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ABSTRACT: Algal blooms sporadically occur in atoll lagoons of the Tuamotu Archipelago (French Polynesia). The present study was conducted in the lagoon of Takapoto Atoll to investigate the roles of N.
P and Fe in controlling the biomass and production of algae. Addition of P alone had no significant
eifect on phytoplankton. The NP wnichments resulted in the highest increases of < 3 and > 3 pm chlorophyll a (chl a), algal carbon production, algal abundance (especially the pennate diatom Proboscla
alata), and protozoan carbon production. Addition of N alone also enhanced chl a and algal carbon production, but was less effective than when N was combined with P. Dinoflagellates, which were dominated by Gymnodinium spp., showed the greatest response to the + N treatment. In one experiment, Fe
addition (with EDTA) significantly enhanced chl a in the > 3 pm size fraction, and the net rates of algal
and protozoan carbon production. The +Fe treatment especially enhanced the abundance of the coccolithophore Acanthoica sp. These results indicate that N followed by P limited the biomass and production of small and large algae, and that Fe may have been at times in short supply and hmited the
large algae. A sudden supply of these nutrients to the lagoon, by natural phenomena, may trigger a
phytoplankton outburst and change the taxonomic composition of the algal community. Production and
grazing of protozoa may have been indirectly regulated by the availability of N, P and Fe, since the
quantity of their algal food was controlled by these nutrients.
KEY WORDS: Atoll lagoon . Phytoplankton . Protozoa. Nutrient limitation . Bioassays

INTRODUCTION
In oligotrophic temperate and tropical waters, nutrient availability is generally considered to be the main
factor affecting phytoplankton growth rates (Dugdale
& Goering 1967, DiTullio et al. 1993), biomass (Dugdale & Wilkerson 1992, Graziano et al. 1996),and species composition (DiTullio et al. 1993). Which nutrients
actually limit algal growth is debated (Smith 1984). In
'Addressee for correspondence.
E-mail: louis.legendre@bio.ulaval.ca
Q Inter-Research 1999

general, N and P are considered to be the major nutrients that limit phytoplankton net production. Ecosystems with ratios of dissolved inorganic nitrogen to
phosphorus less than the average plankton intracellular ratio (N:P = 161) are generally considered to be N
limited, whereas those with N:P > 16:l would be P limited (Redfield et al. 1963, Heckey & Kilham 1988).
Recent studies have shown that macronutrients (N,
P, and Si) and trace metals (Fe) may CO-limitalgal
growth and species composition (Martin et al. 1994,
Price et al. 1994). The exact role of Fe in controlling
the structure and production of algal assemblages is
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under study. In the equatorial Pacific, experimental
additions of Fe to seawater indicate that the biomass
and production of phytoplankton (especially the nanosized cells) are severely limited by Fe availability
(Cullen et al. 1992, Wells et al. 1994, Lindley & Barber
1998). Although the biomass and production of picophytoplankton are not typically Fe limited (Cullen et
al. 1992, Price et al. 1994), recent studies suggest
physiological limitation of small phytoplankton by Fe
(Behrenfeld et al. 1996, Henley & Yin 1998). Procaryotic picophytoplankton are capable of specific uptake
of ferric iron by excretion of siderophores (Brown &
Trick 1992, Wilhelm & Trick 1994, Wilhelm et al.
1996). Some cyanobacteria can fix NZ,which requires
much Fe (Rueter et al. 1990, Hutchins et al. 1991).
N2-fixing phytoplankton are widespread in tropical
and sub-tropical marine environments (Carpenter
1983). A recent laboratory study reported possible Fe
limitation of protozoa (Chase & Price 1997). It follows
that understanding the exact effects of Fe enrichment
on natural phytoplankton assemblages requires investigating not only the responses of algae, but also those
of their grazers (Price et al. 1994, de Baar et al. 1995).
In atoll lagoons and other coral reef systems, macronutrients may limit the growth of some algae. Kinsey &
Domm (1974) did not find significant effects of N and P
addition on planktonic activity in the atoll lagoon of One
Tree Island (Great Barrier Reef, Australia), but they observed a pronounced increase of the net production of
benthic algae. In the same lagoon, Larkum & Koop
(1997) could not find any effect of N or P addition on
epilithic algae. Smith (1984) proposed that P limits
phytoplankton in the lagoon of Canton Atoll (Central Pacific Ocean). In Kaneohe Bay (Hawaii), Laws & Allen
(1996) reported that N is always more limiting than P.
Recent in vitro nutrient enrichment experiments have
shown that N most frequently limited the growth of
phytoplankton in 10 atolls of the Tuarnotu Archipelago
(French Polynesia, Dufour & Berland 1999).Concerning
micronutrients, Entsch et al. (1983b) reported possible Fe
limitation of coral reef primary producers of Davies Reef
(Great Barrier Reef).
In recent years, strong phytoplankton blooms occurred
sporadically in French Polynesian atoll lagoons, sometimes accompanied by mortality of natural or farmed
black-pearl oysters. The present research was conducted
w i t h the context of a program that investigated the origins of these algal blooms. The study site was the lagoon
of Takapoto Atoll (Tuamotu Archipelago, French Polyn e s ~ a )which
,
supports large black-pearl oyster farming.
In Takapoto Atoll, there have been several studies
on nutrient concentrations, but few have investigated
the role of nutrients in controlling the biomass and
production of phytoplankton. The lagoon is characterized by low nutrient concentrations (<0.2p M N o 3 ,

~ 0 . pM
1 PO,; Charpy 1996). Our first hypothesis was
that phytoplankton there are limited by major nutrients such as N and/or P which, when supplied to the
system, may trigger algal outbursts. In the Takapoto
lagoon, the phytoplankton assemblage is dominated
by single-celled cyanobacteria (Charpy et al. 1992,
Charpy & Blanchot 1996). In addition, N2-fixing filamentous cyanobacteria are widely distributed in Polynesian lagoons (Charpy-Roubaud et al. 1997). Because
the Fe requirements of both N,-fixing and singlecelled cyanobacteria are much higher than those of
other algae (Price & More1 1998),and because oceanic
waters contain low concentrations of Fe, we further
hypothesized that the large algae in the lagoon are Fe
limited.
The approdch used to test our 2 hypotheses was that
of bioassays, with addition of N, P and Fe, alone or in
combination. During the experiments, we (1) determined changes in chlorophyii a (chl a) biomass in ih.e
< 3 and >3 pm size fractions, (2) estimated the rates of
algal and protozoan carbon production, and (3) quantified the responses of the different taxonomic groups of
algae.

METHODS

Characteristics of the study site. Takapoto (14" 30' S,
145'20'W) (Fig. 1) is one of the 75 atolls of the
Tuamotu Archipelago. It is almost closed, with a continuous reef rim. Exchanges with the ocean are
restricted to the so-called 'hoa', which are narrow and
very shallow (50 cm deep) breaks In the reef rim where
currents are generally weak (Sournia & Ricard 1976).
The lagoon has a surface area of 81 km2 (Andrefouet
1994) and a mean depth of 25 m (Charpy 1996). Water
transparency is such that the euphotic zone extends
down to the bottom. Residence time of water in the
lagoon is about 4 yr (Sournia & Ricard 1976).Prevailing
winds from the east are considered to be the main forcing factor within the lagoon since tides are negligible
(Rougene 1979).A small village is located at the southern end of the rim. The main economic activity is
pearl-oyster farming, which began on a regular basis
in 1970.
Experimental procedure. F ~ v eexperiments were
conducted during April 1996 (BioI-96 and BioII-96) and
1997 (BioI-97, BioII-97 and BioIII-97). There were 5
treatments, i.e. additions of N alone, Fe alone, P alone,
N and Fe, a.nd N and P, plus controls (no nutrient addition). Fe was added as FeCI3 solution in 1996, and a
FeEDTA complex ( 1 : l )in 1997. The 5 treatments were
not included in all experiments. Table 1 summarizes
the conditions of each experiment. In all cases, water
samples were col.lected at 1 stat~onin the lagoon (Stn 9,
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Fig. l ) ,which was considered to be representative of
mean lagoon conditions. Sampling was at 06:OO h. To
avoid contamination, acid-cleaned and Milli-Q-rinsed
2 l polycarbonate bottles were filled with lagoon water
at the sampling station by snorkeling divers. The bottles were held beneath the surface and the cap was
removed to allow water to flow in. The bottles were
kept in isothermal containers during transfer to the
laboratory, where they were amended with different
nutrients. All stock solutions were previously eluted
through a Chelex-100 column to remove trace metals
(Price et al. 1989). The bottles were placed inside
Zip-lock plastic bags to avoid contamination, and incubated in situ at 2 m depth for 4 or 5 d. After 2 , 4 , and 5 d
of incubation, 2 or 3 bottles for each nutrient treatment
and the control were removed. Each bottle was subsampled for determination of nutrients (NOz + No3,
PO4, and Si(OH)4),chl a, and cell numbers. At the beginning of each incubation, lagoon water samples
were taken to determine the same variables as on the
treatments. For all nutrient treatments, the bottle
cleaning, enrichment and subsarnpling were conducted inside a class 100 laminar-flow hood to avoid
contamination.
Laboratory analyses. Subsamples for nutrients
were filtered through Whatman GF/F (glass-fiber) filters in a Sartorius holder mounted on a syringe. The
filtrate was kept frozen in liquid nitrogen in 2 m1
plastic cryovials. Analyses were done on an Alpkem
AutoAnalyzer, following the methods described in
Parsons et al. (1984).

151

l

Takapoto Atoll

Pacific Ocean

-

14O 30' S-.

Fakatopnltrn
(villnge)

Idso 20, W

I

Fig. 1 Takapoto Atoll, French Polynesia: location of the sampling station

For chl a, 1000 or 1500 m1 of water were sequentially
filtered on 3.0, 1.0, and 0.2 pm polycarbonate Nuclepore filters. All filtralions were performed under low
vacuum pressure (<l00 mm Hg) as recommended by
Goldman & Dennett (1985). Pigments were extracted
in 90 % acetone for at least 30 h in the dark at O°C, and

Table 1. General information on the nutrient enrichment bioassays
Expt

Starting date

Days sampled

Treatments (final conc )

BioI-96

18 Apr 1996

0 , 2 , 4 and 5 d

26 Apr 1996

0 , 2 , 4 and 5 d

2 Apr 1997

0, 2, 4 and 5 d

- Control
- 20 pM NaNOn
- 2 nM FeCl,
- 2 n M FeC13 + 20 pM NaNO,
- Control
- 20 pM NaN03
- 5 nM FeCl,
- 5 n M FeC1, + 20 pM NaN0,
- Control
- 20 pM NaN03
- 5 nM FeEDTA (1.1)
- 5 nM FeEDTA (1. l )+ 20 ~.IMNaNO,,
- Control
- 20 PM NaN03
- 1.5 pM PO4
- 1.5 pM PO4 + 20 PM NaN03
- Control
- 20 PM NaN03
- 1.5 pM PO4
- 1.S pM PO, + 20 pM NaN03

11 Apr 1997

18 Apr 1997

0 . 2 . 3 and 4 d

No, replicates
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analyzed using a Turner Fluorometer model 112 according to the method described in Parsons et al.
(1984).
For the identification and enumeration of >3 pm
algae and protozoa, 250 m1 subsamples were fixed
with 1 % (final concentration) of 0.22 pm prefiltered
formaldehyde. Counting was done under the inverted
microscope (Utermohl 1931, Lund et al. 1958).For each
sample, 200 to 300 cells were counted.
Samples (40 ml) for enumeration of cyanobacteria
and eucaryotic < 3 pm phytoplankton were preserved
in 0.22 pm prefiltered formaldehyde (final concentration: 0.2%). These samples were stored for at least 1 h
in the dark at 5°C before subsequent processing (Hall
1991). Subsamples (10 ml) were filtered onto black
polycarbonate Nuclepore filters (0.22 p m , 25 mm)
using low vacuum pressure ( c 5 mm Hg). The filters
were mounted on slides using low fluorescence immersion oil and frozen immediately. Cells were enumerated within 5 wk of sampling using a Leitz Dialux 22
epifluorescence microscope (100x Leitz Fluotar objective), as described in MacIsaac & Stockner (1993).Phycoerythrin-rich and chlorophyll-rich cells were enumerated using a BP 54 6/20 excitation filter for green
wavelengths (code 513 416) and a BP 390-490 for blue
wavelengths (code 513 460). The former cells fluoresce
red-orange when excited by green light, and the latter
appear dull red under blue excitation. On each filter,
600 cells were counted from 30 random fields.
Calculations. In order to determine the cell biovolumes of phytoplankton and protozoa, the length and
width of cells were measured at lOOOx using an ocular
micrometer. Standard geometric shapes were applied,
and carbon biomasses were calculated using conversion factors of 0.25 pg C pm-3 for cyanobacteria (Kana
& Glibert 1987), 0.22 pg C pm-3 for eucaryotic phytoplankton (Booth 1988), 0.15 pg C pm-3 for hetero-

trophic flagellates (Sheldon et al. 1986), and 0.19 pg
C pm-3 for ciliates (Putt & Stoecker 1989).
Net rates of carbon production for algae (p)and protozoa were calculated from linear regressions of natural log of carbon biomass on time. The carbon production rates for protozoa were divided by their gross
growth efficiency (k, = 0.31; Rassoulzadegan 1982) to
determine the ingested phytoplankton carbon, i.e. the
grazing rate of protozoa on algae ( g ) .The grazing rate
of protozoa was added to p to obtain the gross rate of
algal carbon production (p' = p + g).
Nutrient consumption rates were the slopes of the
linear regressions of nutrient concentrations in the bottles during the course of the experiments. The significance of slopes was tested using the Student's t-test.
Statistical analyses. Two-way analysis of variance
(ANOVA)was used for comparing average values (Zar
1984). When there was a significant interaction between sampling time and trealmenls, we used an
ANOVA with repeated measures. The ANOVA was
followed by Dunnett's a posteriori contrast test, to identify which treatment was significantly different from
the control. No transformation of the data was required
since the normality of distribution (Shapiro-Wilk's test)
and the homogeneity of variance (test of Bartlett-Box)
(Zar 1984) were respected.

RESULTS
Effects of nutrient enrichm.ents on chl a biomass
Table 2 gives the chl a concentrations of the <3 and
>3 pm size fractions at the beginning of each experiment. The responses of chl a biomass to the +N treatment varied over the 5 experiments. Among all Nenriched bioassays, only BioI-96 and BioI-97 showed

Table 2. Concentrations of nutrients (PO4:Si(OH)4),chl a In the > 3 pm and < 3 pm size fractions, > 3 pm algae, <3 pm algae
(cyanobacteria a n d eucaryotic algae), and protozoa at the b e g i n n h g of each experiment in 1996 (Biol-96 and BioI1-96) and 1997
(BioI-97, BioII-97, and BioIII-97); nd: not determined. Averages * SD

Nutrient (PM)

Chl a (pg chl I-')
>3 pm size fraction
< 3 pm size fraction

Cell numbers
> 3 pm algae (106cells I-')
< 3 pm algae (108 cells 1.')
Protozoa (10' cells 1-')
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Fig. 2. Changes relative to the controls in the
c3 pm and > 3 pm chl a for the (a, b) +N ( c , d)
+P, and [e, f ) +NP treatments during different
experiments (averages * SDI

significant enhancement (relative to the
controls) of the < 3 and > 3 pm chl a concentrations (Fig. 2a,b).In the +P treatments
(BioII-97 and BioIII-g?), chl a for the 2 size
fractions was similar to the controls in all
cases (Fig. 2c,d). In contrast, the enrichments with combined N and P resulted in
the highest increases of chl a in the small
and large size fractions, i.e. > 5 times relalive to the controls (Fig. 2e,f).
The addition of Fe (BioI-96 and BioII-96)
had no significant effect on either the < 3 or
> 3 pm chl a (Fig. 3 a , b ) in 1996. In the 1997
experiment (BioI-g?), the > 3 pm chl a
increased up to 4 times relative to the control (Fig. 3b), which did not occur for the
<3 pm size fraction (Fig. 3a). In the BioI-96
and BioI-97 +NFe treatments, the < 3 pm chl
a increased significantly relative to the control (Fig. 3c), as it did with the N enrichment
(Fig. 2a). The > 3 pm chl a increased in the
BioI-96 +NFe enrichment (Fig. 3d), a s it did
in the +N treatment (Fig. 2b). In the BioI-97
+NFe treatment, the > 3 pm chl a increased
(Fig. 3d), as it did in both the +N and +Fe
treatments (Figs. 2b & 3b).
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Table 3. Gross and net rates of algal carbon production (d-l), rates of protozoan carbon production (d-l), and grazing rates ( d-')
in different treatments during each exper-iment. Averages * SD. Values significantly higher than the control (p < 0.05) are in
bold type

Expt

Control
+N

+Fe

Enrichment
+NFe

BioI-96
Net rates of algal carbon production @)
Gross rates of algal carbon production (p')
Rates of protozoan carbon production
Grazing rate ( g )

0.04 0.00
0.69 .?- 0.08
0.19 0.02
0.65 2 0.07

*
*

0.05 + 0.01
1.32 + 0.02
0.38 0.00
1.27 + 0.00

0.05 + 0.00
0.57 + 0.00
0.15 0.00
0.51 0.00

0.05 i 0.01
1.15 0.02
0.33 + 0.00
1.09 0.00

BioII-96
Net rates of algal carbon production (p)
Gross rates of algal carbon production (p')
Rates of protozoan carbon production
Grazing rate ( g )

0.01 ,0.00
2.34 r 0.16
0.70 0.04
2.33&0.16

0.01 0.02
2.00 + 0.14
0.59 + 0.06
1.99k0.20

*

0.00 0.01
1.69 rt 0.07
0.50 + 0 02
1.68+0.07

*

0.00 + 0.01
1.94 + 0.02
0.58 + 0.01
1.99+0.05

BioI-97
Net rates of algal carbon production (p) -0.21 0.01
Gross rates of aigai cdr'uun p~oduction@'j 1-25 0.03
Rates of protozoan carbon production
0.44 i 0.01
Grazing rate ( g )
1.46 0.03

0.00 k 0.00
1.85 * 0.09
0.55 * 0.01
1.85 * 0.06

(+ EDTA)
0.07 k 0.01
3.38 * 0.12
0.99 * 0.02
3.30 + 0.06

(+ EDTA)
0.08 + 0.00
3.16 + 0.34
0.92 0.08
3.07 0.25

*

*

*
*

*

*
*

+P

+NP

*
*

*
*

BioII-97
Net rates of algal carbon production (p) -0.14 0.00 -0.15 * 0.00
Gross rates of algal carbon production (p') 0.42 i 0.01 0.33 0.03
Rates of protozoan carbon production
0.17 i 0.00 0.14 % 0.01
Grazing rate (g)
0.57 + 0.02 0.48, 0.05

*

BioIII-97
Net rates of algal carbon production (p)
Gross rates of algal carbon production (p')
Rates of protozoan carbon production
Grazing rate (g)

*

0.10 0.05
0.81 + 0.11
0.21 + 0.00
0.71 + 0.02

*

0.13 * 0.05
0.65 + 0.13
0.15 + 0.02
0.52 0.07

ferent from the control. In contrast, during BioI-97,
the grazing rate of protozooplankton was not affected
by the +N treatment, so that the net rate of algal carbon production was enhanced relative to the control.
As observed for chl a, the addition of P alone had no
effects on the carbon biomasses of algae or their
grazers. The combined addition of N and P resulted
in the highest increases of the net and gross rates of
algal carbon production among all experiments.
These were at least 2.5 times higher than in the controls or the +N treatments. The growth and grazing
rates of protozoa were also enhanced during BioII-97
and BioIII-97 by factors 22.
The +Fe treatments did not affect the rates of phytoplankton carbon production or the protozoan grazing
rates in the 1996 experiments (BioI-96 and BioII-96). In
contrast, the addition of Fe in BioI-97 increased the
rates of algal carbon production and protozoan grazing
by 2.5 times relative to the control. In the BioI-96 and
BioII-96 experiments, the rates of algal carbon production and protozoan grazing responded to the +NFe
treatments in the same way as in the +N treatments
whereas, in the BioI-97 +NFe treatment, the responses
of phytoplankton carbon production and protozoo-

*

plankton grazing were similar to those observed in the
+Fe enrichment.

Effects of nutrient enrichments on the > 3 pm
algal assemblage
Table 2 gives the numbers of > 3 pm algae at the
beginning of each experiment. The abundances of the
various taxonomic groups increased significantly relative to the controls in the +N, +Fe, and +NFe treatments for the BioI-97 experiment only (Fig. 4). Dinoflagellates (dominated by Gymnodinium spp.) showed
the strongest response to the N enrichment, being 5
times more abundant than in the control at the end of
the incubation (Fig. 4a,b). The abundance of chlorophyceae (mostly represented by Nannochloropsis sp.
and Chlamydornonas sp.) also increased significantly
in the +N treatment, but the coccolithophores did not
(Fig. 4a,b).
The 3 taxonomic groups and their dominant genera
showed no response to the Fe addition, alone or combined with N, in the 1996 experiments (data not
shown). In the 1997 +Fe treatment, cell numbers for the
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6

3 groups (Fig. 4c) and the > 3 pm chl a
(Fig. 3b) showed significant enhance5 ment relative to the control. The addi4 tion of Fe especially favored the
growth of coccolithophores (Fig. 4c). In
3the +Fe treatment, the cocco-lithophore
Acanthoica sp. was almost 5
2times more abundant than in the conI i
trol after 4 d of incubation (Fig. 4d).
The growth of chlorophyceae and
dinoflagellates was also higher than in
the control (Fig. 4c). The abundance of
the dominant genus in each algal
group, i.e. Nannochloropsis sp. and
Gymnodinium spp., doubled relative to
the control (Fig. 4d).
The abundance of coccolithophores
did not respond to the +N treatment
(Fig. 4a) but, when Fe was combined
with N, the growth of this group significantly increased, with Acanthoica
sp. reaching a value almost 3 times
higher than in the control (Fig. 4e).
f ) +NFe
C) +NFe
The growth of chlorophyceae and
dinoflagellates in the 1997 +NFe treatg
+F Nunnochloropsis sp.
Chlorophyceae
ment exceeded that of the control
J'
Gymnodiniwn spp.
Dinoflagellates
. .
(Fig. 4e), as in the +N and +Fe treat- -m- Acaluhoic9 sp.
ments (Fig. 4a,c).
Fig. 5 shows the abundance of different genera in the control and the +P
and +NP treatments, after 5 d of incubation in the BioII-97 experiment. In
0
0
I
I
I
l
bottles enriched with P only, the abunI
I
l
I
0
1
2
3
4
5
0
1
2
3
4
5
dances of the 3 taxonomic groups and
their dominant genera were similar to
Days
Days
that of the control. In contrast, the
Fig. 4 . Changes relative to the controls in cell numbers of chlorophyceae,
responded
dinoflagellates and coccolithophores, and various algal taxa for the (a, b) +N
(c, d) +Fe, and (e, f ) +NFe treatments durinq the BioI-97 experiment
positively to the +NP treatment. In the
(averages + SD)
other treatments (+N, +P, +Fe, and
+NFe), the composition of the algal
community remained the same for the chlorophyceae,
dinoflagellates, and coccolithophores. In the +NP treat0.2
ment, the pennate diatom Proboscia alata was often
observed. This diatom was not detected in the control
- 0.15
or other treatments (data not shown). At the end of the
H
Chlamyhmonnr sp.
Gymdi,,ium
spp.
BioII-97 incubation, the abundance of chlorophyceae
b) +N

+

U

'D

---8
o

f#d

0.1

Acunrhoica sp.

a

P

5

Syracosphueru spp.

0.05

Chlamydomonas sp, tripled in the +NP treatment, and
that of dinoflagellate Gymnodinium spp. doubled.

Probosciu alaru

0
Conuol

+P
Treatmen1

+NP

Fig. 5. Abundances of various algal taxa in the controls, and
the +P and +NP treatments at the end of 5 d incubations in the
BioII-97 experiment (averages + SD). Pennate diatom Proboscia alata was not detected in the controls and the +P
treatment

Aquat Microb Ecol19: 149-161, 1999

156

changes relative to the controls (Fig. 6a to d ) . In most
experiments, the composition of the < 3 pm phytoplankton community was unaffected by the treatments, and dominated by cyanobacteria (Table 4 ) . A
major shift in the < 3 pm algal assemblage was
observed when Fe was added in 1997 (BioI-97),
alone or combined with N (+NFe), i.e the contribution of eucaryotes to the < 3 pm algae was almost
twice as high as in the control (Table 4).

Concerning coccolithophores, the numbers of Syracosphaera sp. and Acanfhoica sp, increased nearly
15-fold and 5-fold, respectively.

Effects of nutrient enrichments on the < 3 pm
algal assemblage
The numbers of < 3 pm phytoplankton (cyanobacteria and eucaryotic algae) at the beginning of each
experiment are given in Table 2. The most significant increase in < 3 pm algal cell numbers, relative to
the controls, occurred in the +NP treatment (Fig. 6e).
This increase was observed for both eucaryotic algae
and cyanobacteria. The latter are mostly dominated
by the genus Synechococcus (Charpy & Blanchot
1996). The other treatments displayed only small

Effects of nutrient enrichments on the nutrient
consumption rates
The concentrations of PO4 and Si(OH), at the beginning of each experiment are given in Table 2. The
NO2 + NO3 concentrations for 1996 and 1997 and the
%(OH), concentrations for 1996 are
not used because of technical problems during analysis. The consumption rates of PO, increased in the +P
treatment (Table 5), without a corresponding response of phytoplankton
(Figs. 2c,d & 5, Table 3). The highest
increases of the PO, consumption rate
were observed in the +NP treatments
(Table 5). In most treatments, the consumption rates of Si(OH), were not
significantly different from the controls (Table 5), except in the BioII-97
experiment, where the diatom Proboscia alata often occurred (Fig. 5).

DISCUSSION

Effects of macronutrient enrichments

Days
)

+BioI-96
+BioKI-96

+-BioI-97

5

--0..
BioKI-97

+- Biom-97

Fig. 6. Changes in the < 3 pm phytoplankton cell numbers, relative to
the controls, for the (a) +N, (b) +Fe,
( c ) tNFe, (d) +P, and (e) +N treatments during different experiment
(averages * SD)

The lagoon of Takapoto Atoll is an
extremely oligotrophic water body,
where the algal biomass does not exceed 0.3 pg chl a 1-' (Table 2). Our results show that the addition of N and P
together significantly stimulated the
carbon production of both small and
large phytoplankton. The strongest increases relative to the controls in chl a
(Fig. 2e,f) and numbers of the > 3 and
< 3 pm algae (Figs. 5 & 6e) occurred in
the +NP treatments. Moreover, the
highest gross rates of algal carbon
production occurred in the +NP treatment (Table 3). This trend coincides
with the enhancement of PO, consumption rates (Table 5). These results
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support our first hypothesis that the biomasses of small
a n d large algae in the lagoon a r e limited by major nutrients.
The present study shows that the addition of N and P
together had a great effect on the taxonomic composition of large phytoplankton. In all experiments, the
most drastic shift in the algal assemblage occurred in
the +NP treatment, i.e. the addition of N and P in combination enhanced not only the cell numbers of chlorophyceae, dinoflagellates and coccolithophores, but
also of diatoms. In the +NP treatment (BioII-g?), the
pennate diatom Proboscis alata was often observed

(Fig. 5), and there was a n increase in the consumption
rate of
(Table 5).P. alata has a weakly silicified
frustule, so that it requires less silicium than heavily
silicified taxa. Since silicate concentrations in the
lagoon are very low (Table 2), it is likely that the +NP
treatment favored the growth of P. alata, but not that of
other diatoms because these were severely limited not
only by N a n d P but also Si. Riegman et al. (1996)
showed that diatoms have a strong capability of outcompeting other taxa only when silicate is in excess.
Blooms of P, alata were previously observed in the
lagoons of Manihi a n d Amanu Atolls (Tuamotu Archi-

Table 4. Contributions (%) of cyanobacteria and eucaryotic algae to the < 3 pm phytoplankton carbon biomass in the various
treatments during each experiment. Values are averages over all days of incubation (* SD). Values significantly higher than the
control (p < 0.05) are in bold type
Control

+N
BioI-96
Cyanobacteria
Eucaryotic algae

66 r 0
34 r 0

BioII-96
Cyanobacteria
Eucaryotic algae

33 * 2

BioI-97
Cyanobacteria
Eucaryotic algae

69 + 2
31 % 2

BioII-97
Cyanobactena
Eucaryotic algae

57
42

BioIII-97
Cyanobacteria
Eucaryotic algae

52 r 3
48r3

67

57
43

+2

*1

+Fe

Enrichment
+NFe

66 1
34 2 1

60 2
40t 1

(+ EDTA)

(+ EDTA)
402 1

+P

+NP

*

*2

2

L

69 + 3
31 * 3

*

34 1
66 + 1

60 + 1

5
5

Table 5. Consumption rates (pM d-') of nutrients (PO,; Si(OH),) in different treatments during each experiment Values significantly higher than the control (p < 0.05) are in bold type. nd: not determined
Expt

Control

+N

+Fe

Enrichment
+NFe

0.02

0.01

0.02

nd

nd

nd

(+ EDTA)
0.11
0.00

(+ EDTA)

0.10
0.00

0.11
0.00

+P

+NP
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pelago; Delesalle unpubl. data), but the mechanism
which triggered these blooms is unknown. The present
study provides the first experimental evidence that
diatom outbursts observed in some lagoons of Polynesian atolls may be caused by a combined supply of N
and P.
The addition of a single major nutrient (N or P) without the other was, in most cases, insufficient to
enhance the algal biomass and production. This was
especially true for the +P treatments, which had no significant effect on chl a (Fig. 2c,d), carbon production
(Table 3), or cell number (Figs. 5 & 6d).It is known that,
in atoll lagoons, P is strongly absorbed in the carbonate-rich sediments and the dissolved inorganic N:P
ratio exceeds 16:l (Entsch et al. 1983a, CharpyRoubaud et al. 1996).Hence, P availability should ultimately be a limiting factor of algal carbon production
in atoll lagoons. Our results show that, under the conditions tested, P was not the limiting factor, and that N
alone was the most limiting macronutrient. Indeed, in
half the experiments (BioI-96 and BioI-g?), the addition
of N stimulated chl a (Fig. 2a,b) and the gross rates of
algal carbon production (Table 3). The effects of N
alone on phytoplankton were, however, smaller than
when N was combined with P, i.e. the increases of chl
a and algal carbon production rates were higher in the
+NP treatments than in the +N treatments (Fig. 2a,b,e,
f , Table 3). Moreover, the abundance of < 3 pm algae
strongly increased in the +NP treatments but not in the
+N treatments (Fig. 6a,e).Therefore, the addition of N
without P did not promote a large increase in algal carbon production likely because the low availability of P
rapidly impeded the stimulating effect of N. In atoll
lagoons, the availability of a given nutrient in the water
column depends on its rate of supply by remineralization and by external input from the sediments, the
ocean, and the atmosphere (rain). In the lagoon of
Takapoto Atoll, the input from the ocean is very low
because of the long resideme time of water, and the
rain has N and P contents similar to the concentrations
in the lagoon (data not shown). Hence, the main
sources of nutrients are recycling processes and the
resuspension of sediments.
The present study is the first to investigate the role
of macronutnents in controlling the zooplankton
community of a n atoll lagoon. Grazers in the incubated samples were only protozooplankton (microscopic observations showed only protozoa), i.e. we
never observed metazoan micro- or mesozooplankton. This is because the volume of incubated bottles
was relatively small (2 l), and these were filled with
surface water at sunrise when most of the metazooplankton had migrated to deeper water (Renon
1989). The dual addition of N and P was associated
with the highest increase in the rate of protozoan

carbon production (Table 3). It is recognized that the
biomass and production of grazers depend on both
prey quantity and quality (Peters 1984, Hessen 1990).
It follows that the increase in the carbon production
rate of protozoa observed in the +NP treatments may
have been a consequence of the increase in phytoplankton biomass (Figs. 5 & 6e), and/or a change in
the nutritional status of phytoplankton (intracellular
N:P ratio)
As mentioned above, when the 2 major nutrients
(N and P) were simultaneously added, there were
strong increases in the algal abundances (Figs. 5
& 6e) and rates of carbon production (Fig. 2e,f,
Table 3), despite higher grazing rates (Table 3). So,
when N and P were supplied together, protozoan
grazing could not keep up with the enhanced production of algae. The grazers may also contribute to
sustaining the algal production by regenerating N
nutrients (i.e. ammonium excretion) and ihus preventing the retention of N in the plankton biomass.
Ammonium excretion from protozoan grazing, in the
+NP treatments, may have been the main factor stimulating the major increases of chl a biomass and cell
numbers of small phytoplankton in these treatments
(Figs. 2e & 6e).

Effects of iron enrichments
The main primary producers in the lagoon of
Takapoto Atoll are picoplanktonic autotrophs (Charpy
et al. 1992, Charpy & Blanchot 1996). Our results suggest that the biomass of small phytoplankton was not
severely Fe limited, i.e. neither the abundance of
< 3 pm cells (Fig. 6b) nor the < 3 pm chl a (Fig. 3a) responded to the addition of Fe. In contrast, our results
show possible limitation of the eucaryotic algal biomass by Fe. In the BioI-97 experiment, the > 3 pm chl a
(Fig. 3b), the abundance of large algae (Fig. 4c,d),and
the contribution of eucaryotes to the c 3 pm algal carbon biomass (Table 4 ) significantly increased relative
to the controls in the +Fe treatment. Increases of algal
biomasses sometimes occurred in the controls, but
these cannot be interpreted as reflecting Fe contamination. Firstly, we were very careful in collecting the
samples and doing enrichments (see 'Methods'). Secondly, changes in algal biomass reflect the balance
between growth and grazing, i.e. if grazing is less than
growth, then net accumulation of algal biomass in a
control may occur. In the BioI-97 experiment, the rates
of algal carbon production were stimulated by the
addition of both Fe alone and in combination with N
(Table 3). The above results support our second
hypothesis, i.e, in the one experiment where Fe stimulated th.e algal biomass, the effect concerned the large
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phytoplankton. To our knowledge, this is the first
report of possible Fe limitation of phytoplankton biomass in an atoll lagoon. Our finding is contrary to the
study of Dufour & Berland (1999), who found no
response of the in vivo chl a fluorescence to Fe enrichment in 10 lagoons of the Tuamotu Archipelago.
In our experiments, Fe stimulation of algal carbon
production was only observed during BioI-97 In that
experiment, the added Fe was complexed with EDTA
to ensure that it remained in solution. Since EDTA
additions by themselves had no effect on phytoplankton in other Tuamotu Atoll lagoons (Dufour & Berland
1999), we consider that the stimulating effect by
FeEDTA in 1997 was due to Fe. The lack of a stimulating effect from Fe addition in 1996 may reflect natural
variation in the availability of this resource between
the 2 years.
The main taxonomic groups of >3 pm phytoplankton, i.e. chlorophyceae, dinoflagellates, and coccolithophores, responded positively to the Fe addition
(Fig. 4c,d). Previous studies demonstrated a response
of diatoms to Fe enrichments (Coale 1991, DiTullio et
al. 1993, Boyd et al. 1996, Sedwick & DiTullio 1997). In
our Fe enrichment study, there was no response of
diatoms, which may have been primarily limited by Si
(see above). Our experiments show that Fe especially
limited the abundance of coccolithophores, since in the
+Fe treatment, these displayed the highest increase
among algal groups (Fig. 4c,d). The coccolithophore
assemblage of the Takapoto lagoon is generally dominated by Syracosphaera spp. (data not shown) but, in
the +Fe enrichment, the coccolithophores were dominated by Acanthoica sp. It follows that the addition of
Fe may have a major effect on the taxonomic composition of algae in the Takapoto lagoon.
As observed for large algae, the +Fe treatment enhanced the carbon production rate of protozoa (BioI-97;
Table 3). The increase in protozoan biomass co.uld be
due to the increase in algal food availability. In addition,
the Fe intracellular content of phytoplankton may have
been enhanced by the +Fe treatment, which could have
contributed to the increased protozoan carbon production. This would be consistent with the results of Chase &
Price (1997),who recently showed in laboratory experiments that 2 protozoan species grew at maximum rates
only when they fed upon iron-rich bacterial prey. The
above results indicate that Fe availability was a factor
that controlled the protozooplankton assemblage in the
lagoon of Takapoto Atoll.
The increased grazing rates in the +Fe treatment
(Table 3) may have led to increased Fe regeneration by
grazers. This would have contributed to sustaining the
high algal biomass by ensuring that Fe was not
retained in biomasses. The significance of Fe recycling
via protozoan grazing, in supporting phytoplankton

growth, was previously suspected (Hutchins et al.
1993, Hutchins & Bruland 1994). Landry et al. (1997)
recently showed that total production of phytoplankton in the Central Equatorial Pacific depends on efficient iron recycling by grazers.

Overall nutrient effects
The present study is the first investigation of limitation of the phytoplankton assemblage by major nutrients and Fe in an atoll lagoon. Our results indicate that
N alone could promote high algal biomasses, but that
combination with P could lead to higher increases of
algal biomass and carbon production. Hence, N and P
together potentially limited the biomass and carbon
production of both small and large algae. A sudden
supply of these nutrients to the lagoon, for example following sediment resuspension by wind, may change
the taxonomic composition of the > 3 pm algal population and trigger a phytoplankton outburst. Fe could
also limit the biomass of >3 pm algae, especially coccolithophores. Since no diatom response was observed
in the Fe enrichment bioassays and only weakly silicified diatoms sometimes grew following addition of
macronutrients, these algae were likely Si limited. The
production and grazing rates of protozooplankton
were indirectly controlled by NP and Fe availability.
Since protozoa are the main link between algal production and higher trophic levels, the nutrient control
of protozoa may be significant for the fate of primary
production in atoll lagoons.
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