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ABSTRACT: In April 1984, chlorophyll a and photosynthetic activity of phytoplankton were measured
above a coral reef and in the deep chlorophyll maximum (100m) of adjacent oligotrophic oceanic
waters. Samples were frachonated into 3 sizes: 0.2-2. 2-5 and 2 5 km. Total chlorophyll a concentrahons
were about 0.1 mg m-3, and phytoplankton > 5 pm never exceeded 104 cells I-'; picoplankton were not
enumerated. Reef samples differed from oceanic waters by containing higher proportions of diatoms
and lower proportions of coccolithophorids Chlorophyll biomass was dominated by the < 2 km fraction
in the deep chlorophyll maximum (65 to 90 %), and by the 2 5 pm fraction m reef waters (50 to 65 Oh). In
the chlorophyll maximum, cells < 2 pm exhibited the lowest P% of the 3 size fractions. In reef waters, the
highest P% (>20 mg C mg chl-' h-') occurred in the < 2 &mfraction, above the barrier Comparisons of
estimated daily picoplankton production vs standing stock, above the barrier reef (ca 6 mg C m-3 d-' vs
ca 2 rng C m-3), suggest active grazing or rapid export of picoplankton. High P
: values in reef waters
may be explained by high rate of nutrient supply, resulting from land drainage and/or nutrient
regeneration. It can be hypothesized that picoplankton cells from the surrounding oligotrophic ocean
take advantage of reef nutrients when advected above the barrier; subsequent grazing of small cells by
corals and other constituents of the food web ('picoplankton loop'), may contribute to nutrient cycling
within the reef ecosystem.

INTRODUCTION

Phytoplankton in oceanic waters are dominated at
low latitudes by phycoerythrin-rich cyanobacteria and
minute eucaryotic algae, designated as picoplankton
(0.2-2.0 km; Sieburth et al. 1978) or ultraplankton
(<5-10 pm; Sverdrup et al. 1942). Picoplankton have
recently been the subject of reviews (e.g. Fogg 1986,
Stockner & Antia 1986) and of a book (Platt & Li 1986).
In oligotrophic oceanic waters they typically account
for more than 50 OO/ of the chlorophyll a biomass (e.g.
'
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Herbland & Le Bouteiller 1981, Platt et al. 1983), with
values above 90 OO/ reported by Takahashi & Hori
(1984). Given their high proportions of the photosynthetic biomass, picoplankton account for a large
proportion of primary production. They are typically
responsible for about 50 to 60 % of total primary production in oceanic oligotrophic waters (Paerl 1977,
Herbland & Le Bouteiller 1981, Li et al. 1983, Platt et al.
1983). Another factor that could enhance their contnbution to primary production, at least at depth, is
their better photosynthetic efficiency at low irradiance.
This has been shown for both laboratory cultures and
natural populations (e.g. Glover & Monis 1981, Morris
& Glover 1981, Platt et al. 1983, Barlow & Alberte 1985,
Glover et al. 1985, 1986a, b). In the chlorophyll max-
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imum, photosynthetic capacity per unit chlorophyll a
(P%) has been reported to be higher for picoplankton
than for larger cells, for example in North Atlantic
oligotrophic waters (Platt et al. 1983). However, picoplankton are also found in high-light environments,
and Waterbury et al. (1979) as well as Murphy &
Haugen (1985) have reported larger numbers of
cyanobacteria in surface waters. In addition, some of
the highest P
: values published for picoplankton are
from surface waters (Takahashi & Bienfang 1983:
14.5mg C mg chl-l h-'; Joint & Pomroy 1986: 6.5 mg C
mg chl-' h-'), which shows that picoplankters can
perform well under high-light conditions. This would
i n d c a t e that picoplankton are capable of sun and
shade adaptation, and Prezelin et al. (1986) have suggested that this is primarily accomplished by changing
photosynthetic unit number. In addition, high P
:
of
picoplankters in ammonia-rich waters, both a t the surface (Takahashi & Bienfang 1983: see above) and in the
subsurface chlorophyll maximum (Putt & Prezelin 1985:
5.3mg chl-' h-'), can be explained by nutrient uptake
faster than that of larger cells (Bienfang & Takahashi
1983).
Given the importance of photosynthetic picoplankton in oceanic waters that surround coral reefs, it was
hypothesized that these organism may play a significant role in reef ecosystems. The area of the Society
Islands, in the tropical South Pacific Ocean, is characterized by some of the most oligotrophic and least
productive waters of all oceans (Koblentz-Mishke et al.
1970).Thls area was therefore well suited for assessing
the importance of biomass and photosynthetic activity
of picoplankton in reef waters, as the extreme oligotrophy of oceanic waters is confronted there to the high
productivity of coral reefs.

MATERIAL AND METHODS

Sampling was conducted around Moorea Island,
French Polynesia. On 23 April 1984, samples were
collected with Niskin bottles in the deep chlorophyll
maximum at the mouth of Opunohu Bay (Stn M; Fig. 1)
at 95, 100, 105 and 110m. These depths corresponded
to about 1% of irradance at sea surface, given a coefficient of light attenuation k = 0.046m-l computed
from Secchi depth D = 37 m (k = 1.7/D; Poole & Atkins
1929). On 24 April, surface water was collected above
the barrier reef (B), in mid-lagoon (L) and above the
fringing reef (F) (Tiahura transect: Fig. l ) ,and at 100m
depth on the outer slope of the reef (S).
For each sample, 7 bottles (280ml) were inoculated
with 5.8 (23 April) and 7.0 (24 April) pCi HI4CO3,and
incubated In the laboratory for 4 h under 7 photon
fluence rates ranging from 60 to 1400 11Ein m-' S - ' .

Photosynthetically available radiation (PAR: 400 to
700nm) was measured using a 4;r Biospherical
irradiance meter. Activity of the H14C03 solution was
measured on triplicate 50 111.1 samples. The incubating
system was based on the linear incubator of Platt &
Jassby (1976). The light source was a 2000 W tungstenhalogen lamp and the incubator was cooled with running water. At the end of the incubations, samples
were serially filtered on Nitex 42 and 20btm and on
Nuclepore 10, 5, 3, 2 and 0.2 pm. Filters were put into
scintillation vials with 0.2 m1 0.5 N HCl (Lean & Burnison 1979),and 10ml Aquasol was added before counting the samples on a Kontron liquid scintillation
counter (Pugh 1973). Activities were converted into
carbon assimilation using the same value for total CO2
(2.59 m-3) as in Sournia & &card (1976). Simultaneously, 280 m1 samples were size-fractionated on Nuclepore filters for chlorophyll a determinations, and filtrates frozen for nutrient analyses on a Technicon autoanalyzer (Strickland & Parsons 1972). A few days after
the experiments, frozen filters were extracted for 24 h
in 90 % acetone at O°C, and chlorophyll a as well as
pheopigments measured following the fluorometnc
method of Yentsch & Menzel (1963). Data were pooled
into 3 size fractions for analysis: < 2 pm, 2-5 Km, and
r 5 pm. Subsamples were preserved in 4 O/O neutral
formalin, for phytoplankton enumeration of cells
> 5 pm using the Utermohl method (Lund et al. 1958).
As no epifluorescence microscope was available on
site, enumeration of cells < 5 p m (Hobbie et al. 1977,
Glover et al. 1985) was not possible. These measurements were not made on surface samples from Stn S,
given the very low concentrations of chlorophyll a at
the time of sampling (ca 0.03mg m-3).
In addition, samples were collected on various occasions, between 5 April and 2 May 1984, at the same
sites as above and also at an open water station 5 km
north of Tahiti Island (Stn C, 1000 m depth; Fig. 1).
Pigments were measured as above, on samples filtered
in duplicate on both Millipore 0 . 4 5 , ~ ~and
m Whatman
GF/C. As the mean difference between duplicate
samples for each filter type was less than 5 %, the 2
values were averaged. Phytoplankton were enumerated on several of these samples.

RESULTS

Table 1 gives background data collected at various
stations and depths, between 5 April and 2 May 1984.
Table 2 gives similar information for samples collected
on 23 and 24 Apnl. Total concentrations of chlorophyll
a were about 0.1 mg mP3. Numbers of cells and taxonomlc composition at all the water column samples
were quite similar. These differed from reef samples by
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Fig. 1. Sampling sites. CORIOLIS station (C);
mouth of Opunohu Bay (M); and Tiahura
transect: fringing reef (F), mid-lagoon (L),
barrier reef (B) and outer slope of the reef (S)
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Table 1. Average chlorophyll a and pheopigments, number of cells and relative abundance of phytoplankton taxa in samples
collected between 5 April and 2 May 1984 (excluding samples in Table 2). Picoplankton were not enumerated
Open ocean (C)
50 m
100 m

Moorea Island (M)
50 m
100 m

Fringing
reef (F)

No. samples
Chlorophyll a (mg m-3)
Pheopigments (mg m-3)
Cells 1-' (>5 pm)
% Dinoflagellates
% Coccolithophorids
% Diatoms
% Cyanophytes
% Others
Cell enumeration: 1 sample
"ell
numeration: 2 samples

Table 2. Chlorophyll a and pheopigments, number of cells and relative abundance of phytoplankton taxa in Figs. 2 and 3
(collected on 23 and 24 April 1984). Averages of 4 depths (95 to 110 m) are given for samples from the mouth of Opunohu Bay.
Picoplankton were not enumerated
95 m to
110 m ( M )

Slope (S)
100 m

Coral reef
Barner (B)

Lagoon (L)

Fringing (F)

Chlorophyll a (mg m-3)
Pheopigments (mg m-3)
Cells 1-' (>5 pm)
O/O Dinoflagellates
% Coccolithophorids
% Diatoms
O/O Cyanophytes
% Others

their relatively high proportions of coccolithophorids
(>20 O/O versus almost zero in reef waters), and low
proportions of diatoms (< l 0 O/O versus up to 50 O/O in
reef waters).
Fig. 2 shows the distribution of chlorophyll a among
the 3 size fractions. Concentrations and percentages

were very similar for the 5 deep samples collected near
Moorea Island (upper panel), where the smallest size
fraction (<2 pm) dominated the biomass. This was very
different from reef samples (bottom panel), where large
particles ( 25 pm) accounted for more than 50 % of the
biomass.
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Fig. 2. Relative abundance and concentration of
chlorophyll a among the 3 size fractions. Top
panel: sample collected at lOOm on the outer
slope of the reef (Stn S) and samples collected at
the mouth of Opunohu Bay (95 to 110m; Stn M).
Botton panel: samples from the 3 reef stahons
(Stns B, L and F)

SIZE FRACTIONS (pm)

The lowest irradiance in the incubator was 60 pEin
m-' S-'. Detailed photosynthesis versus irradiance
measurements (down to < 1 pEin m-2 S-'), made a few
days later on samples from the fringing reef (Stn F) and
100 m depth (Stn M), showed saturation to occur at
= 60 pEin m-2 S-'. Photosynthetic measurements made
under the highest irradiances were thus above saturation, and they were used as replicates in computing
estimates of maximum potential production per unit
chlorophyll a (P&; Fig. 3). Confidence intervals were
generally narrow, indicating similar photosynthesis
under all the incubation irradiances. Cells < 2 ~ mat
: of
depth near Moorea Island exhibited the lowest P
the 3 size fractions (top panel); in reef waters (bottom
: was in the < 2 pm fraction, above
panel), the highest P
the bamer.
Table 3 gives average concentrations of dissolved
inorganic nutrients. Concentrations of phosphate and
silicate were above detection level at all stations, with
somewhat lower Si(OH)4 values near Moorea Island
and in reef waters. As expected in an oligotrophic
environment, concentrations of NOJ and No2 were very
low at the surface, often below detection. Nutrient
concentrations on the Tiahura transect are similar to
those observed in Moorea waters by Sournia & Ricard

(1976), and by B. Delesalle (unpubl.) between
November 1982 and April 1984; they also correspond to
values reported for other coral reefs (D'Elia & Wiebe
in press).
DISCUSSION

Potential errors resulting from size fractionation have
been reviewed by Li (1986).He concluded that there is
no general rule for cell retention on filters, since t h s
depends not only on pore size and vacuum pressure but
also on differences in taxa and physiology. In some
cases, biomass of small size fractions may be underestimated. On the other hand, fragments of eukaryotic
cells may be caught on small-pore filters during I4C
experiments, and incorrectly attributed to carbon fixed
by picoplankton (Waterbury et al. 1986). However, this
is unlikely for the present study given that the < 2 wm
:
of the 3 size
fraction most often had the lowest P
fractions (Fig.3).
Biomass, taxonomic composition and photosynthesis
Chlorophyll and pheopigment concentrations measured on Millipore 0.45 pm filters were respectively
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Fig. 3. Maximum potential photosynthesis in each size fraction
normalized to unit chlorophyll a (P:).
Mean values and confidence intervals ( m = 0.05) for the 5 6 highest incubation
irradlances. Top panel: sample collected at 100 m on the outer
slope of the reef (Stn S) and samples collected at the mouth of
Opunohu Bay (95 to 110m; Stn M). Bottom panel: samples
from the 3 reef stations (Stns B, L and F)
rable 3. Average concentrations (mm01 m-3) of dssolved
inorganic nutrients d u r ~ n gApnl 1984. Sampling sites in Fig 1

Open ocean (C)
50 m
100 m
Moorea Island
0 m (S)
50 m (M)
100 m (M)
Barrier reef (B)
Mid-lagoon (L)
Fringng reef (F)

NO3

NO2

PO4

Si(OH),

1.74
2.48

0.08
0.11

0.65
0.82

5.31
6.74

10.02

0.07

0.49

1.72

0.74
0.47
<0.02
0.03
0.13

0.10
0.09
0.07
0.09
0.12

0.52
0.49
0 46
0 50
0 50

2.43
2.00
1.78
1.90
2.07

40 % and 25 O/O higher than those on Whatman GF/C
filters (paired tests, N = 22: t = 5.9 and t = 4.4,
p < 0.001). This shows that a significant fraction of the
picoplankton passed through GF/C filters, as already
noted by Herbland & Le Bouteiller (1981) and Phinney
& Yentsch (1985). Accordingly, values in Table 1 are
those from the Millipore 0.45 pm filters.
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Chlorophyll a concentrations were generally low
(Tables 1 and 2), and of the same order of magnitude as
those reported for the same reef waters by Sournia &
Ricard (1976) and Sournia et al. (1981). They are also
similar to values measured by Ricard & Delesalle (1982)
in the upper 100 m of the water column, along a 3 km
transect on the leeward side of Moorea Island. Typical
concentrations at 50m were ca 0.1 mg mP3, both in the
open ocean (Stn C) and near Moorea Island (Stn M).
Concentrations were almost twice as high at lOOm
near the island (Stns M and S ) ; these were associated
with a deep chlorophyll maximum observed by B.
Delesalle (unpubl.) at 100m depth north of Moorea
Island, from the reef up to 20 km offshore. Picoplankton
dominated the chlorophyll maximum (Fig.2), with proportions (65 to 90 %) equivalent to those reported in
similar environments (see 'Introduction'). In reef
waters, chlorophyll was > 0.1 mg mP3, and the smallsized fraction accounted for lower proportions of the
biomass than in the chlorophyll maximum.
Cell concentrations were in general quite low, and
reef communities were dominated by diatoms, followed
by dinoflagellates (Tables 1 and 2). Both in terms of cell
numbers and taxonomic con~position,waters at lOOm
near Moorea Island (Stns M and S) were somewhat
intermediate between reef and truly oceanic (Stn C)
waters. Lower Si:P ratios (data in Table 3) in Moorea
and reef waters (4:l) relative to the open ocean (8:l)
probably reflect the importance of diatoms (both planktonic and benthic) in the reef ecosystem.
In the absence of replicate samples for reef waters, it
could be argued that actual differences between sites
were perhaps not significantly larger than the variability within sites. It must be noted that photosynthetic
measurements were replicated for each sample and
size fraction, which allowed the computation of means
and confidence intervals (Fig.3). In general, there were
no significant differences among samples from the
chlorophyll maximum concerning the distribution of
photosynthesis among the size fractions (Fig.3, top
panel). In contrast, samples from reef waters were
significantly different from each other (Fig.3, bottom
panel). Above the barrier, P% in the < 2 pm fraction was
the highest of all the samples. The same was true above
the fringing reef, for the 2-5 ym fraction.
In the chlorophyll maximum (Fig.3, top panel), P% in
the < 2 ym fraction was lower than in the other size
fractions. Thls agrees with Joint & Pomroy (1986) who
found little evidence that picoplankton were more
adapted to low light conditions than the larger phytoplankton cells, and also with Probyn (1985) who
reported that the small-sized fraction turned over at a
slower rate than the whole community. Such results
differ from studies (see 'Introduction') where higher P\
have been reported for picoplankton, which may have
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been caused by differences in nutrient environment or
taxonomic composition.
Above the barrier reef (Fig.3 bottom panel), the
highest photosynthetic activity (P;) took place in the
< 2 ym fraction. This shows that picoplankton can
sometimes be photosynthetically very active in highLight environments. Above the barrier reef and in midlagoon, low P\ in the 2 5 pm fraction were associated
with relatively high chlorophyll concentrations (Fig. 2,
bottom panel). These may reflect the presence of
'pseudoplankton' (Odum & Odum 1955, Gerber & Marshall 1974), which are made of organic debris (photosynthetically inactive chlorophyll) that could account
for the relatively low P% (L5 pm) on the barrier reef
and in mid-lagoon. The importance of pseudoplankton
in reef waters has been reviewed by Sournia (1977),
and similar lowering of :P has been reported for the
littoral zone in the St Lawrence Estuary as caused by
resuspension of photosynthetically inactive benthic
diatoms through wind action (Demers e t al. 1987).

Picoplankton in reef ecosystems
High photosynthetic rates in reef waters (P%: Fig. 3),
sometimes close to the theoretical maximum of 25 mg C
mg chl-' h-' (Falkowski 1981), may be explained by
increased rates of nutrient supply. Nutrient concentrations in Table 3 are not really useful in that respect,
since phytoplankton production is not regulated by
ambient nutrient levels but rather by rates of supply
(Menzel & Ryther 1961).This explains why oligotrophic
waters can sometimes support high production rates
(Laws et al. 1984). Nutrient supply in Moorea waters
could have been enhanced by land drainage and
regeneration by benthic and pelagic grazers, which are
mechanisms of nutrient enrichment postulated for the
'island mass effect' (Sander 1981). Linley & Koop (1986)
have reported rapid response of pelagic bacteria
(including heterotrophic cells) to organic matter and
nutrient enrichment, when starved oceanic cells with
very high affinities for dissolved substrates meet reef
waters. Concerning phototrophic picoplankton in surface waters, Bienfang & Takahashi (1983) observed
rapid increases (hours) of pB in response to nutrient
enrichment, which they explained by high rates of
nutrient uptake, e.g. NH, assimilation 75 % faster for
the < 3 Km fraction than for the 3-20pm cells. Such
nutrient effects could explain the high photosynthetic
rates observed in reef waters. Similarly, nutrient
enrichment at the mouth of Opunohu Bay could explain P% values (Fig.3) somewhat higher than those
reported elsewhere for deep picoplankton (in general
5 2 mg C mg chl- h-'; references in 'Introduction').
Estimations of carbon:chlorophyll ratio for the
cyanobacterium Synechococcus sp. range between 40

'

for a surface water population (Joint & Pomroy 1986) and
130 for a laboratory culture (Cuhel & Waterbury 1984).
Using a conservative estimate of 60, chlorophyll a concentrations (B) for the < 2pm fraction (Fig. 2) can be
converted into carbon, which gives standing stocks of ca
2 mg C
for the reef transect. The ratio of maxununl
hourly production to daily production is about 10 for
pelagic bacteria in coral reef waters (Moriarty et al.
1985). Given this ratio and the fact that the highest
irradiances in the incubator corresponded to ca 1200
pEin m-* S-' measured at sea surface around noontime,
daily production of picoplankton can be estimated as
[ l 0 B pB]= 2 mg C m-3 d-' in mid-lagoon and above the
fringing reef, and = 6 mg C m-3 d-' above the barrier
reef. For the barrier reef, comparison of production
estimates to standing stocks suggests active grazing or
rapid export of picoplankton. Similar data for the Great
Barrier Reef led Moriarty et al. (1985) to conclude that
bacteria were actively grazed in reef waters.
At high tide in Moorea, oceanic waters are advected
above the bamer into the lagoon by the breaking of
waves on the reef, while at low tide, water flows out of
the lagoon through passes (Ricard 1980). As a consequence, picoplankton would be advected above the
barrier reef, from the ocean into the lagoon. This circulation pattern, combined with the increased nutrient
uptake suggested above, would be consistent with the
high photosynthetic rates measured for picoplankton,
especially above the barrier reef. It can be
hypothesized that p~coplankton cells from the
surrounding oligotrophic ocean take advantage of reef
nutrients when advected above the barrier reef. High
daily production relative to standing stock could indicate active grazing of picoplankton on the barrier reef,
by corals and other benthic suspension-feeders and
also zooplankton (Moriarty et al. 1985, Linley & Koop
1986). Such a 'picoplankton loop' may contribute to
nutrient cycling within the reef ecosystem.
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