnification (x1500) was used for
the identification of minute species. The inverted
microscope usually does not allow the identification of
most of the phytoplankton species, particularly the
smallest specimens (e.g. coccolithophorids). In this
study, phytoplankton was always identified at the class
level, whereas the identification at the genus or spe-
cies level was made whenever possible. Counts were
expressed as numbers of individuals or filaments of
cyanobacteria per liter. For chain-forming diatoms,
each individual was counted, in order to calculate the
biovolumes. Microalgal biovolumes were calculated
using the standardized set of equations proposed by
Hillebrand et al. (1999). The linear dimensions used
for calculation were obtained either from microscopy
measurements or from the literature (e.g. Tomas 1996).
For each taxon, a unique mean volume was then
applied to all samples in which this taxon was encoun-
tered. Finally, microplankton biovolume was con-
verted into carbon units using the 2 carbon-to-volume
relationships proposed by Menden-Deuer & Lessard
(2000) for diatoms and flagellates, respectively.

Statistical tests. One-way ANOVA (analysis of vari-
ance) was used to compare nutrients and phyto-
plankton average data between the 7 areas of the SW
lagoon. Data were normalized using log(x + 1) trans-

formation. When the ANOVA test showed significant
effects, an LSD (least significant difference) a post-
eriori Fisher's t-test was applied on paired groups of
stations. Spearman rank correlation coefficients were
used in order to characterize the gradients of nutrient
concentrations along the stations of the transects
(Fig. 1B). The correlation coefficients were tested by a
posteriori Bonferroni test. Model II regression (Sokal &
Rohlf 1995) was used on log-transformed data in order
to analyze the relationships between nutrient concen-
trations and phytoplankton characteristics (i.e. total
and size-fractionated chl a concentrations and pico-
and microphytoplankton abundances). Regarding the
microalgae, the limited precision of counts was cir-
cumvented by grouping algal abundances in a limited
number of classes. All regression analyses of phyto-
plankton variables versus nutrients were performed
on average values computed in 12 logarithmic classes
of nutrient concentrations. Classes containing only 1
value were not considered in the regression analyses.

RESULTS
Physical characteristics

Temperature and salinity did not differ significantly
along transects (data not shown). Water temperature
ranged between 20.7°C (August 2002) and 28.8°C
(January 2003), whereas salinity was generally (83 %
of the values) between 34.5 and 35.5.

Nutrients

The ANOVA analyses showed that DIN (dissolved
inorganic nitrogen, ~0.15 nM) did not differ signifi-
cantly between the ocean, the southern and western
shelves, and Boulari Bay (Fig. 2). DIN concentrations
were significantly elevated in the other bays, Sainte-
Marie Bay being the most enriched (~0.95 nM).

Regarding phosphorus, Sainte-Marie Bay presented
DIP concentrations (dissolved inorganic phosphorus,
0.12 pM) that were significantly higher than at all other
sites, whereas Grande-Rade Bay (0.06 pM) displayed
DIP concentrations that were greater than in Boulari Bay
(0.03 M) and on the western shelf (0.04 pM). Si concen-
tration was significantly lower in the ocean and southern
shelf (~1.04 pM) than on the western shelf (1.95 utM) and
was significantly higher in the bays (2.5 to 5 uM) than in
the adjacent ocean, western and southern shelves.

Along transects, all nutrients showed significant
gradients in Sainte-Marie and Grande Rade Bays, i.e. the
bays located in the urbanized area (Table 2). In contrast,
no significant gradients were detected for DIN and DIP
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Fig. 2. Average nutrient concentrations for the different areas of the SW
lagoon (DIN, DIP: dissolved inorganic nitrogen and phosphorus, re-
spectively; Si: silicates). Error bars represent standard errors. Same letters
and numbers indicate averages that are not significantly different (ANOVA,

p <0.01)

in the non-urbanized Dumbéa and Boulari Bays
nor along the western shelf transect. Significant gradi-
ents in silicates were observed within all the transects.

The mean DIN:DIP ratio was 5.4 + 0.9 (+SE, n = 241)
for all samples. Low DIN and high Si concentrations
resulted in high Si:DIN ratios (mean + SE: 23.3 + 2.1,
n = 285). In general, there were no significant gra-
dients in nutrient ratios within the bays. The only
exceptions were Grande Rade Bay (Si:DIN) and
Boulari Bay (NH,":DIN).

Phytoplankton

The total chl a concentrations ranged from 0.1 to 2.4 pg
I They did not differ between the ocean and the shelf,
but significantly increased in the bays (Fig. 3). The chl a
concentrations were significantly higher in Grande Rade
and Sainte-Marie Bays than in Boulari and Dumbéa
Bays, and coast-to-lagoon transects showed significant
gradients within each bay (Table 2). The maximum
contribution (88 %) of the <2 pnm fraction was observed
in the ocean, whereas the maximum contribution (74 %)
of the >10 pm fraction was observed at the inner station
of Grande Rade (Fig. 3).

The abundances of Synechococcus, Prochlorococcus,
and picoeukaryotes varied by 2 orders of magnitude
among sites. Prochlorococcus largely dominated pico-
phytoplankton abundance at the oceanic station (87 +
4%); it dropped to 40 and 31 % on the southern and
western shelves and exhibited minor contributions in
the bays (Fig. 4). Synechococcusrepresented 12 + 4 % of
picophytoplankton abundance in oceanic waters, and in-
creased in proportion in shelf waters (57 to 66 %) to reach
up to 91 % of picophytoplankton cells in the bays. Pico-
eukaryotic algal cells contributed little to picophyto-

r8 plankton abundance, and increased from
1.2 £ 0.1% in oceanic waters up to 3.9 +
0.6 % on the shelf and 6.5 + 0.6 % in the bays.

- 6,'__\ Microalgal abundance varied by 3 orders
L of magnitude among sites, between 0.2

L4 8 and 464 x 10°% cells 1!, whereas biovolume
3 ranged between 2.0 x 10° and 3.3 x 10° pm®

) D I'!. The highest phytoplankton abun-

dances and biovolumes were observed in
Grande Rade and Sainte-Marie Bays, i.e.
) in the most urbanized bays (Fig. 5). Eight
phytoplankton classes were identified (see
below). However, diatoms, dinoflagellates,
and coccolithophorids were predominant
and together contributed 95.5% to total
microalgal abundance. The mean (+SE)
percentage of undetermined algae was
3.3 + 0.5%. Microalgae were significantly

Table 2. Spearman's rank correlation coefficients between
data and station distance from the coast. Correlations were
computed with data from all transects (Fig. 1B) and not from
Fig. 2 averages. Negative values indicate variables decreas-
ing from the coast (**p < 0.01; *p < 0.05; otherwise not signif-
icant; DIN: dissolved inorganic nitrogen [NH, + NO3 + NO,J;
DIP: dissolved inorganic phosphorus; Si: silicate; chl a: chloro-

phyll a)
DIN DIP Si Chl a
Sainte-Marie Bay -0.52** -0.58** -0.39** -0.50**
(45) (50) (50) (50)
Grande Rade Bay -0.55** -0.55** -0.62** -0.60**
(46) (46) (46) (46)
Dumbéa Bay -0.70** -0.70**
(54) (54)
Boulari Bay -0.51* -0.50*
(38) (40)
Western shelf transect -0.39** -0.60**
(45) (45)
1.0
A H Total
0.8 O<2m
\ O 2-10m
o W >10m
206 B
< 0.4 C C
pmam BEEN O DE
0.2 £

Sainte 'Grande ‘Dumbea ' Boulari Western Southern Ocean
Marie  Rade Bay Bay Shelf  Shelf
Bay Bay
Fig. 3. Average chlorophyll a (ug 1'!) for the different areas
of the SW lagoon of New Caledonia. Chl a concentrations
always increased in the bays close to the coast. Error bars rep-
resent standard errors of the total chl a concentration. Same
letters indicate averages of total chl a concentration that are
not significantly different (ANOVA, p < 0.01)
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more abundant (p < 0.05) in the bays than in the lagoon
or ocean (Fig. 5). However, this higher abundance was
mainly caused by an increase in the diatom numbers.
This predominance of diatoms was observed in terms
of both cell number and biovolume. The mean abun-
dance and biovolume of diatoms ranged from ca. 1 to
3 x 10% cells I'! and from 2.1 to 51.2 x 10°% pm?® I},
respectively, at the ocean and lagoon stations; in the
bays, the cell number and biovolume always exceeded
20 x 103 cells I'! and 311 x 10° pm?® 1"}, respectively. In
contrast, coccolithophorids showed a slight but sig-
nificant decrease in the bays, whereas dinoflagellates
did not significantly vary between the 7 sites (Fig. 5).
A total of 142 microalgal taxa belonging to 8 phyto-
plankton groups were identified (Appendix 1, see www.
int-res.com/articles/suppl/m320p065

tions were mainly related to the number of diatom spe-
cies identified, which varied 4-fold between the ocean
and the western shelf. However, despite several statis-
tical analyses, it was not possible to describe a consor-
tium of species restricted to a given site nor to identify
specific phytoplankton in the bays versus the lagoon or
the ocean. In fact, only 32 species were observed
exclusively at 1 site (Appendix 1). Furthermore, most
of the 32 species occurred on only 1 or 2 occasions,
with abundances never exceeding 3 x 10° cells 17},
except Cyclotella sp. (8.6 x 10° cells I"!). Similarly, only
23 species were observed in the bays but not in the
lagoon or ocean, and they occurred in <10% of the
samples, except for Asterionellopsis glacialis and Lep-
tocylindrus danicus (Appendix 1). In the bays, 3 spe-
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the ecological characteristics of the phy-
toplankton, oceanic species (e.g. Oxy-
toxum spp., Podolampas spinifera, Dicty-
ocha fibula) were not restricted to the

Fig. 4. Picophytoplankton average abundance in different lagoon areas. Error bars
represent standard errors. Same letters and numbers indicate that averages are

not significantly different (ANOVA, p <0.01)
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Table 3. Mean and maximum abundances (cells 1I"!) and

frequency of occurrence (%) of potentially toxic micro-

phytoplankton species. Species are arranged according to
decreasing mean abundances

Potentially toxic Abundance (cells I"!) Occurrence

species Mean Max. (%)

Pseudonitzschia sp. 11332 187259 41
H. Peragallo

Prorocentrum micans 432 4560 20
Ehrenberg

Gymnodinium sp. Stein 265 1053 15

Oscillatoria sp. 235 877 20
Vaucher Ex Gomont

Prorocentrum aff. 233 1909 12
mexicanum Tafall

Gyrodinium sp. 1 Stein 203 912 49

Prorocentrum dentatum 201 909 8
Stein

Prorocentrum spp. 150 785 11
Ehrenberg

Gyrodinium sp. 2 Stein 101 197 9

Dinophysis caudata 98 206 4
Saville-Kent

Pronoctiluca acuta 96 303 14
(Lohmann) Schiller

Amphidinium sp. 92 95 2
Clarapéde & Lachmann

Cochlodinium sp. Schitt 77 303 11

Gonyaulax sp. Diesing 73 197 13

Lingulodinium polyedrum 54 77 3
(Stein) Dodge

Dinophysis sp. Ehrenberg 52 155

Gonyaulax kofoidii 18 18 1
Pavillard

cies showed significant mean abundances: Asterionel-
lopsis glacialis and Skeletonema costatum (24 x 103
cells I'!) and Cyclotella sp. (8.6 x 103 cells I}).

Finally, it has to be noted that the possibly toxic
genus Pseudonitzschia was observed in 40% of the
samples, with a mean abundance of 11 x 10% cells 1!
and a maximum of 187 x 10° cells 1! (Table 3). Identifi-
cation of the species of Pseudonitzschia, required
because only some species of the genus are toxic, was
impossible as it necessitated SEM (scanning electron
microscope) examinations. Several possibly toxic dino-
flagellates, e.g. Prorocentrum aff. mexicanum or Dino-
physis caudata, were also observed, but their abun-
dances never reached 2 x 10% cells 1!, except for
Prorocentrum micans (4.6 x 10° cells I"1) (Table 3).

DISCUSSION

Few studies have investigated the relationships
between the nutrient concentrations and phytoplank-
ton in coral reef waters. Most of them focused on the

global estimates of phytoplankton abundances, i.e.
total or size-fractionated chl a (e.g. Charpy & Blanchot
1999), while the effects of nutrients on the structure of
the phytoplankton communities were seldom consid-
ered (Sakka et al. 1999, Van Duyl et al. 2002). Treating
the phytoplankton as a single ecological and physio-
logical unit does not allow the study of the varying
impacts of different phytoplankters on matter and
energy cycles in the ocean. Although size fractionation
captures some of the functional differences between
groups of phytoplankters (Agawin et al. 2000), it is use-
less as a tool to discriminate between groups of similar
size. Indeed, diatoms and dinoflagellates, which are
the major groups of large phytoplankters, exhibit
important physiological and ecological differences
(Goericke 2002), and, among picophytoplankton cells,
Prochlorococcus and Synechococcus may utilize differ-
ent nitrogen sources (Moore et al. 2002) and be con-
sumed by flagellates at different rates (Christaki et al.
2002). Thus, the effects of nutrients on the phytoplank-
ton in the SW lagoon of New Caledonia were con-
sidered not only as total chl a, but also as a range of
variables describing the phytoplankton community
structure, i.e. size-fractionated chl a, picophytoplank-
ton abundance, composition and biovolumes, and
abundance, composition, and biovolumes of nano- and
microphytoplankton.

Limiting nutrient

The median value of the DIN:DIP ratio (4.5:1) was
considerably lower than the classical (16:1) Redfield
ratio, whereas, in contrast, the Si:DIN ratio (median:
23.3) by far exceeded the Redfield ratio (1:1). How-
ever, the nutrient status of phytoplankton cannot be
assessed by the N:P ratio alone, but requires compari-
son of nutrient concentrations with threshold literature
values (Dortch & Whitledge 1992). Using literature
threshold values (DIN <1 pM, DIP 0.1 pM, and SiO,
< 2 nM; Justic et al. 1995) and according to the criteria
by Justic et al. (1995), P is limiting if Si:DIP > 22 &
DIN:DIP > 22, N is limiting if DIN:DIP < 10 & Si:DIN >
1, and Si is limiting if Si:DIP < 10 & Si:DIN < 1.

Therefore, nutrient values strongly suggest that N
was the limiting nutrient in the large majority of the
samples in New Caledonia’'s SW lagoon (Table 4). This
N limitation is in agreement with the much shorter
turnover time (concentration:uptake rate) for ammo-
nium than for DIP in the same area (J.-P. Torréton pers.
comm.). This limitation by nitrogen is not surprising,
since coral reef waters have often been considered N
limited. Indeed, N limitation has been reported in the
tropical Pacific waters of most of the 12 Tuamotu Atoll
lagoons studied (Dufour & Berland 1999, Torréton et al.
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Table 4. Percentage of samples in which nutrient ratios and concentrations suggest nutrient limitation (n: number of samples)

Ocean Southern shelf Western shelf Boulari Bay Dumbea Bay Grande Rade Sainte-Marie Bay
(n=10) (n=195) (n =50) (n=395) (n=259) (n=49) (n=47%)

P limiting 0 20 2 6 10 4 9

N limiting 86 80 88 77 75 69 64

Si limiting 0 0 0 0 0 0 0

None of the above 14 0 10 17 15 27 27

2000), and in the Caribbean (Van Duyl et al. 2002). In
the SW lagoon of New Caledonia, the distribution of
phytoplankton variables can thus be examined versus
DIN concentrations, without taking into account the
other macronutrients. It can be argued that Fe con-
centrations may limit phytoplankton development, as
observed in HNLC (high nutrient, low chlorophyll)
areas. However, Fe limitation is very unlikely in New
Caledonia lagoons, where the soils are known for their
richness in several metals including Fe (Latham 1981).
Indeed, Fe concentrations are 0.6 to 2 nM in the
Loyalty Channel on the east coast of New Caledonia
(M. Rodier pers. comm.), far exceeding the limiting Fe
concentrations of 0.13 nM in the Equatorial Pacific
(Coale et al. 1996). The SW lagoon of New Caledonia
receives considerably higher terrigeneous inputs than
Loyalty Channel (Ambatsian et al. 1997), and, there-
fore, Fe limitation is very unlikely to occur.

Relationships between nutrients and
phytoplankton variables

Since nitrogen is the main limiting factor, we exam-
ined the relationships between phytoplankton vari-
ables and DIN concentrations. The Model II regres-
sions (Table 5) showed that all phytoplankton variables
displayed significant relationships with all forms of
DIN. The only exceptions were dinoflagellate and coc-
colithophorid abundances versus NO3 + NO,. All rela-
tionships were positive, except for Prochlorococcus, for
which abundance decreased with increasing nitrogen
concentrations.

Phytoplankton size classes

The slope was significantly lower for the <2 pm frac-
tion than for the 2 other size fractions (Table 5). The
relative contribution of <2 pm phytoplankton to total
biomass (in terms of chl a), therefore, decreases with
increasing trophic status (Fig. 3). A similar trend was
observed by Tendrio et al. (2005) in the Bay of Ouinne
on the east coast of New Caledonia: phytoplankton
was dominated by picophytoplankton and micro-

cyanobacteria during dry seasons, corresponding to
low freshwater inputs and low nutrient concentrations,
and by larger eukaryotic populations during wet sea-
sons. This trend is in agreement with meta-analyses of
data from various marine (e.g. Chisholm 1992, Agawin
et al. 2000) and freshwater environments (Bell & Kalff
2001), although some of these trends may be corrupted
by spurious correlations when chlorophyll is used to
define the trophic status (Berges 1997). Several hypo-
theses have been formulated to explain the shift from
smaller to larger cells with increasing trophic condi-
tions. Firstly, it could be linked to a higher NH,:DIN
ratio in oligotrophic systems (Chisholm 1992) and to a
higher affinity of picophytoplankton for NH, than for
nitrate (Laws et al. 2000). This preference was, how-
ever, not observed by Sherr et al. (1982) or Furnas
(1983), nor is it supported by our results. Indeed, in the
SW lagoon of New Caledonia, the NH,:DIN ratio is
rather high (0.69 on average), but does not vary sig-
nificantly with distance from the coast (Table 2). In
addition, no significant relationship can be outlined
between the relative contribution of picoplankton to
total phytoplankton and the NH, :DIN ratio (data not
shown). Secondly, the shift to larger cells with increas-
ing DIN concentrations can be explained by the larger
surface to volume ratio of smaller cells, leading to a
more efficient uptake of nutrients in oligotrophic
waters (Legendre & Rassoulzadegan 1995) together
with a better molecular diffusion (Chisholm 1992).
Alternatively, the intrinsic capacity of larger cells to
multiply faster than smaller cells when they are not
limited by nutrient diffusion has been demonstrated
(Agawin et al. 2000, Fernandez et al. 2003). However,
in the SW lagoon of New Caledonia the ratio of pri-
mary production to chl a is not significantly higher for
the largest size fractions (authors' unpubl. data). This
suggests that increasing contributions of 2 to 10 pm
and >10 pm size classes with increasing DIN concen-
trations are not due to higher growth rates. A final
hypothesis is advanced by Samuelsson et al. (2002)
that phytoplankton develops faster in enriched condi-
tions than mesozooplankton does. A lower predation
pressure on larger cells could indeed explain this
dominance of larger cells in enriched conditions.
Unfortunately, we have no data to test this hypothesis.
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These changes in phytoplankton size classes in re-
sponse to nutrient enrichment may have important con-
sequences, especially in terms of carbon flow towards
upper trophic levels. The contribution of picoplankton
and microplankton in terms of carbon (see ‘Materials
and methods') was computed for the bays, the lagoon,
and the ocean. This calculation results in an obvious
predominance of microphytoplankton in the bays, as
the picoplankton and microphytoplankton represented
46.1 and 56.7 ng C 17!, respectively, compared to the la-
goon and the ocean, where picoplankton represented
26.8 and 20.7 pg C I}, respectively, and microplankton
represented 13.5 and 5.9 pg C 1'%, respectively. Since
the number of predation steps necessary to reach meso-
zooplankton is expected to be lower for microphyto-
plankton than for picophytoplankton, the percentage of
carbon losses should be lower in the microphytoplank-
ton-dominated populations from the bays. As a con-
sequence, the effect of nutrient enrichment should
theoretically favor mesozooplankton production (and
therefore the production of higher trophic levels) more
than could be expected from bulk primary production
due to these changes in size classes.

Picophytoplankton groups

In the whole lagoon, except for Sainte-Marie Bay, the
<2 pm fraction predominated in numbers and was
mainly constituted of Synechococcus. This pattern in
phytoplankton size fraction has often been observed in
oligotrophic coral reef waters (e.g. Charpy & Blanchot
1999, Sakka et al. 1999, Van Duyl et al. 2002, Tada et
al. 2003). The 3 components of the picoplankton com-
partment, i.e. Prochlorococcus, Synechococcus, and
picoeukaryotes, behaved differently according to the
DIN concentrations (Fig. 6). As shown by the regres-
sions in Table 5, a significant shift from Prochlorococcus
to Synechococcus dominance was observed with in-
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Fig. 6. Percent contributions of Prochlorococcus (vertical
stripes), Synechococcus (white), and picoeukaryotes (diago-
nal stripes) to total picophytoplankton abundance versus DIN
concentrations. Values computed from Table 5 relationships

creasing DIN concentrations (0.03 to 3.24 uM). The
Prochlorococcus dominance at the most oligotrophic
stations agrees with similar observations in the tropical
Pacific Ocean (Blanchot & Rodier 1996) and in the
tropical Atlantic Ocean (Partensky et al. 1996). Simi-
larly, a higher abundance of Synechococcus in rela-
tively enriched waters was reported by Campbell et al.
(1994) in the Pacific area and by Partensky et al. (1999)
in the Atlantic Ocean. The slightly decreasing ratio
between cyanobacteria and picoeukaryotes with in-
creasing DIN concentrations (Fig. 6) could be related to
both the greater size of picoeukaryotes modifying nutri-
ent uptake abilities and/or grazing efficiencies, and
photosynthetic content modifying adaptation to ambi-
ent light for picoeukaryotes (Partensky et al. 1999).

Microphytoplankton groups
Our results show consistent changes of phytoplank-

tonic communities as a function of DIN concentration.
This study shows, moreover, that inside each main

Table 5. Model II log-log regressions of chlorophyll a (chl a) in size classes and phytoplankton groups versus DIN, NH,, and NO;
+ NO, (a: log-log slope [95% CL in parentheses]|; b: intercept; r: determination coefficient; ***p < 0.001; **p < 0.01; *p < 0.05;
NS: not significant). Units are pg I"!, 10° cells I, cells I"!, and pM for chl a, picoplankton, microalgae, and nutrients, respectively

vs. DIN vs. NHy vs. NO3 + NO, —

a b T p a b T p a b r p

Total chl a (GF/F) 0.38 (0.27-0.49) -0.15 0.95 *** 0.34 (0.18-0.52) -0.12 0.87 ** 0.25(0.18-0.32) -0.00 0.92 ***
Chl a (<2 pm) 0.14 (0.04-0.24) -0.65 0.77 * 0.11 (0.01-0.21) -0.64 0.69 * 0.18 (0.12-0.24) -0.52 0.92 ***
Chl a (2-10 pm) 0.81 (0.58-1.10) -0.33 0.96 *** 0.77 (0.45-1.22) -0.20 0.93 ** 0.44 (0.17-0.76) -0.41 0.81 **
Chl a (>10 pm) 0.87 (0.50-1.43) -0.24 0.94 ** 0.51 (0.14-1.04) -0.32 0.86 * 0.35(0.26-0.46) -0.58 0.95 ***

Prochlorococcus —0.63 (-0.82 to -0.46) 0.91 0.96 *** -0.78 (-1.10to-0.54) 0.79 0.97 *** -0.42 (-0.61 to-0.25) 0.62 0.89 ***

Synechococcus 0.16 (0.05-0.27) 2.02 0.81 ** 0.17 (0.06-0.30) 2.06 0.86 ** 0.06 (0.05-0.08)  2.09 0.96 ***
Picoeukaryotes 0.26 (0.20-0.33) 0.79 0.97 *** 0.24 (0.16-0.32) 0.82 0.96 ** 0.16 (0.11-0.21)  0.89 0.90 ***
Diatoms 1.32 (0.73-2.74) 4.58 0.82 ** 1.13 (0.61-2.18) 4.57 0.84 ** 0.69 (0.23-1.50) 4.95 0.69 *
Dinoflagellates 0.41 (0.21-0.64) 3.91 0.87 ** 0.34 (0.16-0.54) 3.90 0.85 ** 0.26 NS
Coccolithophorids 0.82 (0.48-1.33) 4.02 092 ** 0.42 (0.19-0.70) 3.78 0.86 ** 0.24 NS
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phytoplankton group species may have different
response levels to nutrient inputs. However, these
trends did not result in the establishment of specific
phytoplankton populations in the bays. Similarly, it
does not seem that the eutrophication gradient influ-
ences the phytoplankton diversity. It must be kept in
mind that since not all phytoplankters can be distin-
guished at the species level and the method used for
microplankton examination did not produce an ex-
haustive list of species, diversity and evenness indices
cannot be computed from our data set. The failure to
observe specific phytoplankton populations on the
lagoon shelf and in the bays may be explained by the
continual water renewal in the SW lagoon. Indeed, the
lagoon circulation, mostly driven by southeasterly
trade winds, is dominated by a heavy flow of oligo-
trophic oceanic waters entering from the southeast and
exiting the lagoon in the northwest, and the residence
time of water has been estimated to be <7 d on average
(Jouon et al. in press). This could explain the regular
presence of oceanic species (e.g. Oxytoxum spp.,
Podolampas spinifera, Dictyocha fibula) in the bays.

The community composition of nano- and microal-
gae, however, displayed drastic changes with varying
DIN concentrations (Fig. 7). Regression fits show that
cells >10 pm are responsible for a large part of the
increase in phytoplankton biomass at higher DIN con-
centrations and that this increase was due to diatoms.
Indeed, dinoflagellates and coccolithophorids were
replaced by diatoms when DIN concentrations in-
creased from 0.03 to 2.65 pM. In addition, diatoms
were the only microalgal group showing a positive
correlation with nitrates (Table 5).

Similar relationships between diatoms and DIN were
reported in other coral reef environments (Revelante et
al. 1982, Furnas & Mitchell 1986, Van Duyl et al. 2002).

Fig. 7. Percent contributions of diatoms (diagonal stripes),

coccolithophorids (horizontal stripes), dinoflagellates (white),

and others (vertical stripes) to total microphytoplankton

abundance as a function of DIN concentration. Values com-
puted from Table 5 relationships

Short-term nutrient enrichments, either natural follow-
ing a cyclone (Delesalle et al. 1993) or experimental
(Sakka et al. 1999), also resulted in a predominance of
diatoms in atoll environments. Therefore, as Chisholm
(1992) already noted for temperate waters, diatoms
play a primary role in increasing the phytoplankton
biomass in these tropical environments.

The silicate concentrations are critical for diatom
growth (Egge & Aksnes 1992), and a silicate deficiency
can lead to dinoflagellate blooms if DIN is available
(Officer & Ryther 1980). During enrichment experi-
ments, Egge & Aksnes (1992) determined a threshold
of 2 pM Si beyond which diatoms become dominant. In
the present study, 63 % of the silicate concentrations
exceeded this threshold. These concentrations above
the threshold were essentially encountered in the
bays. Therefore, the predominance of diatoms in the
bays in response to higher DIN concentrations was
likely favored by correspondingly higher Si concentra-
tions. Correspondingly, a significant statistical rela-
tionship could be observed between diatom numbers
and silicate concentrations [log(diatoms) = 2.41 log(Si)
+2.94,1=0.87 p<0.001].

Taxon-specific relationships with DIN

The trends linking abundances of large phytoplank-
ton groups with the DIN concentrations determined
in this study are in agreement with the results of Berg
et al. (2003), who determined taxon-specific nitrogen
uptake rates in the Baltic Sea. However, they only con-
sidered relatively high taxonomic levels (e.g. diatoms,
dinoflagellates, etc.). In the present study, we were
able to investigate the possible relationships between
phytoplankton taxa and DIN concentrations at the
genus or species level.

Among the 72 diatoms identified, 22 were abundant
enough over a range of DIN concentrations to allow the
determination of specific trends of abundance versus
DIN (Fig. 8). Among those, Rhizosolenia imbricata did
not show any significant trend versus DIN, i.e. abun-
dance did not vary significantly with DIN concentra-
tion (369 + 69 cells I"!). Ten species presented slopes
exceeding 1.00; Thalassiosira sp. exhibited the largest
log-log slope (2.52 + 0.28), immediately followed by
Guinardia striata (2.12 + 0.36) and Rhizosolenia
setigera (1.67 + 0.14; Fig. 8).

Similarly, among the dinoflagellates, 41 species were
identified and 10 were abundant enough over a range
of DIN concentrations to allow the examination of
trends versus DIN. Among these, Prorocentrum gracile
displayed nearly constant abundance independent of
DIN concentration (388 + 43 cells 1''). Gymnodinium
sp. (1.29 = 0.37) and Prorocentrum sp. (1.03 + 0.09)
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Fig. 8. Log-log slopes of abundance (cells I"!) versus DIN (uM) for taxa belonging to diatomophytes, dinophytes, and cocco-
lithophorids. Error bars are standard errors. Probabilities given for each regression (NS: not significant)

exhibited much larger slopes (1.03 to 1.29; Fig. 8); how-
ever, these were usually lower than for diatoms.

For coccolithophorids, 10 species of the 18 identified
were abundant enough to permit determination of
trends versus DIN. Among these species, Emiliania
huxleyi exhibited the highest increase (1.20 = 0.30;
Fig. 8) with increasing DIN concentrations, whereas
Umbilicosphaera sibogae and Acanthoica quattrospina
displayed nearly constant abundances independent of

DIN concentration (365 + 70 and 122 + 13 cells I
respectively).

With respect to taxonomic level, Fig. 8 shows that the
slopes markedly differed between total abundance and
the identified genus or species. Thus, taking only total
abundance into account would suppress various trends
involving DIN concentrations that are revealed at a more
precise level. This can be rather useful when dealing
with putatively toxic species (e.g. Pseudonitzschia).
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Several potentially toxic and bloom-forming species
were observed (Table 3), some of which, e.g. Dino-
physis caudata and Lingulodinium polyedrum, are
known to cause fish and shellfish mortality events
(Bruno et al. 1990). None of them, however, exhibited
high abundances, nor a significant relationship with
DIN concentrations, except Pseudonitzschia sp., and
no toxic event due to planktonic algae has ever been
reported from New Caledonia. This might be related to
the absence of aquaculture of filter feeders in New
Caledonia. This may, however, change in the future if
oyster mariculture is further developed in the bays. At
present, there is only 1 oyster farm in Dumbea Bay
(Kulbicki pers. comm.), and the most frequent disease
is ciguatera fish poisoning, which is caused by the
benthic dinoflagellate Gambierdiscus toxicus.

Comparison with previous studies

The mean chl a concentration (0.45 + 0.02 ug 1’}
determined in this study is similar to values obtained in
various other coral reef lagoons throughout the world,
e.g. on the Great Barrier Reef (Furnas & Mitchell 1986),
in French Polynesia (Dufour & Berland 1999, Delesalle
et al. 2001), in the Fiji Islands (Charpy & Blanchot
1999), at Curacao Island (Van Duyl et al. 2002), or at
Okinawa Island (Tada et al. 2003).

The chlorophyll concentrations observed in the pre-
sent study can be compared to the results obtained by
Rougerie (1985) from the same area in order to evaluate
the temporal evolution of the phytoplankton biomass
over 25 yr. The average chlorophyll concentration com-
puted by Rougerie (1985) from ca. 20000 samples col-
lected between 1976 and 1979 throughout the whole
SW lagoon is very similar to ours (0.57 £ 0.18 vs. 0.47 +
0.02 g chl aI'!). He observed a decrease in chl a con-
centrations with the distance from the coast, similar to
our results, and also reported similar average chl a
values in the bays near Nouméa (0.72 vs. 0.60 to 0.82 ng
chl a 1! in our study). The DIN concentrations were
also comparable (0.87 vs. 0.94 pM) in the bays near
Noumeéa. Since Rougerie's (1985) study, the population
of Nouméa City has increased by ca. 90%, and the
sewage treatment is still insufficient. At first glance, in-
creased urbanization does not seem to result in either
higher mean phytoplankton biomass or higher mean
nutrient concentrations in the coastal part of the lagoon.
As already mentioned, this may be explained by the
substantial water renewal in the SW lagoon. It should
be noted, however, that the maximum concentrations of
both nitrogen and chl a differed significantly between
the 1970s and our study. Rougerie (1985) reported a
maximum chl a value of 1.01 pg 1!, whereas we mea-
sured more than twice this value (2.4 pgI™%).

In summary, the 7 areas studied in the SW lagoon of
New Caledonia are characterized by distinct macro-
nutrient concentrations, with the bays in the urbanized
area showing the largest departure from average
lagoon conditions. Examination of the nutrient ratios
shows that nitrogen is likely the macronutrient that
drives phytoplankton community composition. In agree-
ment, we found significant statistical relationships be-
tween abundance of the major phytoplankton groups
and DIN concentrations. We have shown that, although
moderate, local nutrient enrichments increase phyto-
plankton biomass and induce significant shifts in the
phytoplankton community structure. These changes
are not restricted to changes in phytoplankton size. Re-
garding picoplankton, the Prochlorococcus-dominated
consortia in the surrounding oceanic and southern
lagoon shelf waters are replaced by Synechococcus-
dominated populations in the bays, combined with an
increasing proportion of picoeukaryotic phytoplankton.
Regarding microphytoplankton, nutrient enrichment in
the bays favors large diatoms.

The present work can also be considered as a first and
necessary step in the study of the consequences of metal
inputs into the marine food web. Indeed, the SW lagoon
of New Caledonia is subjected to large inputs of toxic
trace metals, such as nickel, cadmium, copper, and zinc,
from both mining and urban activities. Knowledge of the
phytoplankton community structure is essential to study
the pathways of metal integration into marine food webs.
Evaluating the effect of nutrient enrichment on phyto-
plankton community structure was a prerequisite to
assessing the effects of other inputs, like metals.

Acknowledgements. This work was supported by the Institut
Francais de Recherche pour le Développement (IRD) and
grants from the Programme National Environnement Cotier
(PNEC), the ZoNéCo program, and from the Ministére de
1'Outre-Mer. We express our gratitude to J. Bargibant, S.
Tereua, and A. Lapetite and the crew of the IRD RV ‘Alis’ for
their efficient help during sample collection, and to E.
Rochelle-Newall for linguistic corrections. This manuscript
benefited from the comments of 3 anonymous reviewers.

LITERATURE CITED

Agawin NSR, Duarte CM, Agusti S (2000) Nutrient and tem-
perature control of the contribution of picoplankton to
phytoplankton biomass and production. Limnol Oceanogr
45:591-600

Ambatsian P, Fernex F, Bernat M, Parron C, Lecolle J (1997)
High metal inputs to closed seas: the New Caledonian
lagoon. J Geochem Explor 59:59-74

Anderson DM, Glibert PM, Burkholder JM (2002) Harmful
algal blooms and eutrophication: nutrient sources, compo-
sition, and consequences. Estuaries 25:704-726

Bell T, Kalff J (2001) The contribution of picophytoplankton in
marine and freshwater systems of different trophic status
and depth. Limnol Oceanogr 46:1243-1248



Jacquet et al.: Phytoplankton communities in New Caledonia's SW lagoon 77

Berg GM, Balode M, Purina I, Bekere S, Béchemin C,
Maestrini SY (2003) Plankton community composition in
relation to availability and uptake of oxidized and reduced
nitrogen. Aquat Microb Ecol 30:263-274

Berges JA (1997) Ratios, regression statistics, and ‘spurious’
correlations. Limnol Oceanogr 42:1006-1007

Blanchot J, Rodier M (1996) Picophytoplankton abundance
and biomass in the western tropical Pacific Ocean during
the 1992 El Nifno year: results from flow cytometry. Deep-
Sea Res 143:877-895

Bruno M, Gucci PMB, Pierdominici E, Ioppolo A, Volterra L
(1990) Presence of saxitoxin in toxic extracts from
Gonyaulax polyedra. Toxicon 28:1113-1116

Campbell L, Nolla HA, Vaulot D (1994) The importance of
Prochlorococcus to community structure in the Central
North Pacific Ocean. Limnol Oceanogr 39:954-961

Cardinal M (1983) Etude des populations phytoplanctoniques
sur la cote sud-ouest de la Nouvelle-Calédonie. In: 8eme
colloque de la SEPANRIT la nature insulaire tropicale:
spécificité et protection. Bull Liaison SEPANRIT 12:167-172

Charpy L, Blanchot J (1999) Picophytoplankton biomass, com-
munity structure and productivity in the Great Astrolabe
Lagoon, Fiji. Coral Reefs 18:255-262

Chisholm SW (1992) Phytoplankton size. In: Falkowski PG,
Woodhead AD (eds) Primary production and biogeochem-
ical cycles in the sea. Plenum Press, New York, p 213-236

Christaki U, Courties C, Karayanni H, Giannakourou A,
Maravelias C, Kormas KA, Lebaron P (2002) Dynamic
characteristics of Prochlorococcus and Synechococcus con-
sumption by bacterivorous nanoflagellates. Microb Ecol
42:341-352

Coale KH, Johnson KS, Fitzwater SE, Gordon RM and 15
others (1996) A massive phytoplankton bloom induced by
an ecosystem-scale fertilization experiment in the equato-
rial Pacific Ocean. Nature 383:495-501

Delesalle B, Pichon M, Frankignoulle M, Gattuso JP (1993)
Effects of a cyclone on coral reef phytoplankton biomass,
primary production and composition (Moorea Island,
French Polynesia). J Plankton Res 15:1413-1423

Delesalle B, Sakka A, Legendre L, Pages J, Charpy L, Loret P
(2001) The phytoplankton of Takapoto Atoll (Tuamotu
Archipelago, French Polynesia): time and space variability
of biomass, primary production and composition over 24
years. Aquat Living Res 14:175-182

Dortch Q, Whitledge TE (1992) Does nitrogen or silicon limit
phytoplankton production in the Mississippi River plumes
and nearby regions? Cont Shelf Res 22:1293-1309

Dufour P, Berland B (1999) Nutrient control of phytoplank-
tonic biomass in atoll lagoons and Pacific Ocean waters:
studies with factorial enrichment bioassays. J Exp Mar
Biol Ecol 234:147-166

Egge JK, Aksnes DL (1992) Silicate as a regulating nutrient in
phytoplankton competition. Mar Ecol Prog Ser 83:281-289

Fernandez E, Maranén E, Moran X, Serret P (2003) Potential
causes for the unequal contribution of picophytoplankton
to total biomass and productivity in oligotrophic waters.
Mar Ecol Prog Ser 254:101-109

Furnas MJ (1983) Nitrogen dynamics in lower Narragansett
Bay, Rhode Island: uptake by size-fractionated phyto-
plankton populations. J Plankton Res 5:657-676

Furnas MJ, Mitchell AW (1986) Phytoplankton dynamics in
the central Great Barrier Reef. I. Seasonal changes in
biomass and community structure and their relation to
intrusive activity. Cont Shelf Res 6:636-684

Goericke R (2002) Top-down control of phytoplankton bio-
mass and community structure in the monsoonal Arabian
Sea. Limnol Oceanogr 47:1307-1323

Grasshoff K, Eherhardt M, Kremling K (1983) Methods of
seawater analysis, 2nd edn. Verlag Chemie, Weinheim

Guzman HM, Cortes J, Glynn PW, Richmond RH (1990) Coral
mortality associated with dinoflagellate blooms in the
eastern Pacific (Costa Rica and Panama). Mar Ecol Prog
Ser 60:299-303

Hillebrand H, Dirselen CD, Kirschtel D, Pollingher U, Zohary
T (1999) Biovolume calculations for pelagic and benthic
microalgae. J Phycol 35:403-424

Holmes MR, Aminot A, Kérouel R, Hooker BA, Peterson BJ
(1999) A simple and precise method for measuring ammo-
nium in marine and freshwater ecosystems. Can J Fish
Aquat Sci 56:1801-1808

Holm-Hansen O, Lorenzen CJ, Holmes RW, Strickland JDH
(1965) Fluorimetric determination of chlorophyll. Rapp
P-V Reun Cons Int Explor Mer 30:3-15

Kana TM, Gilbert PM (1987) Effect of irradiance up to 2000
BE m~2 s7! on marine Synechoccocus WH7803-1. Growth,
pigmentation and cell composition. Deep-Sea Res 34:
479-516

Jouon A, Douillet P, Ouillon S, Fraunié P (in press) Calculations
of hydrodynamic time parameters in a semi-opened coastal
zone using a 3D hydrodynamic model. Cont Shelf Res

Justic D, Rabalais NN, Turner RE (1995) Stoichiometric nu-
trient balance and origin of coastal eutrophication. Mar
Pollut Bull 30:41-46

Latham M (1981) Aptitudes culturales et forestieres. In:
Sautter C (coord) Atlas de la Nouvelle Calédonie et
dépendances. ORSTOM, Paris

Laws EA, Landry MR, Barber RT, Campbell L, Dickson ML,
Marra J (2000) Carbon cycling in primary production bot-
tle incubations: inferences from grazing experiments and
photosynthetic studies using *C and O in the Arabian
Sea. Deep-Sea Res 11 47:1339-1352

Lee Chen Y, Chen H, Karl DM, Takahashi M (2004) Nitrogen
modulates phytoplankton growth in spring in the South
China Sea. Cont Shelf Res 24:527-541

Legendre L, Rassoulzadegan F (1995) Plankton and nutrient
dynamics in marine waters. Ophelia 41:153-172

Margalef R (1978) Life-forms of phytoplankton as survival
alternatives in an unstable environment. Oceanol Acta 1:
493-509

Menden-Deuer S, Lessard EJ (2000) Carbon to volume rela-
tionships for diatoms, dinoflagellates and other protist
plankton. Limnol Oceanogr 45:569-579

Moore LR, Post AF, Rocap G, Chisholm SW (2002) Utilization
of different nitrogen sources by the marine cyanobacteria
Prochlorococcus and Synechococcus. Limnol Oceanogr
47:989-996

Niquil N, Arias-Gonzalez JE, Delesalle B, Ulanowicz RE
(1999) Characterization of the planktonic food web of
Takapoto atoll lagoon, using network analysis. Oecologia
118:232-241

Officer CB, Ryther JH (1980) The possible importance of sili-
con in marine eutrophication. Mar Ecol Prog Ser 3:43-71

Olsen Y, Reinertsen H, Vadstein O, Andersen T and 11 others
(2001) Comparative analysis of food webs based on flow
networks: effects of nutrient supply on structure and func-
tion of coastal plankton communities. Cont Shelf Res 21:
2043-2053

Partensky F, Blanchot J, Lantoine F, Neveux J, Marie D (1996)
Vertical structure of picophytoplankton at different
trophic sites of the tropical NE Atlantic Ocean. Deep-Sea
Res 43:1191-1213

Partensky F, Blanchot J, Vaulot D (1999) Differential distribu-
tion and ecology of Prochlorococcus and Synechococcus in
oceanic waters: a review. Bull Inst Oceanogr 19:467-475



78 Mar Ecol Prog Ser 320: 65-78, 2006

Raimbault P, Slawyk G, Coste B, Fry JC (1990) Feasibility of
measuring an automated colorimetric procedure for the
determination of seawater nitrate in the 0 to 100 nM
range: examples from field and culture. Mar Biol 104:
347-351

Revelante N, Williams WT, Bunt JS (1982) Temporal and
spatial distribution of diatoms, dinoflagellates and Tricho-
desmium in waters of the Great Barrier Reef. J Exp Mar
Biol Ecol 63:27-45

Rougerie F (1985) The New Caledonian south-west lagoon:
circulation, hydrological specificity and productivity. In:
Gabrié C, et al (eds) Proc 5th Int Coral Reef Congr, Vol 6.
Antenne Museum—EPHE, Moorea, Tahiti, p 17-22

Sakka A, Legendre L, Gosselin M, LeBlanc B, Delesalle B,
Price NM (1999) Nitrate, phosphate, and iron limitation of
the phytoplankton assemblage in the lagoon of Takapoto
Atoll (Tuamotu Archipelago, French Polynesia). Aquat
Microb Ecol 19:149-161

Sakka A, Legendre L, Gosselin M, Niquil N, Delesalle B
(2002) Carbon budget of the planktonic food web in an
atoll lagoon (Takapoto, French Polynesia). J Plankton Res
24:301-320

Samuelsson K, Berglund J, Haecky P, Andersson A (2002)
Structural changes in an aquatic microbial food web caused
by inorganic nutrient addition. Aquat Microb Ecol 29:29-38

Sherr EB, Sherr BF, Berman T, McCarthy JJ (1982) Differ-
ences in nitrate and ammonia uptake among components
of a phytoplankton population. J Plankton Res 4:961-965

Editorial responsibility: Charles Birkeland (Contributing
Editor), Honolulu, Hawaii, USA

Smayda TJ (1989) Primary production and the global epi-
demic of phytoplankton blooms in the sea: A linkage? In:
Cosper EM, Carpenter EJ, Bricelj VM (eds) Novel phyto-
plankton blooms: causes and impacts of recurrent brown
tides and other unusual blooms in coastal and estuarine
studies. Springer-Verlag, New York, p 449-483

Sokal RR, Rohlf GJ (1995) Biometry. Freeman, New York

Tada K, Sakai K, Nakano Y, Takemura A, Montani S (2003)
Size-fractionated phytoplankton biomass in coral reef
waters off Sesoko Island, Okinawa, Japan. J Plankton Res
25:991-997

Tenodrio MMB, LeBorgne R, Rodier M, Neveux J (2005) The
impact of terrigeneous inputs on the Bay of Ouinné (New
Caledonia) phytoplankton communities: a spectrofluoro-
metric and microscopic approach. Estuar Coast Shelf Sci
64:531-545

Tomas CR (1996) Identifying marine diatoms and dinoflagel-
lates. Academic Press, New York

Torréton J-P, Talbot V, Garcia N (2000) Nutrient stimulation of
bacterioplankton growth in Tuamotu Atoll lagoons. Aquat
Microb Ecol 21:125-137

Van Duyl F, Gast G, Steinhoff W, Kloff S, Veldhuis M, Bak
RPM (2002) Factors influencing the short-term variation in
phytoplankton composition and biomass in coral reef
waters. Coral Reefs 21:293-306

Zingone A, Oksfeldt-Enevoldsen H (2000) The diversity of
harmful algal blooms: a challenge for science and man-
agement. Ocean Coast Manage 43:725-748

Submitted: August 11, 2004; Accepted: January 10, 2006
Proofs received from author(s): August 3, 2006



The following appendix accompanies the article

Response of phytoplankton communities to increased
anthropogenic influences (southwestern lagoon, New Caledonia)

Séverine Jacquet!'*, Bruno Delesalle?, Jean-Pascal Torréton!, Jean Blanchot?
1IRD, UR CAMELIA, BP A5, 98848 Nouméa Cedex, New Caledonia

2Laboratoire des Ecosystémes Aquatiques Tropicaux et Méditerranéens, E.P.H.E., UMR CNRS 8046, 66860 Perpignan Cedex, France
SIRD, UR CYROCO, BP 172, 97492 Sainte-Clotilde Cedex, La Réunion, France

*Email: jacquet_severine@yahoo.fr

Marine Ecology Progress Series 320:65—-78 (2006)

Appendix 1. List of the 142 microalgal taxa identified in the 135 samples and the areas in which they were found (grey rectangles) in the
SWlagoon. Letters indicate the usual distribution of species: tropical warm waters (W), temperate waters (T), or cosmopolitan (C)

Sainte Grande Dumbéa Boulari Western Southern Ocean
Marie Rade Bay Bay shelf shelf
Bay Bay

DIATOMOPHYTES

Amphora sp. Ehrenberg

Asterionellopsis glacialis (Castracane) Round
Asterionellopsis kariana (Grunow) Round
Asteromphalus heptactis (Brébisso) Ralfs
Bacteriastrum furcatum Shadbolt

Bacteriastrum hyalinum Lauder

Bacteriastrum spp. Shadbolt

Cerataulina pelagica (Cleve) Hendey

Chaetoceros anastomosans Grunow in Van Heurck
Chaetoceros atlanticus Cleve

Chaetoceros coarctatus Lauder

Chaetoceros curvisetus Cleve

Chaetoceros decipiens Cleve

Chaetoceros didymus Ehrenberg

Chaetoceros laciniosus Schiitt

Chaetoceros peruvianus Brightwell

Chaetoceros socialis Lauder

Chaetoceros spp. Ehrenberg

Climacodium frauenfeldianum Grunow

Corethron criophilum Castracane

Coscinodiscus sp. Ehrenberg emend. Hasle & Sims
Cyclotella sp. (Kiitzing) Brébisson

Dactyliosolen fragilissimus Bergon (Hasle)
Diploneis bombus Ehrenberg

Diploneis sp. Ehrenberg

Entomoneis alata (Ehrenberg) Ehrenberg
Eucampia cornuta (Cleve) Grunow

Eucampia zodiacus Ehrenberg

Guinardia cylindrus (Cleve) Hasle

Guinardia flaccida (Castracane) Peragallo
Guinardia striata (Stolterfoth) Hasle

Gyrosigma sp. Agardh

Hemiaulus hauckii Grunow in Van Heurck W, T
Hemiaulus sinensis Greville W, T
Lauderia annulata Cleve W, T
Leptocylindrus danicus Cleve

Licmophora sp. Agardh

Lioloma sp. Hasle W, T
Mastoglioa binotata (Grunow) Cleve W, T
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Appendix 1 (continued)

Sainte Grande Dumbéa Boulari Western Southern Ocean
Marie  Rade Bay Bay shelf shelf
Bay Bay

Mastoglioa fimbriata (Brightwell) Cleve W, T

Mastoglioa sp. Thwaites in Wm. Smith W, T

Melosira granulata (Ehrenberg) Ralfs C

Melosira sp. Agardh C

Navicula sp. Bory de St. Vincent

Nitzschia bicapitata Cleve W, T

Nitzschia closterium (Ehrenberg) Wm. Smith C

Nitzschia distans Gregory

Nitzschia longissima (Brébisson) Ralfs C

Nitzschia maxima Grunow

Nitzschia punctata var. coarctata (Grunow) Diaz-Ramos

Nitzschia sp. Hassall

Odontella sinensis (Greville) Grunow

Pleurosigma angulatum (Quekett) Wm. Smith

Pleurosigma fasciola Wm. Smith

Pleurosigma sp. Wm. Smith

Proboscia alata (Brightwell) Sundstrom

Pseudonitzschia sp. H. Peragallo

Pseudosolenia calcar-avis (Schultze) Sundstrom w

Rhabdonema adriaticum Kiitzing W, T

Rhaphoneis sp. Ehrenberg C
C
W
C

[eNeNeNe!

Rhizosoleia imbricata Brightwell

Rhizosolenia robusta Norman in Pritchard

Rhizosolenia setigera Brightwell

Rhizosolenia sp. Brightwell

Rhopalodia gibba (Ehrenberg) O. F. Miiller

Skeletonema costatum (Greville) Cleve C
Surirella sp. Turpin

Synedra sp. Ehrenberg

Thalassionema frauenfeldii (Grunow) Hallegraeff W, T
Thalassionema nitzschoides (Grunow) Mereschkowsky C
Thalassiosira sp. Cleve

Trachyneis aspera (Ehrenberg) Ehrenberg W, T

DINOPHYTES

Amphidinium sp. Clarapede & Lachmann
Ceratium breve (Ostenfeld & Schmidt) Schroder
Ceratium candelabrum (Ehrenberg) Stein
Ceratium furca (Ehrenberg) Clarapede & Lachmann
Ceratium fusus (Ehrenberg) Dujardin

Ceratium pentagonum Gourret

Ceratium tripos (O. F. Miiller) Nitzsch

Ceratium sp. Schrank

Cochlodinium sp. Schiitt

Corythodinium tesselatum (Stein) Loeblich Jr. & Loeblich IIT
Dinophysis caudata Saville-Kent

Dinophysis sp. Ehrenberg

Gonyaulax kofoidii Pavillard

Gonyaulax sp. Diesing

Gymnodinium sp. Stein

Gyrodinium sp. 1 Stein

Gyrodinium sp. 2 Stein

Heterocapsa sp. Stein

Histioneis sp. Stein

Lingulodinium polyedrum (Stein) Dodge
Micracanthodinium sp. Deflandre
Ornithocercus magnificus Stein

Oxytoxum scolopax Stein

Oxytoxum subulatum Kofoid

Oxytoxum sp. 1 Stein

Oxytoxum sp. 2 Stein

Oxytoxum spp. Stein

Podolampas bipes Stein
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Appendix 1 (continued)

Sainte Grande Dumbéa Boulari Western Southern Ocean
Marie  Rade Bay Bay shelf shelf
Bay Bay

=

Podolampas spinifera Okamura
Polykrikos kofoidii Chatton

Pronoctiluca acuta (Lohmann) Schiller
Prorocentrum dentatum Stein
Prorocentrum gracile Schiitt
Prorocentrum aff. mexicanum Tafall
Prorocentrum micans Ehrenberg
Prorocentrum spp. Ehrenberg
Protoperidinium bispinum Schiller
Protoperidinium elegans (Cleve) Balech
Protoperidinium globosum (Dangeard) Balech
Protoperidinium oceanicum (Van Hoéffen)
Protoperidinium sp. Berg
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COCCOLITHOPHORIDS

Acanthoica quattrospina Lohmann

Algirosphaera sp. Schlauder

Anoplosolenia brasiliensis (Lohmann) Deflandre

Calciosolenia murrayi Gran

Discosphaera tubifer (Murray & Blackman) Ostenfeld

Emiliania huxleyi (Lohmann) Hay & Mohler

Gephyrocapsa oceanica Kamptner

Halopappus adriaticus Schiller, emend. Manton,
Bremer & Oates

Helicosphaera carteri (Wallich) Kamptner

Helladosphaera sp. Kamptner

Michaelsarsia elegans Gran, emend. Manton, Bremer & Oates

Ophiaster hydroideus (Lohmann) Lohmann, emend.
Manton & Oates

Pontosphaera sp. Lohmann

Rhabdosphaera sp. Haeckel

Syracosphaera sp. Lohmann

Umbellosphaera irregularis Paasche

Umbellospahera tenuis (Kamptner) Paasche

Umbilicosphaera sibogae (Weber-van-Bosse) Gaarder
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CYANOPHYTES

Anabaena sp. St. Vincent, ex Bornet & Flah C
Lyngbya sp. Agardh ex Gomont C
Oscillatoria sp. Vaucher ex Gomont W, T
Pseudanabaena sp. Lauterborn C
Richelia intracellularis Schmidt in Ostenfledt & Schmidt W, T

PRASINOPHYTES
Pachysphaera sp. Ostenfeld
Pyramimonas sp. 1 Schmarda
Pyramimonas sp. 2 Schmarda
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EUGLENOPHYTES
Euglena sp. Ehrenberg C

CRYPTOPHYTES
Undetermined

DICTYOCHOPHYTES
Dictyocha fibula Ehrenberg C

Number of taxa

DIATOMOPHYTES 41 38 52 18 56 18 14
DINOPHYTES 14 24 27 14 31 21 15
COCCOLITHOPHORIDS 8 4 14 4 18 16 13
OTHERS 5 5 7 3 9 7 6
TOTAL 68 71 100 39 114 62 48




